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Site-2 protease Sll0528 interacts with RbcR to regulate carbon/nitrogen homeostasis in the cyanobacterium Synechocystis sp. PCC 6803
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Cyanobacteria play pivotal roles in global biogeochemical cycles through oxygenic photosynthesis. To maintain cellular homeostasis, these organisms utilize sophisticated acclimation mechanisms to adapt to environmental fluctuations, particularly concerning nitrogen availability. While nitrogen deprivation induces dormancy, excess ammonium can have toxic effects on cyanobacteria and other photosynthetic organisms—a phenomenon for which the acclimation mechanisms remain poorly understood. Through the physiological characterization of knockout and overexpression mutants in Synechocystis sp. PCC 6803, we identified the site-2 protease Sll0528 as a critical regulator of ammonium stress acclimation. TurboID-based proximity labeling, coupled with quantitative proteomics, revealed a robust set of putative Sll0528-interacting proteins, some of which were subsequently validated through bacterial two-hybrid assays and transcriptomic profiling. Notably, we confirmed the physical interaction between Sll0528 and RbcR, a low-carbon-responsive transcriptional regulator. Transcriptomic analysis showed that the knockout of sll0528 led to a significant downregulation of the RbcR regulon, including the ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) operon rbcLXS. Further analysis suggests that this downregulation might result from improper post-transcriptional regulation of RbcR, which depends on its interaction with Sll0528. Our findings reveal novel regulatory crosstalk between a cyanobacterial S2P protease and the carbon-responsive transcriptional machinery, providing new mechanistic insights into the control of cyanobacterial carbon-nitrogen homeostasis during nitrogen fluctuations. This study offers insights into the functional characterization of other S2P proteases in photosynthetic organisms and may facilitate the cyanobacteria-based bioremediation of ammonium-rich wastewater.
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Introduction

Cyanobacteria are ancient and important photosynthetic organisms in the global ecosystem. They serve as useful models for studying metabolic and physiological processes conserved across photosynthetic organisms and hold potential as renewable resources for producing valuable chemicals (Bolay et al., 2024). Characterizing cyanobacterial physiology and metabolism is crucial for understanding their environmental roles and unearthing their potential for biotechnology applications (Esteves-Ferreira et al., 2018; Cassier-Chauvat et al., 2021; Sharma et al., 2022). Thus, investigations into their acclimation mechanisms to fluctuating nutrient levels, particularly with regard to the two most abundant elements—carbon and nitrogen—provide scientific insights and opportunities for metabolic engineering in cyanobacteria.

Studies focusing primarily on nitrogen depletion have revealed a coordinated control of carbon and nitrogen homeostasis by a sophisticated network, in which the widespread signaling protein PII acts as a major regulatory hub (Forchhammer et al., 2022). PII, together with the global nitrogen transcriptional regulator NtcA and their interacting proteins, such as PipX and PirC, monitor the intracellular concentrations of metabolites such as 2-oxoglutarate, cAMP, and ATP/ADP, switching their protein–protein interactions with the downstream metabolic enzymes, transporters, and regulators to maintain carbon and nitrogen homeostasis (Esteves-Ferreira et al., 2018; Zhang et al., 2018; Forchhammer and Schwarz, 2019; Watzer et al., 2019; Forchhammer and Selim, 2020; Selim et al., 2020; Orthwein et al., 2021; Forchhammer et al., 2022; Diez et al., 2023). However, limited research has been conducted on cyanobacterial acclimation to surplus nitrogen, especially at high concentrations of ammonium. Ammonium is a major nutrient, but high concentrations of it are toxic to many organisms, particularly plants and oxygenic photosynthetic microorganisms (Xie et al., 2023). Ammonium has been found to trigger photodamage to photosystem II (PSII), with the oxygen-evolving complex of PSII suggested as the direct target of ammonium toxicity (Drath et al., 2008). Efficient PSII repair by D1 proteins encoded by three genes, psbA1, psbA2, and psbA3, is crucial for ammonium tolerance in Synechocystis PCC 6803 (Dai et al., 2014).

Overuse of NO3− and NH4+-based fertilizers and improper discharge of animal waste and industrial effluent have resulted in global nitrogen pollution as a serious worldwide issue of public and economic concern, such as the eutrophication of water reservoirs, soil contamination, and atmospheric pollution (Erisman et al., 2013; Erisman, 2021; Varjani et al., 2021; Gu et al., 2023). As an economical and sustainable approach to mitigating nitrogen pollution, cyanobacteria can utilize high-nitrogen-containing wastewater to produce potentially valuable biomass synergistically (Bhatia et al., 2021; Priyadharshini et al., 2021; Sharma et al., 2022). Nevertheless, the ammonium acclimation mechanism in cyanobacteria remains elusive. Notably, we recently identified cyanobacterium Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis 6,803) site-2 protease (S2P) Slr1821 as an essential regulator that coordinate carbon/nitrogen homeostasis during ammonium stress acclimation (Lin et al., 2023). However, its substrate or direct interacting protein remains unknown.

Site-2 protease (S2P) is named after the human S2P, which performs intramembrane proteolysis of the precursor of transcription factor SREBP-2 after site-1 protease (S1P) to regulate lipid metabolism (Sakai et al., 1996). S2Ps are prevalent across all three domains of life. Belonging to the group of intramembrane proteases, S2Ps cleave their substrates to regulate signal transduction and maintain proteostasis (Brown et al., 2000; Kuehnle et al., 2019). For example, the Escherichia coli S2P RseP cleaves the anti-sigma factor to release the sigma factor in response to extracytoplasmic stress; RseP also degrades small membrane proteins and suppresses the cytotoxicity of the intrinsic toxin HokB (Imaizumi et al., 2022; Yokoyama et al., 2023). S2P homologs are widely distributed in the phylum cyanobacteria, suggesting their essential roles (Chen and Zhang, 2010). Synechocystis 6,803 has four S2Ps; other than the aforementioned Slr1821, which is involved in ammonium stress acclimation, Slr0643 and Sll0528 were found essential for acclimation to acid and salt stress, respectively (Zhang et al., 2012; Lei et al., 2014). However, the direct downstream targets of these S2Ps, such as their substrates or interacting proteins, remain poorly understood, hindering further characterization of cyanobacterial S2Ps.

Coimmunoprecipitation (Co-IP) has been successfully applied to identify a wide range of interacting proteins. For example, Co-IP revealed that the ammonium, nitrate, and urea transporters interact directly with PII (Watzer et al., 2019), while Co-IP further identified PirC as a novel PII interactor, which switched its interaction with PII to bind and inhibit phosphoglycerate mutase upon nitrogen starvation, thus controlling carbon storage metabolism (Orthwein et al., 2021). However, S2Ps contain multiple transmembrane domains, and harsh conditions are required to disrupt membranes and enrich such integral membrane proteins, thus making Co-IP unsuitable for identifying their interacting proteins since most protein–protein interactions cannot be maintained under severe conditions. Alternatively, the proximity labeling approach could address this issue and reveal the transient interacting proteins (Qin et al., 2021; Milione et al., 2024). In proximity labeling, a promiscuous enzyme is fused in-frame with the bait protein to co-express and tag the endogenous interaction partners of the bait in vivo. Tagged molecules that interact with the bait are then enriched and identified by mass spectrometry for proteins or sequencing for nucleic acids. For example, peroxidase (APEX) and biotin ligase (TurboID, BioID) have been used to study protein–protein interaction in various animal and plant living systems (Lam et al., 2015; Kim et al., 2016; Branon et al., 2018; Zhang et al., 2019; Bosch et al., 2021; Zhang et al., 2022). In the presence of ATP, TurboID catalyzes the conversion of biotin to biotinoyl-5’-AMP, subsequently binding to lysine residues in prey proteins near the bait (Branon et al., 2018).

In this study, we applied TurboID to explore the directly interacting proteins of cyanobacterial S2P. In addition to its critical role in salt stress response, Sll0528 of Synechocystis 6,803 was also found to play an essential role in acclimation to high ammonium stress. Therefore, this study aimed to reveal the interacting proteins of Sll0528 and provide insights into carbon/nitrogen homeostasis control during fluctuations in nitrogen levels. Although TurboID has been demonstrated in various animal and plant models, this is the first application of TurboID-based proximity labeling in cyanobacteria. It provides new insights into the functional characterization of photosynthetic S2P and may facilitate the bioremediation of ammonium-rich wastewater using cyanobacteria in the future.



