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1 Einleitung

1.1 Cyanobakterien
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1.2 Der Grundstoffwechsel in Cyanobakterien
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Abbildung 1: Elektronenmikroskopische Aufnahme von Anabaena.
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Abbildung 2: Modell der raumlichen Trennung der Photosynthese und

der Stickstofffixierung.
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1.3 Der Cyanophycinstoffwechsel in Cyanobakterien
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1.4 Die Aminosaure L-Serin: Bedeutung und Biosynthese
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Abbildung 3: Nachweis von anorganischem PolyP in Anabaena-
Filamenten, kultiviert unter Stickstoffmangelbedingungen.
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3 Ergebnisse und Diskussion

3.1 CphA2- eine Cyanophycin Synthetase neuen Typs
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3.2 Identifizierung des Phosphoserin-Biosynthesewegs in

Synechocystis
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Abbildung 4: Schema zum Stoffwechsel in Cyanobakterien.
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Most cyanobacteria use a single type of cyanophycin synthetase, CphA1, to synthesize the
nitrogen-rich polymer cyanophycin. The genomes of many No-fixing cyanobacteria contain an
additional gene that encodes a second type of cyanophycin synthetase, CphA2. The potential
function of this enzyme has been debated due to its reduced size and the lack of one of the two
ATP-binding sites that are present in CphA1. Here, we analysed CphA2 from Anabaena
variabilis ATCC 29413 and Cyanothece sp. PCC 7425. We found that CphA2 polymerized the
dipeptide b-aspartyl-arginine to form cyanophycin. Thus, CphA2 represents a novel type of
cyanophycin synthetase. A cphA2 disruption mutant of A. variabilis was generated. Growth of
this mutant was impaired under high-light conditions and nitrogen deprivation, suggesting that
CphA2 plays an important role in nitrogen metabolism under No-fixing conditions. Electron
micrographs revealed that the mutant had fewer cyanophycin granules, but no alteration in the
distribution of granules in its cells was observed. Localization of CphA2 by immunogold electron
microscopy demonstrated that the enzyme is attached to cyanophycin granules. Expression of
CphA1 and CphA2 was examined in Anabaena WT and cphA mutant cells. Whilst the CphA1
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level increased upon nitrogen deprivation, the CphA2 level remained nearly constant.

INTRODUCTION

Cyanophycin  [multi-(L-arginyl-poly-L-aspartic  acid)
(Simon, 1971; Simon & Weathers, 1976), also referred to
as cyanophycin granule polypeptide, is a branched, nitro-
gen-rich polymer found in most cyanobacteria and in
some heterotrophic bacteria (Fiiser & Steinbiichel, 2007).
The compound consists of a poly-a-aspartic acid backbone,
with arginine residues linked to the b-carboxyl groups of
the aspartate units by isopeptide bonds (Simon & Weath-
ers, 1976). Cyanophycin is thought to serve as a dynamic
reservoir of nitrogen, carbon and energy in cyanobacteria
(Carr, 1988), and has attracted biotechnological attention
as a precursor molecule for polyaspartate — a completely
biodegradable substitute for polyacrylate (Erickson et al.,
2001). The key enzyme in cyanophycin synthesis is
cyanophycin synthetase CphAl (Ziegler et al., 1998).
CphAl synthesizes cyanophycin from its constituent

tThese authors contributed equally to this paper.
Abbreviation: SEC, size exclusion chromatography.

Six supplementary figures and three supplementary tables are available
with the online Supplementary Material.

amino acids, aspartate and arginine, in two consecutive,
ATP-dependent reactions at its two predicted active sites
(Berg, 2003; Berg et al., 2000; Ziegler et al, 1998). The
N-terminal active site phosphorylates the a-carboxyl
group at the C terminus of the poly-L-aspartate backbone,
followed by substitution of the phosphoryl group
with aspartic acid [cyanophycin : L-aspartate ligase
(ADP-forming; EC 6.3.2.29)]. By the same mechanism,
the C-terminal active site connects the b-carboxyl group
of the C-terminal aspartic acid residue to the a-amino
group of arginine, thereby forming an isopeptide bond
[cyanophycin : L-arginine  ligase  (ADP-forming; EC
6.3.2.30)] (Berg, 2003; Berg et al., 2000). In accordance
with the proposed mechanism, two ATP per b-aspartyl-
arginine, the formal building block of cyanophycin, are
converted to ADP and phosphate (Aboulmagd et al,
2001). Genes for CphAl are present in the genomes of
most cyanobacterial species and some heterotrophic bacteria
(Fuser & Steinbiichel, 2007). Activity for some of these pro-
teins has been shown by heterologous expression in bacteria,
yeasts and plants (Frommeyer et al., 2016). In addition, some
cyanobacteria possess a second gene named cphA2 (Picossi
et al, 2004). In a CphA2-lacking mutant strain of
the filamentous, heterocyst-forming cyanobacterium
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Anabaena sp. PCC 7120, a lower cyanophycin content was
observed than in the WT, suggesting a role of CphA2 in
cyanophycin synthesis. However, cphA2 encodes what appears
to be a shortened version of CphAl. An alignment of the
amino acid sequences of CphA1 and CphA2 from the closely
related cyanobacterium Anabaena variabilis ATCC 29413 is
shown in Fig. 1. CphA2 possesses a region with high sequence
similarity to the N-terminal cyanophycin : L-aspartate ligase
active site of CphA1l with the potential ATP-binding sites in
the B- and J-loop (Berg et al., 2000), but is missing the one
in the P-loop of the C-terminal cyanophycin : L-arginine
ligase site. The biochemical function of CphA2 has remained
unknown. Here, we report on the catalytic properties of
CphA2 from the N,-fixing cyanobacteria A. variabilis and
Cyanothece sp. PCC 7425. Our biochemical data show the
functionality of CphA2 as a novel type of cyanophycin synthe-
tase that polymerizes b-aspartyl-arginine to cyanophycin.
Furthermore, the localization and physiological role of
CphA2 in the context of N, fixation is discussed. A CphA2-
lacking mutant of A. variabilis was found to have a reduced
viability when deprived of combined nitrogen in high light.

METHODS

Recombinant DNA techniques. Standard methods (Sambrook
et al, 1989) or minor modifications thereof were used. DNA
modification enzymes were purchased from New England Biolabs and
Fermentas Thermo Scientific. Purification of plasmids, and isolation
of DNA fragments after electrophoresis was performed with
commercial kits (Macherey-Nagel).

Construction of cphA2 expression vectors. Two different
expression vectors were generated for the expression of cphA2
(ava_0335) from A. variabilis: pETcphA2, a pET19b (Novagen) de-
rivative containing a gene coding for a CphA2 fusion protein
including an N-terminal His;o-tag (H;o-CphA2), and pGEXava_0335,
a pGEX-6-P derivative (GE Healthcare) containing a gene coding for
a fusion protein that consisted of an N-terminal GST-tag and CphA2
(GST-CphA2) linked by a PreScission protease recognition and
cleavage site. Oligonucleotides used as primers to amplify the genes
are listed in Table S1 (available in the online Supplementary
Material).

A pET19b-based expression vector containing Cyan7425_4446 was
constructed using primer pair D.1/D.2, providing a His,o-tagged
CphA2 from Cyanothece sp. PCC 7425. The generated expression
vectors were verified by restriction analyses and DNA sequencing.

Production and isolation of H{o-CphA2. An overnight culture of
BL21(DE3)[pETcphA2] was used to inoculate lysogeny broth (LB)
medium containing 100 g ampicillin m1? ' and 1 % (w/v) glucose to
a cell density corresponding to ODgg 0.05. The culture was grown for
3h at 37 uC and 200 r.p.m. Cells were harvested by centrifugation
(15 min; 3800 g, 4 UC), transferred to fresh LB medium supplemented
with 250 mg ampicillin ml? ' and incubated under vigorous shaking at
18 uC for 18 h. Cells were harvested by centrifugation (15 min; 3800 g,
4 UC), resuspended in buffer A (50 mM Tris/HCI, pH 8.1, 300 mM
NaCl, 50 mM KCl) supplemented with 10 mM imidazole and
disrupted by sonication. Cell debris was removed by
centrifugation (15 min; 20 000 ) and the supernatant loaded onto a
His-trap-column (Qiagen; 1 ml volume) equilibrated with buffer
A. After washing with 30 matrix volumes of buffer A containing (i)
20 mM imidazole and (ii) 30 mM imidazole, bound proteins were

eluted with 250 mM imidazole in buffer A. Buffer A was exchanged
on PD-10 desalting columns (GE Healthcare Life Science) against
50 mM Tris/HCI, pH 8.1, 20 mM KCl and 1 mM DTT. The purity of
the enzyme was checked by SDS-PAGE.

Preparation of untagged CphA2. An overnight culture of
BL21[pGEXava_0335] was used to inoculate LB medium sup-
plemented with 100 ng ampicillin mi? * to an initial cell density of OD
0.05. The culture was grown in Erlenmeyer flasks at 37 UC under
shaking at 200 r.p.m. After inducing expression with 1 mM IPTG at
ODggo 0.6-0.8, the culture was grown at 18 uC for 18 h. Harvested
cells were resuspended in 50 mM Tris/HCI buffer, pH 8.5 containing
300 mM NaCl and 50 mM KCL. This buffer was used for all sub-
sequent purification steps. Cells were treated as described for the
purification of H;o-CphA2. The GST-CphA2 fusion protein was
enriched by affinity chromatography on glutathione agarose in a
batch procedure. The supernatant was added to Protino glutathione
agarose 4B (Macherey-Nagel) which was equilibrated with the same
buffer, and the suspension was inverted at 10 r.p.m. for 30 min at
ambient temperature. The sedimented matrix was washed with 30
matrix volumes of buffer and resuspended in 1 matrix volume of
buffer. To elute CphA2, 200 U PreScission protease (GE Healthcare
Life Science) was added per 1 ml matrix volume. The matrix was
inverted for 14h at 10r.p.m., and the eluate was collected by
centrifugation for 10-30s at 4 uC and the lowest adjustment. The
CphA2-containing supernatant was collected and the purity checked
by SDS-PAGE.

Disruption of cphA2 in A. variabilis. The cphA2 (ava_0335) gene
was interrupted in A. variabilis by insertional mutagenesis. The gene
was amplified in two steps. Primer sequences are given in Table SI.
One PCR was performed with the primer pair C.1/C.2 and a second
PCR with C.3/C.4. A Xbal restriction site was introduced in
ava_0335. In a second step, the 59and 39parts of the gene were ligated
by PCR using the PCR products as template and C.1/C.3 as primers.
The resulting PCR product was cloned into vector pRL271 (Black
et al., 1993) via PstI and Spel sites (see Physiological role of CphA2).
The kanamycin resistance cassette C.K3 from plasmid pRL448 (Elhai
& Wolk, 1988a) was inserted into the generated Xbal site. Escherichia
coli DH5a cells were transformed by the resulting pRL derivatives, and
the transformants checked by PCR and restriction analysis. Two
derivatives with resistance cassettes in opposite orientations were
isolated, transferred to A. variabilis by conjugation according to
published procedures (Elhai & Wolk, 1988b) and double
recombinants identified by PCR analysis.

Preparation of f-aspartyl-arginine. Cyanophycin was synthesized
by heterologous expression of cphAl from A. variabilis in E. coli and
isolated from the cells as described by Ziegler et al, (1998).
Cyanophycin was resuspended in 50 mM Tris/HCl, pH 7.5 and
enzymically depolymerized to b-aspartyl-arginine using cyanophyci-
nase (CphB) from  Thermosynechococcus  elongatus — BP-1
(Hejazi, 2002). After centrifugation at 100009 for 20 min, the
enzyme was removed by passing the supernatant through a protein
concentrator (Vivaspin 4, cut-off 5 kDa; Sartorius). The flow-through
was concentrated by vacuum concentration centrifugation at 80 uC
and b-aspartyl-arginine was purified by chromatography on P2
columns (Bio-Rad; 1 X 18 cm, 0.1 M acetic acid, flow rate 0.4 ml
min?!). Ninhydrin-positive fractions were pooled and concentrated
at 80 UC as described earlier. The b-aspartyl-arginine was quantified as
described by Hejazi et al. (2002). Purity of the substrate was checked
by gel filtration on a Superdex Peptide 10/300 GL column
(GE Healthcare) with 50 mM Tris/HCl, pH 8.0 as running buffer. The
result was verified by MALDI-TOF MS analysis (Oliver Brodel,
Technische Hochschule Wildau, Wildau, Germany).
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Fig. 1. Comparison of CphA1 and CphA2 amino acid sequences and potential ATP-binding sites. Alignment of the amino
acid sequences of CphA1 (Ava_1814) and CphA2 (Ava_0335) from A. variabilis ATCC 29413, Strictly conserved residues
are shaded in black; similar residues are framed in black. The loop regions predicted to be involved in ATP binding
(Berg et al., 2000) are framed in red and are labelled with the corresponding motif name above the sequence.
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In vitro synthesis of cyanophycin and CphA2 activity assay. The
standard reaction mixture for in vitro synthesis of cyanophycin con-
tained 50 mM Tris/HCI, pH 8.0, 20 mM MgCl,, 50 mM KCl, 2 mM
DTT, 10mM ATP (disodium salt), 100 mM b-aspartyl-arginine
(substrate) and 0.3 mg H,,-CphA2 ml2 !, After incubation at 30 uC
for defined times, aliquots were withdrawn to determine ATP
hydrolysis (phosphate release) and polymer production on SDS-
PAGE. Kinetic analysis of CphA2 was performed with (i) 170 mM
b-aspartyl-arginine and ATP concentrations ranging from 0.5 to
10 mM, and (ii) 10 mM ATP and b-aspartyl-arginine concentrations
ranging from 15 to 210 mM. The kinetic data were analysed with
Enzyme Kinetics module 1.3 for SigmaPlot 10 software (Systat). To
determine the substrate specificity of CphA2, a range of dipeptides
(Bachem) was individually added to the reaction mixture from stock
solutions (adjusted to pH 8.0 with 1 M NaOH) to give a final
dipeptide concentration of 100 mM. Aliquots of 2.0 or 20 nM were
withdrawn at different time points during incubation at 30 UC, and
the extent of ATP hydrolysis followed as release of phosphate
measured with the malachite green assay (Lanzetta et al., 1979).

Cyanophycin and protein analysis. Cyanophycin was isolated from
A. variabilis WT and cphA2 mutant (Ziegler et al, 1998). The
cyanophycin was quantified as aspartate release after total enzymic
digestion of cyanophycin (Hejazi, 2002). Protein concentrations were
determined using the Lowry assay (Lowry et al, 1951). SDS-PAGE of
proteins and of cyanophycin was performed on 15 % polyacrylamide
(acrylamide/bisacrylamide, 29 : 1, v/v). To analyse the size and purity
of in vitro-synthesized cyanophycin, 1 m aliquots of the reaction
mixtures were subjected to SDS-PAGE analysis.

Molecular mass of CphA2. The molecular mass of both H;,-CphA2
and CphA2 was determined by size exclusion chromatography (SEC)
on a calibrated column of Superdex 200 10/300 GL (GE Healthcare)
using 50 mM Tris/HCI, pH 8.0, 100 mM KCl and 1 mM DTT as
running buffer at a flow rate of 0.5 ml min? ', A gel filtration standard
from Serva, ranging from 12.4 to 450 kDa, was used for calibration.

Sequence data analysis. A BLASTP search (Altschul et al., 1997) was
performed against all cyanobacterial sequences available from the
Integrated Microbial Genomes database (Markowitz et al., 2012) and
GenBank (Benson et al, 2011), and against the recently published
sequences of Section V cyanobacteria by Dagan et al. (2013). The
amino acid sequences of CphAl (Ava_1814) and of CphA2
(Ava_0335) from A. variabilis were used as queries. Sequence
alignment analysis and illustration preparation were performed with
CcLUSTAL W (Larkin et al, 2007) and ESPript 3.0 (http://espript.ibcp.
fr/ESPript/ESPript/; Robert & Gouet, 2014), respectively.

Strains and culture conditions. Liquid cultures of A. variabilis
ATCC 29413 strain FD (Currier & Wolk, 1979) and the cphA2 dis-
ruption strain were grown at 30 UC in fourfold-diluted AA medium
(Allen & Arnon, 1955) with or without 5 mM KNOj in airlift flasks
aerated with air enriched with 2 % CO,. When necessary, the medium
was supplemented with 50 ng kanamycin ml? . Cultures were grown
under constant illumination with white light of 50 (low light) or
280 mmol photons m?? 2! (high light), respectively.

Growth tests. Growth of A. variabilis cphA2 and cphA1 mutants was
assayed on solidified AA medium (Allen & Arnon, 1955) sup-
plemented, as indicated, with 5 mM KNOj as nitrogen source. Three
different dilutions of cells were spotted on agar plates, corresponding
to 12.5, 25 and 50 ng chlorophyll a. Plates were incubated as stated
earlier and photographed after 4 days of constant illumination.

Ultrastructural and immunocytochemical investigations.
Ultrastructural and immunocytochemical analyses were carried
out (Fuhrmann et al, 2009). An anti-CphA2 antiserum against

H,o-CphA2 and an antiserum against His-tagged CphAl from A.
variabilis were generated in rabbits by a commercial supplier (Pineda
Antikorper Service). The dilutions of the anti-CphAl and antiserum
were 1:100. The secondary antiserum, a gold-coupled anti-rabbit
IgG, was used at 1 : 30 dilution. The anti-cyanophycin antiserum was
used as described previously (Ziegler et al, 2001).

Expression analysis of cphA2. Samples of liquid cultures of
A. variabilis WT and cphA2 mutant were grown under low-light
conditions, and cells were collected at 0, 24 and 48 h after nitrogen
step-down. Cell-free extracts were prepared as described previously
(Ziegler et al., 1998). The concentration of chlorophyll a was deter-
mined according to de Marsac & Houmard (1988) for normalization.
Cell-free extracts corresponding to 1 or 2 ng chlorophyll a were
separated by SDS-PAGE and transferred electrophoretically to
nitrocellulose membranes. The antisera against CphA2 and CphAl
were used in a dilution of 1:10 000. Antigen—antibody complexes
were visualized with peroxidase-labelled anti-rabbit IgG (Sigma-
Aldrich) and an ECL Detection kit (Merck Millipore). After the blot
was digitized, the amounts of protein were determined by measuring
the signal density using Quantity One software (Bio-Rad).

RESULTS

Distribution of cyanophycin synthetases amongst
cyanobacteria

To gain new insights into the distribution of cyanophycin
synthetases amongst cyanobacteria, we performed a BLASTP
search (Altschul et al., 1997) against all recently sequenced
cyanobacterial genomes (155 genomes). The search included
species of the five taxonomic sections defined according to
their morphology (Rippka et al, 1979): unicellular forms
(Sections I and II), filamentous forms (Section III), filamen-
tous heterocyst-forming forms (Section IV) and filamentous
heterocyst-forming branching forms (Section V). The results
are summarized in Fig. 2 and Table S2 and S3. A cyanophycin
synthetase of type 1 (CphAl) was present in 72.9 % of all
sequenced cyanobacteria, whilst only 28.4 % possessed a
second cyanophycin synthetase of type 2 (CphA2). CphA2-
like proteins were only present when species possess a
CphAl. The lowest percentage of CphAl-like proteins was
observed for cyanobacteria of Section I at only 50.6 %,
whereas almost all of the other cyanobacteria possessed a
CphAl-like protein. In filamentous, N,-fixing cyanobacteria
of Sections IV and V the percentage of CphA2-like proteins
was high, at 71.4 and 81.8 %, respectively. In comparison,
only 8.4 % of Section I cyanobacteria possessed an additional
CphA2-like protein, including three Cyanothece and one
Gloeocapsa species that grow diazotrophically (Bandyo-
padhyay et al, 2013; Millineaux et al., 1981). CphA-coding
OREFs of the sequenced species are summarized in Table S3.
In Section II, half of the sequenced cyanobacteria possessed
a CphA2-like protein; all these species contained nifH genes
encoding a subunit of the nitrogenase — a marker gene
widely used to study the ecology and evolution of nitrogen-
fixing bacteria (Raymond et al, 2004). The presence of
CphA2-like proteins in species of Section III was relatively
low at 29.4 %, but some of these species have been reported
to fix nitrogen (Stal & Heyer, 1987).
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Fig. 2. Distribution of CphA1 and CphA2 in cyanobacteria. CphA1 and CphA2 within the five sections (indicated by Roman
numerals, left corner) of cyanobacteria referring to the cyanobacterial genomes summarized in Table S2 and S3. The number
of all sequenced species within the section is shown in the right corner.

CphA2 forms cyanophycin from p-aspartyl-
arginine

Preparation and SEC of CphA2. The His,,-CphA2
fusion protein from A. wvariabilis (H,,-CphA2) was
purified from crude extracts of recombinant E. coli. The
protein was visible as a single band on SDS-PAGE gels
with an apparent molecular mass of * 75 kDa (Fig. 3a,
lane 2). The size corresponded well to the predicted
monomeric mass of 75kDa calculated for H,,-CphA2
using the ProtParam tool (Gasteiger et al, 2005). The
molecular mass of the native enzyme was determined by
SEC. The His;o-CphA2 was eluted as a symmetrical peak
corresponding to a molecular mass of 273+ 2.4 kDa
(n5 2). Additionally, a recombinant GST-CphA2 variant
from A. variabilis was purified and cleaved by PreScission
protease. SEC was performed with the resulting CphA2.
We obtained a mass of 265+ 0.6 kDa for the untagged
complex (15 3). The molecular mass determined for the
tagged and untagged CphA2 corresponded to 3.6
momomer masses (75 and 73 kDa, respectively),
suggesting that the native protein was either a trimer or a
tetramer.

