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Zusammenfassung 
Cyanobakterien sind die „Erfinder“ der sauerstoffhaltigen Photosynthese und können 
CO2 durch die Carboxylierungsreaktion von RuBisCO im Calvin-Benson-Bassham-
Zyklus binden. Aufgrund der modernen niedrigen CO2- und hohen O2-Konzentrationen 
in der Atmosphäre, bindet RuBisCO manchmal fälschlicherweise O2 durch die 
Oxygenierungsreaktion, was zu einer Energieverschwendung für die Zellen führt. Um 
das Problem zu lösen, haben Cyanobakterien den anorganischen 
Kohlenstoffkonzentrationsmechanismus (CCM) entwickelt, der es der Zelle 
ermöglicht, die CO2-Konzentration um RuBisCO herum zu erhöhen, um das Auftreten 
der Oxygenierungsreaktion effektiv zu reduzieren. 

Einer der Hauptbestandteile des CCM ist der Bikarbonattransporter SbtA, der durch 
SbtB reguliert wird, einem kleinen Proteinteil der PII-ähnlichen Superfamilie. Mit der 
Fähigkeit, eine Vielzahl von Adenylnukleotiden zu binden, ist SbtB in der Lage, die 
Energie-, anorganischen Kohlenstoff- und Lichtzustände der Zelle zu erfassen, die 
Aktivität mehrerer Komponenten des CCM und des Kohlenstoffstoffwechsels zu 
modulieren und es Cyanobakterien so zu ermöglichen, sich effizient an schwankenden 
Kohlenstoff anzupassen Bedingungen. Seine Hauptregulierungsfunktion übernimmt 
die T-Schleife, ein Bestandteil des Proteins, der je nach Ligand an der Bindungsstelle 
unterschiedliche Strukturen annimmt. Sein Hauptinteraktionspartner ist der 
Transporter SbtA, mit dem es auf unterschiedliche Weise interagiert, um entweder den 
Transport zu hemmen, wenn er nicht benötigt wird, oder um das Austreten von 
Bikarbonat zu verhindern und so Energieverschwendung zu vermeiden. Die 
Interaktion mit dem Transporter wird durch zwei einzigartige Funktionalitäten von SbtB 
beeinflusst, nämlich seine ATP/ADPase-Aktivität und seine C-terminale 
redoxempfindliche Schleife. Beide werden von der Lichtphase beeinflusst, sodass 
SbtB die CCM entsprechend dem zyklischen Licht des Tagesrhythmus regulieren 
kann. Zusätzlich zur Regulierung von SbtA ist das Protein in der Lage, durch die c-di-
AMP-abhängige Interaktion mit dem Glykogen-Verzweigungsenzym den 
Glykogenstoffwechsel direkt zu beeinflussen, um die Glykogensynthese während des 
Tages zu fördern. Darüber hinaus erweitert SbtB seine regulatorische Funktion auf die 
Genexpression beider Komponenten der CCM- und Ci-regulierten Gene. 

Daher eröffnete die Entdeckung und hier durchgeführte Charakterisierung der SbtB-
Funktionalität ein neues Paradigma für die Regulierung der Aufnahme und des 
Einbaus von anorganischem Kohlenstoff in Cyanobakterien. 

Summary 
Cyanobacteria are the “inventors” of oxygenic photosynthesis and are able to fix CO2 
through the carboxylation reaction of RuBisCO in the Calvin-Benson-Bassham cycle. 
With the modern low CO2 and high O2 concentrations in the atmosphere, RuBisCO 
sometimes erroneously fixes O2 through the oxygenation reaction, causing the cells 
an energy wastage. To solve the issue, cyanobacteria evolved the inorganic carbon-
concentrating mechanism (CCM), which allows the cell to increase the concentration 
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of CO2 around RuBisCO to effectively reduce the occurrence of the oxygenation 
reaction.  

One of the main components of the CCM is the bicarbonate transporter SbtA that is 
regulated by SbtB, a small protein part of the PII-like superfamily. With the ability to 
bind a variety of adenyl nucleotides, SbtB is capable of sensing the energy, inorganic 
carbon and light states of the cell, to modulate the activity of multiple components of 
the CCM and carbon metabolism, allowing cyanobacteria to efficiently adapt to 
fluctuating carbon conditions. Its main regulatory function is carried out by its T-loop, 
a component of the protein which assumes different structures depending on the 
ligand in the binding site. Its main interaction partner is the transporter SbtA, which it 
interacts with in different ways to either inhibit transport when not needed or to prevent 
leakage of bicarbonate to avoid energy waste. The interaction with the transporter is 
affected by two unique functionalities of SbtB, namely its ATP/ADPase activity and its 
C-terminal redox-sensitive loop. Both are affected by the light phase, allowing SbtB to
regulate the CCM according to the cycling light of the diurnal rhythm. In addition to the
regulation of SbtA, the protein is capable of directly influencing glycogen metabolism
through the c-di-AMP-dependent interaction with the glycogen branching enzyme, to
promote glycogen synthesis during the day. Furthermore, SbtB extends its regulatory
function to the gene expression of both components of the CCM and Ci-regulated
genes.

Hence, the discovery and here performed characterization of the SbtB functionality 
opened a new paradigm for the regulation of the inorganic carbon acquisition and 
incorporation among cyanobacteria. 

Introduction 
Changes in atmospheric CO2 and O2 due to the evolution of 
cyanobacteria 
During the course of Earth history, the composition of the atmosphere underwent 
significant changes. Before 2.4 billion years ago, the concentration of O2 never 
surpassed 0.001%, while the CO2 concentration fluctuated between 15 and 30% 
(Berner, 2006; Lyons et al., 2014). However, this changed greatly after the appearance 
of oxygenic photosynthesis that evolved in ancient cyanobacteria, which caused the 
“great oxidation event”, greatly increasing the concentration of O2 until today’s 
concentration of ~21%, with virtually all of the oxygen in the atmosphere coming from 
photosynthesis. Cyanobacteria appeared around 2.7 billion years ago and after their 
proliferation and the spread of photosynthesis into Eukaryotes, through the years, the 
concentration of CO2 also showed a sharp decline, reaching the modern levels of 
0.04% (Hohmann-Marriott & Blankenship, 2011). 

Photosynthesis, carbon fixation and photorespiration 
While the process of photosynthesis refers to harvesting of physical light energy into 
chemical energy in the light process that is mainly used for the reduction of CO2 to 
produce organic carbon for biomass, this process differs among photosynthetic 
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organisms. In cyanobacteria, the light, harvested by the photosystems I and II (PSI 
and PSII), is used to split water, to generate O2, released in the environment, and 
protons (H+), and to generate an electron transfer chain. Powered by the movement 
of electrons, protons are used to produce chemical energy under the form of 
adenosine triphosphate (ATP) and the reducing agent NADPH2 (Bryant & Frigaard, 
2006) The chemical energy is then utilized by the cell to fix CO2 through the Calvin-
Benson-Bassham (CBB) cycle. The CBB cycle catalyses the fixation of 3 CO2 
molecules, by consuming ATP and NADPH2, to produce one molecule of the primary 
organic compound 3-phosphoglycerate (3PGA). (Hagemann et al., 2016; McFarlane 
et al., 2019) The key enzyme of this reaction is ribulose 1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO), the most abundant enzyme on Earth and the 
enzyme used by all oxygenic phototrophs for the fixation of CO2. The main reasons 
behind its abundance, outside of the relevance of the reaction it catalyses, is the 
relatively low kinetics and low specificity. This enzyme, in fact, instead of the intended 
carboxylation reaction of CO2 fixation, can incorrectly perform the oxygenation 
reaction, binding and fixing O2 instead, leading to the production of the intermediate 
2-phosphoglycolate (2PG). To get rid of this molecule, oxygenic phototrophs evolved 
the metabolic process known as photorespiration, as both 2PG and its subsequent 
products are intracellular toxins, known to inhibit key enzymes of different vital 
metabolic pathways such as the CBB cycle. Photorespiration, a process present with 
many variations in all oxygenic phototrophs, allows the conversion of two molecules 
of 2PG into one 3PGA, with the cost of one ATP, one NADPH2, one CO2 and causing 
the release of one NH3. Despite wasteful, photorespiration is an essential process that 
allows oxygenic phototrophs to survive in the modern atmosphere, by preventing the 
operation of photosynthesis and of the CCB cycle to be interrupted. The ratio of 
carboxylation/oxygenation reaction is affected mainly by CO2 and O2 concentrations 
at the active site of RuBisCO, but also by temperature, with higher temperatures 
favouring the oxygenation reaction. (Hagemann et al., 2016; Orf et al., 2016) With the 
increased levels of O2 and decreased levels of CO2 in the modern atmosphere, this 
issue was exacerbated, leading to a rate of around 1 oxygenation reaction for every 4 
carboxylation reactions in land plants. (Sharkey, 1988) Oxygenic phototrophs have 
evolved different mechanisms to reduce the rate of the oxygenation reaction, such as 
the evolution of RuBisCO enzymes with higher specificity towards CO2 than O2, 
compromising with an even lower reaction rate. Among the different adaptations, 
however, the most efficient is the inorganic carbon-concentrating mechanism (CCM) 
in cyanobacteria and many algae, which allows the rate of oxygenation reactions to 
decrease to around 1%. (Raven et al., 2017; Young et al., 2011) 

Cyanobacteria 
Cyanobacteria, formerly called blue-green algae, are a phylum of Gram-negative 
bacteria, characterized by the vast majority of them being capable of performing 
photosynthesis. They are evolutionarily closest to the cyanobacteria-like prokaryotes 
responsible for the transfer of oxygenic photosynthesis to the eukaryotic ancestors of 
algae and land plants through primary endosymbiosis, leading to the formation of 
chloroplasts. (Eisenhut et al., 2008; Hohmann-Marriott & Blankenship, 2011; Sukenik 
et al., 2009) In modern days, cyanobacteria have become ubiquitous. Though they 
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appear more frequently in water bodies, both fresh water and marine bodies, they can 
be found in every photic environment on Earth, ranging from tropics to deserts. 
Because of this, they now represent the largest and most varied group of 
photosynthetic prokaryotes. (Monchamp et al., 2019; Sukenik et al., 2009)  

The great variety of cyanobacteria is also reflected in their morphology, starting from 
the cells size, which ranges between 0.5 to 100 µm. Cyanobacteria can be unicellular, 
colonial or form multicellular filaments, showcasing different cell shapes in each case. 
Some show cell differentiation, such as heterocysts, responsible for nitrogen fixation, 
or akinetes, acting as spore-like cells, with both being more common among 
filamentous cyanobacteria. Moreover, some filamentous strains are capable to form 
true branches (Dvořák et al., 2015; Mehdizadeh Allaf & Peerhossaini, 2022) Many 
cyanobacteria also possess pili as extracellular appendages, which mainly facilitate 
the uptake of genetic material and allow some cyanobacteria to possess a gliding type 
of motility. (Schuergers & Wilde, 2015) The thylakoid membrane, the intracellular 
folding of the plasma membrane where the photosynthetic complexes are located, also 
show a large diversity in architecture among the different groups of 
cyanobacteria.(Mareš et al., 2019)  

The vast variety in the morphology and environmental habitat of cyanobacteria is 
mirrored by the complexity of their metabolism. Outside of photosynthesis and carbon 
fixation, and with some are capable of nitrogen fixation, hundreds of bioactive 
compounds have been discovered to be produced by cyanobacteria. Among these, 
there are also many toxins, mostly comprising of neurotoxins, hepatotoxins and 
endotoxins. (Calteau et al., 2014) Furthermore, all these metabolic processes possess 
complex regulation, due to the constantly changing conditions in their environments. 
Outside of the adaptation to the diurnal light rhythm, with the presence of a circadian 
clock, cyanobacteria, requiring a liquid media to live in, face significant changes in 
their environment such as variations in metabolites and ionic concentrations in the 
water. Therefore, cyanobacteria evolved regulatory systems that allows them to adapt 
their metabolism to constant environmental changes. One example of such a system 
is the CCM. (Cohen & Golden, 2015; Mehdizadeh Allaf & Peerhossaini, 2022) 

CO2-concentrating mechanism in cyanobacteria 
Outside of the changes in inorganic carbon (Ci) availability on a large time scale, 
cyanobacteria face fluctuations of Ci on a short time scale. In fact, the solubility of CO2 
in the water is subjected to rapid changes, being affected by temperature, pH and salt 
content. High temperature reduces the solubility of CO2, which, once dissolved, can 
be present as either CO2, bicarbonate (HCO3-) or carbonate (CO3--), depending on the 
pH. This greatly affects the availability of Ci, as CO2 possesses a low solubility, 
representing less than 1% of the Ci in the water, with most being in the form of 
carbonate or bicarbonate. Acidic waters contain mostly CO2, shifting to mostly 
bicarbonate in slightly alkaline conditions or carbonate under higher pH. (DiMario et 
al., 2018) First appearing between 400 and 2000 million years ago, the CCM, evolved 
by cyanobacteria, not only very efficiently increases the rate of the carboxylation 
reaction and reduces the oxygenation reaction of RuBisCO, but also allows them to 
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acclimate to fluctuating Ci concentrations. (Badger & Price, 2003; Kupriyanova et al., 
2013)  

The cyanobacterial CCM is a biophysical system that achieves its efficiency thanks to 
different components (Fig. 1), which allow the cells to accumulate bicarbonate instead 
of CO2, since this ion more easily dissolves in water, can be actively transported and 
cannot escape from the cell. The CCM utilizes three bicarbonate transporters located 
in the plasma membrane. The primary active transporter is the ABC-type transporter 
BCT1 (Omata et al., 1999) that works conjunctively with two Na+-bicarbonate 
symporters SbtA (Shibata et al., 2002) and BicA. (Price et al., 2004) While BCT1 is 
constitutively expressed in many cyanobacteria such as in the model strain 
Synechocystis sp. PCC 6803 (henceforth Synechocystis), SbtA and BicA are induced 
under low-Ci conditions (LC) conditions. (Mantovani et al., 2022) The transporter BCT1 
is regulated by the transcription factor CmpR that activates with the binding of the 
metabolites ribulose 1,5 bisphosphate and 2PG, which accumulate under LC 
conditions. (Nishimura et al., 2008) 

The second component of the CCM are carboxysomes, polyhedral protein 
microcompartments in which RuBisCO is located. Two phylogenetically distant 
variants of carboxysomes and RuBisCO exist in cyanobacteria, sharing a similar 
function and distinguishing the β-cyanobacteria, which include most of the 
cyanobacterial phylum, from the α-cyanobacteria, mainly composed by picoplanktonic 
cyanobacteria. These microcompartments, outside of RuBisCO, contain the enzyme 
carbonic anhydrase (CA), which efficiently converts HCO3- to CO2, greatly enriching 
the carboxysomal environment with CO2 and thereby reducing the occurrence of the 
oxygenation reaction.  (Hagemann et al., 2021; Kaplan & Reinhold, 1999; Melnicki et 
al., 2021; Rae et al., 2013)  

The third component of the CCM is the CO2 hydration system, composed of two 
specialized NAD(P)H dehydrogenase complexes, NDH13 and NDH14, which uses 
reduced ferredoxin, the last product of the photosynthetic electron transfer chain, to 
reduce CO2 to HCO3-. Both are located at the thylakoid membrane, but NDH14 is 
constitutive and has low CO2 affinity, while NDH13 is induced under LC-conditions and 
has high CO2 affinity. (Hagemann & Kaplan, 2020; Shibata et al., 2001) Not all the CO2

released by the CA in the carboxysomes is fixed and some escapes into the cytoplasm 
and flows out of the cells, as the gas is capable of freely diffusing through carboxysome 
and cell membrane alike. The conversion of CO2 to HCO3- by the hydration system not 
only allows the prevention of the loss of the non-fixed CO2, but also reduces its 
intracellular concentration, promoting its inward diffusion. In addition to the CCM, the 
canonical NDH1 complex is involved in respiration and the cyclic electron transport 
around PSI. (Hagemann et al., 2021; Tchernov et al., 2001) 
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Figure 1: Schematic illustration of the cyanobacterial inorganic carbon-concentrating 
mechanism (CCM). Three bicarbonate transporters (SbtA, BicA, and BCT1) and the Na+-gradient 

restoring proteins NhaS1-6 representing different Na+/H+ antiporters, are located at the plasma 

membrane. Together with the two CO2-hydrating systems on thylakoid membranes, using reduced 

ferredoxin (Fdx-), they achieve high intracellular HCO3- concentrations. Bicarbonate diffuses into the 

carboxysomes, in which it is converted to CO2 by the carbonic anhydrase (CA), thereby promoting the 

carboxylation reaction of RuBisCO. 