Materials and methods


Strains and cultivation

Synechocystis sp. PCC 6803 GT-G strain, derived from ATCC 27184, was used as the wild type (WT) (Ding et al., 2015). Cells were cultivated in BG11 medium (Rippka et al., 1979) at pH 7.5, buffered with 20 mM HEPES, at 29°C under ambient CO2 and constant illumination (30 μE·m−2·s−1). Mutant strains were cultivated in the presence of 50 μg mL−1 kanamycin or 80 μg mL−1 chloramphenicol. For ammonium stress experiments, the cells were cultured in BG11 medium supplemented with various concentrations of NH4Cl, maintaining pH 7.5 and buffered with 20 mM HEPES.



Generation of recombinant Synechocystis strain

The sll0528 gene knockout and overexpression strains were generated through natural transformation and homologous recombination (Lei et al., 2014). The psbA2 promoter drives the constitutive expression of the sll0528 gene in the overexpression strain, OEsll0528.

The plasmids p0528 and pTBYPC were constructed to generate recombinant Synechocystis strains P0528T and TBYPC (Supplementary Figure S1 and Supplementary Table S1). For the construction of p0528, the sll0528 gene and its upstream and downstream regions were PCR amplified from wild-type (WT) Synechocystis DNA using specific primers (Supplementary Table S2). The TurboID gene was generated through DNA synthesis according to the reported sequence (Branon et al., 2018), and the kanamycin resistance gene (Kana) was obtained from pET-30b. These fragments were sequentially inserted into pUC118 to create p0528, which was subsequently introduced into the WT strain via homologous recombination. As a control, the TurboID gene was inserted into the self-replicating vector pJA2C to create the plasmid pTBYPC, which was subsequently introduced into the WT strain using electroporation. After screening with specific antibiotics, the recombinant strains were confirmed through PCR and sequencing.



TurboID-based proximity labeling and enrichment of biotinylated proteins

Proximity labeling using TurboID was mainly conducted according to a previous report (Cho et al., 2020), with some modifications. Labeling was performed in a BG11 medium containing 1 mM ATP, 5 mM MgCl2, and varying concentrations of biotin for the desired time in a light incubator. After labeling, the supernatant was removed by centrifugation (8,000 rpm for 6 min), and the cell pellets were gently washed five times with ice-cold PBS (phosphate-buffered saline, pH 7.4). The cell pellets were resuspended in 1 mL of RIPA (Radio Immunoprecipitation Assay) lysis buffer supplemented with 1 x protease inhibitor cocktail, 1 mM PMSF (Phenylmethylsulfonyl fluoride, a protease inhibitor), 5 mg mL−1 lysozyme, 2 μg mL−1 endonuclease Benzonase, and 0.01% Triton X-100. The cell pellets were lysed using a Tissuelyser (Jingxin, Shanghai, China) with 500 μL ceramic beads (70 Hz, 300 s, repeated 7–8 times) and repeated freezing in liquid nitrogen. The lysates were then incubated on ice for ≥10 min. The cell lysates were clarified by centrifugation at 12,000 rpm at 4°C for 10 min, and the clarified lysates were transferred to fresh tubes. Protein concentration was determined using the BCA protein assay as previously described (Cortes-Rios et al., 2020). The protein solution was filtered through a 0.22 μm filter and stored at −80°C.

Biotinylated proteins were enriched using a Streptavidin Beads 6FF gravity column according to the manufacturer’s instructions with some modifications. The gravity column was first equilibrated with RIPA lysis buffer, and the protein samples were loaded onto the column and incubated overnight at 4°C with rotation for 1 h overnight. The column was washed with RIPA lysis buffer, and the enriched proteins were eluted with 3 × protein loading buffer supplemented with 2 mM biotin and 20 mM DTT (Dithiothreitol) at the desired temperature for 10 min. The input, flow-through, and eluate samples were analyzed by SDS-PAGE and Western blot to confirm the depletion of biotinylated proteins from the flow-through and their enrichment in the eluate. The eluate was lyophilized and stored at −80°C.



Western blot analysis

Protein samples in 1 x protein loading buffer were boiled at 95°C for 10 min and separated electrophoretically on a 12% SDS-PAGE gel. The proteins were then transferred to a PVDF membrane. The membrane was stained with Ponceau S solution to confirm transfer quality and protein loading, destained with deionized water, and washed three times for 10 min each with TBST (0.05 M Tris, 0.15 M NaCl, 0.05% Tween 20). It was blocked overnight at 4°C with 5% (w/v) nonfat milk powder in TBST while constantly rotating. After blocking, the membrane was washed three times for 10 min each with TBST to remove any residual nonfat milk, then incubated with Streptavidin-HRP in TBST containing 3% BAS for 30 min at room temperature or overnight at 4°C. The membrane was washed three times for 10 min each with TBST, and the signal was developed using ECL western blot substrate for the necessary duration and imaged.



4D label-free quantitative proteomic analysis

The protein samples were dissolved in triethylammonium bicarbonate buffer (TEAB) and digested overnight with trypsin at 37°C. After trypsin digestion, the peptides were vacuum-dried, reconstituted in trifluoroacetic acid, desalted, and vacuum-dried again. The peptides were analyzed using liquid chromatography–tandem mass spectrometry (LC–MS/MS) with the NanoElute UPLC system (Bruker, Germany), incorporating a capillary ion source and were analyzed with the timsTOF Pro2 mass spectrometer (Bruker, Germany). The electrospray voltage was set to 1.5 kV. Following nanoscale HPLC separation, the samples were analyzed by data-dependent acquisition (DDA) mass spectrometry, utilizing high-resolution TOF to detect and analyze peptide parent ions and their secondary fragments. The secondary MS scanning range was set to 100–1700 m/z. Data were acquired using the parallel accumulation serial fragmentation (PASEF) acquisition mode on the timsTOF Pro2, with the second MS stage recorded using the 10 PASEF mode.

The raw MS/MS spectral data were searched against the Synechocystis 6,803 protein database (UniProt version 2022.09) using MaxQuant (v.2.6.1.0). The subsequent quantitative analysis included proteins with at least one unique peptide matched. The expression fold change between different groups and the statistical significance, based on the FDR and p-value, were calculated using ANOVA followed by Student’s t-test. An enrichment analysis of proteins annotated in the eggNOG database was conducted to identify significantly enriched categories based on the corrected p-value <0.05.



Bacterial two-hybrid assay

The bacterial two-hybrid vectors pUT18 and pKT25, containing the genes for either the T18 or T25 subunit of adenylate cyclase CyaA (Karimova et al., 2001), were used to construct plasmids. Genomic DNA from Synechocystis 6,803 served as the template. The coding regions for Sll0528 and the selected putative interacting proteins were amplified using high-fidelity DNA polymerase and inserted into pUT18 and pKT25, respectively (Supplementary Figure S2). Both C-terminal and N-terminal fusions of the tag to the gene of interest were prepared. The plasmids and primers used in this study are listed in Supplementary Tables S1, S2.

Escherichia coli BTH101 cells were co-transformed with recombinant plasmids pUT18 and pKT25 (Supplementary Figure S2). Co-transformants were screened on LB plates supplemented with 100 μg mL−1 ampicillin and 50 μg mL−1 kanamycin and cultivated for 2 days at 30°C. Six clones from each plate were picked and inoculated into 5 mL of LB medium containing antibiotics to minimize heterogeneity. After overnight cultivation, the cells were diluted 1:100 in 5 mL of fresh LB medium containing antibiotics and grown until the OD730 reached an OD of 0.8. Three μL of each culture were plated on X-Gal reporter plates containing antibiotics, 100 μg mL−1 IPTG, and 100 μg mL−1 X-Gal and cultivated for 2 days at 30°C.



