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The ornithine–urea cycle (OUC) driven by carbamoyl phos-
phate synthase (CPS) type I is an essential metabolic pathway 
for the detoxification of ammonium and disposal of excess 

nitrogen in terrestrial animals, because a large quantity of ammo-
nium is produced in the catabolism of protein from their diets1,2. 
Among the five OUC enzymes, four catalyze arginine-biosynthesis 
reactions, and the fifth, arginase, converts arginine to ornithine 
and urea. The OUC is also present in marine elasmobranchs and 
diatoms2,3. However, bacteria and plants are generally thought to 
lack a functioning OUC because they possess glutamine-dependent 
CPS type II instead of the ammonia-dependent CPS type I enzyme. 
The pathway is thus considered to constitute a waste of energy and 
assimilated nitrogen in these organisms4,5.

Cyanobacteria are a large group of prokaryotes that, like plants, 
can perform oxygenic photosynthesis. They are found in diverse 
ecological habitats and substantially contribute to global carbon and 
nitrogen cycling6,7. A large amount of nitrogen is required for cyano-
bacterial cell growth. Among the various types of nitrogen sources 
that they can utilize, nitrate is the most abundant form of combined 
nitrogen available to cyanobacteria. Nitrate is converted to ammo-
nia and is subsequently assimilated through the glutamine synthe-
tase (GS)–glutamate synthase (GOGAT) cycle8. Nitrogen starvation 
induces chlorosis in many cyanobacteria, which is characterized by 
degradation of the light-harvesting antennae (phycobilisomes) and 
by a color change from blue-green to yellow-green9. In addition to 
phycobilisomes, another nitrogen reserve in most cyanobacteria 
appears to be cyanophycin, a nonribosomally synthesized peptide 
composed of arginine and aspartate10. Many strains of cyanobac-
teria are able to fix dinitrogen (N2) in the absence of combined 
nitrogen. Cyanophycin has been shown to act as a dynamic res-
ervoir for newly fixed nitrogen in diazotrophic cyanobacteria11–13.  
Although several studies have reported steady-state abundance of 
transcripts, proteins, and metabolites in cyanobacteria grown under 
nitrogen depletion-and-repletion conditions14–16, how cyanobacteria  

dynamically modulate their metabolic network to give rise to rapid 
and adaptive responses to environmental nitrogen fluctuations 
remains largely to be elucidated. Understanding of how photosyn-
thetic organisms adjust their metabolism to enable adaptation to 
changes in the nitrogen supply may aid in improving nitrogen-use 
efficiency in plants17–19.

Recent progress in isotope tracer techniques and mass spec-
trometry (MS)-based metabolomics has allowed for quantita-
tive monitoring of the dynamic responses of cellular metabolism 
to environmental perturbations20–24. In this study, we combined 
dynamic 15N and 13C tracer experiments, MS-based metabolomics 
analysis, and mathematical modeling to determine the mechanisms 
used by cyanobacteria to cope with sudden nitrogen availability. 
Quantitative tracking of the dynamic intracellular metabolome and 
metabolic fluxes in response to the perturbation allowed us to iden-
tify active cycling between ornithine and arginine in the nondiazo-
trophic Synechocystis sp. PCC 6803 and diazotrophic Cyanothece sp. 
ATCC 51142. Then, through genetic and biochemical characteriza-
tion, we identified an arginine dihydrolase, ArgZ, that catalyzes the 
conversion of arginine into ornithine and ammonia. Our results led 
to the discovery of an OAC and the identification of its function as 
nitrogen storage-and-remobilization machinery that is essential for 
cyanobacterial cells to adapt to environmental nitrogen oscillations.

Results
Arginine biosynthetic pathway responds to nitrate upshift. We 
grew a model cyanobacterium Synechocystis sp. PCC 6803 (here-
after denoted Synechocystis) in filter cultures20 with nitrate as the 
nitrogen source (Fig. 1a). At a low initial concentration of nitrate 
(2 mM), the filter culture grew at an unlimited rate for 48 h to 
approximately 3 ×​ 109 cells. Thereafter, the cell growth rate mark-
edly decreased. In agreement with the culture being nitrogen lim-
ited, the cells became yellow-green, thus indicating the start of 
chlorosis. After the nitrogen-limited filter culture was transferred 
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to medium containing 18 mM nitrate, cell growth was immediately 
and fully restored, exhibiting a rate of approximately 0.5 h−1, a value 
almost identical to the growth rate of the culture with 18 mM initial 
nitrate (Fig. 1a).