The bicarbonate transporter SbtA and the PII-like protein SbtB 
Among the bicarbonate transporters, one of great interest in the acclimation to 
fluctuating Ci concentrations is the sodium-dependent bicarbonate transporter A 
(SbtA). First identified in the model β-cyanobacterium Synechocystis (Shibata et al., 
2002), this transporter is highly conserved among cyanobacteria, and homologs 
appear even among heterotrophic bacteria. (von Rozycki et al., 2004). The expression 
of SbtA is highly induced under LC conditions, where it acts as the main transporter, 
possessing the highest flux rate. (Du et al., 2014) The regulation of its expression is 
mediated via the NADPH2 dehydrogenase transcriptional repressor NdhR, which, 
inactivated under LC conditions by releasing the co-repressing metabolite 2-
oxoglutarate (2-OG) and binding 2PG, is responsible for the transcription control of 
different components of the CCM. (Jiang et al., 2018; Klähn et al., 2015) 

In Synechocystis, the gene coding for SbtA is slr1512, found in an operon together 
with the gene slr1513, which encodes the small, conserved protein SbtB. In the initial 
investigation of this protein, it was annotated as a protein of unknown function that, 
however, possess a structure very similar to the nitrogen metabolism regulating 
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protein PII, suggesting a function as a regulator protein for the carbon concentrating 
mechanism. (Selim et al., 2018) 

SbtB is part of the PII superfamily  
The structural and biochemical investigation of SbtB confirmed the protein to be part 
of the PII superfamily. These are small regulatory proteins present in bacteria, archaea 
and plastids, capable of a vast regulatory activity on both carbon and nitrogen 
metabolism and constitute one of the largest signalling protein families. Their 
regulatory activity is exercised through protein-protein interactions with multiple 
partners, and is modulated by a variety of cellular signals, sensed by PII proteins 
thanks to their ability to bind different regulatory metabolites including second 
messengers. (Forchhammer & Lüddecke, 2016; Selim et al., 2018) Second 
messengers define a class of ions and small molecules, capable of rapid diffusion 
inside the cells, which produce a specific response by transducing extra- and intra- 
cellular signals to the effector protein(s). By action of enzymes producing and 
disposing of second messengers, their homeostasis is tightly controlled, allowing quick 
fluctuations in their concentrations in response to specific signals. (Newton et al., 
2016)  

The canonical PII protein in cyanobacteria, GlnB, is characterised by a highly 
conserved homo-trimeric structure. Each subunit presents a ferredoxin-like (βαβ)2 fold, 
presenting three main loop regions, the T- B- and C- loops. Together, the tree loops 
form a ligand binding pocket in the cleft between subunits, formed by the B-loop and 
the basal part of the T-loop of one subunit, together with the C-loop of the neighbouring 
subunit. Among the three, the T-loop is the most relevant for the function of the protein, 
as it not only strongly influences the affinity of each ligand for PII, but it is the main 
mediator of the interaction capabilities of the protein. (Forchhammer & Lüddecke, 
2016; Kaczmarski et al., 2019; Xu et al., 2003) Contrary to the other two loop regions, 
in fact, the T-loop is mostly disordered when no ligand is bound, but it can assume 
different conformations depending on the second messenger bound to the protein, 
modulating its activity. In such a manner PII can sense the energy state of the cell via 
ATP/ADP interaction and the carbon/nitrogen balance through 2-OG, the carbon 
skeleton for nitrogen assimilation, thereby sensing nitrogen and carbon availability to 
regulate multiple aspect of the central nitrogen metabolism. (Fokina et al., 2010; 
Forchhammer et al., 2022) Among the identified regulation targets of PII in 
cyanobacteria are the transporters Amt, Nrt and Urt, responsible for the uptake of 
ammonia, nitrate and urea, respectively, which PII is able to inhibit. The signal 
transduction of the protein extends to arginine biosynthesis, by activating the key 
enzyme N-acetylglutamate kinase (NAGK), and nitrogen-starvation-induced glycogen 
formation, modulating the flow of carbon from glycogen to anabolic pathways by 
interacting with phosphoglycerate mutate (PGAM). Furthermore, outside direct protein 
activity, PII is capable of modulating gene expression levels, affecting the expression 
of multiple components of nitrogen metabolism. It achieves this by modulating the 
activity of the two-component transcription regulator NtrB-NtrC, responsible for the 
expression of proteins involved in nitrogen assimilation and glutamine synthesis, and 
the transcription factor NtcA, the key transcription regulator of nitrogen-controlled gene 
expression. (Forchhammer et al., 2022; Forchhammer & Selim, 2020) 
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SbtB is a major receptor for adenyl-nucleotides 
As part of the PII superfamily, SbtB presents the same structural characteristic as PII 
proteins, but it is categorized as a non-canonical member of the family. The main 
reason for this is that while PII proteins are able to bind 2-OG, ATP, ADP and 
glutamine, SbtB can only bind to the adenyl nucleotides ATP, ADP, AMP, cAMP and 
c-di-AMP and to the Ca2+ ion. (Kaczmarski et al., 2019; Selim et al., 2018, 2021)

ATP-ADP-AMP 
Among all organisms, adenosine triphosphate (ATP) is used in the majority of cellular 
processes that require energy, as it is the most common energy-carrying molecule. 
The chemical energy is released by the hydrolysis of the γ- or β-phosphate groups, 
yielding ADP or AMP, respectively, which are then used as substrate to regenerate 
ATP. With the synthesis of ATP being performed both during the day, powered by 
photosynthesis, and night, powered by respiration, and with the presence of adenylate 
kinase, which performs the reversible reaction 2 ADP ↔ 1 ATP + 1 AMP, the 
concentrations of the three energy molecules are subjected to significant fluctuations. 
(Mantovani et al., 2023; Nitschmann & Peschek, 1986; Song et al., 2022) Due to these 
factors, the ratios of ATP/ADP and more importantly ATP/AMP represent a signal for 
the energy state of the cell, acting in a manner similar to second messengers, by 
influencing many regulatory proteins such as SbtB. This is particularly the case for 
photoautotrophic organisms such as cyanobacteria, where the ratios of ATP, ADP and 
AMP, strongly dependent on light availability, exert a large influence on anabolic 
metabolism, especially carbon and nitrogen assimilation. (Mantovani et al., 2022; 
Selim et al., 2018) 

cAMP 
Adenosine 3’5’-cyclic AMP (cAMP) is one of the most common second messengers 
among all organisms. cAMP is produced by the enzyme adenylate cyclase from one 
molecule of ATP and is degraded by phosphodiesterases (PDE). Multiple adenylate 
cyclases exist in each organism, either soluble or associated to the membrane, and in 
the model organism Synechocystis, the most important one is the soluble Cya1 
(slr1991). (Mantovani et al., 2022; Terauchi & Ohmori, 1999) Due to the important role 
cAMP plays in many regulatory mechanisms, its levels are affected by a large variety 
of environmental factors, such as light, pH, nitrogen, oxygen and Ci levels. (Mantovani 
et al., 2023; Yoshimura et al., 2000) Among its identified roles are the regulation of 
phototaxis (Wallner et al., 2020), the signaling for nutrient deficiency (Francko & 
Wetzel, 1981) the sensing of the carbon status through binding with SbtB (Selim et al., 
2018) and the regulation of the CCM. (Bantu et al., 2022) In bacteria, most of the 
cAMP-mediated cellular signals are transduced by the cAMP receptor protein (CRP), 
a transcription factor capable of affecting the expression of a large number of genes. 
(Görke & Stülke, 2008) 

c-di-AMP
Di-cyclic AMP (c-di-AMP) is an adenyl nucleotide-type second messenger produced 
from two molecules of ATP through the di-adenylate cyclase (Dac) and is degraded 
by specific PDEs. In bacteria, usually only one Dac and one PDE are present and in 
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Synechocystis, the only Dac is DacA (sll0505). No protein effectors for c-di-AMP have 
been identified yet, but c-di-AMP can transduce its signal through riboswitches, 
metabolite binding components of non-coding portions of mRNA. (Agostoni et al., 
2018; Mandal & Breaker, 2004; Mantovani et al., 2022) In Synechocystis, the currently 
known roles of c-di-AMP are the regulation of potassium homeostasis, osmotic stress 
acclimation, glycogen metabolism during day/night acclimation (Agostoni et al., 2018; 
Selim et al., 2021) and exopolysaccharide secretion (Peng et al., 2016).  

Ca2+ 
Calcium ions act as an important second messenger among bacteria. Its concentration 
is tightly controlled by Ca2+ transport and Ca2+ binding proteins, which ensure very low 
intracellular concentration to allow for very fast signaling upon Ca2+ release. In 
cyanobacteria, Ca2+ concentration is a signal for nitrogen and Ci levels and a variety 
of environmental stresses. (Agostoni & Montgomery, 2014) It regulates heterocysts 
differentiation, C/N homeostasis, photosynthesis and motility. (Hu et al., 2011; 
Mantovani et al., 2023) 

The second-messenger regulation of SbtB 
With the ability of SbtB to bind such a variety of second messengers, the possible 
regulatory functions of SbtB are also similarly varied. The main component of the 
protein that allows the changing function of SbtB is the large T-loop which, like in PII 
proteins, can adopt different conformations depending on the adenyl nucleotide bound 
to SbtB. The adenosine moiety binding mode is also almost identical compared to 
canonical PII proteins, showing only slight differences in regard to the aminoacidic 
side chains involved. The solved structures of SbtB bound to the different adenyl 
nucleotides revealed that the T-loop is completely structured only when ATP is bound. 
(Fig. 2) The binding of c-di-AMP, however, causes a partial structuring of the T-loop, 
while AMP, ADP and cAMP cause it to be completely disordered. (Fang et al., 2021; 
Selim et al., 2018, 2021) The binding of Ca2+ complements the binding of ATP, further 
stabilizing the structured T-loop. (Kaczmarski et al., 2019) 
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Figure 2: Tri-dimensional structure of the protein SbtB bound to ATP. The three sub-units of the 

trimer are shown in magenta, cyan and green. The T-loops of each subunit are highlighted in red. Each 

subunit shows a molecule of ATP in the binding site.  

The regulation of SbtB is further affected by its di-phosphohydrolase (apyrase) activity, 
which causes the hydrolysis of the β- and γ- phosphates of ATP and ADP, leading to 
AMP remaining in the binding pocket of SbtB. Not only is this a novel function not yet 
identified in PII proteins, but it is also affected by another non-canonical component of 
SbtB, the C-terminal redox-regulated loop (R-loop). The R-loop can form a structured 
hairpin through the formation of a disulphide bridge between two cysteine residues, 
thereby functioning as a redox sensor for the cell. The basal part of the T-loop, mostly 
involved in the binding of ATP and ADP, sterically communicates with the R-loop. 
When the R-loop is in a reduced and disordered state, the T-loop assumes an ATP-
protecting conformation, coordinating with the β- and γ- phosphates of ATP and ADP. 
When the R-loop is oxidised, however, the T-loop adopts a conformation clashing with 
the β- and γ- phosphates of ATP and ADP, forcing them in a strained conformation 
and facilitating hydrolytic attack. (Selim et al., 2023) Mn2+ and Mg2+ ions also 
participate in the modulation of the apyrase activity, with both promoting it by 
coordinating with the β- and γ- phosphates of the adenyl nucleotides. (Selim et al., 
2023) Furthermore, as the binding of Ca2+ ions affects the coordination between the 
γ- phosphate of ATP and the T-loop, it might also influence the apyrase activity of 
SbtB, but this has not been verified yet. (Kaczmarski et al., 2019) 

SbtB interacts with SbtA and modulates bicarbonate uptake 
While the regulatory functions of SbtB are believed to be as wide as PII proteins, the 
main and best characterized interaction partner of SbtB remains the bicarbonate 
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transporter SbtA. Not only co-expressed in the same operon, the membrane 
association of SbtB is highly dependent on the presence of SbtA, which, when absent, 
causes SbtB to be found only in the soluble cytosolic fraction of Synechocystis. (Selim 
et al., 2018) 

The structural investigation of the co-crystallization of SbtAB showed that both 
possess a trimeric structure. Each subunit of SbtA possesses an immobile gate 
domain, facing towards the middle of the SbtA trimer, and a mobile core domain, 
capable of binding one HCO3- molecule and one Na+ ion and transport them through 
an elevator-like mechanism, by alternating outwards and inwards facing 
conformations. Each subunit of SbtB can bind to one subunit of SbtA in a monomer-
monomer interaction. While multiple structural components of both SbtA and SbtB are 
involved in the interaction, the most important one is the T-loop of SbtB, which, 
depending on the adenyl nucleotide bound to it, can modulate the activity of the 
transporter. When AMP or ADP are bound to SbtB (Fig. 3), the T-loop is capable of 
interfacing with SbtA, causing a shift of the core domain to an inward facing 
conformation. When bound to SbtB, both cAMP and c-di-AMP protrude from the 
binding pocket and clash with SbtA, preventing the interaction. The binding of ATP to 
SbtB causes the T-loop to assume a conformation that sterically clashes with SbtA, 
preventing the formation of the SbtAB complex. With the fluctuating concentrations of 
the adenyl nucleotides depending on the environmental conditions and their 
competition for the binding pockets, SbtB finely modulates the activity of the 
bicarbonate transport of SbtA. (Fang et al., 2021; Förster et al., 2023; Liu et al., 2021; 
Selim et al., 2021) It achieves this by both preventing the uptake of bicarbonate when 
unnecessary, and by acting as a plug of SbtA to prevent the leakage of the reverse-
flowing bicarbonate. (Förster et al., 2023; Haffner et al., 2023) Furthermore, the 
interaction between the two proteins adds a further layer of regulation to SbtB, given 
by the apyrase activity of the protein, which is 4 folds higher in the presence of SbtA. 
(Haffner et al., 2023)  
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Figure 3: Tri-dimensional structure of the interaction of SbtB(+AMP)-SbtA. The three sub-units of 
SbtB (Green), bound to AMP, directly interact with the three subunits of SbtA (Red), mainly through the 
interaction of the structured T-loop (Blue), which is inserted in the cleft formed by SbtA. The Na+ ions 
used for the transport activity are shown in magenta. 

Goal of the dissertation 
The aim of this work, performed in collaboration with the group led by Prof. Dr. Karl 
Forchhammer from the University of Tubingen, is to provide further insight into the 
regulatory properties of the PII-like protein SbtB in the cyanobacterium Synechocystis 
sp. 6803. Specifically, this investigation focuses on three main points, being the 
specific role of second messengers on SbtB regulation, the identification of more 
interaction partners and the involvement of SbtB in the acclimation to diurnal light 
conditions. 

Capable of rapid fluctuations depending on the environmental conditions, second 
messengers transduce a large variety of signals. Possessing the ability to bind multiple 
adenyl nucleotide second messengers, the regulatory activity of SbtB is largely 
affected by their concentration. However, the current knowledge of the effect of the 
binding of each second messenger to SbtB is incomplete, and mainly regards the 
interaction with the transporter SbtA. The first investigation point is therefore to provide 
further details about the specific role of each second messenger on the regulation of 
SbtB and the CCM, especially during fluctuating Ci conditions. 

As PII proteins possess large regulatory networks and the ability to directly interact 
with other proteins, as part of the superfamily, SbtB is likely capable of directly affecting 
the functionality of different proteins, although until recently only the transporter SbtA 
has been confirmed as an interaction partner. Accordingly, the second goal of this 
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investigation is the identification of more targets of SbtB, to attempt to provide insight 
into the existence and amplitude of its regulatory network. 