In vitro activity of CphA2. We used H,(,-CphA2 from
A. wvariabilis to identify potential substrates in vitro.
Enzymic activity was measured as ATP consumption
(phosphate release) (mg protein)™. A range of dipeptides
was tested as potential substrates in the presence of
Mg-ATP (Table 1). The only tested dipeptide found to
cause a substantial release of phosphate was b-aspartyl-
arginine. The low activity found with a-aspartyl-arginine
might have been due to minor b-aspartyl-arginine

impurities. In contrast to CphAl, the isolated enzyme did
not synthesize cyanophycin from the substrates aspartate,
arginine and Mg-ATP (Table 1). SDS-PAGE analyses of
the synthesized product over time revealed that CphA2
formed a product with a molecular mass of * 20-30 kDa
in a single reaction (Fig. 3b, lanes 1-8). Specific digestion
with cyanophycinase CphB (Richter et al., 1999) was used
to identify the product as cyanophycin (Fig. 3c, lanes 8
and 9). The amount of cyanophycin was determined
based on the amount of aspartate released after treatment
of cyanophycin with CphB and isopeptidase, as described
previously (Hejazi, 2002; Neumann et al, 2005). The
ATP consumption required to form the peptide bond
between b-aspartyl-arginine units was determined by
comparing the amount of released phosphate to the yield
of cyanophycin. To incorporate 1 mol b-aspartyl-arginine
into cyanophycin, the hydrolysis of * 1mol ATP was
required (1.15+ 0.10 mol ATP per 1 mol mol b-aspartyl-
arginine; 15 5).

The presence of potassium ions was essential for enzymic
activity, as their replacement with sodium ions abrogated
the observed phosphate release. Reactions run without
b-aspartyl-arginine or ATP also failed to release phosphate,
as did reactions in which ATP was replaced with
polyphosphate (polyP,s; sodium phosphate glass type 45;
Sigma-Aldrich). Notably, CphAl from A. variabilis was
not able to use b-aspartyl-arginine as substrate, failing to
release phosphate or form cyanophycin under our
experimental conditions in vitro. As a side note, CphA2
activity was enhanced in vitro by adding water-soluble
cyanophycin from Desulfitobacterium hafniense (Otterbach,
2010; Ziegler et al., 2002) as an artificial primer (Fig. S1).
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Fig. 3. Cyanophycin synthesis by pure H1o-CphA2 from A. variabilis. (a) Purification of recombinant H;,-CphA2: SDS-PAGE
analysis of E. coli extracts and purified H;o-CphA2. Lane 1, crude protein extract (28 ny); lane 2, Hy0-CphA2 (1 ng) purified
by nickel-affinity chromatography followed by application to a PD-10 desalting column. The positions of standard markers
(PageRuler Prestained; Thermo Scientific) are indicated on the left. (b) /n vitro synthesis of cyanophycin over 60 min. Lanes
1-8, 1 m standard reaction mixture was loaded per lane at time point (lane 1, t5 0 min; lane 2, t5 5 min; lane 3, {5 10 min; lane
4, 15 15 min; lane 5, t5 20 min; lane 6, {5 30 min; lane 7, t5 60 min). The position of standard markers (PageRuler Prestained;
Thermo Scientific) are indicated on the left. (c) Degradation of cyanophycin by cyanophycinase. Lane 8, 1 ni standard reaction
assay, t5 60 min (cyanophycin, ~ 25 kDa). Lane 9, hydrolysis of cyanophycin by cyanophycinase (CphB, 30 kDa). Proteins
and cyanophycin analysed on a 15 % acrylamide/bisacrylamide (29 : 1) were stained with Coomassie brilliant blue R-250.

Kinetics. The phosphate release kinetics were determined
for both b-aspartyl-arginine and ATP substrates. As shown
for b-aspartyl-arginine as an example (Fig. S2), complex
sigmoid kinetics were recorded for cyanophycin synthesis.

Table 1. Substrate specificity of CphA2: phosphate release
by CphA2 in the presence of various substrates after 120 min
(n52)

Phosphate release

Substrate* [umol (mg protein)? ']
b-Aspartyl-lysine ND
a-Aspartyl-glycine ND
b-Aspartyl-glycine ND
a-Aspartyl-leucine ND
b-Aspartyl-leucine ND
a-Aspartyl-arginine 0.7
b-Aspartyl-alanine ND
b-Aspartyl-phenylalanine ND
a-Glutamyl-leucine ND
a-Alanyl-glycine ND
b-Aspartyl-arginine 31
Without dipeptide ND
Aspartate +arginine ND

ND, Not detectable [j 0.25 mmol (mg protein)2 .
*Either 100 mM dipeptide or 100 mM aspartate and arginine each.

The Kps for b-aspartyl-arginine was 76+ 10.69 mM
(n5 6). The K, 5 for ATP was 3.5+ 0.45 mM (n5 6). The in
vitro turnover number for one monomer of CphA2 was
1.1 Hz at substrate saturation. Hill coefficients of 3.1 and 2
were determined for b-aspartyl-arginine and ATP,
respectively, indicating positive cooperativity.

CphA2 from Cyanothece sp. PCC 7425. To confirm our
BLASTP results and show the enzymic activity of CphA2 in
diazotrophic cyanobacteria, cphA2 of the unicellular
cyanobacterium Cyanothece sp. PCC 7425 (Section I) was
heterologously ~expressed in E. coli purified and
characterized. Cyanophycin formation from the dipeptide
b-aspartyl-arginine was observed in vitro (Fig. S3). Samples
of the reaction batch were taken at different time points and
analysed by SDS-PAGE (Fig. S3). The formed cyanophycin
was identified by specific CphB degradation (not shown).
CphA2 from Cyanothece sp. PCC 7425 showed a lower
activity than CphA2 from A. variabilis under in vitro
conditions. A * 25 kDa band representing the final mass of
cyanophycin appeared later (Fig. S3). A 17kDa band
representing a soluble cyanophycin fraction was found at
the initial stages of cyanophycin synthesis (Fig. S3).

Physiological role of CphA2

To further examine the physiological role of CphA2, we
generated a cphA2 disruption mutant of A. variabilis by
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insertional mutagenesis (Fig. S4). Cyanophycin isolated
from WT and cphA2 mutant cells ranged from 30 to
130 kDa (data not shown). We observed 10-15 % less
cyanophycin per chlorophyll a in the mutant during its
stationary growth phase under low-light conditions than
in the WT. Electron micrographs of cells in which cyano-
phycin granules were immunocytochemically identified
with an anti-cyanophycin antiserum confirmed a similar
localization of cyanophycin in the WT and mutant cells.
Whilst cyanophycin was localized to polar nodules in the
neck region of the cell in heterocysts (Fig. 4), cyanophycin
granules were visible in various positions of vegetative cells
(Fig. S5 and S6). To further ascertain the distribution of
CphA2, we analysed its localization in A. variabilis WT
cells by immunogold labelling with an anti-CphA2
antiserum. In WT filaments, CphA2, like cyanophycin,
was located at the polar nodules of heterocysts and at the
cyanophycin granules of vegetative cells. We found no evi-
dence of cell-specific distribution of CphA2 (Figs 4 and S6).
CphA2 mutant cells did not show any specific labelling of
cyanophycin granules (Fig. 4). Our CphA2 antiserum
showed no cross-reaction with CphA1, which is also associ-
ated with cyanophycin (Fig. 5). To further examine CphA1l
and CphA2 expression at the protein level, samples from
A. variabilis WT and mutant cells were taken at different
time points after nitrogen step-down. Crude extracts
were separated by SDS-PAGE and subjected to Western
blot analysis using antisera raised against CphAl and
CphA2. The results were quantified by densitometric anal-
ysis. Mutants lacking CphAl (Ziegler et al, 2001) and
CphA2 were used as controls. As shown in Fig. 5 (lane
1), the expression level of CphA2 in WT cells was relatively
consistent for 48 h after nitrogen step-down (100+ 16 %).
In contrast, the expression level of CphAl in WT cells
increased to 148+ 27 (Fig. 5, lane 2) and to 304+ 64 %
in ¢phA2 mutant cells following nitrogen step-down
(Fig. 5, lane 3). Growth profiles of WT, cphAl and cphA2

mutants of A. variabilis were examined under different
light and nitrogen conditions (Fig. 6). Under low-light
conditions (Fig. 6a), no significant difference in growth
was observed in the presence and absence of nitrate
amongst WT, ¢phAI and ¢phA2 mutant cells. In contrast,
the ¢phA2 mutant was impaired in growth under high-
light conditions (Fig. 6b). In the absence of combined
nitrogen, the mutant showed pronounced bleaching after
4 days of high-light exposure. The altered phenotype
under high-light conditions and nitrogen deprivation was
confirmed by growth experiments in liquid medium.
Whilst the doubling time for the WT and cphA2 mutant
was similar in the presence of nitrate (* 20 h), it was sig-
nificantly reduced under nitrogen deprivation (53 versus
28 h for WT).

DISCUSSION

CphA2 presence strongly corresponds to N,
fixation

The distribution analysis of CphAl and CphA2 proteins
amongst cyanobacteria revealed that the appearance of
CphA2 is strictly dependent on the presence of CphAl.
CphA2 is predominantly found in filamentous growing
species of Section IV and V that are able to fix N, in
heterocysts (Fig. 2, Tables S2 and S3). CphA2 genes were
also found in unicellular cyanobacteria of Section I that
are known to fix N, in diurnal rhythms in the absence of
photosynthesis. The function of CphA2 in one of these
strains, i.e. Cyanothece sp. PCC 7425, was verified
in vitro. The presence of CphA2 in species of Section II
and III correlates with the presence of both CphAl and
nitrogenase, indicating their capacities for N, fixation.
We conclude that the presence of CphA2 strongly corre-
sponds to the ability of a cyanobacterium to fix N,.

@ P and cphA2

Fig. 4. Localization of CphA2. Electron micrographs of A. variabilis WT and cphA2 mutant cells grown under Nj-fixing
conditions. Ultrastructural investigations were performed using electron microscopy following the immunocytochemical
visualization of CphA2 with antisera raised against CphA2 and a gold-coupled anti-rabbit IgG antibody in Anabaena cultures.
(@) A. variabilis WT heterocyst with cyanophycin (CP) in polar nodules, treated with anti-CphA2 antisera (1 : 100), magnifi-
cation 6 48 000. (b) Heterocyst of cphA2 mutant cells containing cyanophycin (CP) in polar nodules, treated with anti-

CphA2 antisera (1 : 100), magnification 6 64 000.
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Fig. 5. Expression of cphA1 and cphA2 in A. variabilis WT and its
cphA2 disruption mutant. Immunoblot analysis of A. variabilis cell-
free extracts is shown. Samples were taken at O, 24 and 48 h after a
nitrogen step-down (-N). Cell-free extracts corresponding to 1 ng
chlorophyll a were loaded per lane. The enzymes were detected with
antisera raised against CphA2 and CphA1 (extracts and antisera are
indicate on the left). As negative controls, cell-free extracts were
used. 1, cphA2 mutant; 2, cphA T mutant; 3, cphA1 mutant.

CphA2 acts as cyanophycin synthetase

Although previous studies based on cphAI deletion
mutants in A. variabilis and Anabaena sp. PCC 7120
suggested that CphA2 cannot synthesize cyanophycin
de novo (Picossi et al., 2004; Ziegler et al., 2001), the cata-
Iytic activity of CphA2 has remained unknown. Here, we
demonstrated substrate consumption as well as product
synthesis of CphA2 in vitro. The isolated enzyme did not
show the canonical activity of CphAl, but was found to
be specific for the dipeptide b-aspartyl-arginine and ATP
as substrates. Potassium ions were essential for the
in vitro reaction. SDS-PAGE analyses and specific CphB
digestion of the synthesized product revealed that
cyanophycin was formed. The ATP : b-aspartyl-arginine
ratio of * 1 to incorporate 1 mol b-aspartyl-arginine into
cyanophycin suggests that the reaction mechanism
involved may be similar to that described for CphAl,
which forms cyanophycin via acyl-phosphate intermediates
(Ziegler et al., 1998).

The Kys values obtained in vitro are quite high, at
76* 10.69 mM for b-aspartyl-arginine and 3.5+ 0.45 mM
for ATP, and probably do not reflect the in vivo situation
where CphA2 is attached to the insoluble cyanophycin
(Fig. 4a). We expect further cofactors, not yet identified,

as well as ambient conditions to influence the in vivo
activity of CphA2. However, these results collectively
show that CphA2 is an active cyanophycin synthetase
that ligates two b-aspartyl-arginine units by catalysing the
formation of a peptide bond between their aspartate
residues. As CphA1 was not able to use b-aspartyl-arginine
as substrate, we assume that the two enzymes may
play different roles in the nitrogen metabolism of A. varia-
bilis — whilst CphAl forms cyanophycin by ligating
aspartate and arginine, CphA2 rebuilds cyanophycin from
b-aspartyl-arginine. Reactions that affect the cyanophycin/
b-aspartyl-arginine pool are presented in Fig. 7. Considering
that b-aspartyl-arginine is transferred as the main nitrogen
carrier between heterocysts and vegetative cells in Anabaena
sp. PCC 7120 (Burnat et al, 2014), CphA2 provides
the option to form cyanophycin as a storage compound
when degradation to the single amino acids is not required.
This would be beneficial for the cell due to the lower cost
of ATP.

CphA2 and its function

The lack of CphA2 did not affect the molecular mass of
cyanophycin in A. variabilis, as cyanophycin isolated
from CphA2-lacking cells ranged from 30 to 130 kDa, as
previously reported for A. variabilis WT (Ziegler et al,
2001). However, the mutant produced only 85-90 % of
cyanophycin per chlorophyll a in comparison with the
WT level during its stationary growth phase under low-
light conditions. This is consistent with the results of
Picossi et al. (2004), who found that the cyanophycin con-
tent of a DcphA2 mutant from Anabaena sp. PCC 7120 was
* 20 % lower than that of the WT. The role of CphA2
remained unclear at that time. Based on our findings, we
conclude that cells lacking CphA2 possess a lower overall
cyanophycin synthesis capacity and need to consume
more ATP per cyanophycin unit. The reduced cyanophycin
amount observed in ¢phA2 mutant cells compared with
WT cells might reflect in part the lack of CphA2 activity.
We further suggest that nitrogen storage and mobilization
in Anabaena species are highly dynamic processes that
involve cyanophycin/b-aspartyl-arginine pools as reser-
voirs. In WT and cphA2 mutant cells, cyanophycin was
localized to polar nodules in the neck regions of heterocysts
and in the granules of vegetative cells. In WT filaments,
CphA2 and cyanophycin were co-located at the polar
nodules of heterocysts and in the cyanophycin granules
of vegetative cells. We did not observe any evidence of
cell-specific distribution along the filaments. These results
are supported by recently published transcriptional data
(Park et al, 2013) showing no cell-specific cphA2
expression. The spatial proximity of CphAl and CphA2
signals with cyanophycin prompted us to speculate that
CphAl and CphA2 co-localize, and are both predomi-
nantly attached to cyanophycin granules. Although no
indications for a CphA1/CphA2 assembly were observed
in vitro (Nirnberg, 2008), we would not exclude a direct
interaction of CphAl and CphA2. Both cyanophycin
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Fig. 6. Growth of A. variabilis WT and mutant cells lacking CphA2 and CphA1 cells using nitrate or Ny as the nitrogen
source. A. variabilis WT and mutant cells without CphA2 and without CphA1 were grown on solid AA medium using nitrate
or N, as a nitrogen source. Cells were exposed to (a) low or (b) high light. Each dot represents cells with a chlorophyll-a
content of 12.5-50 ng. Images were taken 4 days after cultivation. The condition with the highest impact on growth is framed

in red.

synthetases might support each other in vivo. The nitrogen-
dependent expression of cphAl and cphA2 in Anabaena sp.
PCC 7120 as mono- and polycistronic transcripts was
reported previously (Picossi ef al., 2004). Here, we analysed
the CphAl and CphA2 protein levels in A. variabilis
mutants at different time points after nitrogen step-
down. As shown in Fig. 5, the CphA2 level remained
nearly unchanged when the culture was transferred from
the presence of nitrate to the absence of nitrate. This
result was consistent with that reported previously at the
transcript level in Anabaena PCC 7120 subjected to nitro-
gen step-down (Picossi et al, 2004). Therefore, the
expression of CphA2 does not appear to be affected by
the supplied nitrogen source. The increased CphAl level
in WT cells following nitrogen step-down is consistent
with a previous report that CphAl mRNA expression was
increased under combined nitrogen starvation in Anabaena
PCC 7120 (Flaherty et al., 2011; Picossi et al., 2004). In the
mutant lacking CphA2, the CphAl level increased at a
higher rate than in WT cells following nitrogen step-
down (Fig. 5, lane 3). The enhanced increase of CphAl
in the ¢phA2 disruption mutant compared with the WT
suggests that CphAl might substitute for CphA2 in the
‘rebuilding’ of cyanophycin (Fig. 7). Although the cphA2
mutant was found to express cphAl at a higher level than

that seen in the WT, this did not fully restore the WT
level of cyanophycin.

In the absence of combined nitrogen, the CphA2-lacking
mutant strain showed pronounced bleaching after 4 days
of high-light exposure (Fig. 6b). Thus, although CphA2
activity was not generally required for growth, it appeared
to be essential for the survival of cells in the absence of
combined nitrogen under high-light conditions. A similar
effect was observed in a CphAl-lacking mutant of A. varia-
bilis (a cyanophycin-free mutant) (Ziegler et al, 2001).
Whether other stress conditions, such as phosphate and
sulphate limitations, that increase the level of cyanophycin
(Allen et al., 1980) lead to a similar phenotype remains to
be investigated.

In Anabaena sp. PCC 7120 and A. variabilis, the expression
levels of the cyanophycin-degrading enzymes isoaspartyl
dipeptidase and cyanophycinase were increased under
N,-fixing conditions (Flaherty et al., 2011; Park et al., 2013;
Picossi et al., 2004). A basal, nitrogen-independent CphA2
activity might therefore act as an additional control element
at the protein level that is involved in the fine tuning of aspar-
tate and arginine release from cyanophycin. The additional
b-aspartyl-arginine in CphA2-lacking mutants might lead to
an increase of arginine and aspartate in the cell, and a
subsequent imbalance in nitrogen metabolism.
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dase (lower panel) in N,-fixing cyanobacteria.

CONCLUSIONS

Here, we show that CphA2 is a novel type of cyanophycin
synthetase using ATP and b-aspartyl-arginine as sub-
strates to form cyanophycin. As recently published by
Burnat et al. (2014), b-aspartyl-arginine seems to be the
main transport unit for combined nitrogen between
heterocysts and vegetative cells in Anabaena sp. PCC
7120. In our opinion, CphA2 contributes to a continuous
relocation process that shifts combined nitrogen within
the filaments of cyanobacteria. However, given that
CphA2-like proteins are also found in diazotrophically
growing unicellular cyanobacteria such as Cyanothece
sp. PCC 7425, the CphA2 activity should be considered
in the context of N, fixation and nitrogen mobilization
in addition to nitrogen transfer.
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FIGURE S1: Enhanced in vitro activity of CphA2 with water soluble cyanophycin from
Desulfitobacterium hafniense. SDS-PAGE analysis of in vitro cyanophycin synthesis with Hio-CphA2
from A. variabilis. Samples (1 pL) of reaction mixtures were taken at different time points and analyzed
on a 15% acrylamide/bisacrylamide (29:1) gel. After staining proteins and cyanophycin with Coomassie
Brilliant Blue R-250 the gel was dried on filter paper. The enzyme reactions were performed with 1/3 of
Hio-CphA2 in presence of 1 mg ml™! water soluble cyanophycin (sCP) from D. hafniense (Otterbach,
2010; Ziegler, 2002) as primer (lane 1-4) and under standard conditions (lane 5-8). Lane 1, t =2 min; lane
2,t=4 min; lane 3, t = 10 min; lane 4, t = 10 min, without ATP (negative control); lane 5, t = 10 min,
lane 6, t = 20 min; lane 7, t = 30 min; lane §, t =30 min without ATP (negative control). Please, note the
deviating enzyme concentrations and reaction times. Indicated at the left: CphA2 band at 72 kDa; water
insoluble cyanophycin (iCP) between 20 and 28 kDa; an intermediate product of sCPat around 17 kDa,
appearing only in the initial stages of synthesis; the primer, visible as a diffuse 10 kDa band (lanes 1-4)
(Otterbach, 2010). PageRuler™ Prestained (Thermo Scientific) was applied in lane M, the positions of
standard markers are indicated on the right.



1.1
1.0
0.9
0.8
0.7
0.6
0.51
0.4
0.34
0.2
0.1

phosphate release (umol min-! mg-)

0 25 50 75 100 125 150 175 200 225

B-DR (mM)

FIGURE S2: In vitro kinetics of Hio-CphA2 from A. variabilis. In vitro phosphate release after 15 min
at different Easpartyl-arginine ( EDR) concentrations (n=6).
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FIGURE S3: Cyanophycin synthesis by pure H;o-CphA2 from Cyanothece sp. PCC 7425.
Recombinant Hio-CphA2 from Cyanothece was applied in an in vitro standard assay.