To obtain a global view of the metabolic response to nitrate 
upshift, we measured the metabolomic changes at various time 
points after transferring the nitrogen-limited filter culture to nitrate-
replete medium. Intracellular metabolites were rapidly extracted and 
then analyzed by liquid chromatography (LC)–MS, which enabled 
quantification of 230 metabolites (Supplementary Fig. 1). We found 
that within 1 min after nitrate upshift, the intracellular concentra-
tion of α​-ketoglutarate decreased by about 80% , whereas the glu-
tamine concentration increased over 15-fold (Fig. 1b). This result 
was consistent with these two metabolites being the central players 
in nitrogen assimilation. Interestingly, among the metabolites most 
severely affected by nitrate upshift, we observed a considerable and 
rapid increase in the concentrations of arginine-biosynthetic-path-
way intermediates including N-acetylornithine, ornithine, citrul-
line, and argininosuccinate (Fig. 1b). These metabolites increased 
10- to 120-fold within 30 min of the perturbation, thus suggesting 
a rapid response of the arginine biosynthetic pathway to nitrate 
upshift. This result prompted us to perform a quantitative analysis 
of arginine biosynthesis in Synechocystis during rapid recovery from 
nitrogen starvation.

Identification of cycling between ornithine and arginine. To 
quantify the flux through the arginine biosynthetic pathway in 
response to sudden nitrogen availability, we conducted dynamic 15N 
and 13C labeling experiments on filter cultures by using [15N]nitrate 
or uniformly labeled (U) [U-13C]glutamate as tracers. We transferred 
the nitrogen-limited cultures to nitrogen-replete medium contain-
ing [15N]nitrate or [U-13C]glutamate and then analyzed the dynamic 
labeling of individual metabolites through rapid and frequent sam-
pling and LC–MS/MS measurements (Supplementary Fig.  2 and 
Supplementary Fig. 3). Arginine is synthesized from ornithine via 
ornithine transcarbamoylase (OTC), argininosuccinate synthase, 
and argininosuccinate lyase, with four nitrogen atoms derived from 
ornithine, glutamine, and aspartate (Fig.  2a). The dynamic label-
ing data of citrulline, glutamine, and ornithine allowed us to quan-
tify the OTC flux (Fig. 2b). Then, by subtracting the accumulation 
rates of the citrulline and argininosuccinate pools, we determined 
the arginine synthetic flux through argininosuccinate lyase to be 
0.28 nmol µ​L−1 min−1 (in which volume is the packed cell volume). 
Given that the measured nitrogen-assimilating flux through GS was 
6.3 nmol µ​L−1 min−1, a large fraction (~20%) of the total assimilated 
nitrogen was directed to the arginine biosynthetic pathway in cells 
exposed to a sudden nitrate upshift.

Arginine can be produced through both de novo synthesis and 
protein degradation. We found that the extent of arginine labeling 
was substantially lower than that of its precursor, argininosuccinate 
(Fig.  2b). The decrease in the labeled fraction was also observed 
for other amino acids, such as proline, because protein degrada-
tion feeds unlabeled nitrogen and carbon into free amino acids25,26. 
The resulting flux to arginine was determined to be 0.054 nmol  
µ​L−1 min−1 during cell recovery from nitrogen starvation (Fig. 2c). 
However, arginine is consumed for synthesis of cyanophycin in 
cyanobacteria, beyond its role as a precursor for synthesis of bio-
mass components (protein) and polyamines. The fluxes of arginine 
to cyanophycin, biomass, and polyamines after nitrate upshift were 
measured to be 0.11, 0.081, and 0.0055 nmol µ​L−1 min−1, respectively 
(Fig. 2c). Because the accumulation rate of the arginine pool is neg-
ligible relative to the arginine synthetic flux, the total consumption 
and production of arginine must be equal. However, we found that 
the total arginine influx exceeded the sum of its effluxes (Fig. 2c), 
thus suggesting the presence of an additional yet-uncharacterized 
arginine-consuming metabolic pathway.

Ornithine is synthesized from N-acetylglutamate (NAG) in the 
arginine biosynthetic pathway (Fig. 2a). We developed an ordinary 
differential equation (ODE) model to simulate the labeling kinetics 
of ornithine from the measured data for NAG. However, simula-
tion with this model was inconsistent with the experimental data 
(Fig. 2d). We therefore augmented the model with other potential 
routes of ornithine synthesis. The model including ornithine for-
mation from proline also did not match the experimental data. 
However, the model including ornithine synthesis from arginine 
well captured the experimentally determined labeling kinetics of 
ornithine (Fig. 2d). The flux of arginine to ornithine was found to 
be 0.14 nmol µ​L−1 min−1, accounting for 42% of the total ornithine 
synthesis (Fig.  2e). Moreover, this arginine efflux allowed for the 
total consumption and production of arginine to be balanced. Thus, 
on the basis of the dynamic labeling experiments and quantitative 
flux analysis, we hypothesized that active cycling between ornithine 
and arginine occurred in Synechocystis exposed to nitrate upshift. 
We observed that this cyclic pathway was also probably present 
but at low activity in cells exponentially growing on replete nitrate 
(Supplementary Fig.  4a). Next, we sought to investigate whether 
ornithine is indeed synthesized from arginine by an unidentified 
enzyme in Synechocystis.