Given cyanobacterial dependence on the light cycle, many components of its 
metabolism are subjected to diurnal regulation, including carbon fixation. As the likely 
most important regulatory component of the CCM, a system of vital importance for 
cyanobacteria, there is a strong possibility for SbtB to be involved in the physiological 
acclimation of cyanobacteria to changing light conditions. It is therefore the third goal 
of this investigation to determine the mechanism and degree of involvement of SbtB 
in the cyanobacterial acclimation to diurnal rhythm.  

SbtB regulates diurnal glycogen metabolism through c-di-
AMP 
While SbtA remains the main interaction partner of SbtB, just like PII proteins, it is 
capable of interacting with multiple proteins to regulate carbon metabolism. In fact, co-
immunoprecipitation and bacterial two-hybrid experiments revealed that the glycogen 
branching enzyme GlgB is a major target for SbtB in Synechocystis. (Selim et al., 
2021) This enzyme is responsible for the formation of the α-1,6-glycosidic bond every 
10 to 14 glucose units on a glycogen chain, forming branching side chains. The 
importance of this reaction relies in the significant reduction in the osmotic pressure 
caused by glycogen build-up. (Froese et al., 2015) In cyanobacteria, glycogen is 
particularly relevant during the diurnal rhythm. As these organisms rely on 
photosynthesis for energy acquisition, their metabolism is controlled by a circadian 
clock, experiencing constant shifts from anabolism during the day to catabolism during 
the night. During light phases, in fact, excess of the CO2 fixed through the CBB cycle 
is used for the anabolic production of glycogen, for both energy storage and for the 
regeneration of CBB cycle intermediates. During dark phases, glycogen is catabolised, 
mainly through the oxidative pentose-pathway (OPP), for both energy production, 
through respiration, and all carbohydrate-requiring biosynthetic processes to maintain 
cell metabolism during the night. (Makowka et al., 2020; Wan et al., 2017) The 
circadian clock that regulates the constant metabolic changes from anabolism to 
catabolism during the diurnal rhythm is a complex system which is still poorly 
understood. The circadian clock involves the perception of different signals, especially 
the redox state and energy levels of the cells, to produce a large signalling cascade 
for the regulation of metabolism at both protein and genome level. This signalling 
cascade strongly involves the use of second messengers, of which c-di-AMP is of 
particular relevance. (Rubin et al., 2018; Welkie et al., 2018) 

In cyanobacteria, c-di-AMP is produced by the membrane associated di-adenylate 
cyclase DacA. The synthesis of c-di-AMP is strictly related to the light cycle 
cyanobacteria undergo, as in Synechocystis, c-di-AMP concentrations increase during 
light phases and decrease during the dark, while the opposite happens in S. elongatus. 
While the reason behind the difference is yet not known, c-di-AMP plays a vital role in 
both model organisms under a diurnal rhythm, as when absent from the cells, in ΔdacA 
mutants, the growth rate of the cyanobacteria is significantly lowered. (Rubin et al., 
2018; Selim et al., 2021) The importance of c-di-AMP during the diurnal rhythm is 
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strictly correlated to SbtB and glycogen metabolism. In fact, not only does SbtB have 
a high affinity for c-di-AMP, but it is the protein with the highest affinity for c-di-AMP in 
Synechocystis. The binding of the second messenger in the binding pocket causes 
the T-loop to assume a conformation unlike any of the other second messengers that 
bind SbtB. The relevance of the formation of the SbtB-c-di-AMP complex relies in the 
interaction between SbtB and GlgB, which increases up to 20 fold compared to SbtB 
alone. Mediating the interaction between SbtB and GlgB, c-di-AMP plays a large role 
in the synthesis of glycogen under diurnal rhythm, as seen in Synechocystis mutant 
strains ΔdacA, ΔsbtB and ΔglgB, which show similar significantly reduced levels of 
glycogen, which likely explains the impact on survivability in the absence of c-di-AMP 
in the cells during diurnal conditions. (Selim et al., 2021) While c-di-AMP is important 
for the regulation of glycogen metabolism, it does not directly influence the uptake of 
Ci. The measurement of the in vivo bicarbonate-dependent photosynthetic activity of 
Synechocystis strains WT and ΔdacA, acclimated to either high-Ci (HC) or LC 
conditions, revealed in fact no significant difference in affinity to bicarbonate between 
the two strains (Fig. 4). The experiment, however, highlighted a net decrease in the 
maximum photosynthetic rate in the ΔdacA mutant under LC conditions, suggesting a 
decreased CBB cycle activity at saturating Ci conditions. (Mantovani et al., 2022; Selim 
et al., 2021) 

 
Figure 4: Bicarbonate-dependent photosynthetic activity characterization of ΔdacA mutant. 
Oxygen evolution measurement of in vivo bicarbonate uptake of Synechocystis strains WT (Black) and 

ΔdacA (Green), acclimated to either HC (Solid lines) or LC (Dashed lines) conditions. *p<0.05 (Selim 

et al., 2021) 

SbtB, cAMP and c-di-AMP are involved in regulation of gene 
expression and CCM activity in a CO2-dependent manner 
PII proteins, despite their size, possess vast and complex regulatory properties of the 
nitrogen metabolism, even extending to the regulation of gene transcription by 
affecting transcription factors, such as the nitrogen regulator II, NtrB and the regulator 
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of nitrogen assimilation, NtcA. (P. Jiang & Ninfa, 1999; Labella et al., 2020) Though 
not many have yet been identified, as part of the PII superfamily, SbtB is capable of 
interacting with multiple partners to regulate different components of the CCM and of 
the carbon metabolism. The regulatory mechanism is mediated by the interaction with 
the adenyl nucleotides the protein is able to bind, and of particular interest are cAMP 
and c-di-AMP. As ATP, ADP, and ADP mainly represent a signal for the energy state 
of the cell, c-di-AMP and more importantly cAMP are more directly related to carbon 
metabolism. c-di-AMP is in fact involved in the regulation of glycogen metabolism, 
while in the case of cAMP, the main adenylate cyclase in Synechocystis, Cya1, is 
activated by the binding of CO2 and thereby represents the currently only known 
sensing protein for the Ci levels of the cell. (Cann et al., 2003; Hammer et al., 2006; 
Hardie, 2011)  

The relevance of SbtB, cAMP and c-di-AMP in Synechocystis during changing Ci 
conditions extends also to gene regulation. In fact, ΔsbtB, Δcya1, and ΔdacA 
Synechocystis mutants, lacking SbtB, the main adenylate cyclase and the only di-
adenylate cyclase, respectively, when compared to WT, show a high impact on gene 
expression when shifting from HC to LC conditions. Their general importance is 
directly visible when observing the number of genes which are significantly up- or 
down-regulated in the three mutants upon changing Ci conditions on a global scale. 
(Fig. 5) At constant HC conditions, in fact, both mutants Δcya1 and ΔdacA affect the 
regulation of a large number of genes, while the absence of SbtB does not impact 
gene expression as much as the second messengers. Upon changing Ci conditions, 
however, the situation is reversed, as the lack of SbtB causes the expression of a 
much larger number of genes to become deregulated when compared to the two 
second messengers. Compared to SbtB, the two second messengers are much less 
directly involved in the regulation of gene expression under Ci fluctuations, with the 
lack of c-di-AMP causing a more significant deregulation compared to cAMP. 
(Mantovani et al., 2022) 
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Figure 5: Venn diagrams showing global CO2-regulated gene expression changes in mutants 
sbtB, cya1, and dacA compared to wild type in Synechocystis. A – Significantly up-regulated 
gene expression at HC conditions; B – Significantly down-regulated gene expression at HC conditions; 
C – Significantly up-regulated gene expression 24 h after LC shift; D – Significantly down-regulated 
gene expression 24 h after LC shift. Only protein-coding genes were considered. (Mantovani et al., 
2022) 

cAMP 
In Synechocystis, cAMP exercises an important regulatory function on the CCM 
through the action of the main cAMP receptor protein (CRP), the transcription factor 
SyCRP1. When missing, in fact, under LC conditions, the expression of multiple CCM 
components is affected, causing the downregulation of carboxysomes and the 
upregulation of bicarbonate transporters. (Bantu et al., 2022) The knock-out of cya1, 
however, while it causes the total cAMP concentration to be reduced to around 4% of 
its initial concentration, (Terauchi & Ohmori, 1999) does not lead to significant changes 
in gene expression of CCM components, outside of a slightly reduced expression of 
the sbtAB operon under HC conditions (Fig. 6A-B). In fact, among the many genes 
whose expression is affected by the changes in cAMP concentration during shifting 
carbon conditions, few to none are obviously related to carbon metabolism. Likely, this 
is due to the great significance of cAMP in cell physiology and its involvement in a 
large number of regulatory mechanisms. In fact, the reduced concentration of cAMP 
causes a wider gene expression de-regulation under constant HC conditions than after 
shift in Ci conditions. Possibly, the difference in the effect the knock-out of cya1 and 
SyCRP1 have on cyanobacterial CCM expression is due to SyCRP, possessing a high 
affinity for cAMP, still maintaining its functionality despite the lower cAMP 
concentration. (Bantu et al., 2022; Mantovani et al., 2022, 2023)  
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While cAMP is seemingly important for the SbtB-mediated regulation of the CCM, 
given the high affinity the protein has for the cyclic nucleotide, it does not appear to 
directly affect its activity under constant Ci conditions, as both the bicarbonate affinity 
and CBB cycle activity observed for the Δcya1 mutant when measuring the in vivo 
bicarbonate-dependent oxygen evolution remain unaffected, both under HC and LC 
conditions (Fig. 6C). (Mantovani et al., 2022) This is in contrast to the knock-out of 
SyCRP1, which, due to the downregulation of carboxysomes, causes a significant 
decrease in the maximum carbon fixation rates under LC conditions, leading to a net 
decrease in growth rate for the mutant. Likely, cAMP represents the main signal for 
high Ci availability among cyanobacteria, but its importance in the modulation of the 
activity of SbtB relies mostly in conditions of fluctuating Ci concentrations, though this 
remains unclear. (Bantu et al., 2022; Mantovani et al., 2022; Selim et al., 2018)  

 
Figure 6: Impact of cya1 mutation on gene expression of main CCM components and oxygen 
evolution of in vivo cultures. Fold changes in gene expression of main CCM components at HC (A) 
or 24 h after shift to LC (B) of Synechocystis strains WT (Black) and cya1 (Blue). HC expression of 
WT was set to 0. The CCM components include bicarbonate transporters SbtA, BicA and BCT1, the 
constitutive Ndh4 or the LC-induced Ndh3 complex, and the flavoprotein (Flv) 2,4-encoding operon 
sll0217,0218,0219. (C) Bicarbonate-dependent oxygen evolution of Synechocystis strains WT and 
cya1 adapted to either HC or LC conditions. *p<0.05 (Mantovani et al., 2022) 

c-di-AMP 
Compared to cAMP, c-di-AMP, plays a more direct role in the regulation of gene 
expression of both CCM related and Ci-regulated genes. This can be easily observed 
in the ΔdacA mutants in Synechocystis. In fact, as DacA is the only di-adenylate-
cyclase present in Synechocystis, its knock-out causes the complete absence of c-di-
AMP from the cells. (Mantovani et al., 2022; Selim et al., 2021) Under HC conditions, 
this leads to a significant increase in the expression of all three bicarbonate 
transporters and one component of the CO2 hydration system, NDH13, while the 
expression of the second, the constitutive NDH14, is reduced (Fig. 7A). Furthermore, 
the absence of c-di-AMP causes numerous Ci-regulated genes to be differently 
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expressed, especially under HC conditions. One such example is the operon coding 
for flavoproteins 2 and 4, which provide photoprotection for the photosynthetic 
complex. The operon is normally strongly induced under LC conditions, but the lack of 
c-di-AMP causes its expression to be upregulated under HC conditions. 
(Allahverdiyeva et al., 2015; Mantovani et al., 2022)  Upon shifting Ci conditions, 
however, the role of c-di-AMP on CCM-related and Ci-regulated genes is reduced. In 
fact, the number of genes the lack of c-di-AMP causes to be differently regulated is 
greatly inferior after the shifting to LC compared to constant HC-conditions. The main 
effect on components of the CCM is the down-regulation of the two bicarbonate 
transporters SbtA and BicA, and of 1NDH13. (Fig. 7B) (Mantovani et al., 2022) The 
effect the lack of c-di-AMP has on the expression of CCM components, however, is 
not reflected on the activity of the CCM in vivo in Synechocystis (Fig. 4, Fig. 7C), where 
only a slight increase in bicarbonate affinity under HC conditions and reduced CBB 
activity under LC can be observed. Likely, c-di-AMP is most significant not during 
changing Ci conditions, but in the regulation of carbon metabolism during diurnal 
rhythm, such as the influence on the synthesis of glycogen. (Mantovani et al., 2022; 
Selim et al., 2021) 

 
Figure 7: Impact of dacA mutation on gene expression of main CCM components and oxygen 
evolution of in vivo cultures. Fold changes in gene expression of main CCM components at HC (A) 
or 24 h after shift to LC (B) of Synechocystis strains WT (Black) and dacA (Green). HC expression of 
WT was set to 0. The CCM components include bicarbonate transporters SbtA, BicA and BCT1, the 
constitutive Ndh4 or the LC-induced Ndh3 complex, and the flavoprotein (Flv) 2,4-encoding operon 
sll0217,0218,0219. (C) Bicarbonate-dependent oxygen evolution of Synechocystis strains WT and 
dacA adapted to either HC or LC conditions. *p<0.05 (Mantovani et al., 2022) 

SbtB 
Compared to cAMP and c-di-AMP individually, SbtB-mediated regulation of cell 
metabolism and gene expression under changing Ci conditions is much higher. The 
lack of SbtB in Synechocystis, in fact, causes significant changes in the expression of 
many genes when shifting from HC to LC conditions. These include not only 
components of the CCM, but also a large number of genes that are normally regulated 
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by Ci conditions and are under the regulation of the known Ci acquisition transcription 
regulator NdhR and other unknown regulators. (Klähn et al., 2015; Mantovani et al., 
2022)  

Under constant HC conditions, the absence of SbtB does not impact the expression 
of components of the CCM significantly (Fig. 8 A), only causing a slight up-regulation 
of the two bicarbonate transporters BCT1 and BicA, and the downregulation of the 
transporter SbtA and the CO2 hydration system component Ndh13. However, 
numerous genes are significantly up- or down- regulated in the ΔsbtB mutant under 
HC conditions, among which many show a similar or opposite expression patter in WT 
only after the shift to LC conditions. Among the upregulated genes are the ATP 
synthase operon sll1321-1327 and AtpΘ, the inhibitor of ATP hydrolysis, correlating 
with a significantly higher ATP concentration in the ΔsbtB mutant under HC conditions. 
(Klähn et al., 2015; Mantovani et al., 2022; Song et al., 2022) 

Upon shifting to LC conditions, the knock-out of sbtB has an even greater effect on the 
regulation of gene expression. Among the components of the CCM, both SbtA and 
Ndh13 are significantly downregulated (Fig. 8 B). While not many genes are 
upregulated, however, the ΔsbtB mutation causes the downregulation of a large 
number of genes, many of which regulated by Ci regimes, including the regulator NdhR 
and other genes normally induced under LC conditions such as the operon coding for 
the flavoproteins Flv2/4. (Mantovani et al., 2022) 