In vitro synthesis of CP over 2 hours: in lanes 1-5, 2 pl standard reaction mixture was loaded per lane at
time point: lane 1, t=0 min; lane 2, =20 min; lane 3, t=40 min; lane 4, t=60 min; lane 5, =120 min.
Proteins and cyanophycin analyzed on a 15% acrylamide/bisacrylamide (29:1) gel were stained with
Coomassie Brilliant Blue R-250. Hio-CphA2 appeared at 74 kDa, water insoluble cyanophycin (iCP)
between 20 and 25 kDa. Water soluble cyanophycin (sCP) appeared as intermediate in the early stages of
synthesis. The positions of standard markers (PageRuler™ Prestained; Thermo Scientific) are indicated
on the right.
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FIGURE S4: Generation and characterization of cphA2 mutant in A. variabilis. a) Schematic of the
genomic region surrounding ava_0335 and the gene inactivation strategy by insertional mutagenesis.
Inactivation of ava_0335 was done by inserting the C.K3 cassette via Xbal. Positions of PCR primers are
indicated (see Table S1). b) PCR analysis of cphA2 mutant with primer C5 and C6.Lane 0: negative
control without DNA; lane 1: DNA of cphA2 mutant (including C.K3;1810 bp); lane 2: wild type-DNA
(720 bp).

FIGURE S5: Localization of cyanophycin. Electron micrographs of A. variabilis wt and CphA2 lacking
mutant cells. Ultrastructural investigations were performed using electron microscopy following the
immunocytochemical visualization of cyanophycin with antisera raised against cyanophycin and a gold
coupled anti-rabbit immunoglobulin G antibody in Anabaena cultures. a) A. variabilis wt vegetative cell
with cyanophycin granules (arrow), treated with anti- cyanophycin antisera (1:20; magnification

44,000 x). b) Vegetative cell of cphA2 disruption mutant containing cyanophycin granules (arrow),
treated with anti-cyanophycin antisera (1:20; 60,000 x).
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FIGURE S6: Localization of CphA2 in vegetative cells. Electron micrographs of A. variabilis wt and
cphA2 mutant cells grown under N»-fixing conditions. Ultrastructural investigations were performed
using electron microscopy following the immunocytochemical visualization of CphA2 with antisera
raised against CphA2 and a gold coupled anti-rabbit immunoglobulin G antibody in Anabaena cultures.
a) A. variabilis wt vegetative cell containing cyanophycin granules (arrow), treated with anti-CphA2
antisera (1:100; magnification 45,500 x). b) Vegetative cell of cphA2 mutant containing cyanophycin
granules (arrows), treated with anti-CphA2 antisera as control (1:100; 48,000 x).

TABLE S1: Oligodeoxynucleotide primers used in this study.

Objectives Primer Sequence (5°2>3°)
Hi0-CphA2 CphA Al CCAGAGGTTTAGCACATATGGTTCAGG
(ava_0335) A2 GTTGCAATGCAACGTCTCGAGGGTG
GST-CphA2 B.1 GCGGATCCATGGTTCAGGAAACAAGCACCG
(ava_0335) B.2 GCGCGGCCGCTTAGAGGATGGAGCCAATTTC
mutagenesis C.1 GGTTCATCTGCAGCTAATGTGTAG

C2 GTAGCCGCTCTAGAACGTCATCCTGC
C3 GGTTCAAATCCCTAACTAGTTACAGG
C4 GCAGGATGACGTTCTAGAGCGG
Cs5 CCAAGATTCAGAAAGGTCTT
C.6 CCACCTTTAATTGCGACAGCC
Hio-CphA2 D.1 TATCATATGGTTCTGGATCACG
(Cyan7425_4446) D.2 AATCTCGAGTTATAAGATCGTCG




TABLE S2: Distribution of cyanophycin synthetases among cyanobacteria. The counts of CphA1 and
CphA2 within the five section of cyanobacteria referring to the cyanobacterial genomes summarized in
Table S3.

Section I 11 11 v v I-v
number with CphA1l 42 6 33 21 11 113
number with CphA2 7 3 10 15 9 44
number with CphA1l and CphA2 7 3 10 15 9 44
number of s?quenced 33 6 34 21 11 155
cyanobacteria
percentage with CphAl 50.6 100.0 97.1 100.0 100.0 72.9
percentage with CphA2 8.4 50.0 29.4 71.4 81.8 28.4
percentage with CphAl and
CphA2 8.4 50.0 29.4 71.4 81.8 28.4
References
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Table S3: Distribution of cphAl and cphA2 in cyanobacteria.

organism

section

cphAl

cphA2

Acaryochloris marina MBIC11017T
Acaryochloris sp CCMEE 5410
Chamaesiphon minutus PCC 6605
Crocosphaera watsonii WH 0003
Crocosphaera watsonii WH 8501

Cyanobacterium stanieri PCC 72027
Cyanobacterium aponimum PCC 106057

Cyanobium gracile PCC 63077
Cyanobium sp. PCC 7001
Cyanothece sp. ATCC 51142
Cyanothece sp. ATCC 51472
Cyanothece sp. CCY 0110
Cyanothece sp. PCC 7424
Cyanothece sp. PCC 7425
Cyanothece sp. PCC 7822
Cyanothece sp. PCC 8801
Cyanothece sp. PCC 8802
Dactylococcopsis salina PCC 8305

Geminocystis herdmanii PCC 63087

Gloeobacter violaceus PCC 74217
Gloeocapsa sp. PCC 73106
Gloeocapsa sp. PCC 7428

Halothece sp. PCC 7418

Microcystis sp. T1-4

Microcystis aeruginosa DIANCHI905
Microcystis aeruginosa NIES-843

—
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YP_007098979.1
WP_007311023.1
WP_007308444.1

YP 007165250.1
YP_007162985.1

YP 001803653.1
Cy51472_3251
WP_008275037.1
YP 002376197.1
YP_002485516.1
YP_003888052.1
YP 0023711931
YP 003136756.1

WP_017295073.1
NP_927272.1
WP_006530902.1
YP_007126970.1

WP_008206266.1
WP_002746167.1
YP 001657760.1

WP _008278271.1
YP 002375941.1
YP_002485117.1
YP_003887952.1

YP 007127176.1




organism

section

cphAl

cphA2

Microcystis aeruginosa PCC 7806
Microcystis aeruginosa PCC 7941
Microcystis aeruginosa PCC 9432
Microcystis aeruginosa PCC 9443
Microcystis aeruginosa PCC 9701
Microcystis aeruginosa PCC 9717
Microcystis aeruginosa PCC 9806
Microcystis aeruginosa PCC 9807
Microcystis aeruginosa PCC 9808
Microcystis aeruginosa PCC 9809
Microcystis aeruginosa SPC777
Microcystis aeruginosa TAIHU 98
Prochlorococcus marinus AS 9601
Prochlorococcus marinus MIT 9202
Prochlorococcus marinus MIT 9211
Prochlorococcus marinus MIT 9215
Prochlorococcus marinus MIT 9301
Prochlorococcus marinus MIT 9303
Prochlorococcus marinus MIT 9312
Prochlorococcus marinus MIT 9313
Prochlorococcus marinus MIT 9515
Prochlorococcus marinus NATL 1A

Prochlorococcus marinus NATL 2A
Prochlorococcus marinus, subsp. marinus CCMP
13757

Prochlorococcus marinus, subsp. pastoris CCMP 1986
Prochloron didemni™ P1

Synechococcus elongatus PCC 6301

Synechococcus elongatus PCC 7942

I

e el e e e e e e e e e T e e B e e e e e

— = = = -

WP_002774131.1
WP_002754721.1
WP_002766570.1
WP_002804175.1
WP_004266767.1
WP_002798889.1
WP_002789032.1
WP_002794881.1
WP_004160447.1
WP_016517123.1
WP_002736719.1




organism

section

cphAl

cphA2

Synechococcus sp. BL 107
Synechococcus sp. CB 0101
Synechococcus sp. CB 0205
Synechococcus sp. CC 9311
Synechococcus sp. CC 9605
Synechococcus sp. CC 9902
Synechococcus sp. JA-2-3B
Synechococcus sp. JA-3-3Ab
Synechococcus sp. PCC 6312
Synechococcus sp. PCC 7002
Synechococcus sp. PCC 7335
Synechococcus sp. PCC 7336
Synechococcus sp. PCC 7502
Synechococcus sp. RCC307
Synechococcus sp. RS 9916
Synechococcus sp. RS 9917
Synechococcus sp. WH 5701
Synechococcus sp. WH 7803
Synechococcus sp. WH 7805
Synechococcus sp. WH 8016
Synechococcus sp. WH 8102
Synechococcus sp. WH 8109
Synechocystis sp. GT-S, PCC 6803
Synechocystis sp. PCC 6803
Synechocystis sp. PCC 6803, GT-1
Synechocystis sp. PCC 6803, PCC-N
Synechocystis sp. PCC 7509
Thermosynechococcus elongatus BP-1

I

— e e e e e e b b e e e e e e e b e b e e e e e

YP 477153.1

YP_007061011.1
YP_001735638.1
WP_006453792.1

YP_007104567.1

NP 441210.1
NP 441210.1
NP _441210.1
NP 441210.1

WP_009632376.1
NP 682960.1

YP 479091.1

WP_009633965.1




organism

section

cphAl

cphA2

unidentified cyanobacterium UCYN-A

I

Chroococcidiopsis sp. PCC 6712

Chroococcidiopsis thermalis PCC 7203

Pleurocapsa sp. PCC 7319
Pleurocapsa sp. PCC 7327
Stanieria cyanosphaera PCC 7437
Xenococcus sp. PCC 7305

I

I

I
II
II

II

Chr6712 2537

YP _007092687.1/
YP 007094526.1/
YP_007089464.1
WP_019505758.1
YP_007081042.1
YP_007131141.1
WP _006511630.1

Chr6712 4677

YP _007090465.1

YP_007133330.1

Arthrospira maxima CS-328
Arthrospira platensis C1
Arthrospira platensis NIES-39
Arthrospira platensis Paraca
Arthrospira sp. PCC 8005
Crinalium epipsammum PCC 9333
Cyanobacterium sp. ESFC-1
Geitlerinema sp. PCC 7105
Geitlerinema sp. PCC 7407
Leptolyngbya boryana PCC 6306
Leptolyngbya sp. PCC 6406
Leptolyngbya sp. PCC 7375
Leptolyngbya sp. PCC 7376
Lyngbya sp. PCC 8106
Microcoleus chthonoplastes PCC 7420
Microcoleus sp. PCC 7113
Microcoleus vaginatus PCC 9802
Microcoleus vaginatus FGP-2

Moorea producta 3LT

1
III
III
I
1
III
III
I
I
I
III
I
I
I
III
I
III
III

111

WP_006669096.1
WP_006621431.1
YP_005068483.1
WP _006618920.1
WP 006621431.1
YP_007142649.1
WP _018398240.1
WP 017663676.1
YP_007108407.1
WP_017289742.1

WP_006516067.1
YP_007071352.1
WP_009782401.1
WP_006105197.1
YP_007120383.1

Mvag_PCC9802_DRAFT2_00007800
WP_006635871.1

WP_009149562.1

YP 007141742.1

WP_017291321.1

YP_007124800.1
Mvag PCC9802 DRAFT2 00037790
WP_006632735.1




organism section cphAl cphA2
Nodosilinea nodulosa PCC 7104 I WP_017296720.1
Oscillatoria acuminata PCC 6304 1T YP_007088828.1
Oscillatoria formosa PCC 6407 1T WP_019487504.1 Oscil6407DRAFT_00050400
Oscillatoria nigro-viridis PCC 7112 111 YP _007117420.1 YP _007114462.1
Oscillatoria sp. PCC 10802 11 WP 017719728.1 WP _017720384.1
Oscillatoria sp. PCC 6506 11 WP_007353380.1 WP_007353926.1
Oscillatoriales sp. JSC-1 1T CYJSC1_DRAFT 39170 CYJSC1_DRAFT 33300
Oscillatoriales sp. JSC-12 I WP_009768706.1
Prochlorothrix hollandica PCC 9006 1T WP_017712275.1
Pseudanabaena sp. PCC 6802 I WP_019501513.1
Pseudanabaena sp. PCC 7367 1 YP 007101627.1
Pseudanabaena sp. PCC 7429 1II WP_009625973.1
Spirulina major PCC 6313 111 Spi6313 2188
Spirulina subsalsa PCC 9445 1T WP _017306758.1
Trichodesmium erythraeum IMS101 111 YP 721690.1
Anabaena sp. 90 v YP_006996498.1

Lo YP 007158843.1/
Anabaena cylindrica PCC 7122 v YP_007156998.1 <W||ooq 158603.1
Anabaena sp. PCC 7108 v WP_016950701.1
Anabaena variabilis ATCC 29413 v YP 322331.1 YP_320856.1
Calothrix desertica PCC 7102 v Cal7102DRAFT 09819
Calothrix sp. PCC 6303 v YP 007140001.1
Calothrix sp. PCC 7103 v WP_019494322.1 WP_019490070.1
Calothrix sp. PCC 7507 v YP_007064146.1 YP_007068318.1
Cylindrospermopsis raciborskii CS-505 v WP_006276546.1 WP_006277172.1
Cylindrospermum stagnale PCC 7417 v YP_007149845.1 YP _007148177.1
Microchaete sp. PCC 7126 v WP _017652039.1 WP _017652597.1
Nodularia spumigena CCY9414 v WP _006198319.1 WP _006195032.1




organism section cphAl cphA2

Nostoc azollae 0708 v YP 003720623.1 Aazo 4352
Nostoc punctiforme PCC 73102 v YP 001869064.1 YP 001865424.1
Nostoc sp. PCC 7107 v YP_007051706.1 YP 007052728.1
Nostoc sp. PCC 7120 v NP _487919.1 NP _484617.1
Nostoc sp. PCC 7524 v YP 007078177.1 YP 007073872.1
Raphidiopsis brookii D9 v WP_009342408.1

Rivularia sp. PCC 7116 v YP_007053936.1

Scytonema hofmanni PCC 7110 v WP_017742891.1 WP_017744393.1
Scytonema hofmanni UTEX 2349 v Tol9009DRAFT 00042590 Tol9009DRAFT 00023600
Chlorogloeopsis fritschii PCC 6912 v UYC 07438 UYC 06945
Chlorogloeopsis fritschii PCC 9212 v WP _016875500.1 WP _016875098.1
Fischerella muscicola PCC 73103 A% WP_016860063.1 WP_016863096.1
Fischerella muscicola PCC 7414 A% WP_016870213.1 WP_016866890.1
Fischerella sp. JSC-11 v WP_009456001.1

Fischerella sp. PCC 9339 v WP_017309080.1 WP _017311862.1
Fischerella sp. PCC 9431 A% Fis9431DRAFT 0672 Fis9431DRAFT 4081
Fischerella sp. PCC 9605 v FIS9605DRAFT 06463 FIS9605DRAFT 03416
Fischerella thermalis PCC 7521 A" WP _016871305.1

Mastigocladopsis repens PCC 10914 A% WP _017316633.1 WP _017318533.1
unidentified cyanobacterium PCC 7702 \Y WP 017322792.1 WP 017319496.1
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|dentification of the light-independent
phosphoserine pathway as an additional source of
serine in the cyanobacterium Synechocystis sp.
PCC 6803
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L-Serine is one of the proteinogenic amino acids and participates in several essential processes in
all organisms. In plants, the light-dependent photorespiratory and the light-independent
phosphoserine pathways contribute to serine biosynthesis. In cyanobacteria, the light-dependent
photorespiratory pathway for serine synthesis is well characterized, but the phosphoserine
pathway has not been identified. Here, we investigated three candidate genes for enzymes of the
phosphoserine pathway in Synechocystis sp. PCC 6803. Only the gene for the D-3-
phosphoglycerate dehydrogenase is correctly annotated in the genome database, whereas the 3-
phosphoserine transaminase and 3-phosphoserine phosphatase (PSP) proteins are incorrectly
annotated and were identified here. All enzymes were obtained as recombinant proteins and
showed the activities necessary to catalyse the three-step phosphoserine pathway. The genes
coding for the phosphoserine pathway were found in most cyanobacterial genomes listed in
CyanoBase. The pathway seems to be essential for cyanobacteria, because it was impossible to
mutate the gene coding for PSP in Synechocystis sp. PCC 6803 or in Synechococcus elongatus
PCC 7942. A model approach indicates a 30—60 % contribution of the phosphoserine pathway
to the overall serine pool. Hence, this study verified that cyanobacteria, similar to plants, use the

Accepted 17 February 2015

phosphoserine pathway in addition to photorespiration for serine biosynthesis.

INTRODUCTION

The amino acid L-serine (hereafter serine) belongs to the
building blocks of proteins and is a key intermediate of
central carbon/nitrogen metabolism. Serine is involved in
the biosynthesis of purines and pyrimidines, and serves as
an important precursor for other essential compounds,
including the amino acids glycine and cysteine or phos-
pholipids (Walton & Woolhouse, 1986). Recently, it has
been shown that serine also acts as a metabolic signal for

Abbreviations: GST, glutathione S-transferase; 2PG, 2-phosphogly-
colate; 3PGA, 3-phosphoglycerate; PGDH, b-3-phosphoglycerate
dehydrogenase; PSP, phosphoserine phosphatase; PSTA, phosphoser-
ine transaminase.

Supplementary material is available with the online Supplementary
Material.

the transcriptional regulation of photorespiratory genes in
the model plant Arabidopsis thaliana (Timm et al., 2013).

In plants, animals and heterotrophic bacteria, serine is
synthesized via the so-called phosphorylated or phospho-
serine pathway, with phosphoserine as a key intermediate
(Umbarger et al, 1963; Ros et al, 2014) (KEGG data-
base: http://www.genome.jp/kegg-bin/show_pathway?map=
map00260&show_description=show). The pathway com-
prises three enzymatic reactions and starts with the
precursor 3-phosphoglycerate (3PGA) (Fig. 1). 3PGA can
be synthesized via multiple metabolic routes, such as
glycolysis, gluconeogenesis and, in oxygenic phototrophic
organisms, the photosynthetic Calvin—Benson cycle. The first
enzyme of the phosphoserine pathway, D-3-phosphoglycerate
dehydrogenase (PGDH, EC 1.1.1.95), catalyses the oxidation
of 3PGA to 3-phosphohydroxypyruvate using NAD* or
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NADP™" as cofactor. Then, phosphoserine transaminase
(PSTA, EC 2.6.1.52), a pyridoxal-5'-phosphate-dependent
enzyme, converts 3-phosphohydroxypyruvate into 3-phos-
phoserine using glutamate as an amino donor that is
converted into 2-oxoglutarate. In the final step, 3-phospho-
serine is hydrolysed by the enzyme 3-phosphoserine
phosphatase (PSP, EC 3.1.3.3) to serine and orthophosphate
(Greenberg & Ichihara, 1957).

In addition to this ubiquitous serine synthesis pathway,
organisms performing oxygenic photosynthesis, such as
cyanobacteria, algae and plants, use the photorespiratory 2-
phosphoglycolate (2PG) metabolism as an alternative,
light-dependent pathway to generate serine (Fig. 1).
Photorespiration (often also called the C2 cycle) is
responsible for removing toxic 2PG. In this metabolic
cycle, two molecules of 2PG are converted into one
molecule of 3PGA (reviewed by Bauwe et al., 2010). In
the entrance reaction, 2PG is dephosphorylated to glycolate
that is then oxidized to glyoxylate, which is subsequently
aminated to yield glycine. The glycine is used by the glycine
cleavage system that splits glycine into CO,, NH3;, NADH,
and an active Cl-unit, i.e. methylenetetrahydrofolate. The
active Cl-unit is then used by serine hydroxymethyltrans-
ferase to convert another glycine molecule into serine,
regenerating the tetrahydrofolate carrier. To close the C2
cycle, serine is converted into hydroxypyruvate that is
then oxidized to glycerate, which is finally phosphorylated
by glycerate 3-kinase to 3PGA. It has been shown that
intermediates of the cycle can be used for diverse
biochemical purposes (Bauwe et al., 2010). In particular,

photorespiratory glycine and serine serve in illuminated
plant leaves for protein synthesis. Thus, plants utilize two
routes for serine biosynthesis: the light-dependent photo-
respiratory cycle, which is the main source of serine during
the daytime in photosynthetic cells, and the light-indepen-
dent phosphoserine pathway, which is used in hetero-
trophic cells and during the night.

Cyanobacteria evolved oxygenic photosynthesis ~3 billion
years ago and served as ancestors for plant plastids (e.g.
Ochoa de Alda et al, 2014). It has been shown that not
only are proteins necessary for oxygenic photosynthesis,
but also that many enzymes for plant primary metabolism
evolved from ancestral cyanobacterial proteins (Martin &
Schnarrenberger, 1997). Therefore, cyanobacteria often serve
as models to study plant primary metabolism. The cyano-
bacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis)
is one of the most popular cyanobacterial model strains.
Synechocystis is naturally competent for transformation and
performs site-specific recombination, which made it pos-
sible to obtain targeted mutants (Grigorieva & Shestakov,
1982). Due to its capability of heterotrophic growth, many
photosynthetic mutants could be isolated (Anderson &
McIntosh, 1991). The complete genome sequence of
Synechocystis was published in 1996 (Kaneko et al., 1996).
The available complete genome allows us to search for the
metabolic capabilities of this model strain at the well-
curated database CyanoBase (http://genome.microbedb.
jp/cyanobase/Synechocystis). Genes for the plant-like C2
cycle that includes the light-dependent pathway of serine

Calvin—Benson
cycle

Ru-1,5-BisP  CO,

3-Phospho-
RuBisCO glycerate
2
2-Phospho-  ADP<y NAD
gdlycolate  ATP-] NADH
P,A) Glycerate ovruvete
NACE)l};coIate NADP+<
J NADPH- Glutamate
NADH 2-Oxoglutarat
Glyoxylate Hydroxy-
Glutamate pyruvate
2-Oxoglutarat ]
Givei Glycine=
Y. Glyoxlyate—
MTHF - @
THF ‘kSerlne | P,

Light-dependent
photorespiratory pathway

3-Phosphohydroxy-

3-Phosphoserine

Light-independent
phosphoserine pathway

Fig. 1. Known pathways of serine biosynthesis in
organisms performing oxygenic photosynthesis.
The light-dependent photorespiratory pathway
of serine biosynthesis (left-hand side) uses 2PG
that is produced in equimolar amounts with
3PGA from ribulose 1,5-bisphosphate (Ru-1,5-
BisP) in the oxygenase reaction of ribulose 1,5-
bisphosphate carboxylase/oxygenase (RuBisCO).
The light-independent or phosphoserine path-
way (right-hand side) of serine biosynthesis
includes three enzymatic reactions. It starts with
3PGA that is converted via PGDH (EC
1.1.1.95) and PSTA (EC 2.6.1.52) into phos-
phoserine. Serine is finally obtained via depho-
sphorylation of the intermediate by PSP
(EC 3.1.3.3). MTHF, Methylenetetrahydrofolate;
THF, tetrahydrofolate.
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biosynthesis were found in Synechocystis and were subse-
quently experimentally verified (Eisenhut et al., 2008).