Deletion of the argZ gene results in arginine accumulation. 
To identify the enzyme catalyzing the conversion of arginine 
to ornithine, we deleted the genes sll0228, sll1077, and sll1336 
encoding putative arginine-degrading enzymes in Synechocystis 
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Fig. 1 | Cell growth and metabolomic response to nitrate upshift. a, 
Growth of Synechocystis in filter cultures. For nitrate upshift experiments, 
cells were grown on 2 mM nitrate for ~48 h and then switched (as indicated 
by the arrow) to medium containing 18 mM nitrate. Data shown are 
mean ±​ s.d. (n =​ 3 independent experiments). Inset, cell growth rate after 
nitrate upshift compared with that of the culture with 18 mM initial nitrate. 
Data shown are mean ±​ s.d. (n =​ 3 independent experiments).  
b, Metabolomic changes induced by nitrate upshift. Data are shown 
in heat-map format, with each row showing the time-dependent 
concentration change in an individual metabolite after the perturbation. 
Metabolite concentrations of two cell cultures were averaged and 
normalized to those of nitrogen-starved cells (time zero), and the 
resulting fold changes were log2 transformed. Complete data are shown in 
Supplementary Fig. 1.
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(Supplementary Fig.  5). Sll0228 and Sll1077 are annotated as  
arginases, and the hypothetical protein Sll1336 has been proposed to 
be an arginine deiminase, on the basis of bioinformatics analysis27. 
We grew the gene-deletion mutants and wild-type strain on argi-
nine as the nitrogen source and compared their intracellular metab-
olite concentrations. The sll0228- or sll1077-knockout mutants were 
able to grow on arginine and did not accumulate intracellular argi-
nine (Fig. 3a,b), a result consistent with a previous finding that both 
genes may encode other ureohydrolases rather than arginases28.  
In contrast, deletion of sll1336 abolished the growth of the resulting 
strain on arginine but did not affect its growth on nitrate (Fig. 3a). 
We observed that sll1336 knockout led to accumulation of arginine 
and depletion of ornithine when the cells were switched to medium 
containing arginine (Fig.  3c). These results indicate that sll1336 
encodes a major arginine-degradation enzyme, and thus we pro-
pose to designate this gene argZ.

To test whether ArgZ functions in the cycling between ornithine 
and arginine, we investigated the effects of argZ deletion on metabo-
lite concentrations and fluxes during nitrate upshift. We transferred 
the argZ-deletion mutant from nitrogen-limiting to nitrogen-
replete medium and conducted [15N]nitrate and [U-13C]glutamate 

dynamic labeling experiments. The experimentally determined  
labeling kinetics of ornithine in the argZ mutant fit the model 
assuming that ornithine is generated entirely from NAG (Fig. 3d). 
This result suggests that the conversion of arginine to ornithine is 
blocked in the argZ mutant. Moreover, the argZ mutant, compared 
with the wild type, exhibited markedly higher levels of arginine and 
lower ornithine concentrations (Fig. 3e and Supplementary Fig. 4b). 
Therefore, these results suggest that ArgZ is required to convert 
arginine to ornithine in Synechocystis. In addition, we found that 
the fluxes through NAG kinase and OTC decreased by  35% and 
65%, respectively, in the argZ mutant compared with the wild type 
during nitrate upshift, thus indicating that arginine biosynthesis 
was impaired in the mutant (Fig. 3f). This result may be explained 
by modulation of NAG kinase and CPS activities by arginine and 
ornithine, respectively29,30 (Supplementary Fig. 6).