RNA extraction and quantitative RT-PCR

Total RNA was extracted as previously described (Lin et al., 2023). Residual DNA was removed using DNase and verified by PCR amplification without reverse transcription. Quantitative RT-PCR was performed using a one-step SYBR Green I kit (TAKARA Biotech, Dalian, China) on ABI7500 (Life Technologies, Grand Island, NY, USA) as previously described (Lin et al., 2023). The rnpB gene, which encodes the RNA subunit of ribonuclease P, served as an internal control. The primers used are listed in Supplementary Table S2. At least three independent biological replicates for each sample, and three technical replicates per biological replicate were analyzed. The relative expression of genes was calculated using the 2−ΔΔCt method.



Transcriptomic analysis

Total RNA was extracted using TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions, and genomic DNA was removed using DNase I (Takara, Osaka, Japan). RNA quality was assessed with the 2,100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and quantified using the ND-2000 (NanoDrop Technologies, Waltham, MA, USA). High-quality RNA samples were used to construct sequencing libraries with the TruSeq™ RNA sample preparation kit (Illumina, San Diego, CA, USA). Ribosomal RNA (rRNA) was depleted using the Ribo-Zero Magnetic kit (Epicenter), and total mRNAs were fragmented into short segments of approximately 200 nt with TransNGS® RNA Fragmentation Buffer (TransNGS, Beijing, China). Double-stranded cDNA was synthesized with random hexamer primers using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA). Libraries were size-selected for cDNA target fragments of approximately 200 bp and subjected to PCR amplification using Phusion DNA polymerase (Finnzymes, Espoo, Finland) for 15 cycles. After quantification, the paired-end RNA sequencing libraries were sequenced with Illumina HiSeq×TEN at a read length of 2 × 150 bp. The Illumina GA Pipeline (version 1.6) processed original images into sequences, performed base-calling, and calculated quality values to obtain 150 bp paired-end reads. After removing low-quality sequences, clean reads of each sample were mapped to the reference genome using Bowtie2.1 The expression level of each gene was computed in FPKM (fragments per kilobase of exon per million mapped reads) utilizing RSEM.2 Differential expression analysis among groups was conducted based on FPKM using edgeR.3



Statistical analyses

The experiments were conducted in at least triplicate. The data presented are the mean values along with standard deviations. To assess statistical significance, a one-way analysis of variance (ANOVA) followed by an LSD test at a significance level of p < 0.05 was used.




Results


Sll0528 plays an essential role in the acclimation to high ammonium stress

Although ammonium is the preferred nitrogen source for Synechocystis 6,803, it becomes toxic at high concentrations. High concentrations of ammonium (90 ~ 210 mM NH4Cl, as investigated in this study) inhibited the growth of Synechocystis 6,803, and the inhibition became more and more severe with increasing concentration (Figure 1). Interestingly, the deletion of the site-2 protease gene sll0528 impaired ammonium acclimation, as the Δsll0528 strain could not survive moderate ammonium stress, which only slightly affected the growth of the WT (Figures 1a,b). In contrast, overexpression of sll0528 substantially improved ammonium tolerance. The OEsll0528 strain proliferated much more rapidly than WT under high ammonium stress (150–210 mM NH4Cl) (Figures 1c,d). These results suggest that Sll0528 plays a critical role in ammonium acclimation.
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FIGURE 1
 Knockout or overexpression of the sll0528 gene decreased or increased ammonium stress tolerance, respectively. (a) The growth curve indicated that the sll0528 knockout mutant (Δsll0528) was more sensitive to ammonium stress compared with the wild type (WT). (b) The phenotype of WT and Δsll0528 with or without 120 mM NH4Cl on the fifth day as in (a). (c) The growth curve indicated that the sll0528 overexpression strain (OEsll0528) was more tolerant to ammonium stress compared with WT. (d) The phenotype of WT and OEsll0528 with or without 180 mM NH4Cl on the fifth day as in (c).




Construction of the Sll0528-TurboID line to reveal the Sll0528 interacting protein

To investigate the underlying mechanism of Sll0528 during ammonium acclimation, the gene encoding the modified biotin ligase TurboID was fused in-frame downstream of the sll0528 gene under its native promoter and transformed into WT to construct the P0528T line (Figure 2a and Supplementary Figure S1). Consistent with the ammonium-induced expression of sll0528 in WT, the P0528T line showed that 90 mM and 120 mM NH4Cl rapidly and dramatically induced sll0528 expression at 30 min, while the induction decreased significantly at 4 h (Figure 2b). Similarly, the ammonium-induced upregulation of TurboID in the P0528T line was prominent at 30 min following treatment with 90 mM and 120 mM NH4Cl, demonstrating the successful construction of the P0528T line (Figure 2c). Based on these data, a 30-min treatment with 90 mM NH4Cl was chosen for further analysis of the Sll0528 proximate proteins. Additionally, the spot assay revealed that the P0528T line exhibited ammonium tolerance comparable to that of WT (Figure 2d), suggesting that the functionality of the Sll0528 protein was not compromised by its fusion with TurboID. To eliminate randomly biotinylated proteins from the Sll0528 proximate proteins, the TBYPC line was constructed to constitutively express a soluble TurboID, serving as the background control line (Figure 2a and Supplementary Figure S1).
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FIGURE 2
 Ammonium-induced synchronous expression of sll0528 and TurboID gene in P0528T. (a) Construction of the P0528T line and the control line TBYPC. The TurboID gene was fused in-frame with the sll0528 gene in P0528T, while it was expressed by itself under the psbA2 promoter in TBYPC. (b) and (c) Quantitative RT-PCR revealed the synchronous expression of sll0528 (b) and TurboID (c) in P0528T induced by 90 mM and 120 mM NH4Cl. The columns with different letters were significantly different. (d) Ammonium sensitivity of the various Synechocystis strains was determined by the drop plate method with triple replicates of each strain. Cultures were adjusted to an OD730 of 1.0 and diluted tenfold in series before being dropped onto BG-11 agar plates containing different concentrations of extra ammonia (15–150 mM).




Optimization of TurboID-based proximity labeling and enrichment of biotinylated proteins

The optimization of TurboID-based proximity labeling initially involved examining the effects of labeling temperature, biotin concentration, and labeling time. SDS-PAGE analysis of total protein indicated that there was no significant difference between WT and P0528T before or after biotin labeling. However, their biotinylated protein patterns were remarkably different, as revealed by a western blot using streptavidin-HRP as an antibody against biotinylated proteins (Supplementary Figures S3a,b). In the WT sample, the endogenous biotinylated protein patterns were similar before and after the biotin label, whereas in P0528T, biotinylated proteins were significantly enhanced after labeling. The labeling effect was comparable at room temperature (28°C) and 37°C (Figures 3a,b). These results indicate that the in-frame expression of TurboID downstream of Sll0528 functioned as a biotin ligase in vivo, and the room temperature was selected as the convenient labeling temperature. When biotin concentration increased from 1 μM to 700 μM, the quantity of biotinylated proteins increased sharply from 1 μM to 100 μM, followed by a gradual leveling off from 100 μM to 700 μM (Figure 3b and Supplementary Figures S3c,d). Therefore, to minimize false negatives and false positives in the search for proximate proteins, 500 μM biotin was used as the labeling substrate. A comparison of labeling times from 6 min to 4 h suggested that TurboID performed biotinylation rapidly, as longer labeling periods did not significantly enhance the labeling effect (Supplementary Figure S3e). Thus, 15 min was chosen as the labeling duration for convenience and consistency.
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FIGURE 3
 Optimization of biotin labeling and enrichment of biotinylated proteins. Biotinylated proteins were revealed by the antibody streptavidin-HRP in a western blot. (a) Comparison of biotin labeling effect under room temperature (RT) or 37°C in wild type (WT) and P0528T. (b) Comparison of labeling effect with different concentrations of biotin under RT or 37°C in P0528T. (c) Enrichment of biotinylated proteins from TBYPC and P0528T with (+) or without (−) 90 mM NH4Cl. Lysis: total proteins before streptavidin column enrichment; washing: unconjugated protein through the streptavidin column; purification: purified proteins eluted from the streptavidin column. TB: proteins extracted from the TBYPC line; PT: proteins extracted from the P0528T line. At least three independent batches of samples were prepared for each group.