The numerous Ci-regulated genes which are significantly less induced after shifting to 
LC conditions when SbtB is missing show how this mutation causes the cells to adapt 
to a LC-like state when under HC conditions. This is further highlighted by the Ci-
uptake affinity under HC and LC conditions (Fig. 8 C), where, in WT Synechocystis, 
cells have a much higher affinity when adapted to LC than HC conditions, as in a state 
of low Ci, the CCM is induced and bicarbonate can be taken up more quickly. When 
SbtB is knocked-out, however, the cells, both when acclimated to either HC or LC 
conditions, have an affinity to bicarbonate which is between the HC- and LC- states of 
WT Synechocystis. (Mantovani et al., 2022; Selim et al., 2018) Furthermore, the levels 
of 2PG, the product of the oxygenation reaction of RuBisCO, normally low under HC 
and spiking upon shift to LC, do not increase as rapidly after shifting cells from HC to 
LC conditions in the sbtB when compared to WT, showing the mutant can more easily 
acclimate to the shift to low Ci concentration (Fig. 8 D). (Mantovani et al., 2022; Orf et 
al., 2016) More than constant Ci conditions, which are not a true representation of the 
environment cyanobacteria grow in, SbtB is much more relevant for the acclimation of 
cells to changing Ci regimes than the single second messengers. In fact, when SbtB 
is missing in Synechocystis, the cells become much more sensitive to fluctuating Ci 

conditions, greatly impacting their survivability. (Selim et al., 2018) 

Outside of Ci related genes, the regulatory role of SbtB extends also to the 
photosynthetic apparatus of Synechocystis. When shifting sbtB cells from HC to LC 
conditions, multiple genes coding for components essential for photosynthesis, 
including PSI, PSII and phycobilisomes, become downregulated, while some genes 
are already downregulated under HC conditions. This is visible in a sbtB mutant by 
pigmentation, displaying a lower chlorophyll content and a reduced growth speed, 
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further affected by a high light sensibility, especially under LC conditions. (Mantovani 
et al., 2022; Selim et al., 2018) 

While until now only the glycogen branching enzyme GlgB and the bicarbonate 
transporter SbtA have been identified as direct targets for SbtB regulation, the 
significant physiological effects the knock-out of SbtB causes to cyanobacteria shows 
that, like canonical PII proteins, SbtB possess a widespread regulatory network, even 
though many components still need to be identified. (Forchhammer et al., 2022; 
Mantovani et al., 2023) 

Figure 8: Impact of sbtB mutation on gene expression of main CCM components and oxygen 
evolution of in vivo cultures. Fold changes in gene expression of main CCM components at HC (A) 
or 24 h after shift to LC (B) of Synechocystis strains WT (Black) and cya1 (Red). HC expression of 
WT was set to 0. The CCM components include bicarbonate transporters SbtA, BicA and BCT1, the 
constitutive Ndh4 or the LC-induced Ndh3 complex, and the flavoprotein (Flv) 2,4-encoding operon 
sll0217,0218,0219. (C) Bicarbonate-dependent oxygen evolution of Synechocystis strains WT and 
sbtB adapted to either HC or LC conditions. (D) Concentrations of 2-phosphoglycolate (2PG) at HC 
(0 min) and 15 and 60 min after shift to LC. *p<0.05 (Mantovani et al., 2022) 

Although SbtB appears more relevant for cyanobacteria during changing Ci conditions 
than cAMP or c-di-AMP, the knock-out of the enzymes responsible for the synthesis 
of the two second messengers only gives an insight into their roles in the physiology 
of cyanobacteria. Such an experiment, in fact, does not provide information regarding 
how the SbtB-mediated regulation is affected by the binding of the two adenyl 
nucleotides. For this purpose, site-specific SbtB mutants with the inability to bind 
specific second messengers can provide a more detailed insight into their role in the 
regulation of SbtB and its modulation of the rest of the CCM. 
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The interaction of SbtB with SbtA regulates bicarbonate 
uptake and prevents leakage 
While SbtB regulates multiple Ci-related components of the metabolism of 
cyanobacteria, its main role is the modulation of the activity of the bicarbonate 
transporter SbtA. In fact, not only are they expressed in the same operon, but they 
present a similarly trimeric structure, allowing a monomer-monomer interaction. The 
most relevant structural components of SbtB that allow the interaction, outside of the 
T-loop, are the α1-β1 and the B loops. Between the three, however, only the T-loop is
involved in the modulation of the transport activity, as the other two loops only serve
the purpose of increasing the affinity of SbtB to SbtA through van der Waals
interaction. In fact, in a SbtB-ΔT-loop Synechocystis mutant strain where the T-loop is
removed, SbtB is still capable of interfacing with SbtA, albeit with a reduced affinity.
(Fang et al., 2021; Haffner et al., 2023; Liu et al., 2021)

Of particular relevance for the modulating activity of the T-loop are the residues R43 
and R46, coordinating with the β- and γ- phosphates of ATP and ADP, and K40, 
situated close to the metal ion coordinating the β- and γ- phosphates. These residues 
are highly conserved among cyanobacterial SbtBs, as they are not only important for 
the binding affinity of SbtB to ATP and ADP, but also for the apyrase activity the protein 
possesses for the two adenyl nucleotides. In fact, in Synechocystis SbtB mutant 
strains where these residues were replaced by alanine, both the binding affinity and 
the phosphate release rate were heavily reduced. On the other hand, the three 
residues are not relevant for the interaction with AMP and cAMP, as the mutations do 
not affect the affinity of SbtB for the two. (Haffner et al., 2023; Selim et al., 2023) 

Among the three residues of the T-loop, R46 is of particular significance, as it is not 
only relevant for stabilizing the SbtB-ATP interaction, but also the SbtB-SbtA 
association. In fact, when the R-loop of SbtB is reduced and the T-loop adopts the 
ATP-protecting conformation, when ATP is bound to SbtB, R46 coordinates with N59, 
to potentially prevent the hydrolysis of ATP, while when ADP is bound to SbtB, R46 
coordinates with the β- phosphate instead. However, when the R-loop is oxidised and 
the apyrase activity of SbtB is present, R46 coordinates with the γ- phosphate and 
becomes relevant for the hydrolysis of ATP. As the binding of this nucleotide to SbtB 
causes the structuring of the T-loop and the dissociation of the SbtB-SbtA complex, 
the replacement of the R46 with alanine, in the SbtB-R46A mutation, promotes the 
association of SbtB to SbtA. (Selim et al., 2023) The significance of this residue in the 
modulation of the activity of SbtB is seen in the changes in the CCM activity the R46A 
mutation causes. When measuring the oxygen evolution of the mutant strain 
compared to WT, adapted to either HC or LC conditions, in fact, the SbtB-R46A 
mutation causes the cells to become unable to change their bicarbonate affinity in 
response to changing Ci conditions, displaying a high bicarbonate affinity under HC 
conditions, similarly to the ΔsbtB mutation (Fig. 9 A-B). Contrary to the knock-out of 
SbtB, however, the R46A mutation does not affect the general activity of the CBB 
cycle, as SbtB possesses more regulatory properties that those mediated by ATP. 
(Haffner et al., 2023; Mantovani et al., 2022)  
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Fig. 9: CCM activity characterization of SbtB-R46A mutant. (A) Bicarbonate-dependent 
photosynthetic activity of Synechocystis WT (Black) and SbtB-R46A (Red) mutant cells acclimated to 
either HC (Continuous line) or LC (Dashed line) conditions. (B) Bicarbonate affinity represented by the 
Km (HCO3−) values of WT and SbtB-R46A mutant under either HC or LC conditions. *p<0.05 (Haffner 
et al., 2023) 

The regulatory roles of SbtB and its T-loop on the transport activity of SbtA are still 
under debate. In fact, when SbtA and SbtB are co-expressed in the heterologous host 
E. coli, SbtB inhibits the transport activity of SbtB. Similarly, structural data of the 
SbtA:SbtB complex indicate that the T-loop of SbtB, when free to interact with SbtA, 
when AMP or ADP are bound to SbtB, apparently blocks the transporter in the inward 
facing configuration, preventing bicarbonate uptake. (Du et al., 2014; Fang et al., 2021; 
Liu et al., 2021) These results, however, greatly contrast with the large amount of 
evidence of the lower growth rate of the ΔsbtB mutant, the induction of the sbtAB 
operon and the formation of the SbtA:SbtB complex under low Ci supply, when 
bicarbonate transport is needed the most. (Mantovani et al., 2022; Selim et al., 2018)  

Further investigation showed that the main regulatory property of SbtB on SbtA is not 
the simple inhibition of bicarbonate uptake, but to act as a modulator for different SbtA 
activity modes including a function as a plug to prevent the backflowing leakage of 
bicarbonate from the cells. In fact, the family of Na+ symporters SbtA belongs to is 
capable of a reverse activity, potentially leaking Na+ and the transported substrate. 
Cyanobacteria spend a considerable amount of energy not only to maintain the Na+ 
gradient necessary for it to act as a driving force for transport, but also for the activity 
of the CCM, as it allows the intracellular bicarbonate concentration to be 100-1000 
times higher than in the environment. (Hagemann et al., 2021; Sauer et al., 2022) As 
such, the function of SbtB as a plug allows cyanobacteria to save a considerable 
amount of energy by preventing bicarbonate leakage when transport is inactive, such 
as in the darkness, when the CBB cycle is not active. As a result, if SbtB is knocked-
out, Synechocystis experiences a two-fold increase in leaked bicarbonate only 5 
minutes after shifting cells from light to darkness (Fig. 10). (Haffner et al., 2023; 
Hagemann et al., 2021) 

ATP also plays a large role in the regulation of the plug function of SbtB. As the binding 
of ATP to Sbtb causes the dissolution of the SbtA:SbtB complex, thereby preventing 
the plug function of SbtB, the SbtB-R46A mutant, unable to bind ATP, has a strongly 
reduced bicarbonate leakage (Fig. 10). This correlates with the ATP and higher AMP 
concentrations measured in LC grown Synechocystis cells compared to HC, as in low 
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Ci-regimes, the CCM needs to be active and the leakage of bicarbonate prevented. 
(Haffner et al., 2023; Selim et al., 2018, 2023)  

 

Fig. 10: Bicarbonate leakage measurement. Levels of leaked 14C-labelled bicarbonate from 
Synechocystis WT, ΔsbtB and SbtB-R46A cells. ***p<0.001 (Haffner et al., 2023) 

Insight into the mechanical regulation SbtB exercises on SbtA was revealed by 
structural analyses comparing the SbtA:SbtB and SbtA:SbtB-ΔT-loop, in the presence 
and absence of AMP. The structure of SbtA when alone or when bound to SbtB-ΔT-
loop is in an occluded conformation, with HCO3- trapped in the transporter and both 
the intra- and extra- cellular binding sites inaccessible. In the SbtA:SbtB-AMP 
complex, however, the core shifts against the immobile gate domain of SbtA to an 
inward-open conformation. In this conformation the intracellular binding site of HCO3- 

is open, but partially blocked by the T-loop, which is structured and inserted in SbtA. 
The formation of the SbtA:SbtB complex without AMP, however, still causes the shift 
of the core domain of SbtA to an inward-open conformation, but the T-loop of SbtB is 
disordered. A simulation of a tunnel from the HCO3- binding site showed how 
bicarbonate movement is still possible in the SbtA:SbtB and not in the SbtA:SbtB-ΔT-
loop complex, indicating that the binding of AMP could prevent the leakage of 
bicarbonate by partially blocking the intracellular binding site. (Fang et al., 2021; 
Haffner et al., 2023; Liu et al., 2021)  

Ultimately, the regulation of the activity of SbtA by SbtB is strongly dependent on the 
adenyl nucleotide bound to SbtB. While the main significance of the formation of the 
SbtA:SbtB complex appears to be the inhibition of the bicarbonate leakage, SbtB also 
retains a transport inhibition function. In fact, an experiment with membrane vesicles 
containing either SbtA only or both SbtA and SbtB, incubated with AMP, showed that 
the presence of SbtB does not affect the activity of SbtA. (Haffner et al., 2023) The 
uptake inhibition, on the other hand, appears more relevant in the diurnal cycle, to 
prevent the energetically unfavourable uptake of bicarbonate. Indeed, in 
Synechococcus elongatus, the bicarbonate uptake is switched off in the dark 
independently on the presence of SbtB, but SbtA-mediated uptake in the initial 
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adaptation of the cells from darkness to low light is strongly reduced in the presence 
of SbtB. (Förster et al., 2023) The role of SbtB in the modulation of CCM activity under 
diurnal light regimes is further seen in Synechocystis as well, where the different light 
conditions cause significant and SbtB-dependent changes in the bicarbonate transport 
activity. (Oren et al., 2021) 

Interestingly, the novel plug function of SbtB is not unique to this protein but appears 
to be common among canonical PII proteins. In fact, similarly to SbtB, PII was 
previously reported to act as an inhibitor of the ammonia transporter AmtB, even under 
low intracellular ammonia conditions. However, after the finding about the plug 
function of SbtB, an investigation of PII functionality in Synechocystis revealed that, 
just like SbtB, PII can act as a plug to prevent backflow of ammonia through AmtB. 
(Conroy et al., 2007; Forchhammer et al., 2022; Haffner et al., 2023)  

The R-loop is a redox sensor that affects diurnal SbtB 
functionality 
As photosynthesis is the only energy source for most cyanobacteria, they are highly 
dependent on light and developed mechanisms to adapt to its changes in order to 
most effectively utilize the available light. They achieve this through a large variety of 
sensor proteins, capable of detecting light intensity at different wavelengths. These 
exercise their regulatory function either through protein-protein interactions or through 
signalling cascades often mediated by second messengers such as c-di-AMP and c-
di-GMP. As such, changes in light intensity and quality affect many aspects of their 
physiology, starting from gene expression to metabolism and even motility. (Enomoto 
et al., 2023; Ho et al., 2017)  

One of the most common mechanisms cyanobacteria have to respond to changes in 
light conditions is through redox-sensing proteins. The final product of the 
photosynthetic electron transfer chain is reduced ferredoxin (Fdx), used to produce 
NADPH2, which is released in the cytoplasm, causing it to be reducing in the light and 
oxidising in the dark. (McFarlane et al., 2019) Both the reduced Fdx and NADPH2 are 
used in cyanobacteria for the redox-dependent regulation of protein activity with two 
different systems. The first is the ferredoxin-thioredoxin reductase (FTR) protein, 
which uses the reduced Fdx to reduce the thiol groups of thioredoxin (Trx), breaking 
the disulphide bridge between them. (Schürmann & Buchanan, 2008) The second 
system is the NADPH2-dependent thioredoxin reductase (NTR), which catalyses the 
reduction of Trx through the oxidation of NADPH2. (Shahpiri et al., 2008) The reduced 
Trx, obtained through either of the two systems, regulates the activity of proteins by 
opening the disulphide bond, reducing their target and thereby increasing or 
decreasing their activity. Through this mechanism, the functional role of disulphide 
bonds lies beyond structural stabilization, but extends to redox-regulation of proteins. 
While the light-dependent is not the only type of redox regulation in nature, it is the 
most common in photoautotrophs such as cyanobacteria, experiencing large changes 
in the redox state during the diurnal rhythm. This type of regulation is common among 
many proteins of cyanobacteria involved in key metabolic processes, such as 
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gluconeogenesis and the CBB cycle. (Bechtel & Weerapana, 2017; McFarlane et al., 
2019; Schürmann & Buchanan, 2008) 