ArgZ converts arginine to ornithine and ammonia. The ArgZ 
protein exhibits ~10% sequence identity to amidinotransferase 
family proteins (Pfam PF02274) comprising glycine and lysine 
amidinotransferases and arginine deiminases (Supplementary 
Fig.  7a). ArgZ also contains a lysine–α​-ketoglutarate reductase/ 
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saccharopine dehydrogenase conserved region of undefined func-
tion (Pfam PF04455). To confirm that ArgZ catalyzes the conver-
sion of arginine to ornithine, we performed biochemical assays 
using purified recombinant ArgZ protein from Synechocystis 
(Supplementary Fig.  7b). Incubation of ArgZ with arginine led 
to the formation of ornithine, which was identified by HPLC and 
further validated by LC–MS (Fig. 4a,b). This result indicated that 
ArgZ is not an arginine deiminase catalyzing citrulline formation 
from arginine. Further analyses indicated that ArgZ is neither an 
amidinotransferase nor an arginase (Supplementary Fig.  7c,d). In 
fact, ammonia was detected in the reaction products through both 
HPLC and an enzymatic assay (Fig. 4a,c). We then performed HPLC 
analysis of the assay mixture to quantify the ArgZ-catalyzed forma-
tion of ornithine and ammonia from arginine. The molar amounts 
of arginine consumption and ornithine formation were almost 
identical, and the molar ratio of ammonia to ornithine formation 
was approximately 2.0 (Fig. 4d). In addition, formation of carbon 
dioxide by the ArgZ reaction was detected by gas chromatography. 
Thus, we propose that ArgZ converts arginine to ornithine with the 
release of ammonia and carbon dioxide (Supplementary Fig. 7e).

To our knowledge, ArgZ is the first arginine dihydrolase identi-
fied. Unlike arginases and arginine deiminases, arginine dihydrolase 
does not require Mg2+ or Mn2+ for optimal activity (Supplementary 

Fig. 7f). It is highly specific to arginine and is incapable of hydrolyzing  
citrulline, dimethylarginine, and other amino acids (Fig.  4c and 
Supplementary Fig.  7g). Kinetic characterization of ArgZ toward 
arginine showed a kcat of 6.4 s−1 and Km of 0.51 mM, which is within 
the physiological concentration range of arginine in Synechocystis 
(Supplementary Fig. 7h). In addition, we found that the N-terminal 
domain of ArgZ is responsible for catalysis (Supplementary 
Fig.  7i,j). Further studies are needed to provide insights into the 
catalytic mechanism of arginine dihydrolase.

OAC is required for cellular adaptation to nitrogen oscilla-
tion. On the basis of the in vivo and in vitro experimental results 
described above, an OAC was identified in Synechocystis. This cycle 
directs assimilated nitrogen in the form of glutamine and aspartate 
to synthesis of the nitrogen-rich arginine, which can further gener-
ate the nitrogen reservoir cyanophycin (Fig. 5a). To test whether 
the OAC is coupled with the nitrogen assimilation pathway, we 
compared the GS–GOGAT cycle flux between the wild type and 
argZ mutant during nitrate upshift, in a [15N]nitrate dynamic 
labeling experiment. The fluxes through GS and GOGAT in the 
argZ mutant decreased by approximately 35%, thus indicating 
that disruption of OAC hampers the rapid assimilation of nitro-
gen during cell recovery from nitrogen starvation (Supplementary 
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Fig. 6). This result is probably due to the higher aspartate levels in 
the argZ mutant than the wild type (Supplementary Fig. 6), which 
can inhibit GS and GOGAT activity31,32. In addition, an associa-
tion between OAC and phosphoenolpyruvate (PEP) carboxylase 
(PPC) was apparent. We determined the CO2-fixation fluxes in a 
[13C]bicarbonate dynamic labeling experiment. The flux through 
PPC was 2.8 nmol µ​L−1 min−1, which contributed 17% of overall 
CO2 fixation in the wild type after nitrate upshift (Supplementary 
Fig. 6). We found that the PPC flux decreased by  65% in the argZ 
mutant. Together, these results illustrate important connections 
among the OAC, the nitrogen-assimilating GS–GOGAT cycle, and 
the CO2-fixing PPC reaction.

To test whether the OAC might be useful for rapidly consum-
ing arginine and cyanophycin to provide nitrogen under nitrogen 
starvation, we transferred the wild type and argZ mutant from 
nitrogen-limiting medium to nitrogen-replete medium contain-
ing [15N]nitrate, then removed the nitrogen source or switched to 
medium containing [U-13C, U-15N]arginine (Supplementary Fig. 8). 
On the basis of the labeling kinetics of OAC-related metabolites, we 
observed rapid synthesis of ornithine from consumption of internal 
arginine and cyanophycin in the wild type after nitrogen deprivation. 
The 15N label from arginine was rapidly incorporated into ornithine 
and ammonia in the wild type. Ammonia was immediately assimi-
lated by GS to form glutamine, and ornithine was used to generate 
proline and glutamate (Supplementary Fig. 8). In contrast, the 15N 
label from arginine was not detected in ornithine and glutamine in 
the argZ mutant. Thus, the OAC allows for rapid recycling of nitro-
gen stored in arginine and cyanophycin under nitrogen starvation.