The enrichment of biotinylated proteins was optimized in P0528T and control lines, TBYPC (Figure 3c and Supplementary Figure S3f). A desalting column was used to eliminate excess biotin, while a streptavidin affinity column was used to purify the biotinylated proteins. Un-biotinylated proteins were washed out through the column, while biotinylated proteins remained tightly bound. These proteins were finally eluted at high temperatures. The purified biotinylated proteins in P0528T showed sharp and clear patterns, ranging from 10 kD to more than 100 kD, with distinct bands present exclusively in P0528T and not in TBYPC. These findings suggest that the bands may be identified as Sll0528 proximate proteins in the proteomic analysis. TBYPC exhibited a similar biotinylated pattern to WT, indicating it could serve as a reliable background control for the subsequent experiments. There was no apparent pattern difference in the purified biotinylated proteins from P0528T, regardless of ammonium stress. Therefore, the question remains whether Sll0528 changes its interacting proteins during the early acclimation to ammonium stress.



Identification of biotinylated proteins enriched in P0528T through proteomic analysis

In the following proteomic analysis, approximately 2.2 mg to 4.3 mg of biotinylated proteins purified from TBYPC (TB), P0528T without ammonium stress (Pt), and P0528T with ammonium stress (PtN) were subjected to 4D label-free proteomics (Supplementary Table S3). The TB samples included proteins from TBYPC both without and with ammonium stress, serving as a background control. A total of 254 proteins were detected across the three groups (Figure 4 and Supplementary Table S4). PCA analysis of replicates from these groups showed that replicates within each group clustered together, while the different groups were clearly separated, indicating good reproducibility within groups and significant differences among proteins from TB, Pt, and PtN. The distribution of identified proteins among the three groups revealed that about half could be found in the TB group, which may include the background biotinylated proteins, while the other half (52.4%) were detected exclusively in Pt and/or PtN (Figure 4b). Only one protein found in the TB group was absent in both Pt and PtN, suggesting a low risk of false negatives. Interestingly, 21.7% of the proteins were detected in both Pt and PtN, while a larger portion (28.7%) was detected exclusively in PtN, significantly more than the 2% found exclusively in the Pt group. This could be due to the ammonium-induced proximate proteins around Sll0528, although it cannot be overlooked that the enhanced expression of Sll0528 under ammonium stress may have increased the biotin labeling radius to encompass more distant proteins. Consistent with our anticipation, Sll0528 was detected at high abundance in both Pt and PtN groups but was absent in TB, confirming that the TurboID expressed downstream of Sll0528 functioned as a biotin ligase to biotinylate Sll0528 itself and its proximate proteins, thus indicating that the proteomic data obtained were reliable and promising.
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FIGURE 4
 Identification of biotinylated proteins from P0528T and TBYPC lines. (a) PCA analysis of samples from three groups: Pt, PtN, and TB. Pt or PtN was P0528T without or with 30 min treatment of 90 mM NH4Cl. TB combined samples from TBYPC with and without ammonium stress as a background control. (b) Distribution of identified proteins among three groups. Protein detected in any of the three replicates of each group was defined as existing; otherwise, it was absent in this group. (c) Significantly enriched proteins in P0528T compared with TBYPC. Proteins exclusively detected in Pt and PtN, but not in TB, and proteins significantly accumulated in Pt or PtN compared with TB (FC ≥ 2, p ≤ 0.05), were included as significantly enriched proteins.


Other than the exclusively detected proteins in the P0528T line, some proteins were significantly enriched in PT/TB or PtN/TB (FC ≥ 2, p ≤ 0.05). As a result, these were included as enriched proteins for further verification (Figure 4c). Based on their EggNOG functional categories, with the exception of the largest category labeled as function unknown, the enriched proteins were primarily associated with energy production and conversion, ribosomal structure and biogenesis, as well as amino acid and nucleotide transport and metabolism. Additionally, it is noteworthy that a few dozen proteins were involved in posttranslational modification, chaperones, and signal transduction mechanisms (Supplementary Figure S4a). In contrast to the enriched biotinylated proteins in Pt and/or PtN, the functional classification of the remaining background biotinylated proteins (Supplementary Figure S4b) indicated their primary involvement in energy production and conversion, ribosomal biogenesis, and carbohydrate metabolism. This could be attributed to their high abundances within the cell, such as the Rubisco large and small subunits (Slr0009 and Slr0012) and numerous ribosomal proteins. Alternatively, it may be due to their natural affinity for biotin, as observed with Slr0435 (the biotin carboxyl carrier protein of acetyl-CoA carboxylase) and Sll1841 (the dihydrolipoamide acetyltransferase component of the pyruvate dehydrogenase complex), both of which are enzymes utilizing biotin as a cofactor.

A total of 175 proteins were enriched in Pt and/or PtN (Supplementary Figure S5). To further verify the Sll0528 interacting protein, we selected the enriched proteins involved in posttranslational modification, chaperones, and signal transduction mechanisms, as well as those assigned as unknown, for further verification (Figure 5).
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FIGURE 5
 Representative proteins enriched in P0528T without or with ammonium stress. A scatterplot of the log10 protein amount of representative proteins was detected in P0528T without (Pt) or with ammonium stress (PtN). Enriched proteins exclusively detected in Pt or PtN but not in TB are indicated in blue; otherwise, they are indicated in red.




Bacterial two-hybrid assay

To validate the interaction of Sll0528 with the identified proximate proteins, a bacterial two-hybrid assay (BACTH) was utilized based on adenylate cyclase reconstitution from T18 and T25 fragments in E. coli (Battesti and Bouveret, 2012). To avoid interference with the fusion tag, the T18 fragment was fused with Sll0528 at either its N-or C-terminal. A total of 13 proximate proteins (Figure 5) were selected to test for possible interactions, with the T25 fragment fused at either their N-or C-terminal. Dimerization of the leucine zipper served as a positive control, while the negative control involved Sll0528 fused with T-18 and co-expressed with an empty pKT25. Nine out of the 13 proximate proteins demonstrated positive interaction on X-Gal plates in at least one of the four BACTH combinations, including the transcription factor RbcR (Sll0998) (Figure 6). Negative results were observed in BACTH for the unknown proteins Slr1579, Slr0483, Sll1873, and the heat shock protein, molecular chaperone Hsp17 (Sll1514). These may be adventitious proteins associated with Sll0528, or they may not have been properly validated for interaction with Sll0528 in BACTH. For instance, the immunoprecipitation pull-down protein UrtD showed negative results in BACTH (Watzer et al., 2019). Other than RbcR, positive interactions in BACTH included the unknown proteins Ssl1972, Slr0962, Slr0818, the nucleoid-associated protein ebfC (Slr1847), signal recognition particle protein Slr1531, the probable Clp protease subunit Slr0165, zinc metalloprotease FtsH (Sll1463), and the global nitrogen regulator NtcA (Sll1423).

[image: Figure 6]

FIGURE 6
 Bacterial two-hybrid interactions on X-Gal plates of Sll0528 with different proximate proteins. The interaction of leucine zippers of GCN4 from the plasmids pKT25-zip and pUT18C-zip was used as a positive control. Dimerization of the leucine zipper motifs appended to the T25 and T18 fragment results in the positive association of T25 and T18 (1st column). Positive interactions are indicated as blue colonies. Interaction of pUT18C-sll0528 with an empty pKT25 vector was used as a negative control in the 2nd (T18 appended to the N terminal of Sll0528) and 3rd (T18 appended to the C terminal of Sll0528) columns. Different combinations of plasmids included T18 appended to the C terminal of Sll0528 (4th and 5th columns) or T18 appended to the N terminal of Sll0528 (6th and 7th columns) co-expressed with T25 appended to the N terminal (4th and 6th columns) or C terminal (5th and 7th columns) of different proximate proteins (X).