Surprisingly, not all enzymes for the light-independent
synthesis of serine are annotated in the Synechocystis
genome nor in any other cyanobacterial genome. However,
enzyme activities related to the phosphoserine pathway
were detected in crude extracts of cyanobacteria (Colman &
Norman, 1997). Recent serine and glycine labelling experi-
ments showed a >C enrichment of serine in Synechocystis
that was substantially higher than that of glycine (Huege
et al., 2011; Young et al., 2011), indicating that serine was
synthesized even in the light directly from 3PGA rather than
by photorespiration via glycine. These experiments sug-
gested that the phosphoserine pathway was not only active
in Synechocystis, but contributed substantially to serine
production. Another hint for the existence of an alterna-
tive serine synthesis route came from the observation that
Synechocystis mutants blocked in the C2 cycle were depen-
dent on high CO,, but not on serine supplementation
(Eisenhut et al., 2008). However, genome-scale metabolic
modelling showed that light-dependent serine biosynthesis
via the photorespiratory cycle could meet the demand for
serine of Synechocystis (Knoop et al., 2010). This controver-
sial situation initiated our study to identify the genes coding
for the light-independent, phosphoserine pathway in
Synechocystis. Here, we present bioinformatic, biochemical
and genetic data showing that the phosphoserine pathway
is present in Synechocystis, and perhaps all cyanobacteria,
where it cooperates with the photorespiratory cycle in serine
synthesis.

METHODS

Sequence analysis. Amino acid sequences were aligned using
CLUSTAL W version 2.1 (Larkin et al, 2007) and formatted using
GeneDoc. (http://www.nrbsc.org/gfx/genedoc/gddLhtm). Sequence simi-
larities were determined using EMBOss Needle software (http://www.ebi.
ac.uk/Tools/psa/emboss_needle/). Conserved motifs in amino acid
sequences were detected using the PROSITE database (http://prosite.
expasy.org/) (Sigrist et al, 2013).

Bacterial strains and culture conditions. Synechocystis and
Synechococcus elongatus PCC 7942 (hereafter Synechococcus) and their
mutants were grown photoautotrophically under continuous illu-
mination as described previously (Baier et al., 2004). Briefly, the cells
were cultivated under light (60 umol photons m™> s~ '; cool-white
fluorescent lamps) and 30 °C in BG11 medium buffered with 10 mM
TES at pH 8.0 (Rippka et al., 1979). Cells were grown on plates using
agar-solidified BG11 medium. Mutant clones were first selected on
media containing 10 pg kanamycin ml™'. To enforce segregation, the
mutant clones were then cultivated in the presence of 300 pg
kanamycin ml ™",

Escherichia coli strains DH5a, BL21 and BL21(DE3) (Novagen; Merck
Chemicals) were grown at 37 °C in Luria—Bertani (LB) medium
supplemented with 100 pg ampicillin ml™" or 50 pg kanamycin ml ™"
when appropriate. Cells were grown in Erlenmeyer flasks with shaking
at 300 r.p.m.

Mutant construction. To obtain the Synechocystis deletion PSP
mutant, the gene slr1124 was replaced by a kanamycin resistance

cartridge. The up- and downstream regions of slr1124 were amplified
by PCR using chromosomal DNA from Synechocystis as template and
specific primers (Table S1, available in the online Supplementary
Material) containing added restriction sites for cloning (Sacl and
Spel) and for insertion of the antibiotic resistance cartridge C.K3
(Xbal). After restriction, these PCR fragments were ligated into the
pBluescript SKII+ vector (Stratagene). The kanamycin resistance
cartridge C.K3 was obtained from plasmid pRL448 (Elhai & Wolk,
1988) by Xbal restriction and was ligated into the Xbal site created
inside slr1124, generating plasmid pSKII_KO-PSP6803 (Fig. S1).

To obtain the Synechococcus PSP deletion mutant, the Synpcc7942_
0485 gene was replaced by the kanamycin resistance cartridge. The
amplified PCR product of the upstream region of the gene was cut
with Sacl and Xbal (for primers see Table S1) and the PCR product of
the downstream region was cut with Xbal and Apal. These fragments
were ligated into the pBluescript SKII+ vector. The C.K3 cartridge
was obtained as a Xbal fragment and ligated into the plasmid, yielding
plasmid pSKII+_KO-PSP7942 (Fig. S2).

The final plasmids were checked by DNA sequencing and transferred
to Synechocystis or Synechococcus by transformation (Grigorieva &
Shestakov, 1982). Recombinant clones were initially selected on
media containing kanamycin and 0.5 mM serine. To achieve
complete segregation, kanamycin-resistant Synechocystis clones were
cultivated under the following conditions: (i) continuous light of 60
or 120 umol photons m 2 s~ ' with and without addition of 0.5 or
1 mM serine; (ii) 5 days” incubation in the dark with 5 mM glucose;
and (iii) 5 days’ incubation in the dark with 5 mM glucose and 1 mM
serine. Kanamycin-resistant Synechococcus clones were incubated in
the presence of 2 mM serine under continuous light of 60 pmol
photons m ™2 s " or in a 12 h/12 h light/dark cycle for up to 4 weeks.
The genotype of the mutants was confirmed by PCR using genomic
DNA acquired from mutant cells and specific primers (up-fwslri124
and down-PCR for Synechocystis; up-PCR and down-PCR for
Synechococcus; Table S1).

Construction of expression plasmids. For the expression of
sl11908 in the E. coli vector pET28a (Novagen), the coding sequence of
the gene was amplified by PCR using DNA of Synechocystis and gene-
specific primers with added restriction sites for cloning (Table SI).
The resulting fragment was first cloned into pGemT (Promega). After
sequence confirmation, sll1908 was cloned into pET28a using the
enzymes Ndel and EcoRlI, resulting in plasmid pET28a_sll1908.

For the expression of sll1559 in the E. coli vector pGEX-6P1
(GE Healthcare), the PCR product was cloned into pJET1.2
(ThermoScientific, Fermentas). After cleavage by BamHI and Nofl,
the resulting fragment was inserted into pGEX-6P1, resulting in
pGEX_sll1559. For the expression of slr1124 in the E. coli vector
pGEX-6P1, the PCR product was blunt-end-ligated into pJET1.2.
After restriction by the corresponding endonucleases, the resulting
fragment was cloned into pGEX-6P1, resulting in plasmid
pGEX_slr1124.

Protein expression and purification of SI11908, SII1559 and
SIr1124. To express sll1908, chemically competent cells of E. coli
strain BL21(DE3) were transformed with pET28a_sl[1908. After
growth of the cells at 30 °C in LB medium supplemented with
50 pg kanamycin ml~! for 6 h, protein production was induced by
the addition of 1 mM IPTG. E. coli cells were then cultured overnight
at 30 °C. Cell extract was obtained by sonication with homogeniza-
tion buffer (20 mM sodium phosphate, pH 7.4, 500 mM NaCl). The
His-tagged fusion protein was purified by affinity chromatography on
Ni-NTA columns (Macherey-Nagel) and eluted using increased
imidazol concentrations. Finally, the enzyme was desalted using
PD10 columns (GE Healthcare) and stored in 20 mM sodium
phosphate buffer, pH 7.4.
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Chemically competent cells of E. coli strain BL21 were transformed
with pGEX_sll1559 and pGEX_slr1124. The cells were cultured in LB
medium supplemented with 100 pg ampicillin ml~* at 37 °C. Protein
expression was induced by the addition of 1 mM IPTG. Cells were
subsequently cultivated overnight at 18 °C and then harvested by
centrifugation (15 min, 3800 g). Total protein of E. coli was extracted
by sonication. Cell debris was removed by centrifugation (15 min,
20000 g) to obtain the cell lysates. The glutathione S-transferase
(GST)-tagged proteins were purified by affinity chromatography
using Glutathione Sepharose 4B (GE Healthcare) performed in batch
mode according to the manufacturer’s instructions. The GST-tag was
cleaved off the purified proteins by PreScission Protease (GE
Healthcare) overnight at 4 °C. The resulting proteins SI11559 and
SIr1124 were stored in a buffer containing 50 mM Tris/HCI, pH 8.0,
10 mM NaCl and 1 mM MgCl,.

Electrophoresis and protein quantification. The purity of the
recombinant enzymes was checked by SDS-PAGE (12%, wl/v,
acrylamide, 0.41%, w/v, methylene bisacrylamide) in the buffer
system of Laemmli (1970). The gels were stained with Coomassie blue
R250. A Fermentas PageRuler Prestained Protein Ladder (10-
170 kDa; Thermo Scientific) was used as molecular mass standard.
Protein concentrations of the purified enzymes were determined
according to Lowry et al. (1951).

Size-exclusion chromatography. The purity and the molecular
mass of the native enzymes were validated by size-exclusion
chromatography on a calibrated column (TricornSuperdex 200 10/
300 GL; GE Healthcare) using 50 mM sodium phosphate buffer,
pH 7.4, containing 300 mM NaCl and 50 mM KCl as running buffer.
The flow rate was 0.5 ml min '. Elution of the enzymes was
monitored by continuous absorption measurement (A,gg). Ferritin
(440 kDa) combined with standard protein marker (Gel Filtration
Standard; Bio-Rad) was used for column calibration.

Enzyme assays and kinetic analyses

PGDH assay. The activity of the purified PGDH (SI1908) was
determined according to Ho et al. (1999). The 3PGA oxidation rate
was measured in a standard reaction mixture containing 200 mM
Tris/HCI, pH 9.0, 2.5 mM EDTA, 2.0 mM DTT, 2.0 mM NAD™,
2.0 mM 3PGA and 10 pg SI1908 in a final volume of 1 ml. Rates of
NAD™* reduction were monitored at 340 nm (¢=6.22 mM ! cm™})
and 30 °C. One unit of activity was defined as the amount of S111908
forming 1.0 pmol NADH min~ ' under standard assay conditions. To
check the effect of NADH, 0.1 mM NADH was added to the standard
reaction mixture. For substrate specification, 5 mM of each potential
substrate was added to the reaction mixture with 0.375 mM NAD "
or NADH.

PGDH Kkinetics were analysed in the presence of different amounts of
the two substrates, NAD* and 3PGA. 3PGA was varied in the range
0.1-4.0 mM in the presence of 2.0 mM NAD*, whereas NAD* was
used in the range 0.1-2.0 mM with 2.0 mM 3PGA. The reactions
were performed with saturating enzyme amounts. To determine K,
and V. for each substrate, kinetic parameters were fit to the
Michaelis—Menten equation by SigmaPlot 2006 Enzyme Kinetics
Module 1.3. The optimal pH was determined at 28 °C in activity
assays containing 4 mM NAD ™, 25 mM EDTA, 2 mM DTT, 2 mM
3PGA and 20 pg enzyme ml~' in 200 mM Tris/HCI buffer in the
range pH 7.0-9.0.

PSTA assay. PSTA catalyses the transamination of 3-phospho-
hydroxypyruvate to 3-phosphoserine with glutamate as amino donor.
None of these substrates or reactions could be detected directly.
Therefore, PSTA (SI11559) activity was detected via the reduction of
NAD" to NADH by PGDH. It is known that PGDH becomes
increasingly inhibited by its own product, 3-phosphohydroxypyruvate,

as shown for the enzyme of A. thaliana (Ho & Saito, 2001). Thus, only
consumption of 3-phosphohydroxypyruvate via its transamination to
3-phosphoserine catalysed by PSTA leads to continuous activity of the
PGDH measured as synthesis of NADH. PSTA activity was measured in
a final volume of 1 ml by carrying out the PGDH standard assay
and adding 7.4 pg PSTA (SIl1908) to form the substrate 3-
phosphohydroxypyruvate. The co-substrate of PSTA, glutamate, was
supplemented to 2 mM. The reaction was started at a constant rate of
NADH development by addition of 4.4 ng PGDH (SI11559). Rates of
enhanced NAD " reduction were monitored at 340 nm at 30 °C. One
unit of activity was defined as the amount of Sll1559 producing
1.0 pmol NADH min~!. To determine PSTA kinetics, the substrate
glutamate was varied in the range of 0-8 mM.

PSP assay. The activity of PSP (Slr1124) was measured using a
colorimetric method to follow the release of phosphate via the
malachite green assay at 650 nm (Lanzetta et al, 1979). The PSP
reaction was performed in standard buffer of 50 mM HEPES, pH 7.5,
containing 10 mM NaCl, 1 mM MgCl,, 1 mM DTT and 1 or 2 mM
3-phosphoserine at 30 °C. To determine the substrate specificity of PSP,
several substrates such as 3-phosphoserine, sn-glycerol 3-phosphate,
D(+)-3PGA and D(+)-2-phosphoglycerate (Sigma-Aldrich) were
used in a final concentration of 1 mM. To test the effect of the end-
product serine on PSP activity, 5 or 10 mM serine was added to the
standard reaction mixture.

For kinetic analyses, the PSP phosphatase reaction was performed in
the presence of 0-2.5 mM 3-phosphoserine. The reaction was started
by addition of PSP (SIr1124) and was performed for 8 min at 30 °C.
Aliquots of the reaction mixture were applied to the colorimetric
malachite green assay. One unit of activity was defined as the amount

of PSP producing 1.0 pmol phosphate min™".

Reconstruction of the phosphoserine pathway in vitro. The purified
enzymes PGDH (9.0 pg) and PSTA (11.0 pg) were added to 1 ml
PSTA standard assay containing PSP (11.0 pg). The reaction was
started by addition of PGDH. NADH formation was monitored at
340 nm. At different time points, 25 pl aliquots of reaction mixture
were transferred to 75 pl ice-cold water. Enzymes were inactivated by
heating for 1 min at 95 °C. After cooling, aliquots were applied to the
malachite green assay.

RESULTS AND DISCUSSION

Identification of putative enzymes of the
phosphoserine pathway

Three enzymes are necessary to synthesize serine from
3PGA: PGDH, PSTA and PSP (Fig. 1). First, we searched for
possible candidate genes coding for PGDH in the genome of
Synechocystis. There was one putative PGDH homologue
annotated as serA (sll1908) in CyanoBase (http://genome.
microbedb.jp/cyanobase/Synechocystis/genes/sll1908). Hence,
the protein Sl11908 was our prime candidate for PGDH.

The identification of a candidate gene coding for PSTA
turned out to be more difficult, because multiple forms of
transaminases exist and the substrate specificity of these
enzymes is more difficult to predict from sequence features.
PSTA belongs to proteins of the aminotransferase class
V family (Interpro; http://prosite.expasy.org/PDOC00514).
These proteins require pyridoxal 5'-phosphate as cofactor
(Ouzounis & Sander, 1993), which is covalently bound by
Lys197 in SerC of Bacillus circulans (Fig. 2) forming an
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B. circulans LTIJRIFISE] [AS|IANEGIJVGLKGHRSMMMS V G GI#R A ST YN AfPME EH|ZKES 362
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Fig. 2. Identification of conserved features in the primary structure of PSTAs from Synechocystis and other organisms. Multiple
sequence alignment of amino acid sequences of PSTA of Synechocystis (SIl1559), E. coli (GenBank accession number
C3TGD2) (Duncan & Coggins, 1986), A. thaliana (GenBank accession number Q96255) (Ho et al., 1998) and B. circulans
(GenBank accession number Q59196) (Battchikova et al., 1996) using cLUSTAL w (Larkin et al., 2007). The conserved motif
that is characteristic for aminotransferase class V (surrounded by a frame) was determined by the PROSITE database (Sigrist
et al., 2013). The catalytic lysine forming an aldimine bond with pyridoxal 5’-phosphate is indicated by a triangle. The signature
sequence for PSTA (LKG) is marked by a line (Belhumeur et al., 1994). White letters on black, 100 % conserved; white letters
on grey, 80 % conserved; black letters on grey, 60 % conserved.

aldimine bond (Belhumeur et al., 1994). The corresponding
domain can be found in aminotransferases and other
enzymes including cysteine desulfurases (EC 4.4.1.-).
PSTAs with aminotransferase class V domains are also
known for A. thaliana (At4g35630) and E. coli (SerC).

To identify possible genes for PSTA in the genome of
Synechocystis, a genome-wide Interpro search was per-
formed using aminotransferase class V as a query. The scan
revealed six candidates: sll0704, sll1559, slr0077, slr0387,
slr2143 and sIr5022. Only the gene products of sll1559 and
slr5022 show considerable similarities to aminotransferases,
whereas the proteins coded by the other four genes are
annotated as cysteine-specific enzymes. sl[1559 has pre-
viously been assumed to code for the photorespiratory
serine-glyoxylate aminotransferase in Synechocystis (Eisenhut
et al, 2008). Interestingly, the SlI1559 protein showed

sequence similarities to biochemically verified PSTAs,
including the enzymes of E. coli (Duncan & Coggins,
1986), A. thaliana (Ho et al., 1998), B. circulans (Battchikova
et al., 1996) and two Archaea (Helgadottir et al., 2007). The
amino acid sequence alignment displayed highly conserved
regions (Fig. 2). The conserved amino acid sequence holding
the motif of the aminotransferases class V is around position
200 of SI1559 (Fig. 2, boxed). Presently, sll1559 is wrongly
annotated in CyanoBase as a gene coding for a soluble
hydrogenase subunit (http://genome.microbedb.jp/cyanobase/
Synechocystis/genes/sll1559). The four cysteine-dependent
enzymes were excluded from further analyses and only the
two genes coding for putative aminotransferases (sll1559
and slr5022) were taken into further consideration.

Initially, the bioinformatic search for a putative PSP
remained unsuccessful, because none of the biochemically
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characterized PSPs from other organisms showed signific-
ant sequence similarities to any protein coded in the
Synechocystis genome. Thus, we started attempts to enrich
the PSP from soluble cell extracts of Synechocystis by
classical protein purification and testing the fractions
for PSP activity using the substrate phosphoserine. The
application of ammonium sulfate precipitation, hydro-
phobic interaction chromatography and anion-exchange
chromatography led to ~500-fold enrichment of PSP
activity (data not shown). The proteins of this fraction
were separated by SDS-PAGE and selected bands were used
for protein identification via MS (Supplementary data set).
Amongst the proteins of this fraction, none showed
similarities to phosphatases. However, Slr1124 was iden-
tified in several SDS-gel bands of this fraction. It is
annotated as phosphoglycerate mutase in CyanoBase
(http://genome.microbedb.jp/cyanobase/Synechocystis/genes/
slr1124). It turned out that this putative phosphoglycerate
mutase might be a promising PSP candidate. Chiba et al.
(2012) reported that a non-typical phosphoglycerate mutase
of the bacterium Hydrogenobacter thermophilus displayed
only PSP activity instead of the expected mutase activity.
Hence, this enzyme was described as the first example for a
new class of PSP enzymes, which have close relatives in many
other organisms, including Arabidopsis. Using the PSP
sequence of H. thermophilus it was possible to identify a
similar protein in the Synechocystis genome: the possibly
wrongly annotated phosphoglycerate mutase Slr1124. Thus,
two lines of evidence qualified the product of slr1124 as the
most likely PSP candidate: its occurrence in a protein
fraction highly enriched in PSP activity and its sequence
similarity to the new PSP class identified in H. thermophilus.

Verification of enzymatic activities of the
phosphoserine pathway

To verify the proposed biochemical functions of the
candidate proteins, we expressed the genes in E. coli
and purified the corresponding recombinant proteins for
biochemical characterization. Fig. 3 shows that all three
recombinant proteins, i.e. SII1908, Sll1559 and Slr1124,
were obtained as soluble proteins. Due to the fused tags, it
was possible to isolate considerable amounts of rather pure
proteins for the subsequent biochemical assays. All three
recombinant enzymes were active and followed Michaelis—
Menten kinetics (Fig. 4).