Another example of a protein which is subjected to redox-regulation is SbtB. In fact, 
roughly 50% of all cyanobacterial SbtBs possess the C-terminal R-loop, which 
possesses a conserved C105GPxGC110 motif capable of forming a disulphide bridge 
under oxidizing conditions. (Selim et al., 2018, 2023) Similar motifs of C-terminal 
redox-regulated extensions appear among several enzymes of the CBB cycle, 
indicating a role of such redox-sensitive hairpins in the regulation of carbon 
metabolism in photoautotrophic organisms. (Gurrieri et al., 2021) Like many of the 
redox-regulated disulphide bonds in cyanobacteria, the R-loop is regulated by the 
main Trx in cyanobacteria, TrxA, which is among the proteins with the highest binding 
affinity for SbtB and is capable of efficiently reducing the disulphide bridge. (Selim et 
al., 2023; Mantovani et al., 2023b) Just like other Trx-regulated proteins, the R-loop of 
SbtB responds to changes in light intensity and in Synechocystis, which possesses an 
SbtB protein with an R-loop, mutations of SbtB greatly impact the regulation of the 
CCM and C metabolism under changing light conditions. In fact, the knock-out of SbtB 
and the mutations SbtB-C105A-C110A, with two cysteines replaced with alanine to 
simulate a permanently reduced R-loop, and SbtB-Δ104, with a truncated R-loop, all 
cause a significant reduction in the photosynthetic oxygen production and glycogen 
synthesis in a 12 h day, 12 h night diurnal rhythm under LC conditions. This results in 
a strongly reduced growth speed for both the ΔsbtB and R-loop mutants, which is not 
the case under constant light conditions, in which only the knock-out of sbtB causes a 
growth defect, as the protein exercises regulation not mediated by the redox-state (Fig. 
11 A-B) In fact, under HC conditions, when the activity of the CCM is not required as 
much, among the three mutations, only ΔsbtB causes a defect in both glycogen 
synthesis and growth (Fig. 11 C-D). (Selim et al., 2021, 2023; Mantovani et al., 2023b) 
Furthermore, the redox-sensing ability of the R-loop is not limited to the adaptation to 
a diurnal rhythm, but also extends to short-term fluctuations in redox-state, as all three 
SbtB mutations cause Synechocystis the inability to adjust its growth to light intensity 
fluctuations (Fig. 11 E). (Mantovani et al., 2023b) 
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Figure 11: Phenotypic characterization of SbtB R-loop as a redox sensor for changing light 
conditions. Growth of Synechocystis WT strain and mutants ΔsbtB, ΔsbtB::SbtB-C105A-C110A, 

ΔsbtB::SbtB-Δ104. A) Growth under continuous light in LC conditions. B) Growth under 12 h light, 12 h 

darkness regime under HC conditions. C) Growth in 12 h light, 12 h darkness diurnal rhythm under LC 

conditions. D) Growth rates (ΔOD720/h) under 6 cycles of fluctuating light conditions (LL: 3 h 100 µmol 

photons m-2 s-1, HL: 3 h 500 µmol photons m-2 s-1) at LC. E) Glycogen concentration in the middle of 

the light and dark phases after 3 days adaptation to diurnal rhythm at HC conditions. *p<0.05 (Mantovani 

et al., 2023b) 

The main influence the R-loop has on the regulation of SbtB is the modulation of the 
adenyl nucleotides binding affinity and apyrase activity. Not only does the reduction of 
the R-loop cause the apyrase activity to be severely reduced, but the ability of the 
different second messengers to bind SbtB changes. Normally, native Synechocystis 
SbtB binds cAMP and c-di-AMP with the highest affinity, followed by ADP, ATP and 
AMP. However, if the R-loop is reduced, as simulated in the SbtB-C105A-C110A and 
SbtB-C105S-C110S mutants, the protein binds ATP with the highest affinity, the binding 
of cAMP is reduced and SbtB is almost completely unable to bind ADP and AMP, while 
the apyrase activity decreases substantially. (Selim et al., 2023; Mantovani et al., 
2023b) When the R-loop is truncated, however, the ability of SbtB to bind ADP and 
AMP is restored, but with a lower affinity than ATP (Table 1), while the apyrase activity 
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disappears completely. Interestingly, the nucleotide binding affinity the Synechocystis 
truncated R-loop SbtB variant displays is very similar to that of those SbtB proteins 
that do not naturally possess the R-loop, such as Cyanobium sp. PCC7001. 
(Kaczmarski et al., 2019; Selim et al., 2023; Mantovani et al., 2023b)  

Table 1: Affinity of SbtB variants with exchanged cysteine residues (C105A-C110A, C105S-C110S) or 

truncated R-loop (Δ109, Δ104) to ATP, ADP, AMP and cAMP, expressed as dissociation constants (Kd) 

in (µM). UND: undetermined. (Mantovani et al., 2023b) 

SbtB WT 
(oxidized) 

SbtB-C105A-
C110A 

SbtB-C105S-
C110S SbtB-Δ109 SbtB-Δ104 

Binding Kd 
(µM) Binding Kd 

(µM) Binding Kd 
(µM) binding Kd 

(µM) Binding Kd 
(µM) 

ATP Binding 62.5 ± 
16.6 Binding 29.8 ± 

14.1 Binding 47.6 ± 
21.3 Binding 

32.5 
± 

17.9 
Binding 35.0 

±7.1 

ADP Binding 55.8 ± 
7.7 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND Binding 79.2 

±55.1 

AMP Binding 87.4 ± 
3.7 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND Binding 78.2 

±6.0 

cAMP Binding 30.3 ± 
5.0 Binding 106 ± 

42.4 Binding 52.8 ± 
34.7 Binding 

70.2 
± 

28.9 
Binding 68.1 

±10.1 

The great changes in nucleotide binding affinity by the SbtB and R-loop mutants is 
reflected in the CCM activity of Synechocystis, as when cells acclimated to either HC 
or LC conditions, the SbtB-C105A-C110A mutation causes a ΔsbtB-like phenotype, with 
HC-adapted cells showing a high increase in bicarbonate affinity. This is possibly due 
to the activity of SbtB as an AMP-mediated inhibitor of bicarbonate uptake, which, due 
to the inability to bind AMP, would be absent in the reduced state of Synechocystis 
SbtB.  However, when the R-loop is truncated and SbtB is again capable of binding to 
ADP and AMP, the affinity to bicarbonate is restored to WT-like levels (Fig. 12). 
(Förster et al., 2023; Mantovani et al., 2023b)  

Figure 12: Impact of the sbtB R-loop mutations on CCM activity.  In vivo affinity to bicarbonate of 

Synechocystis strains WT, ΔsbtB, ΔsbtB::SbtB-C105A-C110A, ΔsbtB::SbtB-Δ104 adapted to HC (Red) or 

LC (Blue) conditions, expressed as average Km values of µM bicarbonate of an oxygen evolution 

experiment. *p<0.05 (Mantovani et al., 2023b) 
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The changes in ligand affinity of the R-loop mutants, however, are not reflected on 
ability of SbtB to prevent leakage of bicarbonate (Fig. 13). As the reduced R-loop 
prevents ADP and AMP binding to SbtB, the ATP- and cAMP-bound states of the 
protein should increase, thereby reducing the formation of the SbtA:SbtB complex and 
increasing the leakage of bicarbonate from Synechocystis. However, this is not the 
case, and the C105A-C110A mutation does not cause an increase in the bicarbonate 
leakage, contrary to how the truncation of the R-loop does, which causes an increase 
in the leakage by almost two-fold. This suggests that either the apyrase activity is more 
relevant for the function of SbtB as a plug, especially considering that the formation of 
the SbtA:SbtB complex normally causes a four-fold increase in the hydrolysis rate of 
ATP and ADP, or more unknown mechanics come into play in the interaction between 
SbtA and SbtB, which are influenced more by the truncation of the R-loop than its 
reduction. (Haffner et al., 2023; Mantovani et al., 2023b) 

Figure 13: effect of R-loop mutations on the plug function of SbtB in Synechocystis.  
Concentration of 14C-labelled bicarbonate per amount of Chlorophyll A leaked from cells of WT, ΔsbtB, 

ΔsbtB::SbtB-C105A-C110A, ΔsbtB::SbtB-Δ104 strains after incubation for 5 min in the darkness. 

***p<0.001 (Mantovani et al., 2023b) 

While the modulation of the activity of SbtB by the R-loop is still not completely 
understood, its widespread presence among cyanobacteria highlights its significance. 
Especially, the evolutionary role of the R-loop is unknown, as among the 50% of 
cyanobacteria that possess the R-loop, any specific metabolic, environmental or 
morphological common factor is yet to be identified. Given the current knowledge, 
however, it appears that the significance of the R-loop relies in adding another layer 
of regulation to the protein, for a finer response to changing light conditions. (Selim et 
al., 2023; Mantovani et al., 2023b) 
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Conclusions 
Research into the metabolism and physiology of cyanobacteria is important for the 
modern world. Not only do they substantially contribute to the global carbon cycle, but 
they hold relevance in a variety of fields, ranging from biotechnological uses to working 
as a model for research of plant plastids. The main current practical application of 
cyanobacteria resides in the food industry, for the production of food additives, both 
for animal feed and human consumption. The most used cyanobacteria in this field, 
Arthrospira platensis, commonly known as Spirulina, is in fact rich in nutrients and 
easily digestible, and is therefore consumed regularly in many countries in the world. 
Research is also being performed for the use of cyanobacteria in the fields of medicine, 
due to their abundance in novel bioactive compounds, fertilizers, bioremediation and 
energy production, for both biofuels and hydrogen production. (Abed et al., 2009; 
Żymańczyk-Duda et al., 2022) Due to the close relationship cyanobacteria have with 
plant plastid, these microorganisms are commonly used as models for research into 
shared processes, such as photosynthesis, carbon fixation and photorespiration. 
(Hohmann-Marriott & Blankenship, 2011; Orf et al., 2016) 

Due to their role in the global carbon cycle and the large number of possible application 
of cyanobacteria, it is of particular relevance to investigate the CCM. For both plants 
and cyanobacteria, in most cases, the low CO2 concentration is the factor limiting 
growth instead of light or nutrients. Since land plants experience a rate of oxygenation 
reaction of RuBisCO close to 30%, many approaches are being investigated in order 
to reduce the frequency of oxygenation, as it would provide a significant increase in 
growth yield, presenting a possible solution for the impending food crisis the world is 
going to experience in the not-so-distant future. (Hagemann et al., 2021; Price et al., 
2013) The CCM evolved by cyanobacteria is the most efficient system among 
oxygenic phototrophs to reduce the oxygenation reaction rate and therefore the 
implementation of components of the CCM in plastids is one of the routes being 
investigated in order to increase crop yields. Starting from bicarbonate transporters, 
all the main components of the CCM could be implemented, ultimately establishing a 
functional CCM which could provide not only an up to 28% increase in carbon fixation 
rates, but also increase the water usage efficiency of leaves. Until now, the expression 
of carboxysomes in plant leaves has been successful, but due to the absence of all 
other components that make the CCM functional, no noticeable improvement in plant 
growth has been measured yet. (Long et al., 2018; Price et al., 2013) Gaining a better 
understanding of the CCM could therefore prove helpful not only for biotechnological 
applications of cyanobacteria, but plants as well. As such, being one of the main 
components and regulator of many of the aspects of the CCM, studying the function 
of SbtB is of particular interest. (Du et al., 2014; Price et al., 2013) 

Part of the PII superfamily of regulators, SbtB possesses a large regulatory network, 
with multiple interaction partners and varied regulatory mechanics (Fig. 14). With the 
ability to bind only the adenyl nucleotides ATP, ADP, AMP, cAMP and c-di-AMP, its 
mode of action is highly affected by the energy state, carbon concentration and diurnal 
rhythm of the cell. When bound to ATP or cAMP, representing high energy and Ci 
states, the T-loop of the protein, the main structural component that allows protein-
protein interactions, reduces the interaction of SbtB with its main target, the 
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bicarbonate transporter SbtA. Under high Ci regimes, as SbtA is mostly relevant under 
LC conditions, its modulation is not as necessary, and SbtB regulates other 
components of the CCM. Possibly through the interaction with cAMP, the main 
indicator for sufficient Ci levels, SbtB negatively affects gene expression of some 
components of the CCM and Ci-regulated genes, likely mediated through the 
transcription factor CRP1, though a direct interaction between the two has not been 
observed yet. When bound to AMP, a signal for low energy and limiting Ci levels, SbtB 
mainly interacts with SbtA, exercising two main functions. The first is as plug, to 
prevent bicarbonate to leak from the cell. Since the CCM is highly efficient and allows 
an intracellular concentration of HCO3- up to 1000 higher than the extracellular 
environment, and since the SbtA-mediated transport can work in reverse, SbtB 
prevents bicarbonate leakage allowing cyanobacteria to avert energy loss. As the 
intracellular Ci concentration undergo fluctuations, the second function of the 
interaction between SbtB and SbtA is to prevent bicarbonate uptake when not 
necessary. Furthermore, under LC conditions, SbtB mediates the up regulation of 
gene expression of the CCM and multiple Ci-regulated genes. The interaction with c-
di-AMP, a daytime signal in a diurnal rhythm, allows SbtB to regulate glycogen 
synthesis through the interaction with the glycogen branching enzyme GlgB. 
Moreover, whether through the interaction with SbtB or other proteins, c-di-AMP 
affects the expression of the CCM, inducing it under HC conditions and repressing it 
under LC. Outside of the binding with c-di-AMP, SbtB also possesses a diurnal 
regulatory property thanks to the redox-sensitive C-terminal loop. This R-loop detects 
the redox state of the cell through a disulphide-bridge between two cysteines residues, 
oxidised during the night and reduced during the day by thioredoxin. The main function 
of the R-loop is to regulate the binding affinity of SbtB to the adenyl nucleotides and 
to trigger the ATP/ADPase activity of SbtB, causing ATP and ADP to be hydrolysed to 
AMP, increasing the rate of the SbtA:SbtB complex formation to prevent leakage of 
bicarbonate during the night. 
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Figure 14: Model of regulatory network of SbtB in Synechocystis sp. PCC 6803. On the left, the 

regulation during the day is shown, both under low and high Ci regimes, with highlight on the interaction 

of SbtB and SbtA, the role of the adenyl nucleotides binding and the regulation of the glycogen 

branching enzyme GlgB and gene transcription of CCM components. On the right, the nocturnal 

regulation of SbtB is shown, showcasing its interaction with SbtA to prevent bicarbonate leakage.  

Despite more than 20 years of research into PII proteins, new targets and regulatory 
mechanisms are still being discovered in recent years and as part of the superfamily, 
the regulatory network of SbtB appears to be equally vast. While much light has 
already been shed on the interaction of SbtB with its main partner, SbtA, details are 
still missing regarding the exact effect of each ligand has on the interaction. 
Furthermore, only GlgB has been confirmed as a target of SbtB regulation, while the 
other interaction partners, such as the mediator(s) for gene transcription regulators 
and other components of the CCM still need to be identified. (Forchhammer et al., 
2022; Mantovani et al., 2023) Another matter that requires investigation is the potential 
role of protein phosphorylation of SbtB, as the protein possesses two sites capable of 
accepting a phosphate and the canonical PII is also subjected to phosphorylation to 
modulate its activity. (Forchhammer et al., 2022) More common among eukaryotes, 
even among prokaryotes protein phosphorylation is a versatile regulatory mechanism, 
capable of greatly impacting the activity of a protein, while still maintaining reversibility, 
allowing phosphates to be added and removed depending on specific cell signals, to 
finely modulate protein activity. Protein phosphorylation is achieved thanks to a 
concerted action between protein kinases, which catalyse the transfer of a phosphate 
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group from ATP to the target protein, and phosphatases, which remove the phosphate. 
(Kennelly, 2002) The involvement of protein phosphorylation for proper acclimation to 
HC/LC shifts has been shown involving two main protein kinases SpkB (Barske et al. 
2023) and SpkC (Spät et al., 2021). In the case of SbtB, the protein is a candidate for 
regulation by phytochromes, photoreceptors with possess a kinase activity. As sensor 
for red/far-red light, which act as signals for dawn and dusk, respectively, the 
phosphorylation of SbtB could serve as additional regulation of the protein activity in 
response to the diurnal rhythm. (Oren et al., 2021; Shin et al., 2016) 

Collectively, all the current knowledge about SbtB shows its importance and the value 
of the past and future research about the protein, promising to be a valuable target of 
investigation for more years to come. 
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Summary

� The amount of inorganic carbon (Ci) fluctuates in aquatic environments. Cyanobacteria

evolved a Ci-concentrating mechanism (CCM) that is regulated at different levels. The regula-

tor SbtB binds to the second messengers cAMP or c-di-AMP and is involved in acclimation to

low Ci (LC) in Synechocystis sp. PCC 6803. Here, we investigated the role of SbtB and of asso-

ciated second messengers at different Ci conditions.
� The transcriptome of wild-type (WT) Synechocystis and the DsbtB mutant were compared

with Dcya1, a mutant defective in cAMP production, and DdacA, a mutant defective in gener-

ating c-di-AMP.
� A defined subset of LC-regulated genes in the WT was already changed in DsbtB under

high Ci (HC) conditions. This response of DsbtB correlated with a diminished induction of

many CCM-associated genes after LC shift in this mutant. The Dcya1 mutant showed less

deviation from WT, whereas DdacA induced CCM-associated genes under HC. Metabolome

analysis also revealed differences between the strains, whereby DsbtB showed slower accu-

mulation of 2-phosphoglycolate and DdacA differences among amino acids compared to WT.
� Collectively, these results indicate that SbtB regulates a subset of LC acclimation genes

while c-di-AMP and especially cAMP appear to have a lesser impact on gene expression under

different Ci availabilities.