To determine the physiological importance of the OAC, we 
studied the effect of disruption of OAC on Synechocystis cell 
growth during repeated cycles of nitrogen deprivation followed 
by replenishment treatments (Fig.  5b). Compared with the wild 
type, the argZ mutant showed lower growth rates on oscillating 
nitrate, particularly after the second removal of nitrate from the 
medium (Fig.  5b and Supplementary Fig.  9a,b). The phycocya-
nin content in the argZ mutant was lower than that in the wild 
type (Supplementary Fig. 9c,d). This result indicates that because 
the argZ mutant is unable to consume arginine and cyanophycin 
under nitrogen deprivation, it must degrade its phycobilisome 
antennae to provide nitrogen for cellular functions. Thus, the 
OAC enables cyanobacterial cells to adapt to varying nitrogen 
availability, including supporting normal growth under nitrogen 
deprivation and rapid growth resumption after a nitrogen source 
becomes available.
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OAC is prevalent in cyanobacteria. The arginine dihydrolase is 
widely present among cyanobacteria exhibiting diverse morpho-
logical and physiological attributes. Notably, highly conserved 
homologs of arginine dihydrolase (>​62% sequence identity) were 
identified in most diazotrophic cyanobacteria (Supplementary 
Fig.  10a), including the filamentous Trichodesmium, hetero-
cyst-forming cyanobacteria such as Anabaena, and unicellular 
Crocosphaera and Cyanothece, which comprise the major groups 
of oceanic N2-fixing cyanobacteria33,34. Because the ability to syn-
thesize arginine from ornithine is found in virtually all organ-
isms1, the OAC may occur in these diazotrophic cyanobacteria.  
To test this possibility, we conducted dynamic labeling experiments 
on Cyanothece sp. ATCC 51142 (hereafter denoted Cyanothece 
51142). This strain fixes nitrogen and accumulates cyanophycin 
granules during the night, whereas during the day, photosynthesis 
is performed, and cyanophycin is consumed as the major nitro-
gen source12,35. We switched cells from light to dark conditions and 
used [15N]nitrate as a tracer to monitor the dynamic responses of 
the cellular metabolism. We observed highly similar patterns in the 
labeling kinetics of OAC intermediates between Cyanothece 51142 
switched to dark conditions and Synechocystis exposed to nitrate 
upshift (Supplementary Fig. 10b‒d), thus indicating that the OAC 
is active in Cyanothece 51142 under nitrogen-fixation conditions. 
Cyanothece cells probably use the OAC for storing and redistribut-
ing fixed nitrogen within cyanophycin.

Discussion
Living organisms have evolved mechanisms for adjusting their 
metabolism to adapt to environmental stress and nutrient avail-
ability. The OUC, which has evolved in terrestrial animals for dis-
posal of excess nitrogen derived from protein in the diet, is generally 
accepted to be absent in bacteria and plants4,5 (Fig. 6). In this study, 
by combining use of dynamic 15N and 13C tracers, metabolomics, 
and mathematical modeling, we discovered another ornithine cycle, 
OAC, in cyanobacteria, which starts with carbamoyl phosphate 
synthesis by the bacterial- and plant-type glutamine-dependent 
enzyme. Through genetic and biochemical characterization, we 
found that the last step of OAC is a novel reaction that converts 
arginine to ornithine and ammonia (Fig. 6). A mutant deficient in 
this enzyme showed disruption of the OAC and severe impairments 
in cell growth when nitrogen availability oscillated. We demon-
strated that the OAC allows for mobilization of nitrogen reserves, 
priming the metabolism for a rapid response to nitrogen starvation. 

Moreover, the OAC is linked directly to the GS–GOGAT cycle and 
enables nitrogen assimilation and storage at a high rate after a nitro-
gen source becomes available. Thus, the OAC serves as a conduit 
in the nitrogen storage-and-remobilization machinery and con-
fers cyanobacterial metabolism with substantial adaptability and 
robustness to environmental nitrogen fluctuations. Cyanobacteria 
may also use the OAC for storing and reallocating nitrogen within 
cyanophycin in response to changing light conditions or availability 
of other essential nutrients such as sulfur and phosphorus10,36.

The OUC was long assumed to have originated in metazo-
ans1,37, although a recent report of its presence in diatoms sug-
gests a much earlier origin for this pathway3. Our study indicates 
that the OAC might be a more ancient pathway than the OUC, 
because cyanobacteria have been widely distributed on the Earth 
since the Proterozoic Era (~2.3 billion years ago)38. Similarly 
to the OUC, the OAC may have also evolved from a previously 
existing arginine biosynthetic pathway37. Cyanobacteria appear 
to have evolved the OAC as an adaptation to many habitats, in 
which they are exposed to periodic nitrogen deficiency39,40. These 
findings raise the possibility that various types of ornithine 
cycle might have evolved in different organisms and prompt the 
intriguing question of whether an ornithine cycle might occur in 
other organisms with CPS type II, such as plants. For plants, simi-
larly to cyanobacteria, nitrogen is often a limiting nutrient in the 
habitat, and arginine is a major storage form of organic nitrogen 
in plants5. The approaches described here could be appropriately 
adapted to test the possibility of metabolic cycling between orni-
thine and arginine in plants.