PGDH (SI11908). The starting enzyme PGDH was obtained as
a His-tagged fusion protein with a calculated molecular mass
of 58.0 kDa (Fig. 3a). To determine whether SIl1908 could
perform the oxidation of 3PGA towards phosphohydroxy-
pyruvate using NAD ™ as cofactor, the reduction of NAD ™"
to NADH with 3PGA as substrate was followed at 340 nm.
The recombinant enzyme showed clear PGDH activity.
However, when NADP* instead of NAD* was used as
coenzyme, only ~5% of the PGDH activity remained
visible. The use of related substrates revealed that the
highest activity was obtained with 3PGA and NADT,

(a) PGDH (b) PSTA PSP
1 2
kDa
100 100
70
55
’ 45 —-—
35
25 =
15 i
10 .
- = <
- 15
=

Fig. 3. Purity of recombinant PGDH, PSTA and PSP used in the
enzyme assays. (a) SDS-PAGE analysis of His-tagged PGDH.
Lane 1, cell-free extract of E. coli containing His-tagged PGDH,
20 pg protein; lane 2, purified PGDH, 2 pg protein. (b) SDS-
PAGE analysis of PSTA and PSP. Lane 1, cell-free extract of E.
coli containing GST-tagged PSTA, 21 g protein; lane 2, purified
PSTA, 2 ug protein; lane 3, cell-free extract of E. coli containing
GST-tagged PSP, 49 pg protein; lane 4, purified PSP, 2 ng
protein.

whereas only low activities were observed with D-lactate
and glycolate (Table 1). These data support the notion that
sll1908 was correctly annotated as serA coding for the PGDH
in CyanoBase.

In subsequent biochemical assays we estimated the bioche-
mical features of PGDH. In the presence of 3PGA and
NAD™ the maximum specific activity of SI11908 reached
23U mg™' at the enzyme’s pH optimum of 9.0 with
a turnover number of 2.25 s~ ! (Table 2). A decrease of
the pH to 7.5 led to a loss of enzymatic activity of ~67 %.
Addition of the final product NADH to 0.1 mM inhibited
the reaction rate to 16 % (data not shown). A double-
reciprocal plot of the kinetic data was used to calculate
the K, values for 3PGA and NAD* of 0.63 and 0.13 mM,
respectively, at pH 9.0 (Fig. 4a, Table 2). The K, value
for 3PGA (1.19 mM) of the recombinant PGDH of Arabi-
dopsis at pH 9.0 was in the same range, whereas the plant
enzyme exhibited a much higher affinity towards NAD*
(Kn=0.01 mM) than the cyanobacterial PGDH. Finally,
the native molecular mass of the recombinant PGDH was
estimated via gel-filtration chromatography. The SI11908
protein eluted at a molecular mass of ~234 kDa, indicating
that the enzyme forms a homotetramer. A similar homo-
tetrameric structure was reported for PGDHs of the Gram-
positive bacterium Corynebacterium glutamicum and of the
plant A. thaliana (Ho & Saito, 2001).

http://mic.sgmjournals.org
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Fig. 4. Enzyme kinetics of recombinant PGDH, PSTA and PSP from Synechocystis. (a) Hanes—Woolf plot conversions of
kinetic data from PGDH for the substrates 3PGA (left, n=4) and NAD ™ (right, n=3). (b) Data from PSTA for glutamate (n=4).
(c) Data from PSP for 3-phosphoserine (n=2). Values represent mean + SE; n, number of technical replicates.

PSTA (SlI1559). The bioinformatic searches (described
above) identified two candidate PSTA proteins in the
Synechocystis genome that are coded by sl11559 and slr5022,

Table 1. Substrate specificity [enzyme activity; mean+SD
(n=38)] of recombinant PGDH (SI11908)

respectively. These two genes were expressed in E. coli,
but only the recombinant Sll1559 showed PSTA activity
(Table 2), whereas the SIr5022 was not active (data not
shown). The purified PSTA has an apparent molecular
mass of 41 kDa in SDS-PAGE (Fig. 3b). However, a
molecular mass of 84 kDa was determined for SIl1559 by
size-exclusion chromatography, indicating a dimeric structure
of the native enzyme. A homodimeric structure was also
reported for PSTA of B. circulans (Battchikova et al, 1996).

The purified PSTA of Synechocystis catalysed the amino
group transfer from glutamate towards 3-phospho-
hydroxypyruvate in vitro. The initial rate of Sll1559 was
determined by an enzymatic assay coupled to PGDH to
follow the NADH production of this enzyme, because a
direct detection of the substrates or products of PSTA was
not possible (see Methods). The kinetic parameters of
Sl11559 are listed in Table 2. The K, value for glutamate
was 1.03 mM (Fig. 4b) and the maximum specific activity
was 3.64 U mg ™' for the PSTA from Synechocystis. For the
recombinant PSTA of A. thaliana, different K, values for

Substrate Vinax
[U (mg protein)™']
3PGA+NAD™ 1.878+0.316
3PGA +NADP* 0.091 £0.054
D-Lactate + NAD * 0.091+0.044
Glycolate + NAD* 0.063 +0.053
3-Hydroxypyruvate + NADH 0
3-Hydroxypyruvate + NADPH 0
Pyruvate + NADH 0
Pyruvate + NADPH 0
Glyoxylate + NADH 0
Glyoxylate + NADPH 0
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Table 2. Biochemical and kinetic parameters of recombinant PGDH (Sll1908), PSTA (SIl1559) and PSP (SIr1124) from

Synechocystis

The parameters were determined in standard reaction mixtures.

Parameter PGDH PSTA PSP
Molecular mass (kDa)

Determined mass of the native complex* 234.0 84.0 50.0
Theoretical mass of the monomer 58.01 41.0% 49.8%
Kinetic parameter pH 9.0 pH 9.0 pH 7.5

NAD™, 3PGA Glutamate 3-Phosphoserine

K,, (mM) 0.13, 0.63 1.03 0.42

Vinax [U (mg protein) '] 2.33 3.64 36.2

ke (571 2.25 2.49 30.2
Kot/ Ko (s™' mM ™) 17.3, 3.6 241 71.8

*Molecular mass determined by gel filtration (n=2).
fIncluding His-tag.
fIncluding peptide linker of the GST-tag.

glutamate were reported, ranging from 70 uM (Ho et al.,
1998) to 5.05 mM (Ali & Nozaki, 2006).

PSP (SIr1124). The recombinant putative PSP protein
with a calculated molecular mass of 49.8 kDa was purified
from E. coli (Fig. 3b) and was subsequently used for
enzymatic assays. The Slr1124 protein of Synechocystis
showed clear PSP activity, because it catalysed the
hydrolysis of the phosphoric acid ester of the substrate 3-
phosphoserine, releasing serine and orthophosphate. The
PSP was found to be highly specific for its substrate
phosphoserine, because enzyme assays with related
substrates that contained phosphoric acid esters showed
only low enzyme activities (Table 3). The K, value of
Slr1124 for 3-phosphoserine was 0.42 mM (Fig. 4c) and the
constant k., was 30.2s~' at 28 °C and pH 7.5, which
resulted in a high catalytic efficiency of 71.8 s~' mM ™!
(Table 2). These data revealed that slr1124 really codes for
PSP and is wrongly annotated as mutase in CyanoBase. The
recombinant PSP of Arabidopsis showed a K, value of
3.5 mM on 3-phosphoserine at pH 7.5 and a turnover
number of 1.8 s~', resulting in a catalytic efficiency of
0.51 s mM ™", Hence, the plant enzyme exhibited ~10-fold
lower affinity for the substrate phosphoserine and a lower
catalytic efficiency than the enzyme from Syne-
chocystis. The enzyme activity of PSP (Slr1124) was also
checked in 200 mM Tris/HCI buffer, pH 9.0, because this
pH was used in the experiments to reconstitute the
phosphoserine pathway by mixing the three recombinant
proteins. The PSP activity decreased to 44 +14 % at pH 9 in
comparison with the rate at pH 7.5. Further experiments
showed that the end-product serine caused a distinct
inhibition of the Synechocystis PSP, because the activity
dropped to 46+6.8 % of the initial rate after addition of
5 mM serine to the standard enzyme assay, whilst only
3144.1% of the rate remained visible after addition of
10 mM serine. The native molecular mass of Slr1124 was

determined by size-exclusion chromatography, where it
eluted as one symmetrical peak of 50 kDa, indicating that
the PSP is an active monomer (Table 2).

In vitro reconstruction of the phosphoserine pathway.
Next, we tried to reconstitute in vitro the light-independent
phosphoserine pathway of Synechocystis. To this end,
we performed an in vitro assay combining the three
recombinant proteins SI11908, Sl11559 and Slr1124 in the
presence of the substrates 3PGA, glutamate and NAD™.
The whole pathway activity was monitored indirectly by
measuring the release of inorganic phosphate and NAD*
reduction over the time (Fig. 5). After 10 min of the
enzymatic reaction, 8.8 + 1.5 umol phosphate (mg protein) ™'
was determined. The phosphate release corresponds well
with the independently measured NAD* reduction of 8.9+
0.6 umol (mg protein) ' during the same time. As control,
an assay containing active PGDH and PSTA, but heat-
inactivated PSP, was performed, resulting in no phosphate
release (Fig. 5). The rate of NADH generation was not
altered in this control reaction, as expected because of the
active PGDH. This experiment revealed that the three
isolated enzymes are sufficient to perform serine synthesis
from the substrates of the phosphoserine pathway in vitro.

Table 3. Substrate specificity of recombinant PSP (Sir1124)

Enzyme activity with phosphoserine was normalized to 100 % and the
relative activities with other substrates are given (n=2).

Substrate Rate (%)
3-Phosphoserine 100
sn-Glycerol 3-phosphate 8
D(+)-3PGA 4
D( + )-2-Phosphoglycerate 2

http://mic.sgmjournals.org
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Attempts to delete the phosphoserine pathway in
cyanobacteria

The biochemical results clearly indicate that Synechocystis is
capable of performing serine biosynthesis via the phos-
phoserine pathway in addition to the light-dependent
photorespiratory 2PG pathway. To determine the physio-
logical role of the pathway and to verify the biochemical
results in intact cells, we aimed to inactivate the psp genes
in Synechocystis and Synechococcus. These cyanobacterial
strains are amenable to targeted mutagenesis. To mutate
the corresponding genes, the kanamycin resistance cart-
ridge was fused to sequences neighbouring the PSP coding
sequences. However, despite cultivation of kanamycin-
resistant clones under various conditions, such as different
light conditions and serine supplementation to favour the
use of the photorespiratory pathway for serine biosynthesis
and to complement serine auxotrophy, respectively, homo-
zygous mutants of Synechocystis and Synechococcus were
not obtained. In addition to the mutated fragment, a
second fragment of size similar to the WT gene remained
visible in PCRs with mutant DNA as template (Figs S1 and
S2). These results indicate that the psp genes are essential
for viability of these two cyanobacterial strains. It has been
previously shown that the knockout of sll1559 coding
for PSTA was also not possible in Synechocystis, as also in
this case only partly segregated clones could be obtained
(Eisenhut et al., 2006).

These results point to an essential role of the light-
independent serine biosynthesis pathway, at least under the
tested conditions. Similar results were reported for the
model plant Arabidopsis, where a knockout of the psp1 gene

Release/formation [umol (mg PSP)-1]

0 = - -
0 1 2 3 4 5 6 7 8 9 10 11

Time (min)

Fig. 5. Reconstruction of the phosphoserine pathways by the
combined action of the recombinant PGDH, PSTA and PSP
proteins. The three recombinant enzymes PGDH, PSTA and PSP
from Synechocystis were applied in an in vitro assay using the
substrate  3PGA. Phosphate release (A, n=38) and NADH
formation (@, n=3) were monitored over 10 min. An enzyme
assay in which intact PGDH and PSTA but heat-inactivated PSP
were combined and the release of inorganic phosphate was
measured (M, n=2) served as a negative control.

resulted in an embryo-lethal phenotype (Munoz-Bertomeu
et al., 2013) and PGDH was also found to be essential for
plant viability (Benstein et al., 2013). Thus, at least in plants,
the phosphoserine pathway is responsible for functions
additional to serine biosynthesis, such as the involvement in
protein/lipid phosphorylation or modulation of cell signal-
ling pathways. Such a broader importance of the phospho-
serine pathway could also apply for cyanobacteria, and could
explain why even feeding with serine and exposure to light to
promote light-dependent serine synthesis did not allow the
complete knockout of the genes for the light-independent
phosphoserine pathway. At least for Synechocystis, the presence
of a serine uptake system has been proven (Labarre et al.,
1987; Quintero et al, 2001), ruling out the possibility that
external serine cannot taken up by the transformants.

Another indication of the important function of the
phosphoserine pathway amongst cyanobacteria was obtained
from the finding that close homologues of all three enzymes
exist in genomes of almost all cyanobacteria listed in
CyanoBase despite the universal occurrence of light-
dependent serine synthesis via photorespiration amongst
cyanobacteria (Hagemann et al, 2013). For PGDH, the
related cyanobacterial enzymes show >70% sequence
similarity. Furthermore, the PGDH protein from Arabidopsis
is closely related to cyanobacterial enzymes (60 % sequence
similarity). In the phylogenetic tree of PGDHs from plants,
cyanobacteria and heterotrophic bacteria, the proteins from
plants and cyanobacteria are sister clades, supporting the
cyanobacterial origin of PGDH in plants (Fig. S3). For
PSTA, which is coded by the wrongly annotated sll1559,
the related proteins share >75 % similarity amongst cyano-
bacteria. However, clear homologues of PSTA from
Synechocystis are missing in the genomes of some filament-
ous cyanobacteria, such as Anabaena sp. ATCC 29413,
Nostoc sp. PCC 7120, Nostoc sp. PCC 7524 and Rivularia sp.
PCC 7116, whereas clear PSTA proteins exist in Nostoc
punctiforme ATCC 29133 and Nodularia spumigena CCY
9414. Another class V aminotransferase probably partici-
pates in the phosphoserine pathway in strains missing
SlI1559 homologues. Proteins closely resembling the iden-
tified PSP (coded by slr1124 in Synechocystis) exist in all
cyanobacterial genomes with >65 % similarity. It should be
noted that probable homologues for the three enzymes of
the phosphoserine pathway are also present in the genomes
of picoplanktonic cyanobacteria. These strains are char-
acterized by the smallest genomes amongst cyanobacteria. It
has been proposed that they have eliminated all unnecessary
genes during genome streamlining (Scanlan et al, 2009).
Nevertheless, these strains also retain genes for photo-
respiration (Hagemann et al., 2013) as a light-dependent
route for serine biosynthesis as well as the genes identified
here for the light-independent route, i.e. the phosphoserine
pathway.

CONCLUSIONS

Our results provide clear evidence that the light-independ-
ent phosphorylated pathway of serine biosynthesis is active
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in cyanobacterial cells (displayed in Fig. 1). Previously, only
the light-dependent photorespiratory pathway for serine
biosynthesis was annotated and thought to be the source of
serine in Synechocystis (Knoop et al., 2010). However, there
was some doubt that this pathway represents the only
source of serine, because the enzyme activities necessary
for the phosphoserine pathway were found in crude extracts
of six different cyanobacteria (Colman & Norman, 1997)
and the complete block of photorespiration at the glyco-
late conversion step did not result in serine auxotrophy
(Eisenhut et al, 2008). However, identification of the phos-
phoserine pathway enzymes in the cyanobacterial genomes
was hampered by its missing or wrong annotation. Only
the gene for PGDH was correctly annotated and was
functionally verified here. The PSTA gene sll1559 is wrongly
annotated in Synechocystis and some other cyanobacteria,
despite the clear similarities of the protein to type V
aminotransferase. Here, we verified its specific action as
PSTA using the pure recombinant protein SI11559. The last
enzyme PSP was initially identified by enzyme purification
and protein identification via MS. However, the final
recognition of the wrongly annotated Slr1124 as PSP was
supported by the report on a new PSP class showing some
sequence similarities to phosphoglycerate mutases (Chiba et
al., 2012). Finally, using the three verified protein sequences
from Synechocystis, we found homologous proteins in the
majority of cyanobacterial genomes. Thus, we conclude that
the light-independent phosphoserine pathway exists at least
in most cyanobacteria and contributes to the biosynthesis of
serine in addition to photorespiration. It has been shown
that some of the enzymes (e.g. PGDH) are potentially
sensitive to thiol oxidation (Chardonnet et al., 2014). It
could be possible that the redox state of these enzymes
regulates the relative contribution of the two pathways to
serine biosynthesis depending on the growth conditions,
such as light/dark transitions.

Moreover, our results indicate that the pathway is essential
in Synechocystis and Synechococcus. The attempts made here
to mutate the gene for the PSP and those previously made
to mutate the gene for PSTA (Eisenhut et al., 2006) resulted
in only partly segregated mutants, i.e. the WT gene copy
was always retained even in the presence of external serine.
Obviously, the pathway contributes significantly to total
serine synthesis or is involved in additional functions
essential for cell viability. The lack of mutants made it
difficult to measure the relative importance of the two
pathways. Thus, we tried to estimate it using an existing
multi-scale kinetic model of Synechococcus that took into
account existing metabolome and transcriptome data
(Jablonsky et al, 2014). According to this model, we
predict that in cells grown at 5% CO, the phosphoserine
pathway contributes to 66.4 % of serine synthesis, whereas
due to the increased photorespiration it delivers only 28—
37.6 % of serine under ambient CO, conditions (assuming
3-4.5% oxygenation reaction of ribulose 1,5-bisphosphate
carboxylase/oxygenase in cells grown at ambient air with
0.04 % CO,). The relative contribution of the phosphoserine

pathway will further increase if we include night phases and
if we assume that not all of the photorespiratory serine is
taken off from the cycle. The complete use of photorespira-
tory glycine and serine for biosynthetic purposes was
suggested to occur in diatoms that have an open photo-
respiratory pathway (Allen et al., 2011).
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Supplemental Table

Supplemental Table S1: Primers that were used for the construction of expression
plasmids, knockout mutants and segregation checks in this study. Added restriction

sites are underlined.

ORF Primer
sll1908 fw 5’- CATATGGCTAAAGTTTTAGTTTCTG-3’
rev 5’- GAATTCTTAGAGCTTAACGGTGTAG -3
sll1559 fw 5-GGGATCCATGGATAATAAGCAAATGTTGATG-3’
rev 5-GCGGCCGCTTAACCTTTAGCCAAAACC-3
sir1124 fw 5-GCAGGATCCTTGGCTACTCGGGTCATC-3’
rev 5-ATAATTGGCTAGCGGCCGCACTATAGGG-3’
slr1124
up region fw 5-CCGAGCTCCAGTAAAAGGACAATTAATTGTGC-3
rev 5-CCCTGCCTCTAGAACGATAAAATCAGACC-3
down region fw 5-GTCCTGTCTAGAGCCAATT-3
rev 5-CATTGGGACTAGTTTGGGCG-3
down-PCR rev 5-GTTTGCCCAACTTAGCCATAAATT-3
Synpcc79420485
up region: fw 5'-GGTCAAGCGCCAAAATCGGGGAGCTCGG-3
rev 5 -GGTTTTCTCCGCTGAGTCGGTCTAGAGGAC-3"
down region: fw 5-ATATCTAGACAGTCATGGCCGATCTGTTGCATC-3'
rev 5-AGTATTCTCGAGCAAATGCAACCAAGTGACGCTG-3
up-PCR fw 5'-GGAGTTGTTCAACTCTTTGG-3

down-PCR rev 5-CGGTTGGGGATCGAGGTGAT-3"




Supplemental Figures
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Figure S1: Attempts to mutate the gene sir1124 coding for the phosphoserine phosphatase
(PSP) in Synechocystis sp. PCC 6803.

Upper panel: Schematic overview on the genomic region surrounding sir1124 and the gene
knockout strategy. The 1.3-kb gene coding for PSP was replaced by a kanamycin resistance
cassette C.K3 of about 1 kb (depiction above). Thus, the mutation construct, in which the
deleted psp gene became replaced by C.K3, is about 0.3 kb smaller than the wild-type

fragment.

Lower panel: The segregation of the mutants was checked by PCR) using specific
oligonucleotides (#fw-sir1124-Sacl, #down-PCR) and genomic DNA. The lanes 1-8 of the gel
show the DNA fragment pattern of eight kanamycin-resistant putative mutant clones. As
controls, PCR was performed with wild-type DNA (wt) and the plasmid pSKIl+_KO-PSP6803,
which was used for conjugation, as positive control (c). The expected size of PCR product
from wild type is 2246 bp, whereas the mutant fragment is 1974 bp. All 8 mutants showed
two PCR products indicating an incomplete segregation. The independent mutant clones
were grown in the dark on BG11 agar plates including 150 ug/ml kanamycin, 1 mM serine

and 5 mM glucose.
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Figure S2: Attempts to mutate the gene synpcc7942_0485 coding for the phosphoserine
phosphatase (PSP) in Synechococcus elongatus PCC 7942.

Upper panel: Schematic overview on the genomic region surrounding synpcc7942_0485 and
the gene knockout strategy. The 1.5-kb fragment comprising the gene coding for PSP and
flanking DNA was replaced by a kanamycin resistance cassette C.K3 of about 1 kb
(depiction above). Thus, the mutation construct, in which the deleted psp gene became
replaced by C.K3, is about 0.5 kb smaller than the wild-type fragment.

Lower panel: The segregation of the mutants was checked by PCR) using specific
oligonucleotides (#¥up-PCR, #down-PCR) and genomic DNA. The lanes 1-6 of the gel show
the DNA fragment pattern of six kanamycin-resistant putative mutant clones. As controls,
PCR was performed with wild-type DNA (wt) and the plasmid pSKIll+_KO-PSP7942, which
was used for conjugation, as positive control (c). The expected size of PCR product from wild
type is 1900 bp, whereas the mutant fragment is 1400 bp. All 6 mutants showed two PCR
products indicating an incomplete segregation. The independent mutant clones were grown

under continuous light on BG11 agar plates including 200 pg/ml kanamycin and 2 mM serine.
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Figure S3: Phylogenetic tree of 3-phosphoglycerate dehydrogenases (PGDHSs) from
heterotrophic bacteria, cyanobacteria and plants grouping cyanobacterial as sister-
branch to plant PGDHs. Accession numbers (NCBI) are displayed in brackets right of

the species name.