Introduction

Cyanobacteria are the only prokaryotic oxygenic phototrophs
that can convert inorganic carbon (Ci), either in the form of CO2

or HCO3
�, into organic carbon compounds using the energy of

sunlight. The concentrations of Ci available in the Earth’s atmo-
sphere have declined over geological timescales to the present day
0.04% CO2. However, concentrations of available Ci fluctuate
rapidly in aquatic environments, in response to different temper-
atures and pH values. Cyanobacteria have evolved an efficient Ci-
concentrating mechanism (CCM) as an adaptation to changing
and, often, suboptimal Ci levels. The CCM increases the CO2

concentration in the vicinity of ribulose 1,5-bisphosphate car-
boxylase/oxygenase (RubisCO) (Raven et al., 2017). RubisCO is
a rather slow enzyme and can also consume O2 during its oxyge-
nase reaction (Tcherkez et al., 2006), which leads to the produc-
tion of the byproduct 2-phosphoglycolate (2PG). The 2PG
exerts an inhibitory effect on Calvin–Benson–Bassham cycle
(CBBC) enzymes (Fl€ugel et al., 2017), and therefore needs to be

detoxified and the carbon skeleton salvaged in the photorespira-
tory pathway (Hagemann et al., 2016). The CCM largely sup-
presses photorespiration and permits cyanobacteria to efficiently
fix CO2 under low Ci (LC) conditions. It employs different Ci

uptake systems, namely the LC-induced bicarbonate transporters
BCT1 and sodium-dependent bicarbonate transporter A (SbtA),
or the constitutive BicA. Furthermore, the LC-induced NDH1-3
and constitutive NDH1-4 complexes convert cellular CO2 to
HCO3

�. Collectively, these Ci uptake systems accumulate high
cellular amounts of HCO3

�, which then diffuses into the car-
boxysome, a protein-coated bacterial micro-compartment har-
boring carbonic anhydrase and RubisCO (reviewed by Rae et al.,
2013; Hagemann et al., 2021).

The CCM in cyanobacteria is regulated according to the exter-
nal Ci concentrations. The expression of genes encoding Ci

uptake systems is induced under LC conditions, whereas genes
encoding carboxysome proteins or enzymes of the CBBC and
photorespiration are less regulated at the transcriptional level and
may be subject to posttranscriptional regulation (Jablonsky et al.,
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2016; Sp€at et al., 2021). In cyanobacteria, three transcription fac-
tors, namely NdhR, CmpR, and CyAbrB2 regulate different sets
of genes in response to changing Ci conditions (reviewed in
Hagemann et al., 2021). NdhR and CmpR alter their DNA
affinity by binding of low-molecular-mass effector molecules.
NdhR senses high Ci (HC) or LC conditions by binding of 2-
oxoglutarate or 2PG, respectively, which results in the activation
or inactivation of its repressor activity (Daley et al., 2012; Jiang
et al., 2018). The DNA-binding capacity of the activator of
CmpR increases by 2PG or ribulose 1,5-bisphosphate interaction
under LC conditions (Nishimura et al., 2008).

Recently, the protein SbtB was identified as a regulator of Ci

acclimation in Synechocystis sp. PCC 6803 (Synechocystis here-
after). In cyanobacteria, SbtB is often encoded in an operon
together with SbtA, one of the LC-induced HCO3

� transporters
(Selim et al., 2018). With its characteristic trimeric ferredoxin-
like fold, SbtB is considered as a new member of the PII super-
family. The canonical cyanobacterial PII protein GlnB is a multi-
functional signal processing protein that plays a wide range of
regulatory roles by interacting with enzymes, transporters, and
transcription factors, especially during nitrogen acclimation
(Forchhammer & Selim, 2020). In many bacteria, PII homologs
interact with transporters to fine-tune their activities. A similar
function is suspected for the SbtB–SbtA couple. The co-
expression of SbtB and SbtA in Escherichia coli revealed that SbtB
may exhibit a direct inhibitory effect on SbtA-mediated HCO3

�

transport activity (Du et al., 2014), which was recently supported
by the identification of structural interactions (Fang et al., 2021;
Liu et al., 2021). Synechocystis cells harboring sbtB mutations were
shown to have impaired Ci acclimation, pointing to a broader
regulatory function of this PII-like protein (Selim et al., 2018).
Like other PII proteins, SbtB can bind different effector
molecules, which modulate its flexible T-loop, a structure that is
important for mediating interactions with potential binding part-
ners. However, unlike PII, SbtB binds not only to ATP, ADP, or
AMP, but also to the second messengers cAMP (Selim et al.,
2018) and c-di-AMP (Selim et al., 2021). The second messenger
cAMP has previously been proposed to act as a Ci-sensing signal,
since the activity of the cAMP-producing soluble adenylate
cyclase is modulated by different Ci concentrations (Cann et al.,
2003; Hammer et al., 2006). In cyanobacteria, cAMP has addi-
tional functions, such as the control of cell motility (Terauchi &
Ohmori, 1999). The other second messenger, c-di-AMP, has
been previously linked to potassium homeostasis and osmoregu-
lation (Agostoni et al., 2018; St€ulke & Kr€uger, 2020). In
cyanobacteria, c-di-AMP is also involved in growth regulation
under light : dark conditions (Rubin et al., 2018), as it controls
glycogen metabolism during diurnal cycles via SbtB (Selim et al.,
2021).

Despite the earlier findings and the fact that homologs of SbtB
are widely conserved among cyanobacteria, many aspects of its
functionality remain unknown. In the present study, we set out
to investigate the broader impact of SbtB on Ci acclimation in
Synechocystis, other than as a regulator of the SbtA-mediated
HCO3

� transport activity. In order to check for signaling overlap
between SbtB and its cAMP or c-di-AMP interaction, we

compared the transcriptome, metabolome, and photosynthetic
activity of DsbtB under different Ci conditions to Synechocystis (1)
wild-type (WT), (2) the Dcya1 mutant (defective in the main
adenylate cyclase required for cAMP synthesis), and (3) the
DdacA mutant (defective in the diadenylate cyclase required for
c-di-AMP production). We found that SbtB affects a subset of
LC-induced gene expression, while c-di-AMP and especially
cAMP are more important under HC than LC conditions.

Materials and Methods

Strains and cultivation

The cyanobacterium Synechocystis sp. PCC 6803 sub-strain
T€ubingen was used as WT strain for the generation of mutants.
The cyanobacteria were grown in buffered BG11 media (Rippka
et al., 1979) at 30°C under constant light (130 µmol pho-
tons m�2 s�1). The media for HC and LC cultures were buffered
with TES–KOH until a pH of 8 and 7, respectively. HC cultures
were bubbled with CO2-enriched air (5%, v/v), while LC cul-
tures with ambient air (0.04% CO2).

The generation of the DsbtB (Dslr1513) and DdacA (Dsll0505)
mutants has been previously described (Selim et al., 2018, 2021).
The Dcya1 (Dslr1991) knockout mutant was generated by dele-
tion of slr1991. Briefly, in the slr1991 ORF of Synechocystis a syn-
thetic gBlock DNA-fragment (IDT, Redwood City, CA, USA),
which encodes an erythromycin-resistance cassette, was inserted
between the upstream and downstream regions of slr1991 (0.5 kb
each) and cloned into the pUC19 vector cut with BamHI, using
Gibson assembly. All knockout mutants were selected on BG11
plates supplemented with proper antibiotics followed by PCR
verification.

Sampling of cells during the HC to LC shift

The transcriptome and metabolome were analyzed during a HC to
LC shift. Cultures were pre-acclimated to HC conditions for 3 d
with daily transfer into fresh BG11 pH 8.0 at optical density mea-
sured at 750 nm (OD750) c. 1. On the day of the shift, the cultures
were re-started in HC conditions at an OD750 of 1–1.2. After cul-
tivation for 2 h under HC conditions, 10ml of the HC cultures
were collected by filtration through 2.5 cm glass fiber filters
(Macherey-Nagel, D€uren, Germany). Afterwards, the cells were
diluted to an OD750 of 0.8–1 and shifted to LC conditions. Fol-
lowing the shift, the cultures were sampled by filtration at 15min
and 1 h for the metabolome analysis and at 3 h and 24 h for the
transcriptome analysis. The cells on the filters were quickly frozen
in liquid nitrogen and stored at �80°C until the extraction.

RNA extraction, qPCR, and Northern blotting

RNA extraction was performed as previously described (Hein
et al., 2013). RNA quality was verified by performing a DNA
contamination assay and by running 4 µg of each sample on a
denaturating RNA gel. For the measurement of individual RNA
concentrations by qPCR, 1 µg of RNA was reverse transcribed
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with 1 µl reverse transcriptase (NEB, Ipswich, MA, USA) in a
mixture containing 1 µl Random Hexamer Primer (NEB), 4 µl
59 reaction buffer, 1 µl RNase inhibitor, 2 µl of dNTPs
(10 mM), and nuclease-free water (total volume 20 µl). The
reverse transcription was performed by incubating the reaction
mixture for 5 min at 25°C, then 60 min at 42°C, and finally
5 min at 70°C. The expression levels of selected genes were then
measured using a LIGHTCYCLER v.1.5 (Roche, Basel, Switzerland),
with the capillaries, reaction mixes, and SYBR1 green DNA stain
all purchased from Roche. The complementary DNA (cDNA)
concentrations were normalized according to the DCT levels of
the housekeeping gene rnpB.

RNA extraction and subsequent Northern-hybridization was
performed as described (Jesser et al., 2019) with the following
changes: 50 ml Synechocystis cultures were harvested by centrifu-
gation. Pellets were then resuspended in 1 ml PGTX and incu-
bated for 15 min at 65°C. Next, 10 lg total RNA was separated
on a 10% PAA 8.3M urea gel. The riboswitch-specific probe
template was generated by PCR, using the OneTaq DNA poly-
merase (NEB) and the following primers: ncr1680_fwd, caata
gataacagtaacaagtc; ncr1680_T7_rev, taatacgactcactatagggaaagt
caaaacatcgttaaac (bold, T7 promoter sequence).

Microarray

Total RNA was DNase-treated using TURBO DNase
(ThermoFisher Scientific, Waltham, MA, USA). Next, 2 lg of
DNase-treated RNA were labeled with Cy3 using the ULS Fluo-
rescent Labeling Kit for Agilent arrays (Kreatech, Amsterdam,
the Netherlands). A high-resolution microarray manufactured by
Agilent Technologies, Santa Clara, CA, USA (design ID 075764,
format 89 60k, slide layout = IS-62976-8-V2) was used. Then,
600 ng of labeled RNA were used for hybridization for 17 h at
65°C, per array. Each condition was analyzed in two biological
replicates. Raw data were processed with R software. The thresh-
olds for the analysis were set as being significant at
|log2 fold change (FC)| ≥ 1.00 and a P-value ≤ 0.05. All details
relating to the processing and statistical evaluation of the data can
be found in Klotz et al. (2016). The full datasets are accessible in
the GEO database with the following accession numbers:
GSE185294 (Synechocystis WT and DsbtB mutant), GSE185296
(Synechocystis WT and Dcya1 mutant), and GSE185297 (Syne-
chocystisWT and DdacAmutant).

Metabolome analysis

Low molecular mass compounds were extracted from cells with
ethanol (80%, HPLC grade; Roth, Dautphetal-Buchenau, Ger-
many) at 65°C for 2 h. The metabolites were analyzed by liquid
chromatography tandem mass spectrometry (LC–MS/MS) system
LCMS-8050 (Shimadzu, Kyoto, Japan) as described by Reinholdt
et al. (2019). Briefly, 1 lg of carnitine was added per sample as an
internal standard. The dry extracts were dissolved in 200 µl MS-
grade water and filtered through 0.2 µm filters (Omnifix®-F,
Braun, Germany). The cleared supernatants were separated on a
pentafluorophenylpropyl column (Supelco Discovery HS FS,

3 µm, 150mm 9 2.1 mm). Sample aliquots were continuously
injected into the MS/MS part and ionized via electrospray ioniza-
tion. The compounds were identified and quantified using the
multiple reaction monitoring values given in the LC–MS/MS
method package and the LABSOLUTIONS software package (Shi-
madzu). The metabolite peaks were normalized to the signal inten-
sity of the internal standard carnitine and quantified using
authentic substances as standards in the same LC–MS/MS run.

The intracellular ATP levels were determined as described in
Doello et al. (2021) using the ATP Bioluminescence Assay Kit
CLS II (Roche). ATP was extracted from the Synechocystis WT
and DsbtB mutant strains, which were grown at HC and constant
illumination of 50 µE at an OD750 of 0.5. ATP levels were calcu-
lated based on an ATP standard curve and were normalized to an
OD750 of 1.0.

Pigments were quantified by in vivo absorption measurements
according to Sigalat & Kouchkovsky (1975). More details are
given in the Supporting Information Methods S1.

Results

Global evaluation of gene expression

The gene expression of Synechocystis WT was compared to that of
the mutants DsbtB, Dcya1, and DdacA either after a 3-d acclima-
tion to HC conditions or after 3 h or 24 h shifts to LC, using a
DNA microarray covering all protein-coding genes as well as
non-coding RNAs. The global comparison via principal compo-
nent analysis showed that the HC-grown cell samples all had a
gene expression profile that differed from the LC-shifted samples
(Fig. S1). Among the HC-samples, the gene expression patterns
of the mutants Dcya1 and DsbtB were more similar to each other
than to WT or DdacA. A similar trend was observed for the gene
expression pattern after a 3 h shift to LC. In contrast, 24 h after
the shift to LC, the gene expression pattern of mutant DsbtB was
markedly different from both Synechocystis WT and the Dcya1
and DdacA mutants (Fig. S1). Thus, these data indicate that the
mutation of target genes had a global impact on the gene expres-
sion under HC as well as LC conditions.

The expression of a gene was regarded as upregulated or down-
regulated if the log2 FC was higher or lower than 1 or �1, respec-
tively, with a P-value < 0.05. Focusing on the protein-coding
genes, we found that the largest number of genes were expressed at
higher levels in HC-acclimated Dcya1 (136 genes) and DdacA (80
genes) mutants, compared to WT. Meanwhile, the highest number
of downregulated genes was detected in the DsbtB (174 genes)
mutant 24 h after the shift to LC. Relatively few genes showed
similar patterns of upregulation or downregulation in two or all
three mutants (Fig. 1; Venn diagrams for the 3 h time point are
shown in Fig. S2). Therefore, in the next sections, we will discuss
mutant-specific alterations in gene expression compared to WT.

Gene expression analysis – comparison of DsbtB and WT

We observed that the mutation of sbtB altered the expression of a
defined set of protein-coding genes when the cyanobacteria were
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grown under HC conditions. The transcription levels of 65 genes
were significantly elevated in mutant DsbtB, compared to WT.
Interestingly, 10 of the 65 upregulated genes in the DsbtB mutant
were upregulated in WT cells only after a shift to LC conditions.
This group includes the genes encoding the glutamine synthetase
inactivation factors IF7 and IF17 (that are involved in the down-
regulation of N-assimilation (Brandenburg & Kl€ahn, 2020)) and
the PII-interacting regulator of arginine synthesis (PirA) (Bolay
et al., 2021). Furthermore, six of the 65 upregulated genes in
the DsbtB mutant became downregulated in WT cells post LC
shift (Fig. 1; Table 1). Hence, the DsbtB-specific differentially
expressed genes comprise a substantial number of genes previ-
ously reported to be regulated by different Ci conditions in Syne-
chocystis (Kl€ahn et al., 2015) and indicate a similarity to a state of
pre-acclimation to LC conditions in HC-grown mutant cells.