Transcriptomics demonstrates RbcR regulon downregulated in sll0528 knockout mutant

The transcriptomic analysis of the sll0528 knockout mutant Δsll0528 and overexpression strain OEsll0528 was then conducted to compare with WT. Significantly lower or higher sll0528 mRNA abundance in Δsll0528 or OEsll0528, respectively, confirmed the mutant construction as expected (Table 1). Knockout or overexpression of the sll0528 gene did not significantly change the transcript level of the 13 proximate proteins analyzed in BACTH, including RbcR (Table 1 and Supplementary Table S5). However, rbcLXS encoding Rubisco subunit and its chaperonin and sll0519 encoding NADH dehydrogenase subunits had diminished transcript abundance in Δsll0528 compared to WT but not in OEsll0528 compared to WT (Table 1). Since RuBisCO genes were controlled by RbcR and were part of the RbcR regulon (Bolay et al., 2022), we further analyzed the other RbcR regulon genes (Table 1). Intriguingly, the group of RbcR regulon genes that were significantly downregulated in the partially segregated rbcR knockout mutant were also dramatically downregulated in Δsll0528. This includes genes from the ccmK2K1LMN operon that encode carboxysome elements, the slr1279/80/81 genes that encode NADH dehydrogenase subunits, and sbtA, which encodes the high-affinity bicarbonate transporter.



TABLE 1 Transcriptomic level of sll0528, rbcR, and the RbcR regulon in the Δsll0528 and OEsll0528 compared to wild type.
[image: Table1]

Meanwhile, the downregulation vanished or diminished in OEsll0528. So far, RbcR was the only transcriptional regulator known to control RuBisCO and was indispensable for the viability of Synechocystis (Bolay et al., 2022). Unlike the lowered rbcR mRNA abundance in the partially segregated rbcR knockout mutant in the previous report (Bolay et al., 2022), similar rbcR mRNA abundance was observed here in Δsll0528 and WT. Thus, the compromised RbcR regulon expression might be due to the improper post-transcriptional regulation of RbcR, probably related to its interaction with Sll0528, as suggested by the proximity labeling and BACTH (Figures 5, 6). It is tempting to propose that the full functionality of RbcR to activate its regulon might depend on the functional Sll0528. Thus, the sll0528 knockout resulted in compromised RbcR regulon expression.




Discussion

In this study, TurboID-based proximity labeling was applied, revealing a robust set of putative interacting proteins of Sll0528 for functional characterization. Among the interactions verified by BACTH, the transcriptional regulator RbcR, which controls the transcription of the rbcLXS operon, was identified. The interaction between Sll0528 and RbcR was further supported by the transcriptional analysis of the RbcR regulon. Interestingly, the transcriptomic data indicated that the RbcR regulon was downregulated in the sll0528 knockout mutant, while its expression was not upregulated in the sll0528 overexpression strain. This observation was consistent with the previous report of the rbcR overexpression strain in which only the rbcR gene itself and transcripts associated with this locus were differentially expressed (Bolay et al., 2022). This might result from the saturation of all potential DNA binding sites with RbcR, as the overexpression of RbcR (Bolay et al., 2022) or Sll0528 here has little effect on the transcriptional landscape.

RbcR positively controlled the RuBisCO encoding genes, as well as several other genes encoding components of Ci assimilation and concentration in Synechocystis; thus, RbcR was recognized as the third major regulator of cyanobacterial Ci assimilation, in addition to transcription factor NdhR and CmpR (Bolay et al., 2022). NdhR (also called CcmR) is a carbon-responsive repressor that acts on the bicarbonate transporter operon in high CO2 conditions (Wang et al., 2004). NdhR is activated by 2-oxoglutarate (2-OG) that accumulates in cells when the Ci/nitrogen ratio is high, while it is inhibited by 2-phosphoglycolate (2-PG), the first intermediate of the photorespiration, indicating low Ci (Jiang et al., 2018). RbcR, CmpR, and cyAbrB2 activate transcription of the bicarbonate transporter operon under low-carbon conditions (Nishimura et al., 2008; Orf et al., 2016; Bolay et al., 2022). For the known carbon-responding transcriptional regulator, RbcR is the main regulator for rbcLXS and ccmK2K1LMN operons in low Ci, whereas the rbcLXS and ccmK2K1LMN operons do not belong to the NdhR, CmpR or CyAbrB2 regulons (Bolay et al., 2022). A high concentration of ammonium actually results in a relatively low intracellular Ci supply. Interestingly, among the four Ci assimilation-related transcriptional regulators, only RbcR was significantly induced upon 30 mM NH4Cl (Lin et al., 2023), consistent with its active engagement in ammonium acclimation. RbcR has homologs widely distributed among cyanobacteria, such as PacR in the filamentous, diazotrophic cyanobacterium Anabaena sp. PCC 7120.

PacR was first discovered as a global regulator of photosynthetic carbon assimilation in Anabaena (Picossi et al., 2015) and was recently reported to control heterocyst differentiation, serving as a crucial transcriptional regulator for balancing carbon and nitrogen metabolism (Lin et al., 2025). Intriguingly, search for the Sll0528 homolog in Anabaena sp. PCC 7120 revealed at least two candidates, All1844 and Alr3900, both of which contain the conserved HELGH motif within one of the transmembrane domains. It is tempting to propose that the interaction between Sll0528 and RbcR, observed in Synechocystis, might be conserved among cyanobacteria and play a role in regulating carbon and nitrogen metabolism. In this context, RbcR was identified as the Sll0528-interacting protein, which provides novel insight for investigating carbon/nitrogen homeostasis control during ammonium stress acclimation. However, the role of the interaction between Sll0528 and RbcR in carbon/nitrogen homeostasis control under ammonium stress remains to be further explored. Meanwhile, it cannot be ruled out that Sll0528 may interact with additional transcriptional regulators to control this group of genes, including rbcLXS. If this is the case, further investigation of other Sll0528 proximity proteins could uncover a novel regulator of rbcLXS.

NtcA was identified as the proximity protein of Sll0528, and its interaction with Sll0528 was confirmed using BACTH (Figures 5, 6). NtcA is the global transcriptional regulator that controls nitrogen assimilation and metabolism under nitrogen depletion (Vega-Palas et al., 1992; García-Domínguez et al., 2000; Forcada-Nadal et al., 2018). Fifty-one genes activated and 28 repressed directly by NtcA during early acclimation to nitrogen starvation were identified through a combination of chromatin immunoprecipitation sequencing and transcriptomic analysis (Giner-Lamia et al., 2017). However, since the acclimation to ammonium stress is not merely the reverse of nitrogen starvation (Lin et al., 2023), given the data in hand, the involvement of NtcA in ammonium acclimation through its interaction with Sll0528 remains obscure and is awaiting further investigation.

Our study here establishes the site-2 protease Sll0528 as an essential regulator of ammonium stress acclimation in Synechocystis sp. PCC 6803. Proximity labeling of Sll0528 revealed a robust set of putative Sll0528-interacting proteins for functional characterization. Some of the interactions were subsequently confirmed through the bacterial two-hybrid assay, including the transcriptional regulator RbcR. Transcriptomic analysis indicated the significant downregulation of the RbcR regulon in the sll0528 knockout mutant, suggesting that the compromised RbcR regulon expression was due to the improper post-transcriptional regulation of RbcR, mediated through the interaction with Sll0528. They cooperate to regulate carbon/nitrogen homeostasis and contribute to stress acclimation under ammonium, highlighting an important function of Sll0528 in metabolic control. The evolutionary conservation of S2P proteases across all domains of life underscores their fundamental regulatory importance. While cyanobacteria and plant S2Ps [e.g., Arabidopsis EGY1/AMOS1 regulating chloroplast development and nutrient stress response (Chen et al., 2005; Guo et al., 2008; Li et al., 2012; Yu et al., 2016), and tomato Lutescent2 controlling fruit ripening (Barry et al., 2012; Li et al., 2021)] demonstrate functional diversity, progress in understanding their mechanisms has been limited by unidentified downstream targets. Our findings reveal an interaction between a cyanobacterial S2P protease and the carbon-responsive transcriptional machinery, providing new mechanistic insights into the regulation of carbon-nitrogen homeostasis in cyanobacteria during nitrogen fluctuations. This provides hints for the functional characterization of other S2P proteases in photosynthetic organisms and may facilitate the cyanobacteria-based bioremediation of ammonium-rich wastewater in the future.



Data availability statement

The original datasets presented in the study are publicly available. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD062293.



Author contributions

SL: Conceptualization, Data curation, Formal analysis, Methodology, Validation, Visualization, Writing – original draft. TZ: Methodology, Validation, Visualization, Writing – original draft. YM: Methodology, Validation, Visualization, Writing – original draft. GZ: Methodology, Validation, Visualization, Writing – original draft. GC: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by National Natural Science Foundation of China (31270085) and Natural Science Foundation of Guangdong Province (2018A030313783).