For most cyanobacteria except Nodularia spumigena CCY9414 and Synechococcus
sp. WH5701, the ©protein names are exiracted from CyanoBase
(http://genome.microbedb.jp/cyanobase/). For Arabidopsis PGDH the accession
number from the TAIR database is shown (http://www.arabidopsis.org/). The group of
a-proteobacteria consists of the PGDH from Rhizobium leguminosarum WSM1325
(YP_002977271), Rhizobium etli CEN 42 (YP_470937), Agrobacterium fabrum str.
C58 (NP_356914), Maritimibacter alkaliphilus HTCC2654 (ZP_01015661),
Xanthobacter autotrophicus Py2 (YP_001416108), Methylobacterium sp. 4-46
(YP_001773092), Caulobacter  crescentus  CB15 (NP_422009), and
Rhodopseudomonas palustris CGA009 (NP_949644). PGDHs form y-proteobacteria
are represented by Citrobacter rodentium ICC168 (YP_003368296), Serratia
proteamaculans 568 (YP_001480146), Yersinia enterocolitica 8081
(YP_001007569), and Escherichia coli O157:H7 str. EDL933 (NP_289481).



Supplemental data set +protein identification via mass-spectroscopy

Sample No

active fractions

SDS-gel separation of the PSP-enriched protein fraction, which was obtained after
ammonium sulfate precipitation, hydrophobic interaction chromatography and anion
exchange chromatography of crude Synechocystis extracts.

The numbers represent bands, which were excised and then analysed via MALDI-TOF to
identify the proteins.



Protein identification via MALDI TOF
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a|15912

gi[7331218
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Mw
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Sequence
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candidate
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ident
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ident
ident
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Protein Name

L,L-diaminopimelate aminotransferase [Synechocystis sp. PCC 6803]
CDS2917545:2918810reverseMW:46212

keratin 1 [Homo sapiens]

phosphoglycerate mutase [Synechocystis sp. PCC 6803]

L,L-diaminopimelate aminotransferase [Synechocystis sp. PCC 6803]
CDS2917545:2918810reverseMW:46212
CDS84740:86107forwardMW:50631

hypothetical protein sli1913 [Synechocystis sp. PCC 6803]
CDS773831:775645reverseMW:67228

glucose-6-phosphate isomerase [Synechocystis sp. PCC 6803]
phosphoglycerate mutase [Synechocystis sp. PCC 6803]
CDS1744453:1746093forwardMW:60042
CDS84740:86107forwardMW:50631

phosphoglycerate mutase [Synechocystis sp. PCC 6803]
CDS84740:86107forwardMW:50631

phosphoglycerate mutase [Synechocystis sp. PCC 6803]

L,L-diaminopimelate aminotransferase [Synechocystis sp. PCC 6803]
CDS84740:86107forwardMW:50631
CDS2917545:2918810reverseMW:46212

L,L-diaminopimelate aminotransferase [Synechocystis sp. PCC 6803]
phosphoglycerate mutase [Synechocystis sp. PCC 6803]
CDS2917545:2918810reverseMW:46212
CDS84740:86107forwardMW:50631

L,L-diaminopimelate aminotransferase [Synechocystis sp. PCC 6803]

formaldehyde dehydrogenase (glutathione) [Synechocystis sp. PCC 6803]

CDS2917545:2918810reverseMW:46212
CDS644393:645511reverseMW:39426
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candidate
ident
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ident
ident
ident
ident
candidate
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ident
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candidate

ident

ident
ident
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ident
candidate

formaldehyde dehydrogenase (glutathione) [Synechocystis sp. PCC 6803]
CDS644393:645511reverseMW:39426

formaldehyde dehydrogenase (glutathione) [Synechocystis sp. PCC 6803]

hypothetical protein slr0605 [Synechocystis sp. PCC 6803]
CDS644393:645511reverseMW:39426
CDS3566741:3567733forwardMW:37907

alpha-D-glucose-1-phosphate cytidylyltransferase [Synechocystis sp. PCC ¢

hypothetical protein slr0605 [Synechocystis sp. PCC 6803]
CDS353532:354323forwardMW:29542
CDS3566741:3567733forwardMW:37907

NarL subfamily protein Rre1 [Synechocystis sp. PCC 6803]
formaldehyde dehydrogenase (glutathione) [Synechocystis sp. PCC 6803]

orotidine 5'-phosphate decarboxylase [Synechocystis sp. PCC 6803]
CDS644393:645511reverseMW:39426
CDS1363841:1364551reverseMW:25263
CDS242171:243094forwardMW:33979
CDS1896872:1897570reverseMW:26665

orotidine 5'-phosphate decarboxylase [Synechocystis sp. PCC 6803]
formaldehyde dehydrogenase (glutathione) [Synechocystis sp. PCC 6803]

NarL subfamily protein Rre1 [Synechocystis sp. PCC 6803]
CDS1363841:1364551reverseMW:25263
CDS644393:645511reverseMW:39426
CDS242171:243094forwardMW:33979
CDS1896872:1897570reverseMW:26665

phycocyanin subunit B [Synechocystis sp. PCC 6803]

phycocyanin associated linker protein [Synechocystis sp. PCC 6803]
CDS726953:727483reverseMW:18570
CDS724497:725393reverseMW:33277

allophycocyanin a chain [Synechocystis sp. PCC 6803]
Chain B, Crystal Structure Of C-Phycocyanin Of Synechococcus Vulcanus /
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Angstroms

phycocyanin subunit B [Synechocystis sp. PCC 6803]
CDS1430392:1430907forwardMW:18654
CDS726953:727483reverseMW:18570

allophycocyanin a chain [Synechocystis sp. PCC 6803]
CDS1430392:1430907forwardMW:18654

allophycocyanin a chain [Synechocystis sp. PCC 6803]
CDS1430389:1430904forwardMW:18654

allophycocyanin b chain [Synechocystis sp. PCC 6803]

allophycocyanin a chain [Synechocystis sp. PCC 6803]
CDS1430979:1431488forwardMW:18205
CDS1430392:1430907forwardMW:18654

allophycocyanin b chain [Synechocystis sp. PCC 6803]
CDS1430979:1431488forwardMW:18205
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All1371 is a polyphosphate-dependent
glucokinase inAnabaenasp. PCC 7120
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The polyphosphate glucokinases can phosphorylate glucose to glucose 6-phosphate using
polyphosphate as the substrate. ORRII1371 encodes a putative polyphosphate glucokinase in
the filamentous heterocyst-forming cyanobacteriudAnabaenasp. PCC 7120. Here, ORF

all1371 was heterologously expressed irfEscherichia coli and its purified product was
characterized. Enzyme activity assays revealed that All1371 is an active polyphosphate
glucokinase that can phosphorylate both glucose and mannose in the presence of divalent cations
in vitro. Unlike many other polyphosphate glucokinases, for which nucleoside triphosphates (e.g.
ATP or GTP) act as phosphoryl group donors, All1371 required polyphosphate to confer its
enzymic activity. The enzymic reaction catalysed by All1371 followed classical MichaelisbMenten
kinetics, withkeo=48.2 st at pH 7.5 and 28 °C and Ky=1.76 uM and 0.118 mM for
polyphosphate and glucose, respectively. Its reaction mechanism was identified as a particular
multi-substrate mechanism called the Obi-bi ping-pong mechanismO. Bioinformatic analyses
revealed numerous polyphosphate-dependent glucokinases in heterocyst-forming cyanobacteria.
Viability of anAnabaenasp. PCC 7120 mutant strain lackingall1371 was impaired under
nitrogen-fixing conditions. GFP promoter studies indicate expression all1371 under combined

Received 19 June 2014 nitrogen deprivation. All1371 might play a substantial role iAnabaenasp. PCC 7120 under
Accepted 9 October 2014 these conditions.
INTRODUCTION phosphoanhydride bond between each orthophosphate

yields free energy comparable to that generated by cleavage
of ATP. In a bacterial cell, polyphosphate functions mainly
as a dynamic storage compound for phosphate and energy
(Harold, 1966; Kornberg et al., 1956). However, many other
functions have been proposed for the polymer, including
those in stress responses, complexation of heavy metals,
biofilm formation and virulence (Kornberg, 1995; Rashid &
Kornberg, 2000; Rashid et al., 2000; Tsutsumi et al, 2000).
In bacteria, polyphosphate metabolism is driven by two
kinds of enzymes: kinases and phosphatases. Polyphosphate
is synthesized by polyphosphate kinase type 1 (Ahn &
Kornberg, 1990; Kornberg et al., 1956), which catalyses the
formation of the phosphoanhydride bonds between the
Abbreviations:Anabaena, Anabaena sp. PCC 7120; GST, glutathioné&- growing polymer and the y-phosphoryl residues of ATP or
transferase; PPGK, polyphosphate glucokinase; TSS, transcription start another nucleotide triphosphate. Conversely, polyphosphate
site. is degraded mainly by exopolyphosphatases (Akiyama et al.,

Two supplementary tables and five supplementary figures are available 1993; Kornberg et al, 1999) and endopolyphosphatases
with the online Supplementary Material. (Lichko et al., 2010).

Inorganic polyphosphate, which is a linear polymer of 10—
1000 orthophosphates linked by phosphoanhydride bonds,
has been found in all representative living cells, including
bacteria, fungi, plants, animals and archaea (Achbergerova
& Nahalka, 2011; Rao et al., 2009; Remonsellez et al., 2006;
Scherer & Bochem, 1983). Polyphosphate is stored in the
cytoplasm, where it can be visualized as metachromic inclu-
sions (Meyer, 1902) or electron-dense granules (Jensen,
1968). Evolutionarily, polyphosphate stands as one of the
earliest polymers produced in cells. Polyphosphate is
considered to be the ancestor of ATP as an energy source
(Resnick & Zehnder, 2000), given that hydrolysis of the
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Polyphosphate glucokinase (PPGK; EC 2.7.1.63), a para-
logue of the ATP-dependent glucokinase (Hsieh et al.,
1993), catalyses the transfer of the terminal phosphoryl
residue of polyphosphate to glucose in order to generate
glucose 6-phosphate. The first ATP/polyphosphate-depend-
ent glucokinase was discovered in Mycobacterium phlei
(Szymona & Ostrowski, 1964). Since then, such enzymes
have been found in many non-eukaryotic organisms (Liao
et al., 2012; Lindner et al., 2010; Pepin & Wood, 1986;
Phillips et al, 1993; Szymona & Widomski, 1974; Tanaka
et al, 2003). All but one of the known PPGKs are
bifunctional, in that they are able to utilize both ATP and
polyphosphate as phosphoryl donors. The sole known
exception to that is the PPGK of the polyphosphate-
accumulating bacterium Microlunatus phosphovorus (Tanaka
et al., 2003), which is a strictly polyphosphate-dependent
enzyme.

The potential role of PPGKs in the complex metabolism of
cyanobacteria has not yet been investigated. Cyanobacteria
are a widespread group of oxygenic photosynthetic
prokaryotes. During photosynthesis, energy is transiently
stored in the energy-rich phosphoanhydride bonds of ATP
molecules. Several genera of cyanobacteria perform both
photosynthesis and N, fixation; however, these two physi-
ological processes are incompatible, because the oxygen-
sensitive nitrogenase complex (Hill ef al., 1981) is the key
enzyme in N, fixation. The diazotrophic cyanobacteria
have developed special mechanisms to allow N, fixation to
take place under aerobic conditions (Berman-Frank et al.,
2003). Some filamentous cyanobacteria, such as Anabaena
sp. PCC 7120 (also called Nostoc sp. PCC 7120; hereafter
Anabaena), form highly specialized cells called ‘hetero-
cysts’, which fix N, in a micro-oxic environment (Adams
et al., 1981). The heterocysts are semi-regularly distributed
along the filaments and rely on vegetative cells to supply
them with photosynthetic products. In return, the hetero-
cysts provide the filament with reduced nitrogen com-
pounds (Flores & Herrero, 2010; Maldener & Muro-Pastor,
2010). In contrast, some unicellular diazotrophic cyano-
bacteria use a diurnal rhythm to separate N, fixation and
photosynthesis, protecting the nitrogenase from oxygen by
employing it in the dark, when photosynthesis is quiescent
(Mitsui et al., 1986; Toepel et al., 2008).

The purpose of this study was to characterize All1371, the
PPGK from Anabaena, in vitro and to explore its biological
function in vivo.

METHODS

Sequence analysis. A BLASTP search (Altschul et al, 1997) was
performed against all cyanobacterial sequences available from the
Integrated Microbial Genomes database (Markowitz et al., 2012) and
against the sequences of Section V cyanobacteria identified by Dagan
et al. (2013). The amino acid sequence of the PPGK from Anabaena
(all1371: 637231738, gene ID Integrated Microbial Genomes data-
base) was used as query. Similar amino acid sequences of proteins
with known 3D structures were identified using the structure database

PDBsum (http://www.ebi.ac.uk/pdbsum/). Sequences were aligned using
CLUSTALW2 (Larkin et al., 2007), and formatted with ESPript (Gouet et al.,
1999). Sequence similarities were determined using the EMBOSS needle
software (http://www.ebi.ac.uk/Tools/psa/emboss_needle/).

Bacterial strains and culture conditions. Anabaena was grown in
fourfold diluted medium of Allen & Arnon (1955) (AA/4 medium)
with or without 10 mM KNOs. Liquid cultures of Anabaena were
grown under permanent illumination with white light of 70 pmol
photons m™* s™" at 30 °C. Cultures were grown in air lift flasks (@
6 cm), bubbled with air enriched with 2% (v/v) CO,. Mutants were
grown in the presence of 50 pg neomycin ml™" or 4 pg spectinomycin
ml™! and 1 pg streptomycin ml ™', Synechocystis sp. PCC 6803
(hereafter Synechocystis) was grown on BG11 agar plates (Rippka et al.,
1979) additionally containing 20 mM HEPES. Liquid cultures were
grown at 28 °C and under continuous illumination as described
above. Liquid cultures of Mastigocladus laminosus SAG 4.84 and
Fischerella muscicola PCC 7414 were grown in Castenholz medium D
(8.24 mM NaNO;, 0.99 mM KNO;) or medium ND (without
nitrate) (Castenholz, 1988) at 42 °C and under continuous illumina-
tion of 100 pmol photons m ™% s~

Chlorophyll a content was determined as described by de Marsac
& Houmard (1988). For nitrogen starvation, exponentially grown
cultures were harvested by centrifugation, washed twice with nitrate-
free medium and resuspended to a final concentration of 7 pg
chlorophyll ml™" for further growth. Escherichia coli strains DH50 and
BL21 (DE3) (Novagen; Merck Chemicals) were grown at 37 °C as
batch culture in Erlenmeyer flasks with shaking at 300 r.p.m. in Luria—
Bertani (LB) medium (Bertani, 1951) supplemented with 10 pg
ampicillin ml™", 150 pg neomycin ml™" or 50 pg spectinomycin ml ™"
when appropriate.

Construction of expression plasmid. The allI37] gene was
amplified by PCR using genomic Anabaena DNA as template and
oligonucleotides 5'-AGGATCCTACTCAATGGTGGAAGATAACGG-
3" and 5'-GCGGCCGCTTCTATAGTGTTTTTTCATCTC-3" (BamHI
and Notl restriction sides highlighted in bold, stop codon under-
lined). The PCR product was ligated into the cloning vector pJET1.2
(Thermo Scientific) to ensure efficient restriction digests. After
restriction digest of the resulting pJET-all1371 by BamHI and Notl,
all1371 was inserted into the vector pGEX-6P-1 (GE Healthcare),
leading to pGEX_all1371. The manipulations were checked by
restriction analysis and DNA sequencing.

Protein expression and purification. E. coli BL21(DE3) cells were
transformed with pGEX_all1371. The recombinant strain was grown
in LB medium containing 100 pg ampicillin ml™" and 1% (w/v)
glucose. The expression was induced with 1 mM IPTG at an ODgg,
of 0.6. Cells were harvested 3 h after induction by centrifugation
(15 min, 3800 g), resuspended in buffer containing 200 mM Tris/HCI
(pH 8.5), 300 mM NaCl and 50 mM KCI, and disrupted by
sonication. The debris was removed by centrifugation (15 min,
20000 g). The glutathione-S-transferase (GST)-PPGK fusion was
purified by affinity chromatography using Glutathion-Sepharose 4B
(GE Healthcare) performed in a batch technique according to the
manufacturer’s instructions. To elute All1371 the GST-tagged PPGK
was cleaved on the column by PreScission protease (Walker et al.,
1994) (GE Healthcare) overnight at 4 °C. The purity of the enzyme
was verified by SDS-PAGE.

Preparation of cell-free cyanobacterial extract, electrophoresis
and protein quantification. Cyanobacterial cells were collected
from liquid cultures (grown with or without nitrogen for 4 or 6 days)
by centrifugation (6500 g). Sedimented cells were washed twice with
50 mM Tris/HCl buffer (pH 8.0) and stored at —20 °C. Thawed
filaments of Mastigocladus laminosus and F. muscicola were pretreated
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by sonication. Cells were disrupted in a swing mill (Retsch MM 301)
for 30 min at 30 Hz using glass beads (@ 0.1 mm). Beads and crude
extracts were separated by two sequential centrifugations at 10000 g
and 4 °C for 10 and 30 min. To remove small molecules the
supernatants were purified using DextraSEC PRO2 columns
(Applichem). The elution was performed by the original buffer.
Protein concentrations were estimated according to Lowry et al.
(1951) using BSA as reference. SDS-PAGE was performed on slab gels
[15% (w/v) acrylamide, 0.41% (w/v) methylene-bisacrylamide]
(Laemmli, 1970). The gels were stained with Coomassie brilliant
blue R250.

Determination of molecular mass. The molecular mass of native
All1371 was determined by size exclusion chromatography on a
Tricorn Superdex 200 10/300 GL column (GE Healthcare) calibrated
with the gel filtration standards purchased from Bio-Rad (y-globulin,
158 kDa; ovalbumin, 44 kDa; myoglobin, 17 kDa; cytochrome, ca.
12.4 kDa). As running buffer 100 mM Tris/HCI (pH 7.5), 200 mM
NaCl, 6 mM MgCl, (hereafter basic buffer) and 0.5 mM DTT were
used at a flow rate of 0.8 ml min~ . Pure All1371 (100 pg) was loaded
onto the column. The elution was monitored by measuring A,g.
Fractions of 0.5 ml were collected. Aliquots from these fractions were
tested for PPGK activity. Precipitated fractions (Bensadoun &
Weinstein, 1976) were analysed by SDS-PAGE. Two biological
replicates were performed.

Activity assays and kinetic analyses. Glucokinase activity and
kinetics of the isolated All1371 were determined in vitro by coupling
glucose 6-phosphate formation to the glucose-6-phosphate dehydro-
genase reaction (Hsieh ef al., 1993). Glucose 6-phosphate formation
was monitored indirectly by measuring NADH development spectro-
photometrically at 340 nm (£34=6220 M~ ' cm™'). Measurements
were done in basic buffer with 0.6 mM NAD, 0.8 mM glucose,
0.01 mM polyP,s (phosphate glass type 45; Sigma-Aldrich; hereafter
polyphosphate), 5.7 units glucose-6-phosphate dehydrogenase ml ™'
and 0.26 pg All1371 ml~" at 28 °C. To verify the cation dependency,
MgCl, was replaced by MnCl, or water. One unit of PPGK activity
was defined as the amount of enzyme which catalyses the formation
of 1 umol glucose 6-phosphate min~'. The reaction was started with
All1371. All rates were determined from the linear region of the
curves. To check the substrate specificity, the following substrates
were applied to the assay at final concentrations of 10 pM, 100 pM
and 1 mM: polyP,s, ATP, ADP, AMP, GTP, UTP, CTP and
pyrophosphate. Additionally ATP was tested as a substrate at final
concentrations of 5 and 10 mM. Polyphosphate was used to check
enzyme activity if no activity was detected in vitro. To determine the
kinetics of All1371, both substrates (glucose, polyphosphate) were
varied. The values of Ky, and k., were calculated from the initial rate.
Three biological replicates were performed. Kinetic parameters were
analysed by Sigma Plot 2006 Enzyme Kinetics Module 1.3 (Systat
software). The initial rate was measured for several glucose concen-
trations at different non-saturating polyP,s concentrations. Measure-
ments were also taken for several polyphosphate concentrations at
different non-saturating glucose concentrations.

Mannokinase activity was determined by monitoring the formation of
NADH spectrophotometrically at 340 nm. Activity was measured in
basic buffer including 0.6 mM NAD, 5-70 mM mannose, 0.02 mM
polyPys, 5.7 units glucose-6-phosphate dehydrogenase ml™*, 1.0 units
mannose-6-phosphate isomerase ml ™', 4.0 units glucose-6-phosphate
isomerase ml~ ' and 23-42 ug All1371 ml™" at 28-30 °C.

When measuring PPGK activities in cell-free extracts, the extracts
instead of the pure enzyme were used in standard assays as described
above (glucokinase activity). The reaction was started with glucose.
To confirm the linearity of the reaction different amounts of the
extracts with 23-480 pg protein were added to the reaction mixture.
All1371 was applied to the assay as a positive control.

Deletion of all1371 in Anabaena. An Anabaena Aall1371 mutant
was generated by replacing 771 nt including all1371 [720 nt, genomic
region 1625095-1625814 (Nakao et al, 2010)] with an antibiotic
resistance cassette, not affecting other ORFs.