Under HC-conditions, CCM-associated genes did not
undergo significant changes in expression in the DsbtB mutant
compared to WT. The gene slr0897, encoding the endoglucanase
SsGlc (Tamoi et al., 2007), underwent the highest level upregula-
tion under HC in the DsbtB mutant compared to WT. Some
other protein-coding genes associated with carbon metabolism,
such as the glucose transporter GlcP, malate dehydrogenase, and
fructose-bisphosphate aldolase, were also more highly expressed
in HC-grown DsbtB cells (Table 1). Furthermore, the ATP syn-
thase operon sll1321-1327 was higher expressed (Table S1), con-
sistent with an upregulated atpT gene, encoding AtpΘ, the

inhibitor of ATP hydrolysis (back reaction) of the ATP synthase
complex (Song et al., 2022). The higher ATP synthase expres-
sion correlated with a significantly higher ATP accumulation
in DsbtB (504.9� 8.7 nmol ml�1 OD750

�1) compared to WT
(350.6� 36.7 nmol ml�1 OD750

�1), under HC conditions.
These expression changes also indicate that the absence of SbtB
has a more general negative impact on the cell, because several of
the upregulated genes encode proteins involved in the general
stress response of Synechocystis such as Hsp17, GroES, DnaK2,
and OCP. Finally, two genes that are regulated via cAMP
(Yoshimura et al., 2002) were among the upregulated genes seen
when DsbtB cells were grown at HC, namely slr1667 and slr1928,
which encode CccS and PilA5, respectively (Table 1).

In addition, 49 genes were significantly underexpressed in
DsbtB cells compared to WT at HC. Remarkably, 19 of these
genes were downregulated in WT cells only after the shift to LC
conditions, and only two of these genes were upregulated in WT
cells post LC shift (Fig. 1; Table 2). The highest decrease was
observed for the genes slr0750 and slr0749 that respectively
encode the ChlN and ChlL subunits of the light-independent
protochlorophyllide reductase. The lower expression of genes
associated with chlorophyll biosynthesis also applies to the pro-
teins HemL, ChlP, HemA, and ChlB in DsbtB at HC compared
to WT (Table 2). However, the spectral analysis did not reveal a
notably lower chlorophyll content in DsbtB compared to WT at
HC (Fig. S3). In Synechocystis, most chlorophyll is bound to

(a) (b)

(c)
(d) Fig. 1 Venn diagrams showing the overlap of

CO2-regulated gene expression changes in
mutants DsbtB, Dcya1, and DdacA compared
to wild-type of Synechocystis sp. PCC 6803.
(a) Comparison of upregulated gene
expression at high CO2 (5%, high inorganic
carbon (HC)) conditions; (b) comparison of
downregulated gene expression at HC
conditions; (c) comparison of upregulated
gene expression 24 h after shift to low CO2

(0.04%, low inorganic carbon (LC)); (d)
Comparison of downregulated gene
expression 24 h after LC shift. Here, only
protein-coding genes were considered.
(Venn diagrams of changes after 3 h LC are
displayed in Supporting Information Fig. S2).
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photosystem 1 (PSI). Accordingly, the genes encoding several of
the PSI subunits (namely PsaF, PsaJ, PsaK1, and PsaC) were also
found at lower messenger RNA (mRNA) levels in mutant DsbtB

at HC (Table 2). Furthermore, many genes encoding proteins
involved in nitrogen uptake, assimilation, and metabolism were
downregulated in DsbtB cells under HC, while the expression of

Table 1 Protein-coding genes that were significantly upregulated in cells of mutant DsbtB in comparison to wild-type (WT) of Synechocystis sp. PCC 6803
grown under high CO2 (high inorganic carbon (HC) time point 0 h) conditions.

Locus Gene Annotation
sbtB/0-
WT/0

sbtB/3-
WT/3

sbtB/24-
WT/24

sbtB/3-
sbtB/0

sbtB/24-
sbtB/0

sbtB/24-
sbtB/3

WT/24-
WT/0

WT/24-
WT/3

WT/3-
WT/0

slr0897 slr0897 Probable endoglucanase SsglC 2.87 2.84 2.02 0.06 �0.71 �0.76 0.15 0.06 0.09
slr1667 cccS Cell surface protein CccS (target

gene of SyCRP1)
2.40 0.16 0.01 �2.57 �2.26 0.31 0.14 0.47 �0.33

sll1515 gifB Glutamine synthetase inactivating
factor IF17

2.29 0.77 �0.30 0.41 �0.11 �0.52 2.47 0.54 1.93

sll0573 arcC Carbamate kinase 2.18 0.09 �0.04 �3.01 �2.55 0.45 �0.33 0.59 �0.92
sll1514 hsp17 16.6 kDa small heat shock protein,

chaperone
2.05 1.36 0.53 �0.86 �0.96 �0.10 0.56 0.73 �0.17

ssl1911 gifA Glutamine synthetase inactivating
factor IF7

1.96 0.27 �1.35 2.74 1.17 �1.57 4.49 0.06 4.43

slr1739 psb28 Photosystem II 13 kDa protein
homolog

1.78 0.46 �0.09 �1.38 �1.82 �0.44 0.06 0.11 �0.06

ssr2153 ssr2153 Unknown protein 1.73 0.29 �0.07 �1.00 0.10 1.09 1.90 1.46 0.45
slr1232 slr1232 Unknown protein 1.71 0.07 �0.10 �2.71 �2.38 0.32 �0.58 0.49 �1.07
ssr0692 pirA PII-interacting regulator of arginine

synthesis PirA
1.64 �0.12 �1.68 0.14 �1.14 �1.28 2.19 0.28 1.91

norf1 atpT ATP synthase inhibitory factor 1,63 �0.21 �1.42 �3.73 �3.63 0.09 �0.59 1.30 �1.88
slr1851 slr1851 Hypothetical protein with PPR

domain
1.62 0.29 0.15 �1.82 �1.48 0.34 �0.01 0.49 �0.50

sll0170 dnaK2 DnaK2, heat shock protein 70,
chaperone

1.57 0.06 �0.82 �1.99 �1.76 0.23 0.64 1.11 �0.47

sll0771 glcP Glucose transport protein 1.51 1.24 1.40 �0.90 �0.59 0.30 �0.49 0.14 �0.63
slr0587 slr0587 Unknown protein 1.49 �0.17 �0.57 �2.70 �2.26 0.44 �0.20 0.85 �1.05
slr2075 groES 10 kD chaperonin 1.42 �0.31 �0.61 �2.29 �1.98 0.32 0.05 0.62 �0.57
sll0522 ndhE NADH dehydrogenase subunit 4l 1.40 0.30 �1.24 0.41 �0.92 �1.34 1.71 0.20 1.51
sll1655 birA Similar to biotin (acetyl-CoA-

carboxylase) ligase
1.32 0.18 0.16 �3.00 �2.86 0.14 �1.69 0.16 �1.85

slr1928 pilA5 Type 4 pilin-like protein 1.26 �0.62 �1.32 �1.94 �2.74 �0.80 �0.16 �0.10 �0.06
sll1852 ndkR Nucleoside diphosphate kinase 1.26 �0.56 0.26 �0.49 �0.77 �0.27 0.23 �1.09 1.32
sll0891 citH Malate dehydrogenase 1.25 �0.07 �0.16 �1.40 �1.49 �0.08 �0.08 0.01 �0.09
slr0193 rbp3 RNA-binding protein 1.24 �0.19 �0.10 �0.70 �1.00 �0.31 0.34 �0.40 0.74
sll0856 rpoE RNA polymerase group 3 sigma-E

factor
1.24 0.04 0.09 �0.82 �1.02 �0.19 0.14 �0.24 0.38

ssr1038 ssr1038 Unknown protein 1.24 0.02 �1.15 1.11 0.57 �0.54 2.95 0.63 2.33
sll1323 atpG ATP synthase subunit b0 of CF(0) 1.22 �0.50 �0.30 �1.78 �2.00 �0.22 �0.48 �0.42 �0.06
sll1806 rplN 50S ribosomal protein L14 1.20 �0.87 �0.14 �2.94 �2.61 0.33 �1.27 �0.40 �0.87
sll0253 sll0253 DUF6335 protein 1.17 �0.17 �0.43 �2.70 �2.65 0.05 �1.04 0.31 �1.36
ssl3436 rpmC 50S ribosomal protein L29 1.15 �0.83 �0.17 �2.57 �2.10 0.47 �0.78 �0.19 �0.59
sll1807 rplX 50S ribosomal protein L24 1.12 �1.07 �0.30 �3.40 �2.75 0.65 �1.33 �0.12 �1.21
slr1704 slr1704 Hypothetical protein 1.11 0.13 0.52 �0.77 0.53 1.29 1.12 0.90 0.21
sll0772 sll0772 Probable major outer membrane

porin
1.07 0.39 0.61 �0.89 �0.65 0.24 �0.19 0.02 �0.21

ssl1690 ndhO NDH1 complex small subunit 1.06 0.11 �0.33 �0.91 �1.53 �0.61 �0.14 �0.18 0.04
sll1803 rplV 50S ribosomal protein L22 1.06 �0.97 �0.33 �2.80 �2.26 0.53 �0.87 �0.11 �0.76
sll0018 cbbA Fructose-bisphosphate aldolase,

class II
1.06 �0.43 �0.58 0.15 �0.17 �0.32 1.47 �0.17 1.64

sll1324 atpF ATP synthase B chain (subunit I) of
CF(0)

1.05 �0.25 0.43 �1.23 �0.94 0.29 �0.32 �0.39 0.07

sll1325 atpD ATP synthase delta chain of CF(1) 1.03 �0.36 0.02 �1.44 �1.56 �0.12 �0.55 �0.50 �0.06
slr1963 ocp Water-soluble carotenoid protein 1.01 �0.27 �0.52 �1.64 �1.81 �0.17 �0.28 0.08 �0.36
ssl3437 rpsQ 30S ribosomal protein S17 1.00 �1.02 �0.41 �2.81 �2.39 0.42 �0.98 �0.18 �0.80

A gene was regarded as induced or repressed if the log2 fold change was higher or lower than 1 or �1 (P < 0.05, in bold). Mostly genes are shown that are
functionally annotated. Genes for hypothetical or unknown proteins are included if they showed inorganic carbon-dependent regulation (upregulated
genes marked in light yellow, downregulated genes marked in dark-yellow) in WT cells after shifts for 3 h or 24 h into low CO2 conditions.
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Table 2 Protein-coding genes that are significantly downregulated in cells of mutant DsbtB in comparison to wild-type (WT) of Synechocystis sp. PCC
6803 grown under high CO2 (high inorganic carbon (HC) time point 0 h) conditions.

Locus Gene Annotation
sbtB/0-
WT/0

sbtB/3-
WT/3

sbtB/24-
WT/24

sbtB/3-
sbtB/0

sbtB/24-
sbtB/0

sbtB/24-
sbtB/3

WT/24-
WT/0

WT/24-
WT/3

WT/3-
WT/0

slr0750 chlN Light-independent protochlorophyllide
reductase ChlN

�2.17 �0.11 0.08 �1.21 �1.00 0.21 �3.26 0.02 �3.28

slr0749 chlL Light-independent protochlorophyllide
reductase ChlL

�2.16 �0.22 �0.12 �1.57 �1.69 �0.11 �3.73 �0.21 �3.51

sll0819 psaF Photosystem I reaction center subunit
III

�2.07 �1.23 �2.52 0.59 �0.75 �1.34 �0.30 �0.05 �0.25

sll1830 sll1830 Unknown protein �2.00 �0.31 �1.02 0.35 �0.18 �0.53 �1.17 0.17 �1.34
sml0008 psaJ Photosystem I subunit IX �1.81 �1.21 �2.53 0.53 �1.08 �1.60 �0.35 �0.27 �0.08
sll1398 psb13 Photosystem II reaction center 13 kDa

protein
�1.68 �0.43 �1.33 1.10 0.15 �0.95 �0.21 �0.05 �0.16

slr0288 glnN Glutamate–ammonia ligase �1.62 �0.61 �0.38 �1.92 �1.24 0.68 �2.48 0.45 �2.94
slr1984 rps1b 30S ribosomal protein S1 homolog �1.59 �0.32 �0.71 1.15 0.64 �0.51 �0.24 �0.12 �0.12
ssr2831 psaE Photosystem I subunit IV �1.58 �0.74 �0.78 0.88 0.61 �0.27 �0.19 �0.23 0.04
sll0017 hemL Glutamate-1-semialdehyde

aminomutase
�1.47 0.00 �0.09 1.29 1.05 �0.24 �0.32 �0.15 �0.17

slr2057 apqZ Water channel protein �1.45 �0.87 �1.58 0.92 �0.70 �1.62 �0.57 �0.91 0.34
sll0680 pstS Phosphate-binding periplasmic protein �1.42 0.35 �0.04 0.39 0.02 �0.37 �1.36 0.02 �1.38
ssr0390 psaK1 Photosystem I reaction center subunit

X
�1.39 �0.61 �2.05 0.15 �1.05 �1.20 �0.39 0.24 �0.63

sll1244 rplI 50S ribosomal protein L9 �1.36 �0.45 0.26 0.42 0.83 0.41 �0.80 �0.30 �0.49
sll1091 chlP Geranylgeranyl hydrogenase �1.36 �0.78 �1.40 0.71 0.08 �0.63 0.12 �0.01 0.14
ssl0563 psaC Photosystem I subunit VII �1.22 �0.86 �2.91 0.05 �1.86 �1.91 �0.17 0.15 �0.31
slr0447 amiC ABC-type urea transport substrate-

binding protein
�1.20 �0.81 �0.72 �1.77 �1.69 0.08 �2.18 �0.01 �2.16

sll1172 thrC Threonine synthase �1.19 �0.56 �0.50 0.66 0.42 �0.24 �0.28 �0.30 0.02
slr0077 csd Cysteine desulfurase �1.17 �0.13 �0.33 �0.10 0.14 0.24 �0.70 0.44 �1.14
sll1471 cpcL Phycobilisome rod-core linker

polypeptide
�1.16 �0.35 �0.64 0.03 �0.71 �0.74 �1.23 �0.45 �0.78

sll1899 ctaB Cytochrome c oxidase folding protein �1.15 �0.01 �0.18 0.84 0.59 �0.25 �0.38 �0.08 �0.30
sll0450 norB Cytochrome b subunit of nitric oxide

reductase
�1.14 �0.02 �1.90 �1.03 �1.10 �0.07 �0.34 1.80 �2.15

slr0150 petF Ferredoxin, PetF-like protein �1.12 �0.88 �1.27 �2.26 �2.42 �0.15 �2.27 0.23 �2.50
sll1536 moeB Molybdopterin biosynthesis MoeB

protein
�1.09 �0.15 �0.51 0.79 0.56 �0.23 �0.01 0.14 �0.15

slr0151 slr0151 Unknown protein �1.09 �0.36 �0.54 �1.08 �1.13 �0.05 �1.68 0.12 �1.80
ssr1600 ssr1600 Similar to anti-sigma f factor

antagonist
�1.08 �0.71 �1.11 0.25 �0.47 �0.72 �0.44 �0.32 �0.13

sll1638 sll1638 Hypothetical protein �1.08 �0.97 �1.15 �0.83 �1.99 �1.16 �1.92 �0.98 �0.94
slr1622 ppa Soluble inorganic pyrophosphatase �1.07 �0.75 �0.84 0.64 �0.37 �1.01 �0.60 �0.92 0.32
sll0517 rbpA Putative RNA binding protein �1.07 0.46 0.13 �0.06 �0.15 �0.09 �1.35 0.24 �1.59
sll0661 ycf35 Hypothetical protein YCF35 �1.07 �0.04 �1.49 2.80 1.63 �1.17 2.05 0.28 1.78
slr1171 gpx1 Glutathione peroxidase-like NADPH