Acknowledgments

We acknowledge Prof. Paul Hudson of KTH-Royal Institute of Technology, Stockholm, Sweden, for providing us with the pJA2C plasmid. We acknowledge Prof. Beile Gao of the South China Sea Institute of Oceanology, Chinese Academy of Sciences (CAS), for providing us with the pUT18 and pKT25 plasmids.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1556583/full#supplementary-material



Footnotes

1   http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

2   http://deweylab.github.io/RSEM/

3   http://www.bioconductor.org/packages/2.12/bioc/html/edgeR.html



References

 Barry, C. S., Aldridge, G. M., Herzog, G., Ma, Q., McQuinn, R. P., Hirschberg, J., et al. (2012). Altered chloroplast development and delayed fruit ripening caused by mutations in a zinc metalloprotease at the lutescent2 locus of tomato. Plant Physiol. 159, 1086–1098. doi: 10.1104/pp.112.197483

 Battesti, A., and Bouveret, E. (2012). The bacterial two-hybrid system based on adenylate cyclase reconstitution in Escherichia coli. Methods 58, 325–334. doi: 10.1016/j.ymeth.2012.07.018 

 Bhatia, S. K., Mehariya, S., Bhatia, R. K., Kumar, M., Pugazhendhi, A., Awasthi, M. K., et al. (2021). Wastewater based microalgal biorefinery for bioenergy production: Progress and challenges. Sci Total Environ 751:141599. doi: 10.1016/j.scitotenv.2020.141599

 Bolay, P., Dodge, N., Janssen, K., Jensen, P. E., and Lindberg, P. (2024). Tailoring regulatory components for metabolic engineering in cyanobacteria. Physiol. Plant. 176:e14316. doi: 10.1111/ppl.14316 

 Bolay, P., Schluter, S., Grimm, S., Riediger, M., Hess, W. R., and Klaehn, S. (2022). The transcriptional regulator RbcR controls ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) genes in the cyanobacterium Synechocystis sp. PCC 6803. New Phytol. 235, 432–445. doi: 10.1111/nph.18139 

 Bosch, J. A., Chen, C. L., and Perrimon, N. (2021). Proximity-dependent labeling methods for proteomic profiling in living cells: An update. Wiley Interdiscip. Rev. Dev. Biol. 10:e392. doi: 10.1002/wdev.392

 Branon, T. C., Bosch, J. A., Sanchez, A. D., Udeshi, N. D., Svinkina, T., Carr, S. A., et al. (2018). Efficient proximity labeling in living cells and organisms with TurboID. Nat. Biotechnol. 36, 880–887. doi: 10.1038/nbt.4201 

 Brown, M. S., Ye, J., Rawson, R. B., and Goldstein, J. L. (2000). Regulated intramembrane proteolysis: a control mechanism conserved from bacteria to humans. Cell 100, 391–398. doi: 10.1016/s0092-8674(00)80675-3 

 Cassier-Chauvat, C., Blanc-Garin, V., and Chauvat, F. (2021). Genetic, genomics, and responses to stresses in cyanobacteria: biotechnological implications. Genes 12:500. doi: 10.3390/genes12040500 

 Chen, G., Bi, Y. R., and Li, N. (2005). EGY1 encodes a membrane-associated and ATP-independent metalloprotease that is required for chloroplast development. Plant J. 41, 364–375. doi: 10.1111/j.1365-313X.2004.02308.x 

 Chen, G., and Zhang, X. (2010). New insights into S2P signaling cascades: regulation, variation, and conservation. Protein Sci. 19, 2015–2030. doi: 10.1002/pro.496 

 Cho, K. F., Branon, T. C., Udeshi, N. D., Myers, S. A., Carr, S. A., and Ting, A. Y. (2020). Proximity labeling in mammalian cells with TurboID and split-TurboID. Nat. Protoc. 15, 3971–3999. doi: 10.1038/s41596-020-0399-0 

 Cortes-Rios, J., Zarate, A. M., Figueroa, J. D., Medina, J., Fuentes-Lemus, E., Rodriguez-Fernandez, M., et al. (2020). Protein quantification by bicinchoninic acid (BCA) assay follows complex kinetics and can be performed at short incubation times. Anal. Biochem. 608:113904. doi: 10.1016/j.ab.2020.113904 

 Dai, G. Z., Qiu, B. S., and Forchhammer, K. (2014). Ammonium tolerance in the cyanobacterium Synechocystis sp strain PCC 6803 and the role of the psbA multigene family. Plant Cell Environ 37, 840–851. doi: 10.1111/pce.12202 

 Diez, J., Lopez-Lozano, A., Dominguez-Martin, M. A., Gomez-Baena, G., Munoz-Marin, M. C., Melero-Rubio, Y., et al. (2023). Regulatory and metabolic adaptations in the nitrogen assimilation of marine picocyanobacteria. FEMS Microbiol. Rev. 47:fuac043. doi: 10.1093/femsre/fuac043

 Ding, Q. L., Chen, G., Wang, Y. L., and Wei, D. (2015). Identification of specific variations in a non-motile strain of cyanobacterium Synechocystis sp PCC 6803 originated from ATCC 27184 by whole genome resequencing. Int. J. Mol. Sci. 16, 24081–24093. doi: 10.3390/ijms161024081 

 Drath, M., Kloft, N., Batschauer, A., Marin, K., Novak, J., and Forchhammer, K. (2008). Ammonia triggers photodamage of photosystem II in the cyanobacterium Synechocystis sp. strain PCC 6803. Plant Physiol. 147, 206–215. doi: 10.1104/pp.108.117218 

 Erisman, J. W. (2021). How ammonia feeds and pollutes the world. Science 374, 685–686. doi: 10.1126/science.abm3492 

 Erisman, J. W., Galloway, J. N., Seitzinger, S., Bleeker, A., Dise, N. B., Roxana Petrescu, A. M., et al. (2013). Consequences of human modification of the global nitrogen cycle. Philos. Trans. R. Soc. B, Biol. Sci. 368:20130116. doi: 10.1098/rstb.2013.0116 

 Esteves-Ferreira, A. A., Inaba, M., Fort, A., Araujo, W. L., and Sulpice, R. (2018). Nitrogen metabolism in cyanobacteria: metabolic and molecular control, growth consequences and biotechnological applications. Crit. Rev. Microbiol. 44, 541–560. doi: 10.1080/1040841X.2018.1446902 

 Forcada-Nadal, A., Llacer, J. L., Contreras, A., Marco-Marin, C., and Rubio, V. (2018). The PII-NAGK-PipX-NtcA regulatory axis of cyanobacteria: a tale of changing partners, allosteric effectors and non-covalent interactions. Front. Mol. Biosci. 5:91. doi: 10.3389/fmolb.2018.00091 

 Forchhammer, K., and Schwarz, R. (2019). Nitrogen chlorosis in unicellular cyanobacteria - a developmental program for surviving nitrogen deprivation. Environ. Microbiol. 21, 1173–1184. doi: 10.1111/1462-2920.14447 

 Forchhammer, K., and Selim, K. A. (2020). Carbon/nitrogen homeostasis control in cyanobacteria. FEMS Microbiol. Rev. 44, 33–53. doi: 10.1093/femsre/fuz025 

 Forchhammer, K., Selim, K. A., and Huergo, L. F. (2022). New views on PII signaling: from nitrogen sensing to global metabolic control. Trends Microbiol. 30, 722–735. doi: 10.1016/j.tim.2021.12.014 

 García-Domínguez, M., Reyes, J. C., and Florencio, F. J. (2000). NtcA represses transcription of gifA and gifB, genes that encode inhibitors of glutamine synthetase type I from Synechocystis sp. PCC 6803. Mol. Microbiol. 35, 1192–1201. doi: 10.1046/j.1365-2958.2000.01789.x 

 Giner-Lamia, J., Robles-Rengel, R., Hernandez-Prieto, M. A., Muro-Pastor, M. I., Florencio, F. J., and Futschik, M. E. (2017). Identification of the direct regulon of NtcA during early acclimation to nitrogen starvation in the cyanobacterium Synechocystis sp. PCC 6803. Nucleic Acids Res. 45, 11800–11820. doi: 10.1093/nar/gkx860 