Upstream and downstream regions of all1371 were amplified by
PCR using genomic Anabaena DNA as template. Restriction sites
introduced by the primers below are highlighted in the sequence in
bold type and termed in parentheses. The upstream region (position
1625815-1626 817) was amplified using the primers 5'-ATTGA-
GCTCAAGGACGGAAAAAATTACAC-3" (Sacl) and 5'-GAGTAT-
TTACCTTTTTTCTAGAGACTGG-3' (Xbal) yielding a PCR product
of 973 nt after restriction. The downstream region was amplified
using the primer pair 5'-CCCGAAACTCTAGATGTGACTGGG-
TATGGGG-3" (Xbal) and 5-AATGCTCGAGAACCAACCTATAC-
CTGTGC-3" (Xhol). The restricted product yielded a 943 nt frag-
ment. The fragments were successively inserted into the pBluescript
KSII+  vector (Stratagene) resulting in pKSII+ _up_down. The
resistance cassette C.K3 containing the neomycin phosphotransferase
II gene was received from pRL448 (Elhai & Wolk, 1988a) and inserted
into pKSII+ _up_down via the Xbal site, yielding pKSII+ _up-C.K3-
down. The C.K3 cassette was inserted in the same direction as all1371.
The correctness of the sequence was validated by DNA sequencing. To
construct pRL271_up-C.K3-down used for deletion, the Sacl/Xhol
fragment excised from the prior plasmid was cloned into plasmid
pRL271 (Black et al, 1993). This plasmid was conjugationally
transferred to Anabaena by triparental mating using E. coli strain
J53[RP4] and cargo strain E. coli HB101[pRL528] (Elhai & Wolk,
1988b). Neomycin-resistant double recombinants were identified by
PCR and sacB selection (Cai & Wolk, 1990).

Viability tests. Viability tests of Anabaena and the Aall1371 mutant
were carried out as a spot assay on AA-plates (Allen & Arnon, 1955)
with or without 10 mM KNOj as a nitrogen source. A 10 pl volume
of liquid cultures was applied per spot. These agar plates were exposed
to continuous light of 60-70 pmol photons m~? s~ * for 6 days. Three
biological replicates were tested separately.

Generation of a GFP promoter fusion strain. The gfp gene was
amplified by PCR using the primer pair 5'-GATGGCTCTCTAGA-
ATGAGTAAAGGAGAAG-3" and 5'-CTTCTAGATTAATGTTTGT-
ATAGTTCATC-3" (Xbal in bold type, stop codon underlined) and
plasmid pJET1.2-GFP as template (Baier, 2013). The gfp gene was
obtained by Xbal digest and inserted in plasmid pKSII+ _up_down
(see above) via the Xbal site, leading to pKSII+ _up-gfp-down. By
this means, the gfp gene was integrated in this plasmid into the
upstream region of all1371 32 nt after the transcription start site. This
plasmid was used as template in a PCR performed with oligonucleo-
tides 5'-CTATAGGGCGAATTCGAGCTCAAGGACGG-3" and 5'-
GTGTTCTTCTCCGAATTCCCATAC-3" (EcoRI sites in bold type).
Finally, the PCR product was inserted into pRL1049 (Black & Wolk,
1994) via the EcoRI sites, resulting in vector pRL1049-up-gfp-down,
which was validated by DNA sequencing. To generate Anabaena
all1371 GFP promoter fusion strains, pRL1049-up-gfp-down_all1371
was introduced in the Anabaena wild-type and Aall1371. Conjugation
was performed as described above. Positive exconjugants selected
on AA-agar plates (Allen & Arnon, 1955) containing 4 pg
spectinomycin ml~' and 1 pg streptomycin ml~ ' were checked by
PCR using primers 5'-GCCTGCATTTGGTGCTGGACTGG-3" and
5-GGTCTGCTAGTTGAACGCTTCC-3". The plasmid pRL1049-up-
gfp-down_all1371 was self-replicating in these exconjugants.

Confocal microscopy. For confocal microscopy Anabaena and
mutant strains (Aall1371, promoter fusion) were grown as liquid
cultures with and without nitrate for 4 days. Fluorescence in cells of
the Anabaena Aall1371 promoter fusion strain was visualized with a
laser-scanning confocal microscope (Olympus FV-1000MPE). GFP
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was excited by an argon ion laser (488 nm irradiation). Fluorescence
emission was recorded at 500-545 nm (for GFP) and 570-670 nm
(for chlorophyll fluorescence) using a 60 X water-immersion objective
(Olympus IX-81 60 x /1.2 Water UPlanSApo, DIC, fourfold zoom). All
confocal images for each experiment were acquired using identical
adjustments. The GFP fluorescence was quantified using Olympus
Fluoview version 3.1. The fluorescence of a heterocyst was compared
with that of the two adjacent vegetative cells. The Aall137] mutant
strain without GFP was used as control. Background fluorescence was
subtracted.

RESULTS

All1371 as putative PPGK

The ORF all1371 from Anabaena was assumed to encode a
putative PPGK (EC 2.7.1.63), as its amino acid sequence
has sequence similarity to several well-characterized
bacterial PPGKs, including the polyphosphate/ATP-gluco-
mannokinase from Arthrobacter sp. strain KM (Mukai et al.,

2003, 2004) (53.1 % similarity), the polyphosphate-depen-
dent PPGK from Microlunatus phosphovorus (Tanaka et al.,
2003) (46.0% similarity) and the polyphosphate/ATP-
dependent glucokinase from Mycobacterium tuberculosis
(Hsieh et al., 1993, 1996a, b) (47.4% similarity). Com-
parison of these sequences, including secondary structures
extrapolated from the crystal structure of the polypho-
sphate/ATP-glucomannokinase of Arthrobacter sp. strain
KM (1IWOQ) (Mukai et al, 2003, 2004), revealed the
presence of some highly conserved common motifs (Fig. 1).
Seven structural and functional motifs (Fig. 1, boxed) were
found in all of the sequences including All1371.

Purification of All1371 and molecular mass
determination

The N-terminal GST-fusion protein of All1371 was expressed
for 3 h in E. coli BL21(DE3) carrying pGEX_all1371. After
on-column cleavage with the PreScission protease, the 246 aa
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Fig. 1. Primary structural alignments of different PPGKs. Aligned primary structures frofmthrobacter sp. strain KM,
Microlunatus phosphovorus(Tanakaet al, 2003), Mycobacterium tuberculosis(Hsieh et al, 1993; Phillips et al, 1999) and
Anabaenasp. PCC 7120. Strictly conserved residues are shaded in black; similar residues are framed in black. Putative
structural and functional domains are enclosed in boxes. Secondary structural elemeletg. o helices, f sheets, turn-turns (TT)

of the polyP/ATP-glucomannokinase frorArthrobacter sp. strain KM are depicted above the alignment. Residues associated
with f-p-glucose binding are marked with filled triangles. The heptapeptide is underlined. The catalytic aspartate (D) is
highlighted with a star. Residues involved in the binding of both phosphate molecules used as ligands (open, phosphate A;
filled, phosphate B) are marked with ovals (Mukai al., 2004).
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Fig. 2. Purification of recombinant All1371 and gel filtration. (a) SDS-PAGE (15%) analysis of samples from the various
purification steps performed after affinity chromatography. Lane 1, cell-free extract of recombinantoli, 15 pg protein; lane 2,
flow-through, 15 ng protein; lane 3, All1371 after elution, 2ug; lane M, protein standard. (b) All1371 was subjected to gel
filtration calibrated with protein standards (filled diamonds; see Methods for details). The elution profile (indicating the elution
position of All1371, arrow) and SDS-PAGE results of the obtained fractions are shown in the inset.

enzyme was eluted and analysed by SDS-PAGE (Fig. 2a).
The enzyme appeared as a single band of 26 kDa (Fig. 2a,
lane 3; apparent molecular mass). To investigate the oligo-
meric state of All1371, the recombinant PPGK was
analysed by size-exclusion chromatography. A single sym-
metrical peak (Fig. 2b, inset) of approximately 39.0 kDa

was obtained. Fractions corresponding to the protein
elution peak showed a single protein band of 26 kDa on
SDS-PAGE (Fig. 2b, inset), and exhibited polyphosphate-
dependent activity in vitro (data not shown). The
biochemical and kinetic properties of All1371 are
summarized in Table 1.

Table 1. Biochemical and kinetic properties of All1371

Measurements were performed at 28 °C, pH 7.5; n>3; 100%=107.1 U mg™ .

1

Property Value (mean = sp)
Molecular mass (kDa) Native complex* 39
Monomer, apparentt 26.0
Monomer, calculatedi 26.6
Oligomeric structure Monomer or homodimer
Ky (mM) Glucose 0.118% 0.01
Ky (pM) Polyphosphate 1.76x 0.26
Vimax (U mg_l) Glucose, polyphosphate 107.1% 15.3
ke (571 Glucose, polyphosphate 48.2+ 6.9
Koys (mM) Mannose 24.3% 2.36
Vimax (U mg ™) Mannose 0.43% 0.04
ke (571 Mannose 0.21% 0.017
Phosphoryl donor specificity (% Viay) Polyphosphate 100
ATP, GTP, UTP, CTP, ADP, AMP 0
Pyrophosphate 0
Without polyphosphate 0

*Determined by size exclusion chromatography.
fDetermined by SDS-PAGE.

fCalculated according to the primary structure, including the linker peptide of the GST tag.
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Biochemical properties of All1371

Our enzyme activity assays indicated that purified All1371
uses polyphosphate to phosphorylate glucose and mannose,
with a higher preference for glucose (Table 1). All1371
activity was strictly dependent on the presence of Mg**

or Mn** (data not shown). All1371 had high substrate
specificity and acted as a strict polyphosphate-dependent
enzyme. No other phosphoryl group donor was accepted.
Kinetic analysis indicated that the reactions of All1371 with
polyphosphate and glucose followed Michaelis—-Menten
kinetics. The Ky, values for polyphosphate and glucose were
1.76 uM and 0.118 mM, respectively (at 28 °C and pH 7.5).
The maximum rate of Alll1371-mediated catalysis was
107 U mg - yielding a k., 0of 48.2 s ~! (Table 1). Further-
more, our kinetic analysis revealed that All1371 had a k., of
0.19 s~ ' and a Ky 5 of 24.3 mM for mannose (Table 1).

To characterize the enzymic mechanism of All1371,
additional kinetic analyses with glucose and polyphosphate
were performed. The initial rate of All1371 activity was
determined with varying concentrations of glucose and

fixed concentrations of polyphosphate. We obtained a
linear double reciprocal plot with parallel lines (Fig. 3a).
When polyphosphate was varied, we obtained a similar
graph with parallel lines (data not shown).

Distribution of putative PPGKs in cyanobacteria
and PPGK activity in cell-free cyanobacterial
extracts

To examine the distribution of PPGKs among cyanobac-
teria, we performed a BLASTP search (Altschul et al., 1997)
against all sequenced cyanobacterial genomes (September
2013; 141 genomes) using the amino acid sequence of
All1371 as the query. Our analysis revealed that in 34 % of
all sequenced cyanobacteria a putative PPGK is present.
PPGKs were found in all five sections of cyanobacteria
(Table 2) with the highest frequency in the heterocyst-
forming species of Section IV (85%) and Section V
(54.5%), followed by the non-heterocystous species of
Section III (52.9%), Section II (50%) and Section I
(5.7%). More complete data are presented in Table S1

(@ 0.040
y=0.0011x+0.014
0.035 4 =0.0012x+0.0106
y=0.0011x+0.0094
= ¢ PP 10 M
= = PP 5 M
2 A PP 25 M
=2
=
K]
Ke)
(0]
2
-15 5 10 15 20 25
1/[Glucose] (mM-1)
FI PP_4 Glucose Gilucose 6-phosphate
E E-PP E-P E-P E-P-glucose E-glucose-6-P  E

Fig. 3. Kinetics of the All1371 reaction. (a) Activity of All1371. Primary double-reciprocal plot of initial velocity with glucose as the
variable substrate and different concentrations of polyp (PP) as the fixed substrate (pH 7.5n=3). (b) Schematic of the bi-bi
ping-pong mechanism. Polyphosphate (PP) acts as the first substrate (A) by covalently binding to PPGK (E). The first product (P),
polyphosphate reduced at one phosphate (PF)), is released, and binding of the second substrate, glucose (B), occurs on the
phosphorylated enzyme (E-P). Finally, the second product, glucose 6-phosphate (Q), is released and the enzyme is restored (E).
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Table 2. Distribution of PPGKs among cyanobacteria

Section

1 II 111 v v

No. of PPGKs 4 3 18 17 6
No. of cyanobacteria 70 6 34 20 11
Percentage 57  50.0 52.9 85.0 54.5

(available in the online Supplementary Material). Cell-free
extracts of some of these cyanobacteria were tested for
specific PPGK activity under different nitrogen conditions,
including Anabaena (Section V), Mastigocladus laminosus
(Section V) (Niirnberg et al., 2014), F. muscicola (Section
V) and Synechocystis (Section I), the last lacking a predicted
PPGK (negative control). As expected, cell-free extracts of
Synechocystis did not show any PPGK activity, whereas
those of Anabaena, Mastigocladus laminosus and F. muscicola
exhibited detectable PPGK activity (Table 3). In Anabaena,
PPGK activity was increased slightly under nitrogen
depletion. PPGK activity in cell-free extracts from the two
diazotrophic, branched filamentous cyanobacterial strains of
Section V was three- to fourfold higher than in non-
branched Anabaena cells (Table 3). Interestingly, we found a
decrease of PPGK activity in extracts of Section V cells
grown without combined nitrogen (Table 3).

Viability of Dall1371

To confirm a function of All1371 in vivo, we generated a
mutant strain in which ORF all1371 was replaced with the
neomycin-resistance cassette, C.K3 (Fig. 4a). Complete
segregation of the mutant was validated by PCR (Fig. S1),
and no PPGK activity was detected in cell-free extracts of
Aalli371 (Table 3). Using light and fluorescence micro-
scopy, we monitored the shape and autofluorescence of
cells. When the Aall1371 mutant was deprived of combined
nitrogen, the filaments showed both vegetative cells and

morphologically mature heterocysts. Analysis of Aall1371
mutant and WT cells under different light and nitrogen
conditions revealed that viability of the mutant was dis-
tinctly decreased under combined nitrogen-limiting con-
ditions (Fig. 4b, Fig. S2). This effect was increased under
light—dark cycle conditions, but in this case we also noted a
reduced viability of the mutant in the presence of nitrate
(Fig. S3b).

Expression analysis using a GFP promoter fusion

The transcriptional changes experienced by Anabaena
during nitrogen-depletion-induced cell differentiation were
recently analysed by Mitschke et al. (2011). They identified
numerous transcription start sites (TSSs) in Anabaena,
including a TSS of all1371 at position 1625 874. The organi-
zation of the predicted all1371 promoter region is depicted
in Fig. 5(a). We identified a putative palindromic motif that
is likely to be a (DIF)+ motif (Mitschke et al., 2011). This
putative (DIF)+ motif displays an inverse orientation and
one mismatch [Fig. 5a; (DIF)+ in bold type, mismatch in
red, AGCCCT].

To investigate the expression of all1371 along the filaments,
the gfp gene was transcriptionally fused to the all1371
promoter and transformed into the Aall1371 mutant strain.
In the absence of combined nitrogen, we noted distinct
GFP fluorescence in the mature heterocysts of 4-day-old
filaments of the promoter fusion strain (Fig. 5b). An
overview of fluorescence (GFP, autofluorescence) of the
promoter fusion strain is given in Fig. S4. No distinct GFP
fluorescence was observed in the filaments of the promoter
fusion strain when combined nitrogen was supplied (Fig.
5b) compared with Aall1371 (Fig. S5). GFP fluorescence in
heterocysts was first detected 24 h after nitrogen step
down, and persisted until the filaments were harvested
4 days later (data not shown). Quantification of GFP
fluorescence of numerous cells in the promoter—gfp fusion
strain in comparison with cells of the parent strain
Aall1371 confirmed our microscopic observations: the

Table 3. PPGK activities in cell-free extracts of cyanobacteria

Measurements were performed at 28-30 °C and pH 7.5; 13> 3; ND, not detectable (<1 nmol min~' mg ™).

Strain Section Growth conditions PPGK activity (nmol min~' mg™")
(mean % sp)
Anabaena v + N 43+ 1.3
—N 58% 1.3
Anabaena Aalll1371 v + N ND
—N ND
F. muscicola \4 + N 15.3+ 2.3
—N 13.1+ 2.1
Mastigocladus laminosus \% + N 23.6% 0.7
-N 13.9% 3.2
Synechocystis I + N ND
—-N ND
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Fig. 4. The Aall1371 mutant. (a) Schematic of the chromosomal
region surroundingall1371 and the gene inactivation strategy, in
which all1371 was replaced with the C.K3 cassette. (b) Viability
analyses of Anabaena wild-type (WT) and the all1371 knockout

mutant strain QAall1371) on AA-agar plates containing 10 mM
KNO;3 (+ N) or lacking combined nitrogen (BN). In total, 4.8 ng
chlorophyll a per spot was plated. The plates were incubated
under continuous light for 6 days.

fluorescence intensity in heterocysts (n=42) of the promoter
fusion strain was ~2.1-fold higher than in vegetative cells
(n=71). The ratio of fluorescence intensity from heterocysts
(n=18) to vegetative cells (n=34) in filaments of the parent
strain Aall1371 was 1:0.9 (Table S2).

DISCUSSION

Identification of the putative PPGK, All1371

The structural and functional motifs found in all the
aligned amino acid sequences (Fig. 1, boxed) are predicted
to interact with the substrates glucose, mannose, ATP and
polyphosphate (Liao et al., 2012; Mukai et al., 2003). Five
of the identified domains have been proposed to interact
with the ATP molecule: phosphate-1 and phosphate-2 are
involved in binding f-phosphates and y-phosphates, while
connect-1, connect-2 and the adenosine motif interact with
the adenine ring of ATP (Mukai et al, 2003). The con-
served aspartate residue in the connect-1 region (Fig. 1,
star) is believed to be essential for catalytic activity (Arora
et al., 1991; Mukai et al., 2004). The glucose motif has been
suggested to participate in glucose binding. The heptapep-
tide PEAPAAG (Fig. 1, underlined) was proposed to be
responsible for mannose phosphorylation in the sequence

(@)

1625874
162 5886 TSS
-10

+1
GAAACTTATTTTAGAAGCCCTTATCTATACAGCTTCATATATTATIT TACTAATCTGTAATTATTTATTTC
_—

TACTCCCAATCCCCAGTCtCTAga

(b) AF GFP

+N‘||||||||||||||||||l!!|||||||| ‘||||||||||||||||||l!!||||||||
\% \%

-N

Fig. 5. All1371 promoter activity in heterocysts. (a) The promoter region afl1371, including the TSS and the—10 region

(boxed) (Mitschkeet al, 2011), was integrated into a self-replicating plasmid. A promoter-lesgfp gene was integrated via the
underlined Xbal site (altered bases are depicted in lower case); the presumed DtFdomain (AGCCCT) is shown in bold. (b)
Fluorescence in the Anabaena Aall1371 promoter fusion strain grown under BHixing conditions (BN) and grown with
combined nitrogen ¢ N). A heterocyst is indicated with an arrow. Bars, fim. AF, auto-fluorescence (red); GFP, GFP

fluorescence (green).
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of Arthrobacter sp. strain KM (Mukai et al, 2003). The
phosphate-3 motif was predicted to be a binding region for
polyphosphate (Liao et al, 2012). Residues Trp193 and
Trp198 (Fig. 1, grey shading) were proposed to be essential
for catalytic activity in Mycobacterium tuberculosis (Phillips
et al., 1999). A residue equivalent to Trp198 is present in
the amino acid sequence of Anabaena (Fig. 1, underlined
W). Furthermore, the phosphate-1 domain is likely to
contain a putative polyphosphate-binding site, as both the
anionic phosphates used as ligands in a crystallographic
study (Mukai et al, 2004) bound at highly conserved
amino acid residues similar to Lys25. It was proposed that
there may be shared ATP- and polyphosphate-binding sites
in the phosphate-1 and phosphate-2 regions (Mukai et al.,
2004). Thus, the present amino acid sequence analysis of
All1371 (Fig. 1) and the previous findings in similar pro-
teins collectively suggest that All1371 functions as a PPGK.

Purification of All1371, and molecular mass
determination

The purified All1371 appeared as a single protein band of
26 kDa in SDS-PAGE analysis (Fig. 2a, lane 3). This result
is consistent with the expected molecular mass of 26.6 kDa
calculated with the ProtParam tool (http://web.expasy.org/
protparam/) (Wilkins et al., 1999) for one monomer of the
recombinant All1371.

The protein peak of 39 kDa obtained in size-exclusion
chromatography (Fig. 2b) indicates that the native enzyme
may exist as either a monomer or a homodimer. PPGK
homodimers have also been reported in Mycobacterium
tuberculosis, Propionibacterium shermanii and Propioni-
bacterium arabinosum (Phillips et al., 1999), whereas the
polyphosphate/ATP-dependent glucomannokinase of Arthro-
bacter sp. strain KM was determined to exist as a monomer
(Mukai et al., 2003).