The OAC is widely distributed in cyanobacteria, particularly in 
marine N2-fixing cyanobacteria. We presented evidence of an active 
OAC in the unicellular Cyanothece 51142, in which the OAC is used 
for storing and redistributing the fixed nitrogen within cyanophy-
cin. Further studies are required to validate whether OAC has the 
same function in the filamentous Trichodesmium and heterocyst-
forming species, which also utilize cyanophycin as a dynamic reser-
voir of fixed nitrogen11,13. Cyanobacteria possessing the OAC, whose 
lifestyles may be either free living or symbiotic with diatoms, are 
widely distributed through the warm oligotrophic ocean and play 
a crucial role in marine nitrogen fixation33,34. The integration of the 
OAC with N2 fixation may have contributed to the success of these 
diazotrophs in the open ocean.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41589-018-0038-z.
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Methods
Strains and culture conditions. Synechocystis sp. PCC 6803 was routinely grown at 
30 °C in BG-11 medium41 under continuous white light (50 µ​mol quanta m−2 s−1).  
Cyanothece sp. ATCC 51142 was cultivated at 30 °C in modified ASP2 medium 
without nitrate42 under 12-h light/12-h dark conditions. The filter cultures were 
prepared as described previously43. Briefly, Synechocystis cells were initially grown 
in shake flasks to an OD730 of ~0.2 (corresponding to ~2 ×​ 107 cells mL−1). Five-
milliliter aliquots of the culture were then passed through nitrocellulose membrane 
filters (0.45-µ​m pore size; Millipore). The filters were placed on top of agarose 
plates loaded with BG-11 medium containing nitrate as the nitrogen source. 
The initial concentrations of NaNO3 in the medium were 18 mM or 2 mM. Cell 
growth was determined by washing the filter thoroughly with 5 mL of water and 
measuring the OD730. For nitrate upshift experiments, filter cultures were grown 
on agarose plates with modified BG-11 medium containing 2 mM NaNO3. After 
~48 h, when the cell number reached ~3 ×​ 109, the culture became nitrogen limited 
and was transferred to BG-11 plates containing 18 mM NaNO3. For arginine-
switch experiments, cells exponentially growing on nitrate were rapidly washed 
and transferred to BG-11 plates containing 5 mM arginine as the nitrogen source. 
For nitrogen-oscillation experiments, cells exponentially growing in 250-mL shake 
flasks with 100 mL BG-11 medium supplied with CO2-enriched air (3% (vol/vol))  
were harvested, washed with nitrogen-free minimal medium (BG-11N0), and 
resuspended in 100 mL BG-11N0 medium to an OD730 of ~0.3. After 8 h of nitrogen 
deprivation, 20 mM NaNO3 was added to the culture, and cells were grown for 
another 8 h. Then the cycle of 8-h nitrogen deprivation followed by 8-h nitrogen 
repletion was repeated several times.

Dynamic isotope labeling experiments. Dynamic isotope labeling experiments 
were performed with 15N-labeled NaNO3 ([15N]nitrate), [U-13C]glutamate, 
13C-labeled NaHCO3 ([13C]bicarbonate), and [U-13C, U-15N]arginine as tracers. 
Labeled compounds were ≥​99% pure and were purchased from Cambridge Isotope 
Lab. The filter cultures were transferred to BG-11 plates containing 18 mM [15N]
nitrate, 24 mM [13C]bicarbonate, 2.5 mM [U-13C, U-15N]arginine, or 5 mM of a 
mixture of 50% (wt/wt) [U-13C]glutamate and 50% unlabeled glutamate.

Metabolite measurements. Metabolism was quenched, and metabolites were 
extracted by rapid transfer of the filters into –20 °C 40:40:20 acetonitrile/methanol/
water with 0.1% formic acid44. After incubation at –20 °C for 20 min, the samples 
were centrifuged, and the supernatant was collected.