 Gu, B., Zhang, X., Lam, S. K., Yu, Y., van Grinsven, H. J. M., Zhang, S., et al. (2023). Cost-effective mitigation of nitrogen pollution from global croplands. Nature 613, 77–84. doi: 10.1038/s41586-022-05481-8 

 Guo, D., Gao, X. R., Li, H., Zhang, T., Chen, G., Huang, P. B., et al. (2008). EGY1 plays a role in regulation of endodermal plastid size and number that are involved in ethylene-dependent gravitropism of light-grown Arabidopsis hypocotyls. Plant Mol. Biol. 66, 345–360. doi: 10.1007/s11103-007-9273-5 

 Imaizumi, Y., Takanuki, K., Miyake, T., Takemoto, M., Hirata, K., Hirose, M., et al. (2022). Mechanistic insights into intramembrane proteolysis by E. coli site-2 protease homolog RseP. Sci. Adv. 8:eabp9011. doi: 10.1126/sciadv.abp9011

 Jiang, Y. L., Wang, X. P., Sun, H., Han, S. J., Li, W. F., Cui, N., et al. (2018). Coordinating carbon and nitrogen metabolic signaling through the cyanobacterial global repressor NdhR. Proc. Natl. Acad. Sci. USA 115, 403–408. doi: 10.1073/pnas.1716062115 

 Karimova, G., Ullmann, A., and Ladant, D. (2001). Protein-protein interaction between Bacillus stearothermophilus tyrosyl-tRNA synthetase subdomains revealed by a bacterial two-hybrid system. J. Mol. Microbiol. Biotechnol. 3, 73–82 

 Kim, D., Jensen, S. C., Noble, K. A., Birendra, K. C., Roux, K. H., Motamedchaboki, K., et al. (2016). An improved smaller biotin ligase for BioID proximity labeling. Mol. Biol. Cell 27, 1188–1196. doi: 10.1091/mbc.E15-12-0844 

 Kuehnle, N., Dederer, V., and Lemberg, M. K. (2019). Intramembrane proteolysis at a glance: from signalling to protein degradation. J. Cell Sci. 132:jcs217745. doi: 10.1242/jcs.217745

 Lam, S. S., Martell, J. D., Kamer, K. J., Deerinck, T. J., Ellisman, M. H., Mootha, V. K., et al. (2015). Directed evolution of APEX2 for electron microscopy and proximity labeling. Nat. Methods 12, 51–54. doi: 10.1038/nmeth.3179 

 Lei, H., Chen, G., Wang, Y., Ding, Q., and Wei, D. (2014). Sll0528, a Site-2-protease, is critically involved in cold, salt and hyperosmotic stress acclimation of cyanobacterium Synechocystis sp PCC 6803. Int. J. Mol. Sci. 15, 22678–22693. doi: 10.3390/ijms151222678 

 Li, B., Li, Q., Xiong, L., Kronzucker, H. J., Kraemer, U., and Shi, W. (2012). Arabidopsis plastid AMOS1/EGY1 integrates abscisic acid signaling to regulate global gene expression response to ammonium stress. Plant Physiol. 160, 2040–2051. doi: 10.1104/pp.112.206508 

 Li, G. B., Wang, J. F., Zhang, C. L., Ai, G., Zhang, D. D., Wei, J., et al. (2021). L2, a chloroplast metalloproteinase, regulates fruit ripening by participating in ethylene autocatalysis under the control of ethylene response factors. J. Exp. Bot. 72, 7035–7048. doi: 10.1093/jxb/erab325 

 Lin, S., Li, S., Ouyang, T., and Chen, G. (2023). Site-2 protease Slr1821 regulates carbon/nitrogen homeostasis during ammonium stress acclimation in cyanobacterium Synechocystis sp. PCC 6803. Int. J. Mol. Sci. 24:6606. doi: 10.3390/ijms24076606

 Lin, G.-M., Zhang, J.-Y., Shao, Z.-H., Yang, C., Zhao, G.-P., Huang, K.-Y., et al. (2025). The LysR-type transcriptional factor PacR controls heterocyst differentiation and C/N metabolism in the cyanobacterium Anabaena PCC 7120. Microbiol. Res. 290:127970. doi: 10.1016/j.micres.2024.127970

 Milione, R. R., Schell, B. B., Douglas, C. J., and Seath, C. P. (2024). Creative approaches using proximity labeling to gain new biological insights. Trends Biochem. Sci. 49, 224–235. doi: 10.1016/j.tibs.2023.12.005 

 Nishimura, T., Takahashi, Y., Yamaguchi, O., Suzuki, H., Maeda, S.-I., and Omata, T. (2008). Mechanism of low CO2-induced activation of the cmp bicarbonate transporter operon by a LysR family protein in the cyanobacterium Synechococcus elongatus strain PCC 7942. Mol. Microbiol. 68, 98–109. doi: 10.1111/j.1365-2958.2008.06137.x 

 Orf, I., Schwarz, D., Kaplan, A., Kopka, J., Hess, W. R., Hagemann, M., et al. (2016). CyAbrB2 contributes to the transcriptional regulation of low CO2 acclimation in Synechocystis sp. PCC 6803. Plant Cell Physiol. 57, 2232–2243. doi: 10.1093/pcp/pcw146 

 Orthwein, T., Scholl, J., Spat, P., Lucius, S., Koch, M., Macek, B., et al. (2021). The novel PII-interactor PirC identifies phosphoglycerate mutase as key control point of carbon storage metabolism in cyanobacteria. Proc. Natl. Acad. Sci. U. S. A. 118:e2019988118. doi: 10.1073/pnas.2019988118

 Picossi, S., Flores, E., and Herrero, A. (2015). The LysR-type transcription factor PacR is a global regulator of photosynthetic carbon assimilation in Anabaena. Environ. Microbiol. 17, 3341–3351. doi: 10.1111/1462-2920.12800 

 Priyadharshini, S. D., Babu, P. S., Manikandan, S., Subbaiya, R., Govarthanan, M., and Karmegam, N. (2021). Phycoremediation of wastewater for pollutant removal: a green approach to environmental protection and long-term remediation. Environ. Pollut. 290:117989. doi: 10.1016/j.envpol.2021.117989

 Qin, W., Cho, K. F., Cavanagh, P. E., and Ting, A. Y. (2021). Deciphering molecular interactions by proximity labeling. Nat. Methods 18, 133–143. doi: 10.1038/s41592-020-01010-5 

 Rippka, R., Deruelles, J., Waterbury, J. B., Herdman, M., and Stanier, R. Y. (1979). Generic assignments, strain histories and properties of pure cultures of cyanobacteria. Microbiology 111, 1–61. doi: 10.1099/00221287-111-1-1

 Sakai, J., Duncan, E. A., Rawson, R. B., Hua, X., Brown, M. S., and Goldstein, J. L. (1996). Sterol-regulated release of SREBP-2 from cell membranes requires two sequential cleavages, one within a transmembrane segment. Cell 85, 1037–1046. doi: 10.1016/S0092-8674(00)81304-5 

 Selim, K. A., Ermilova, E., and Forchhammer, K. (2020). From cyanobacteria to Archaeplastida: new evolutionary insights into PII signalling in the plant kingdom. New Phytol. 227, 722–731. doi: 10.1111/nph.16492 

 Sharma, R., Mishra, A., Pant, D., and Malaviya, P. (2022). Recent advances in microalgae-based remediation of industrial and non-industrial wastewaters with simultaneous recovery of value-added products. Bioresour. Technol. 344:126129. doi: 10.1016/j.biortech.2021.126129 

 Varjani, S., Rakholiya, P., Shindhal, T., Shah, A. V., and Hao, N. H. (2021). Trends in dye industry effluent treatment and recovery of value added products. J. Water Proc. Eng. 39:101734. doi: 10.1016/j.jwpe.2020.101734

 Vega-Palas, M. A., Flores, E., and Herrero, A. (1992). NtcA, a global nitrogen regulator from the cyanobacterium Synechococcus that belongs to the Crp family of bacterial regulators. Mol. Microbiol. 6, 1853–1859. doi: 10.1111/j.1365-2958.1992.tb01357.x 