Biochemical properties of All1371

All1371 uses polyphosphate exclusively to phosphorylate
glucose and mannose (Table 1) and is strictly dependent on
the presence of divalent cations. This requirement for
divalent cations is shared with the PPGKs of Microlunatus
phosphovorus (Tanaka et al., 2003), Arthrobacter sp. (Mukai
et al., 2003), Mycobacterium tuberculosis and Mycobacterium
phlei (Szymona & Ostrowski, 1964; Szymona & Widomski,
1974). Recently, Mg>* was found to be an indispensable
cofactor for the PPGK of Thermobifida fusca (Liao et al.,
2012). Here, we report that All1371 showed high substrate
specificity and acted as a strict polyphosphate-dependent
enzyme. This result is a notable feature, as most of the
previously described glucokinases utilized either ATP alone,
or ATP and polyphosphate. The previous in vitro studies on
PPGKs revealed that these enzymes were often bi-functional
and not restricted to polyphosphate. For example, the
PPGKs from Mycobacterium tuberculosis (Hsieh et al.,
1996a), Propionibacterium shermanii (Phillips et al., 1993)

and Corynebacterium glutamicum (Lindner et al., 2010) were
also able to use ATP or GTP. The present work showed that,
along with the PPGK of Microlunatus phosphovorus (Tanaka
et al., 2003), All1371 is one of only two known PPGKs that
uses only polyphosphate as its phosphate donor.

Kinetic analyses of All1371 (Table 1) revealed a relatively
low Ky value obtained for polyphosphate (1.76 pM),
suggesting that All1371 has a high affinity for its sole
substrate. In comparison with the Ky, values for polypho-
sphate and glucose (Table 1), the polyphosphate- and
ATP-dependent PPGK from Corynebacterium glutamicum
yielded Ky values of 0.2 mM for polyP,s and 1 mM for
glucose (Lindner et al, 2010); the PPGK of Propioni-
bacterium shermanii yielded a Ky value of 1.2 uM for
polyPss (Phillips et al., 1993); the PPGK of Mycobacterium
tuberculosis yielded a Ky value of 4.6 uM for polyP;s
(Phillips et al, 1999); and the PPGK of Microlunatus
phosphovorus yielded a Ky of 3.8 mM for polyP;, (Tanaka
et al., 2003). The turnover number of All1371 of 48.2 s -1
(Table 1) is comparable with the k., value of 57.0 s~ '
determined for the PPGK from Propionibacterium sherma-
nii against polyP;s (Phillips ef al, 1999).

According to our analyses, All1371 is a polyphosphate-
dependent glucomannokinase. Interestingly, the heptapep-
tide in the sequence of Arthrobacter sp. strain KM (Fig. 1,
underlined), which is assumed to be responsible for mannose
phosphorylation (Mukai et al, 2004), is not present in the
corresponding Anabaena sequence. The results of additional
kinetic analyses (Fig. 3a) were consistent with the so-called
‘bi-bi ping-pong’ mechanism (Cleland, 1963). As illustrated
in Fig. 3(b), this mechanism is a particular multi-substrate
reaction that includes two substrates and two products (bi-
bi) and is characterized by alternating processes of substrate
binding and product release (ping-pong) for the two
substrates. In a first step, polyphosphate is covalently bound
to All1371, which is then phosphorylated. Approximately
one orthophosphate-reduced polyphosphate is released from
the enzyme as the first product. In a second step, glucose is
bound to the phosphorylated enzyme, and the second
substrate is phosphorylated. Glucose 6-phosphate is released
as a second product, and the enzyme returns to its initial
state (Fig. 3b). In contrast, the ATP/polyphosphate-depend-
ent PPGK of Mycobacterium tuberculosis (Hsieh et al., 1996a)
and the ATP-dependent glucokinase from Streptomyces
coelicolor (Imriskova et al., 2005) were both found to display
ordered bi-bi sequential mechanisms. The ordered bi-bi
sequential mechanism differs from the bi-bi ping-pong
mechanism in that both substrates (glucose and ATP or
polyphosphate) bind to the enzyme first before the two
products are released.

Putative PPGKs in cyanobacteria

Cyanobacteria may be grouped into five sections according
to their morphology (Rippka et al., 1979). While species of
Sections I and II are unicellular forms, those of Sections III,
IV and V show filamentous forms. Cyanobacteria of
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Sections IV and V are additionally able to form heterocysts.
The highest level of complexity is seen among Section V
strains, which form true branches within their filaments
(Golubic et al, 1996). Diazotrophic growth has been
observed in both unicellular and filamentous strains
(reviewed by Stal, 1995). Our BLASTP search revealed that
PPGKs were found very frequently in cyanobacteria of
Sections IV and V, which are all diazotrophic strains
forming heterocysts. All genomes of the analysed Section
IV and Section V strains contained PPGK genes. In about
half of the analysed genomes of Section III we found
putative PPGK genes (52.9%). In 11 of these 18 PPGK
gene-containing genomes (61 %) we also found nifH genes
encoding the key enzyme of N, fixation (Table S1). Some
of these Section III organisms are known to fix N, under
micro-oxic conditions, such as Pseudanabaena sp. ATCC
27183 (Rippka & Waterbury, 1977) (synonymous with
Pseudanabaena sp. PCC 6802). Among cyanobacteria of
Section II, 50 % of sequenced unicellular strains were also
predicted to contain a PPGK. All are known to fix N,
under anaerobic conditions (Rippka et al., 1979) or to have
a nitrogenase complex (Rippka & Waterbury, 1977), or a
putative dinitrogenase has been annotated in the genome
(Markowitz et al., 2012). Furthermore, strains belonging to
Chroococcidiopsis are closely related to the heterocyst-
forming cyanobacteria (Fewer et al., 2002). These facts may
suggest a possible correlation between PPGK appearance
and the ability to fix N, under anoxic/micro-oxic
conditions provided by either heterocysts or the envir-
onment. This presumption is supported by the results
obtained by analysing Section I organisms. Only four
(5.7 %) of the unicellular strains of Section I were found to
contain a putative PPGK. Synechococcus sp. PCC 7335 and
Synechococcus sp. PCC 7502 arose through morphological
transition events (Robertson et al., 2001; Shih et al., 2013).
Interestingly, putative PPGKs were not found in the
genomes of Cyanothece strains that are able to grow
diazotrophically in diurnal rhythm. Based on the present
findings, we hypothesized that the presence of a PPGK in
cyanobacterial genomes is strongly related to the organ-
ism’s ability to fix N, in heterocysts. A correlation between
PPGK appearance and an organism’s ability to fix N, under
anoxic conditions is possible but has to be analysed further,
especially from a phylogenetic point of view.

To determine whether PPGK activity was present in vivo,
PPGK activity in cell-free extracts of some heterocyst-
forming cyanobacteria with putative PPGKs was deter-
mined. As summarized in Table 3, PPGK activity in
Anabaena is increased after 4 days of nitrogen depletion.
An increase of PPGK activity under this condition is in line
with the results of Flaherty et al (2011). Using deep
sequencing analyses performed 21 h after nitrogen depriva-
tion, they found a 4.8-fold increase in the mRNA expression
level of all1371. Furthermore, the increased PPGK activity is
in line with a previous report (Thompson et al., 1994),
showing that in Anabaena flos-aquae, phosphate is stored
as sugar phosphate under N,-fixing conditions, but as

polyphosphate in the presence of combined nitrogen. We
found that PPGK activity was higher in cell-free extracts
from thermophilic Section V strains of F. muscicola and
Mastigocladus laminosus than in Anabaena (Table 3). A
higher in vitro activity might be the result of a higher
robustness of the PPGK due to its thermophilic origin
(Beadle et al., 1999). Interestingly, we observed an increased
PPGK activity in cell-free extracts obtained from these
strains grown in the presence of nitrate than under
diazotrophic conditions. The higher complexity of Section
V strains differing in the regulation of diazotrophic growth
(Ntrnberg et al., 2014) might explain this observation.

Viability of Dall1371

The impaired viability of the mutant implies that All1371
plays an important role in providing glucose-6-phosphate
in Anabaena, supporting the canonical hexokinase. This is
supported by the PPGK activity measured in cell-free
extracts of Anabaena obtained from nitrate-supplemented
cultures (Table 3). Under diazotrophic conditions hetero-
cysts are not able to fix carbon dioxide. Carbon com-
pounds, probably in the form of sucrose (Curatti et al.,
2002), are imported from vegetative cells. NAD(P)H,
needed as a reducing equivalent, is generated in heterocysts
(Maldener & Muro-Pastor, 2010). There, glucose 6-
phosphate is used as substrate for glucose-6-phosphate
dehydrogenase, a main enzyme of the oxidative pentose
phosphate pathway. Because of the decreased viability of
the mutant observed under diazotrophic conditions, we
conclude that All1371 may represent an alternative enzyme
completing the hexokinase under ATP-consuming (diazo-
trophic) growth conditions.

Expression analysis using a GFP promoter fusion

In cyanobacteria, the nitrogen-regulated genes are mainly
controlled by the transcriptional regulators NtcA and HetR
(Kumar et al., 2010). Recently, chromatin immunopreci-
pitation analysis followed by high-throughput sequencing
was used to identify all of the NtcA-binding sites of
Anabaena at 3 h after a nitrogen step down (Picossi et al,
2014). Interestingly, they detected an internal NtcA-
binding site in all1371 whereas the impact of binding of
NtcA remains unclear. Further HetR-controlled promoters
characterized by an differentiation-related change (DIF)+

motif (TCCGGA, a palindrome at or close to position
—35) were identified by comparing results found in
Anabaena with a AhetR mutant 8 h after a nitrogen step
down (Mitschke et al., 2011). The putative (DIF)+ motif
with an inverse orientation located in the promoter region
of alli371 (Fig. 5 a) additionally indicates that the
promoter might be HetR-dependent. In fact, the promoter
of all1371 responded to nitrogen depletion in WT but not
in the AhetR mutant, indicating a HetR dependency (W.
Hess, personal communication). Our results obtained with
a GFP promoter fusion strain show that the alli371
promoter activity is particularly enhanced under nitrogen
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starvation in mature heterocysts. N, fixation in heterocysts
is an energy-intensive process requiring 16 molecules of
ATP to reduce one molecule of N, (Hill et al, 1981;
Howard & Rees, 1996). The ability of PPGKs to utilize
polyphosphate instead of ATP for glucose phosphorylation
might allow the heterocysts to save ATP for the essential
process of N, fixation.
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Supplement

Distribution of PPGK among cyanobacteria

Organisms whose genomes were analyzed according to genes encoding putative
PPGK proteins are scheduled in Table S1. Gene ID, sequence length of the identified
PPGKs and the ability to fix N2 (e.g. by the presence of nifH) of these organisms are
indicated.

Table S1: Distribution of PPGK among cyanobacteria

sequence nifH or
organism gene ID length (aa) N2-fixation
Acaryochloris marina MBIC110177 641252899 238 -
Acaryochloris sp CCMEE 5410 2514738042 238 -

Chamaesiphon minutus PCC 6605
Crocosphaera watsonii WH 0003
Crocosphaera watsonii WH 8501

Cyanobacterium stanieri PCC 72027
Cyanobecterium aponimum PCC 106057

Cyanobium gracile PCC 63077
Cyanobium sp. PCC 7001
Cyanothece sp. ATCC 51142
Cyanothece sp. ATCC 51472
Cyanothece sp. CCY 0110
Cyanothece sp. PCC 7424
Cyanothece sp. PCC 7425
Cyanothece sp. PCC 7822
Cyanothece sp. PCC 8801
Cyanothece sp. PCC 8802
Dactylococcopsis salina PCC 8305

Section |

Geminocystis herdmanii PCC 63087

Gloeobacter violaceus PCC 74217
Gloeocapsa sp. PCC 73106
Gloeocapsa sp. PCC 7428
Halothece sp. PCC 7418
Microcystis aeruginosa NIES-843
Microcystis aeruginosa PCC 7806
Prochlorococcus marinus AS 9601
Prochlorococcus marinus MIT 9202

Prochlorococcus marinus MIT 9211




Prochlorococcus marinus MIT 9215
Prochlorococcus marinus MIT 9301
Prochlorococcus marinus MIT 9303
Prochlorococcus marinus MIT 9312
Prochlorococcus marinus MIT 9313
Prochlorococcus marinus MIT 9515
Prochlorococcus marinus NATL 1A

Prochlorococcus marinus NATL 2A
Prochlorococcus marinus,

subsp. marinus CCMP 13757
Prochlorococcus marinus,

subsp. pastoris CCMP 1986

Prochloron didemni™ P1
Synechococcus elongatus PCC 6301
Synechococcus elongatus PCC 7942
Synechococcus sp. BL 107
Synechococcus sp. CB 0101
Synechococcus sp. CB 0205
Synechococcus sp. CC 9311
Synechococcus sp. CC 9605
Synechococcus sp. CC 9902
Synechococcus sp. JA-2-3B
Synechococcus sp. JA-3-3Ab
Synechococcus sp. PCC 6312
Synechococcus sp. PCC 7002
Synechococcus sp. PCC 7335
Synechococcus sp. PCC 7336
Synechococcus sp. PCC 7502
Synechococcus sp. RCC307
Synechococcus sp. RS 9916
Synechococcus sp. RS 9917
Synechococcus sp. WH 5701
Synechococcus sp. WH 7803
Synechococcus sp. WH 7805
Synechococcus sp. WH 8016
Synechococcus sp. WH 8102
Synechococcus sp. WH 8109
Synechocystis sp. GT-S, PCC 6803
Synechocystis sp. PCC 6803
Synechocystis sp. PCC 6803, GT-I
Synechocystis sp. PCC 6803, PCC-N
Synechocystis sp. PCC 7509
Thermosynechococcus elongatus BP-1
unidetified cyanobacterium UCYN-A

647579639

2508687249

228

238




Chroococcidiopsis sp. PCC 6712 2505788827 242
= Chroococcidiopsis thermalis PCC 7203
_5 Pleurocapsa sp. PCC 7319 2509711744 235
g Pleurocapsa sp. PCC 7327

Stanieria cyanosphaera PCC 7437 2503800427 237

Xenococcus sp. PCC 7305

Arthrospira maxima CS-328

Arthrospira platensis C1

Arthrospira platensis NIES-39

Arthrospira platensis Paraca

Arthrospira sp. PCC 8005

Crinalium epipsammum PCC 9333 2504685141 235

Cyanobacterium sp. ESFC-1

Geitlerinema sp. PCC 7105

Geitlerinema sp. PCC 7407

Leptolyngbya boryana PCC 6306

Leptolyngbya sp. PCC 6406

Leptolyngbya sp. PCC 7375 2509847651 251

Leptolyngbya sp. PCC 7376

Lyngbya sp. CCY 8106 640015231 238

Lyngbya sp. CCY 9616
— Microcoleus chthonoplastes PCC 7420 647572171 235
?c) Microcoleus sp. PCC 7113 2509437012 235
*8 Microcoleus vaginatus FGP-2 2506349591 235
o Moorea producta 3L7 495465535 235

Nodosilinea nodulosa PCC 7104 2509776486 137+

2509776488 97*

Oscillatoria acuminata PCC 6304 2509419241 236

Oscillatoria formosa PCC 6407 2508875670 235

Oscillatoria nigro-viridis PCC 7112 2504089037 235

Oscillatoria sp. PCC 10802 2509508264 239

Oscillatoria sp. PCC 6506 648856634 235

Oscillatoriales sp. JSC-1 2502185146 244

Oscillatoriales sp. JSC-12 2510096246 230

Prochlorothrix hollandica PCC 9006

Pseudanabaena sp. PCC 6802 2507090369 235

Pseudanabaena sp. PCC 7367 2504680807 237

Pseudanabaena sp. PCC 7429 2504585200 234

Spirulina major PCC 6313

Spirulina subsalsa PCC 9445

Trichodesmium erythraeum IMS101

Anabaena cylindrica PCC 7122 2504134473 235
% Anabaena sp. PCC 7108 2506493476 235
% Anabaena variabilis ATCC 29413 646569517 239
3 Calothrix desertica PCC 7102 2510030452 235

Calothrix sp. PCC 6303 2504096916 234



Calothrix sp. PCC 7103 2507473794 235 +

Calothrix sp. PCC 7507 2505802227 235 +
Cylindrospermopsis raciborskii CS-505

Cylindrospermum stagnale PCC 7417 2509768489 235 +
Microchaete sp. PCC 7126 2509783891 235 +
Nodularia spumigena CCY9414 640025553 235 +
Nostoc azollae 0708 648051402 235 +
Nostoc punctiforme PCC 73102 642601093 238 +
Nostoc sp. PCC 7107 2503739016 235 +
Nostoc sp. PCC 7120 637231738 239 +
Nostoc sp. PCC 7524 2509810004 237 +

Raphidiopsis brookii D9
Rivularia sp. PCC 7116
Scytonema hofmanni PCC 7110 236 +
Scytonema hofmanni UTEX 2349 2507333765 234 +

Chlorogloeopsis fritschii PCC 6912
Chlorogloeopsis fritschii PCC 9212

Fischerella muscicola PCC 73103 234 +
Fischerella muscicola PCC 7414 234 +
i Fischerella sp. JSC-11 2505767484 43* +
2 Fischerella sp. PCC 9339
3 Fischerella sp. PCC 9431 2512980592 234 +
Fischerella sp. PCC 9605 2516145320 234 +
Fischerella thermalis PCC 7521
Mastigocladopsis repens PCC 10914 2517243485 235 +

unidetified cyanobacterium PCC 7702

* stop codon in sequence; +, nifH in the genome or known to fix N2, number of PPGK present: 48,
number of cyanobacteria: 141, percentage of PPGK among cyanobacteria: 34.04 %

Generating an Anabaena Aall1371 strain

Deletion of all1371 occurred in Anabaena sp PCC 7120. The seggregation of the
deletion strain was determined by PCR analysis.

In Figure S1 the seggregation of two clone are illustrated. For details see figure
legend.
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Figure S1: PCR-analysis of Aall1371 mutants. Left: C.K3 verification for 0, negative control without
DNA; C, plasmid pRL271-up-C.K3-down as positive control (C.K3, 773 bp); WT, wild type-DNA as
negative control; 1 and 2, DNA of two deletion mutants; right: verification for all1371 (300 bp, part of
all1371) in wild type (WT) and deletion mutant 1 and 2; M, DNA standard

Viability tests

Viability tests were performed with Anabaena and the Aall1371 mutant. The tests
were carried out on AA-plates with or without 10 mM KNO3 as a nitrogen source.
Cultures were normalized to the chlorophyll a content and diluted accordingly. 10 ul
of culture dilutions were applied per spot. These agar plates were exposed to
continuous light or illuminated in a light/dark cycle. Three biological replicates were
tested separately. Images of viability test are arranged in Figure S4 and S5. The
detailed conditions are explained in the figure legends.

+N

nall1371 | |
ng 100 50 25 100 50 25

Figure S2: Viability analyses of Anabaena wild type) and Aall1371 in continuous light.
Culture dilutions of Anabaena wild type (WT) and the all1371 knock-out mutant strain
(Aall1371) spotted on AA-agar plates containing 10 mM KNOs (+N) or lacking combined
nitrogen (-N). Various amounts of chlorophyll a; indicated in the bottom panel (ng) were
applied. The plates were incubated under continuous light (60 umol photons m2 s, bottom
light) for 6 days.
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Figure S3: Viability analyses of Anabaena wild type and Aall1371 in different light conditions. Culture
dilutions of Anabaena wild type (WT) and the all1371 knock-out mutant strain (Aall1371) spotted on
AA-agar plates containing 10 mM KNOs (+N) or lacking combined nitrogen (-N). Various amounts of
chlorophyll a; indicated in the bottom panel (ng) were applied. The plates were illuminated
continuously for 6 days (a) or under a light/dark cycle (12 hours each) for 14 days (b) with 70 pmol
photons m-2 s (top light).

Investigation of all1371 expression conditions

The Anabaena promoter fusion and the Aall1371 strain were grown as liquid cultures
with and without nitrate. Visualization of GFP fluorescence was performed as
descripted in section Material and Methods. As summarized in Figure S2 GFP
fluorescence events in the Anabaena promoter fusion strain occurred only under
combined nitrogen depleting conditions (Fig. S2, lower panel, right). For details see
figure legend. The parental strain Anabaena Aall1371 was used as negative control.
Supplementing regular Figure 5 the Figure S3 displayed fluorescence events
appearing in the Anabaena Aall1371 indicating the background fluorescence (right
image).
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Figure S4: All1371 promoter activity in heterocysts as overview. Fluorescence in the Anabaena
Aall1371 promoter fusion strain grown with combined nitrogen (+N) and after 48 hours under N2 fixing
conditions (-N). Heterocysts are indicated by arrows. Scale bars, 10 um; AF, auto-fluorescence (red);
GFP, GFP fluorescence (green).

Figure S5: No GFP fluorescence in Aall1371 as negative control : Fluorescence in Anabaena Aall1371
grown in the absence of combined nitrogen (-N). Filaments were visualized by confocal microscopy. A
heterocyst is indicated by an arrow. Scale bars, 5 um; AF, auto-fluorescence (red); GFP, GFP
fluorescence (green).
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Estimating GFP fluorescence:

To estimate the GFP fluorescence in heterocysts 24 filaments from the Aall1371
promoter fusion strain grown without combined nitrogen were analysed as decripted
in Material and Methods. We analysed 17 filaments from the Aall1371 strain as
negative control, also. The fluorescence measured in vegetative cells next to the
heterocysts were normalized to value 1. The fluorescence of the according
heterocysts were quantified and correlated with the fluorescence of the vegetative

cells next to. The determined values are composed in Table S2.

Table S2: Quantification of GFP fluorescence in Anabaena Aall1371 promoter fusion strain The
fluorescence was quantified from each heterocyst and two adjacent vegetative cells in a filament or
one for terminal heterocysts, the vegetative cell/lheterocyst ratio was determined.

Number of quantified

Number of quantified

Mean ratio vegetative

Anabaena strain* heterocysts vegetative cells cells/heterocysts + SD
promoter fusion 42 71 1:21+£08
Aall1371(neg. control) 18 34 1:0.9+£0.2

* grown for 4 day under N2 fixing conditions
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