Cell extracts were analyzed by ultrahigh performance liquid chromatograph 
(Acquity, Waters) coupled to a Q Exactive hybrid quadrupole–orbitrap mass 
spectrometer (Thermo Fisher). The injection volume was 10 µ​L. Solvent A was 
20 mM ammonium acetate adjusted to pH 9.0 with ammonium hydroxide, and 
solvent B was acetonitrile. Metabolites were separated with a Luna NH2 column 
(100 mm ×​ 2 mm, 3 µ​m particle size, Phenomenex). The column was maintained at 
15 °C with a solvent flow rate of 0.3 mL min−1, and the gradient of B was as follows: 
0 min, 85%; 10 min, 45%; 15 min, 2%; 18 min, 2%; 18.1 min, 85%; 24 min 85% B. 
The mass spectrometer with a heated electrospray ionization source was operated 
in positive and negative modes. The key parameters were as follows: ionization 
voltage, +​3.8 kV/–3.0 kV; sheath gas pressure, 35 arbitrary units; auxiliary gas, 10 
arbitrary units; auxiliary gas heater temperature, 350 °C; capillary temperature, 
320 °C. The mass spectrometer was run in full scan mode at an m/z 70–1,000 scan 
range and 70,000 resolution. Data processing and ion annotation based on accurate 
mass were performed in Xcalibur 4.0 (Thermo Fisher) and Compound Discoverer 
2.0 (Thermo Fisher). A subset of identified compounds was verified by mass and 
retention-time match to authenticated standards.

MS/MS spectra for arginine and glutamine were acquired on the same 
mass spectrometer operated in negative ionization mode. Precursor ions of the 
metabolites were targeted as [M-H]– with a window size of 2 m/z. Fragmentation of 
the precursor ion was performed by higher-energy collisional dissociation at 30-eV 
collision energy. Fragment-ion spectra were recorded with 17,500 resolution.  
Peaks of fragment ions were extracted and matched with compounds in the  
Metlin database45.

Mutant construction. Synechocystis mutants with knockout of the genes sll1336 
(argZ), sll0228, and sll1077 were constructed as described previously46. PCR 
analyses were performed to verify replacement of the coding regions of individual 
genes with the kanamycin-resistance cassette and segregation of the mutant strains.

Enzyme assays. To identify the arginine-degrading activity of ArgZ, in vitro assays 
were performed using Synechocystis ArgZ after histidine-tag purification. After 
incubation of the purified enzyme with 5 mM l-arginine, the reaction products 
were identified by HPLC as described previously47. Ornithine produced by the 
enzymatic reaction was further confirmed with LC–MS as described above. 
Ammonia generated from arginine degradation was also determined enzymatically 
through measurement of the decrease in NADH concentration at 340 nm by using 
glutamate dehydrogenase as a coupling enzyme48. Carbon dioxide formed from the 
enzymatic reaction was detected through gas chromatography after the addition of 
6 M HCl to stimulate release (GC7900, Techcomp).

The arginine dihydrolase activity was determined by addition of 1.0 µ​g of the 
purified enzyme to 200 µ​L of 50 mM triethanolamine buffer, pH 8.0, containing 
5 mM l-arginine, 5 mM α​-ketoglutarate, 0.2 mM NADH, and 5 U glutamate 
dehydrogenase. The change in NADH absorbance was monitored at 340 nm with 
a Beckman DU-800 spectrophotometer. The activity of arginine dihydrolase was 
expressed in µ​mol substrate converted per mg enzyme per min. To test the effects 
of metal ions on this activity, MnCl2, CoCl2, MgCl2, NaCl, CaCl2, FeCl3, FeSO4, 
ZnSO4, or CuSO4 (1.0 mM each) was added to the assay mixture. To test substrate 
specificity, l-arginine was replaced by 5 mM of citrulline, dimethylarginine, or 
individual proteinogenic amino acids in the assay mixture. For determination of 
the apparent kcat and Km values, the l-arginine concentration was varied in the 
range of 0.1 to 10 mM. Kinetic data were analyzed in GraphPad Prism 5.0.

Quantification of metabolic fluxes. The LC–MS data were analyzed as described 
previously20. Briefly, mass isotopomer distributions (MIDs) of intact and 
fragmented metabolites were calculated from measured peak areas of the mass 
spectra and corrected for naturally occurring 13C. Each metabolic node of fluxes 
was modeled with a small-scale ODE system to simulate the dynamic labeling 
patterns of metabolites from the labeling patterns of their precursors. Model 
construction depended on the mapping of nitrogen or carbon atoms between 
substrates and products of the biochemical reactions composing the metabolic 
node, which is described in the following sections. The model was then used to 
identify the set of parameters including the fluxes or flux ratio of interest, which 
was compatible with the measured labeling patterns of metabolites. Parameters 
were fitted by minimizing the weighted sum of squared residuals (χ2) between 
measured and simulated labeling kinetics. All calculations were performed in 
Matlab 7.8.0 (Mathworks).