 Wang, H. L., Postier, B. L., and Burnap, R. L. (2004). Alterations in global patterns of gene expression in Synechocystis sp PCC 6803 in response to inorganic carbon limitation and the inactivation of ndhR, a LysR family regulator. J. Biol. Chem. 279, 5739–5751. doi: 10.1074/jbc.M311336200 

 Watzer, B., Spaet, P., Neumann, N., Koch, M., Sobotka, R., Macek, B., et al. (2019). The signal transduction protein P-II controls ammonium, nitrate and urea uptake in cyanobacteria. Front. Microbiol. 10:1428. doi: 10.3389/fmicb.2019.01428

 Xie, Y., Lv, Y., Jia, L., Zheng, L., Li, Y., Zhu, M., et al. (2023). Plastid-localized amino acid metabolism coordinates rice ammonium tolerance and nitrogen use efficiency. Nat. Plants 9, 1514–1529. doi: 10.1038/s41477-023-01494-x 

 Yokoyama, T., Yamagata, Y., Honna, S., Mizuno, S., Katagiri, S., Oi, R., et al. (2023). S2P intramembrane protease RseP degrades small membrane proteins and suppresses the cytotoxicity of intrinsic toxin HokB. MBio 14:4. doi: 10.1128/mbio.01086-23

 Yu, F. W., Zhu, X. F., Li, G. J., Kronzucker, H. J., and Shi, W. M. (2016). The chloroplast protease AMOS1/EGY1 affects phosphate homeostasis under phosphate stress. Plant Physiol. 172, 1200–1208. doi: 10.1104/pp.16.00786

 Zhang, X., Chen, G., Qin, C., Wang, Y., and Wei, D. (2012). Slr0643, an S2P homologue, is essential for acid acclimation in the cyanobacterium Synechocystis sp. PCC 6803. Microbiology 158, 2765–2780. doi: 10.1099/mic.0.060632-0

 Zhang, K., Li, Y., Huang, T., and Li, Z. (2022). Potential application of TurboID-based proximity labeling in studying the protein interaction network in plant response to abiotic stress. Front. Plant Sci. 13:974598. doi: 10.3389/fpls.2022.974598

 Zhang, Y. L., Song, G. Y., Lai, N. K., Nagalakshmi, U., Li, Y. Y., Zheng, W. J., et al. (2019). TurboID-based proximity labeling reveals that UBR7 is a regulator of N NLR immune receptor-mediated immunity. Nat. Commun. 10:3252. doi: 10.1038/s41467-019-11202-z

 Zhang, C. C., Zhou, C. Z., Burnap, R. L., and Peng, L. (2018). Carbon/nitrogen metabolic balance: lessons from cyanobacteria. Trends Plant Sci. 23, 1116–1130. doi: 10.1016/j.tplants.2018.09.008 


Copyright
 © 2025 Lin, Zheng, Mo, Zhang and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-16-1556583-g005.jpg
Hipl?

0828 wsvosss
sisy)
* esioies
RbeRe ., o
sifigs
o S92 ST
o s .
NeA
sasis
0 1 2 3 4 5





OPS/images/fmicb-16-1556583-g006.jpg
nogative  0S28-T18 0528718 T18.0S28 T18-0528
conwol  XT25 125X XT25 125X

NteA
S11463
Tspt7

su1873

H
B

e00o0000000000|!






OPS/images/fmicb-16-1556583-g003.jpg





OPS/images/fmicb-16-1556583-g004.jpg
(c)

PYTB (77) PEN/TB (166)

Pz PN 247)

8 (121)






OPS/images/fmicb-16-1556583-t001.jpg
Gene ID Annotation Log;FoldChange M vs. WT  Log,FoldChange OE vs.
W

<0528 $28,site-2 protease -170 361

<l10998 rbek RuBisCO transeriptional regulator -006 -020
RbcR

sllos19 ndhA NADH dehydrogenase subunit 1 -137 0.6

sli1028 cmk Carbon dioxide-concentrating -072 ~008

‘mechanism protein CemK

sl11029 ccmK Carbon dioxide-concentrating -076 -0.13

‘mechanism protein CemK

<l11030 coml. Carbon dioxide-concentrating ~013
‘mechanism protein Cem, putative
carboxysome assembly protein
sli1031 cmM Carbon dioside-concentrating ~022
‘mechanism protein CemM,
putative carboxysome structural
protein
sllio32 anN Carbon dioxide-concentrating ~093 -032
‘mechanism protein CemN, putative
carboxysome assembly protein
sli735 Secreted protein MPB70 -227 =177
$Ir0006 Unknown protein —1.50
sIr0007 Probable sugar-phosphate 222 -1.62
nucleotidyltransferase
00009 rbel. RuBiSCO large subunit ~026
slr0011 rbeX possible RuBisCO chaperor —0.23
slro012 rbeS RuBisCO small subunit -0.99 =0.13
slr0476 Unknown protein -1.02 —0.42
slri279 ndhC NADH dehydrogenase subunit 3 -071
slri250 ndhK NADH dehydrogenase subunit -152 ~088
NdhK
slr1281 ndh] NADH dehydrogenase subunit [ -171 -093
sris2 sbiA Sodium-dependent bicarbonate ~084
transporter
slr1513 sbiB PIl-like signaling protein 217 —0.64

M, Asll0328. OF, OEslI0528. W, wild type.
0, ribulose-1,5-bisphosphate-carboxylase/oxygenase.






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Site-2 protease Sll0528 interacts with RbcR to regulate carbon/nitrogen homeostasis in the cyanobacterium Synechocystis sp. PCC 6803



		Introduction



		Materials and methods



		Strains and cultivation



		Generation of recombinant Synechocystis strain



		TurboID-based proximity labeling and enrichment of biotinylated proteins



		Western blot analysis



		4D label-free quantitative proteomic analysis



		Bacterial two-hybrid assay



		RNA extraction and quantitative RT-PCR



		Transcriptomic analysis



		Statistical analyses









		Results



		Sll0528 plays an essential role in the acclimation to high ammonium stress



		Construction of the Sll0528-TurboID line to reveal the Sll0528 interacting protein



		Optimization of TurboID-based proximity labeling and enrichment of biotinylated proteins



		Identification of biotinylated proteins enriched in P0528T through proteomic analysis



		Bacterial two-hybrid assay



		Transcriptomics demonstrates RbcR regulon downregulated in sll0528 knockout mutant









		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-16-1556583-g001.jpg
@) |—wr

‘WT-90 mM NH.Cl

= == WT-105 mM NH.Cl
— WI-20mMNHCI
=== 4sll0528

e Asll0528-90 mM NHCL
i A5110528-105 mM NH.CI
Asl10528-120 mM NH.CI

AT30

04

(©) |—wr |
— — WI-IS0mM NH.CI

— - WI-I80mM NH.CI
WT-210 mM NH.CL

-~ OEsli0s28

OESlI0528-150 mM NH.CL

OEsll0528-150 mM NHCL

OESlI0528-210 mM NHAL

08

AT30

06

04

0 1 2 pays 3 4 s

wT Asll0528

BGI1

BGI1+ 120 mM NHiC

0 1 2 Days 3 4 5

BGI

BGI1+ 180 mM NHCI






OPS/images/fmicb-16-1556583-g002.jpg
()

si10528  TurboID
POS28T- S

TubolD  Cm
TBYPC—1

Relative expression lev

somM  p0mM

A0 I00100 1100100 100 10 1100 10 100 104
.
.
°
° .
P0528T . o
° e o0
° e e e o0 e L s e .
OE;slins28 ® ®ee000: 000 ® e 0 L] .
o000 e 0ec 000 o se e 00 s e .

0mM NH: 15 mM NH: 30 mM NHs 60 mM NHs 90 mM NHs 120 mM NH: 150 mM NH:





OPS/images/cover.jpg
’ frontiers = Frontiers in Microbiology

Site-2 protease SIl0528 interacts
with RbcR to regulate carbon/
nitrogen homeostasis in the
cyanobacterium Synechocystis
sp. PCC 6803












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