Arginine-biosynthetic-pathway flux. The absolute flux through the arginine 
biosynthetic pathway was quantified on the basis of citrulline labeling kinetics. 
Cells were switched to medium containing [15N]nitrate, and the dynamic MIDs of 
citrulline (CIT) and ornithine (ORN) were measured. Carbamoyl phosphate could 
not be detected by LC–MS. Because the nitrogen atom of carbamoyl phosphate is 
directly derived from the amide nitrogen of glutamine, the MS/MS-measured MID 
of the fragment ion of glutamine (Gln58) was used. The metabolic pseudo–steady 
state (i.e., when the sums of fluxes leading into and out of a pathway intermediate 
pool are equal) is assumed. Thus the MID of citrulline changes with time as:
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where vOTC is the flux through ornithine transcarboxylase of the arginine 
biosynthetic pathway, and CCIT is the pool size of citrulline. Equation (1) was used 
to determine vOTC by fitting the simulated to the measured time-dependent MID 
of citrulline. The determined flux through citrulline was much higher than the 
accumulation rate of the citrulline pool, thus supporting the metabolic pseudo–
steady state assumption.

Ornithine from NAG versus arginine. To quantify the relative contribution of NAG 
versus arginine in the formation of ornithine, cells were switched to medium 
containing [15N]nitrate or [U-13C]glutamate, and the labeling kinetics of ornithine, 
NAG, glutamate, and arginine was measured. The ODEs describing the MID 
dynamics of ornithine in the 15N and 13C labeling experiments are given by 
equations (2) and (3), respectively:
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where vNAG is the flux of ornithine synthesis from NAG, vARG is the flux of ornithine 
synthesis from arginine, and CORN is the pool size of ornithine. Arg131 is the 
MS/MS-measured fragment ion of arginine. Equations (2) and (3) were used to 
determine the flux ratio vNAG/(vNAG +​ vARG).These equations were also used to 
simulate the labeling kinetics of ornithine when the flux ratio vNAG/(vNAG +​ vARG) 
was set to a fixed value.

Nitrogen-assimilation-pathway fluxes. The fluxes through GS and GOGAT were 
quantified on the basis of the labeling kinetics of glutamine and glutamate from 
the [15N]nitrate labeling experiment. The balances of the mass distribution for 
glutamine and glutamate were as follows.
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where vGS is the GS flux, vGOGAT is the GOGAT flux, CGln and CGlu are the pool sizes 
of glutamine and glutamate, respectively, and LNH3 is the degree of 15N labeling  
of ammonia.

CO2-fixation-pathway fluxes. To quantify the CO2-fixation fluxes through PEP 
carboxylase and ribulose 1,5-bisphosphate (RuBP) carboxylase/oxygenase 
(Rubisco) in the Calvin–Benson–Bassham cycle, cells were switched to medium 
containing [13C]bicarbonate, and the dynamic labeling patterns of PEP, RuBP, and 
3-phosphoglyceric acid (PGA) were measured. Because oxaloacetate could not be 
detected by LC–MS, owing to its lability, we used the labeling kinetics of aspartate, 
which is formed from oxaloacetate by transamination. Thus equation (6)  
was obtained:
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where vPPC is the flux through PEP carboxylase, CAsp is the pool size of aspartate, 
and LCO2 is the degree of 13C labeling of CO2. Equation (6) was used to estimate 
vPPC by least-squares fitting. Similarly, the flux through Rubisco was estimated with 
equation (7).
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where vRubisco is the flux through Rubisco, and CPGA is the pool size of PGA.

Arginine effluxes to biomass, cyanophycin, and polyamines. The flux of arginine 
to cyanophycin was quantified from the experimentally measured accumulation 
rate of cyanophycin47. The arginine efflux to biomass was calculated on the basis 
of previously reported Synechocystis biomass composition49 and experimentally 
determined cell growth rate. The flux of arginine to polyamines was determined on 
the basis of the labeling kinetics of agmatine from the [15N]nitrate  
labeling experiment.

Statistics. Unless noted otherwise, data are presented as the mean ±​ s.d. of n 
independent experiments, and P values were calculated with two-tailed Student’s 
t test. For fluxes, the best estimates were obtained by minimizing the deviation 
between experimental and simulated metabolite labeling kinetics, as described 
above. The flux 95% confidence interval was determined on the basis of Monte 
Carlo simulations by repeatedly resampling the experimental data from a normal 
distribution (with s.d. equivalent to the experimentally determined s.d.) and 
calculating the fluxes that minimized the deviation between this resampled 
experimental data and simulated metabolite labeling data50. Statistics were 
generated in Matlab or Microsoft Excel.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability. All the data generated or analyzed during this study are available 
within the manuscript and its Supplementary Information files.
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