peroxidase
�1.06 0.33 �0.04 1.61 0.67 �0.94 �0.35 �0.57 0.22

slr0585 argG Argininosuccinate synthetase �1.05 �0.42 �0.64 �0.45 �1.05 �0.59 �1.46 �0.37 �1.09
slr0623 trxA Thioredoxin �1.05 �0.06 �1.40 �0.63 �1.73 �1.10 �1.38 0.24 �1.62
sll1196 pfkA1 Phosphofructokinase �1.03 �0.41 �0.44 �2.03 �2.13 �0.10 �2.71 �0.07 �2.65
sml0002 psbX Photosystem II PsbX protein �1.03 �1.11 �1.80 �0.46 �1.32 �0.86 �0.54 �0.17 �0.37
slr0149 apcD Allophycocyanin gamma subunit ApcD �1.02 �0.83 �1.37 �2.40 �2.65 �0.25 �2.29 0.30 �2.59
slr0213 guaA GMP synthetase �1.01 �0.33 �0.21 0.61 0.58 �0.03 �0.22 �0.15 �0.08
slr1239 pntA Pyridine nucleotide transhydrogenase

alpha subunit
�1.01 0.29 �0.38 �0.36 �0.65 �0.29 �1.29 0.38 �1.66

slr1808 hemA Transfer RNA-Gln reductase �1.01 �0.62 �1.08 0.19 �0.42 �0.61 �0.35 �0.16 �0.20
slr2094 glpX Fructose-1,6-/sedoheptulose-1,7-

bisphosphatase
�1.00 �1.19 �1.14 �0.13 �0.48 �0.35 �0.34 �0.40 0.06

slr0772 chlB Light-independent protochlorophyllide
reductase ChlB

�1.00 �0.56 �1.01 �2.21 �2.30 �0.09 �2.29 0.36 �2.65

A gene was regarded as induced or repressed if the log2 fold change was higher or lower than 1 or �1 (P < 0.05, in bold). Only genes are shown that are
functionally annotated or showed inorganic carbon-dependent regulation (downregulated genes marked in light yellow, upregulated genes marked in
dark-yellow) in WT cells after shifts for 3 h or 24 h into low CO2 conditions.
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these genes was typically only reduced in WT cells after a shift to
LC conditions. It has been shown that reduced Ci availability also
lowers the accumulation of many amino acids in Synechocystis
(Orf et al., 2016b). The group of genes involved in nitrogen
metabolism comprise the nitrogen-starvation specific glutamine
synthetase GlnN, which helps to assimilate ammonia during
nitrogen-limiting conditions (Garc�ıa-Dom�ınguez et al., 1997).
Moreover, genes encoding proteins involved in the uptake of urea
(e.g. AmiC) and ammonia (e.g. AMT1; log2 FC �0.97, slightly
below significance threshold), or in amino acid metabolism (e.g.
ThrC, Csd, and ArgG) were among the downregulated genes in
DsbtB (Table 2). Only two genes, encoding the proteins Pfk1 and
GlpX, which are involved in sugar metabolism, were also under-
expressed in the DsbtB mutant at HC.

The comparison of gene expression changes 3 h and 24 h after
the LC shift revealed that only 16 and 25 genes, respectively,
showed significantly higher expression in DsbtB compared to
WT. Among them, the expression of slr0897, which encodes the
probable endoglucanase GlcP, as well as Hsp17, remained ele-
vated under HC. Messenger RNAs of the two high light-

inducible proteins HliC and HliA were present at higher levels,
indicating that LC-shifted mutant cells experienced light or
oxidative stress. All of the CCM-associated genes and most others
known to be induced in Synechocystis WT cells following the shift
to LC, were also upregulated in the DsbtB mutant. However, the
LC-mediated upregulation of genes belonging to the NdhR regu-
lon (such as the sbtA- and ndh3-encoding operon) and the
strongly LC-induced operon for flavoproteins Flv2/4 was much
weaker in DsbtB than in WT cells (Fig. 2; diagrams for the
changes after 3 h LC are displayed in Fig. S4), which is consistent
with the assumption that HC-grown DsbtB cells are partially pre-
acclimated to LC conditions. Meanwhile, the extent of LC stimu-
lation was not changed regarding the expression of genes associ-
ated with the CmpR-activated BCT1 system and the
constitutively expressed bicA or ndh4 operon.

In contrast to the relatively few genes that were upregulated in
DsbtB after the shift to LC, the mRNAs of 41 and 174 genes were
less abundant in the mutant compared to WT cells 3 h and 24 h,
respectively, after the transition to LC conditions. Among them
were 17 genes encoding photosynthesis-associated proteins,

(a)

(b)

Fig. 2 Comparison of the expression of selected inorganic carbon (Ci)-regulated genes in Synechocystis sp. PCC 6803. The relative expression of genes
(fold changes of expression at (a) high CO2 (5%, high Ci (HC)) conditions, or (b) 24 h after shift to low CO2 (0.04%, low Ci (LC)) relative to HC; HC
expression of wild-type (WT) was set to 0 encoding proteins of the carbon-concentrating mechanism (CCM) such as the bicarbonate transporters SbtA,
BicA and BCT1 (cmpA/B), the constitutive Ndh4 (ndhF4/D4) or the LC-induced Ndh3 (sll1732,1733,1734,1735) complex, and the flavoprotein (Flv) 2/4-
encoding operon sll0217,0218,0219 are shown. Mean values and standard deviations are displayed. Significantly changed expression compared to WT is
indicated by an asterisk (Student’s t-test, P < 0.05).
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including those that were already underexpressed at HC
(Table 2). The lower expression of the PS1 and PS2 subunits, as
well as phycobilisomes, is consistent with the slower growth and
photosynthetic activity of DsbtB cells under this condition (Selim
et al., 2018). The overall pigmentation of DsbtB cells was also
clearly diminished following the shift to LC conditions (Fig. S3).
Regarding LC acclimation, it is interesting to note that the 35
genes that were significantly upregulated in WT cells after the LC
shift were significantly underexpressed in DsbtB after 24 h in LC.
In addition to many genes encoding proteins of unknown func-
tion, this group includes many CCM-associated genes such as
sbtA, the operon encoding the NDH1-3 complex, the ndhA
operon (sll0519-22), the flv2/4 operon (sll0217-19) (Fig. 2), and
the gene for NdhR. The lower expression of these genes may
reflect the already pre-acclimated state of DsbtB towards LC.
However, the lower expression of genes encoding proteins
involved in Ci uptake in the DsbtB mutant is also in line with the
lower induction of the CCM in mutant compared to WT cells
(see later). In addition to NdhR, other regulatory proteins such
as LexA, Rre15, SigF, SigG, and SigE were found at lower
mRNA levels, which possibly contributes to the large negative
impact of the sbtB deletion on gene expression.

Collectively, these results clearly indicate that the absence of
the carbon regulator SbtB had a marked impact on the expression
of a defined subset of genes that belong to the Ci-regulated stimu-
lon in Synechocystis WT cells. The partial induction or repression
of Ci-regulated genes in DsbtB cells at HC is consistent with the
reported higher photosynthetic Ci-affinity of HC-grown DsbtB
mutant, compared to WT (Selim et al., 2018; see later).

To confirm some of the gene expression changes observed in
the microarray experiments, quantitative reverse transcription
polymerase chain reaction (qRT-PCR) assays were performed.
We found that the expression of sbtA was slightly lowered in HC-
grown cells and became induced to a lesser extent in mutant
DsbtB cells after the shift to LC. A similar picture appeared for
the cmpB gene of the bicarbonate transporter BCT1. Moreover,
the upregulation of gifA under HC conditions was once again
observed, whereas the nrtB gene, encoding a subunit of the
nitrate transporter, was not downregulated under LC conditions
in DsbtB mutant as it was in the WT (Fig. S5).

Gene expression analysis – comparison DdacA and WT

The DdacA mutant underwent many more changes in gene
expression compared to WT under HC conditions, rather than
after the shift to LC (Table S2). Eighty significantly upregulated
and 133 significantly downregulated genes were detected in the
DdacA mutant, when cultivated under HC. Meanwhile, only 30
and 26 or 25 and 56 genes were overexpressed or underexpressed
following a 3 h or 24 h shift to LC, respectively, in the DdacA
mutant (Fig. 1). Interestingly, 20 of the genes that were overex-
pressed in DdacA under HC were induced in WT cells only
under LC conditions. This group includes the genes sbtAB, the
entire cmp operon, and the genes of the LC-induced ndhF3/
ndhD3/cupA/cupB operon, which all encode proteins involved in
the CCM-associated increase of Ci uptake in LC-grown WT

cells. However, the higher expression of several genes encoding
Ci uptake systems only slightly improved the Ci affinity of photo-
synthesis in HC-cultivated DdacA cells (see later). Furthermore,
similarly to DsbtB, the genes for the GS-inactivating proteins IF7
and IF17, as well as the PII-dependent regulator PirA, were also
expressed at higher levels in DdacA at HC, and only became ele-
vated in the WT under LC conditions. Finally, a distinct group
of genes were more highly expressed in DdacA under both, HC
and LC conditions (Table 3). This group includes the cmp
operon, sll0556 (encoding the Na+/H+ antiporter NhaS6), hliB,
hliC (encoding two small chlorophyll-binding proteins), and
slr0753 (encoding a putative transport protein (Kobayashi et al.,
2006)). The only c-di-AMP-dependent riboswitch in Synechocys-
tis was predicted to lie upstream of slr0753 (Nelson et al., 2013).
Similarly to slr0753, the riboswitch-corresponding RNA (50UTR
of slr0753) was upregulated in the microarray of DdacA, irrespec-
tive of the Ci supply (Table 3). Subsequent analysis by Northern-
hybridization revealed the presence of riboswitch RNA, a short
transcript detectable under all Ci conditions in WT, but not in
DdacA, where instead larger transcripts had accumulated (Fig. 3).
This result provides evidence that the missing di-adenylate
cyclase activity and thus missing c-di-AMP production (Selim
et al., 2021) resulted in the expected post-transcriptional upregu-
lation of slr0753 via the altered riboswitch configuration.

Among the 133 genes found at lower mRNA levels in DdacA
at HC, 52 were underexpressed in WT cells switched for 3 h or
24 h to LC conditions. This observation for DdacA is similar to
the global change in gene expression previously observed in
mutant DsbtB cells. In both the DdacA and DsbtB mutants, many
genes encoding proteins involved in photosynthesis or nitrogen
metabolism were already downregulated under HC conditions,
not solely after the shift to LC as for the WT (Table 2). Among
the genes encoding proteins involved in nitrogen metabolism, the
uptake systems for ammonia, nitrate, and urea, as well as the
nitrogen sensory protein PII and many enzymes involved in
nitrogen assimilation (e.g. nitrite reductase NirA or the glu-
tamine synthetases GlnA and GlnN) or arginine metabolism (e.g.
Na-acetylglutamate kinase ArgB or argininosuccinate synthetase
ArgG), were found. Many of the photosynthesis-associated genes
remained underexpressed under all Ci conditions in DdacA com-
pared to WT (Table 3). However, of the nitrogen-associated
genes, only those encoding ammonia permease and nitrite reduc-
tase were consistently downregulated in the DdacA mutant. Fur-
thermore, genes encoding the phycobilisome subunits were
constantly underexpressed in this mutant (Table 3), which corre-
sponds to the relatively lower content of these pigments in DdacA
cells (Table 4; Fig. S3). In addition, pfk and pgk, two genes that
encode proteins involved in C metabolism, were permanently
downregulated in the DdacA mutant.

Gene expression analysis – comparison Dcya1 and WT

In the Dcya1 mutant, the main Synechocystis adenylate cyclase is
knocked-out, which has been reported to reduce the cAMP level
to c. 4% of that of the WT (Terauchi & Ohmori, 1999). The
mRNA levels of 136 genes appeared elevated in the Dcya1
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mutant under HC conditions, compared to WT (Fig. 1).
Remarkably, 40 of these genes encode different Synechocystis
genome-specific transposases (Table S3). Hence, the lowered
amount of cAMP is likely to directly or indirectly activate trans-
posase expression, which may subsequently impact on Synechocys-
tis genome stability. Only five of the 96 remaining overexpressed
genes in HC-grown Dcya1 cells were induced in WT under LC.
Furthermore, 78 genes were downregulated in Dcya1 under HC,
compared to WT. This list includes 25 genes that were less
strongly expressed in WT cells under LC conditions. Hence, the
overlap with the Ci stimulon is much higher among the downreg-
ulated than among the upregulated genes in Dcya1, as was previ-
ously observed for DsbtB. In both cases, many genes encoding
proteins involved in nitrogen assimilation were already underex-
pressed at HC.

Most of the assayed genes showed similar LC stimulation in
Dcya1 as in WT (Fig. 2). Only 17 and 14 genes were more highly
expressed at 3 h and 24 h, respectively, after the LC shift in

Dcya1. Several of these genes are situated on the Synechocystis plas-
mid pSYSM and encode proteins involved in the biosynthesis of
extracellular sulfated polysaccharides (Maeda et al., 2021). Simi-
larly, only nine genes were less strongly induced in Dcya1 cells
placed under LC for 3 h, including the sbtAB operon, however,
this difference disappeared after 24 h at LC (Fig. 2). Among the
29 genes expressed at a lower level in Dcya1 after 24 h at LC, sev-
eral encode regulatory factors such as the repressor LexA or the
sigma factor SigE.

The combined impact of different mutations on gene
expression

There was only a small overlap in the differentially expressed
genes among the three mutants compared to WT (Fig. 1). The
number of these shared genes was even smaller in cells shifted for
24 h to LC than in HC-grown cultures (18 vs 42). Furthermore,
the majority of these genes encode hypothetical or unknown

Table 3 Genes showing inorganic carbon-independent upregulation or downregulation in mutant DdacA compared to wild-type (WT) of Synechocystis sp.
PCC 6803.

Locus Gene Description dacA/0 –WT/0 dacA/3 –WT/3 dacA/24 –WT/24

slr0753 slr0753 Probable transport protein 1.23 2.30 2.15
50UTR slr0753 – c-di-AMP riboswitch RF00379 0.63 2.23 2.14
sll1951 hlyA Surface layer protein 1.69 2.16 1.76
ssr2595 hliB High light-inducible protein HliB. CAB/ELIP/HLIP family 0.93 2.09 1.85
ssl1633 hliC High light-inducible protein HliC. CAB/ELIP/HLIP family 1.25 1.60 2.30

sll1862 sll1862 Unknown protein 0.96 1.78 3.06
sll1863 sll1863 Unknown protein 1.25 1.63 3.15

slr0040 cmpA Bicarbonate transport system. Substrate-binding 0.85 1.78 1.21
slr0041 cmpB Bicarbonate transport system. Permease 1.05 1.41 1.07
slr0042 slr0042 Probable porin. Major outer membrane protein 1.81 1.75 1.60
slr0043 cmpC Bicarbonate transport system. ATP-binding 0.98 1.70 1.24
slr0044 cmpD Bicarbonate transport system. ATP-binding 1.77 1.69 1.23

sll1483 sll1483 Fasciclin domain-containing protein 1.17 1.42 1.41
sll0556 nhaS6 Na+/H+ antiporter 1.36 1.24 1.52
slr0789 slr0789 HPP family protein 1.00 1.07 0.92
ssl0563 psaC Photosystem I subunit VII �1.06 �1.06 �1.52
slr2057 apqZ Water channel protein �1.29 �1.07 �1.15
slr2067 apcA Allophycocyanin alpha subunit �1.41 �1.07 �1.60
sll0629 psaK2 Alternative photosystem I reaction center subunit X �1.05 �1.09 �0.48
slr1986 apcB Allophycocyanin beta subunit �1.73 �1.10 �1.63
slr0737 psaD Photosystem I subunit II �0.98 �1.12 �1.83
sll1577 cpcB Phycocyanin beta subunit �1.32 �1.12 �1.56
ssr0390 psaK Photosystem I reaction center subunit X �1.48 �1.13 �1.80
sll0427 psbO Photosystem II manganese-stabilizing polypeptide �1.15 �1.20 �1.04
sll1575 spkA Part of serine/threonine protein kinase SpkA �1.13 �1.20 �1.36
slr0447 amiC ABC-type urea transport system, substrate-binding �2.20 �1.26 �0.89
sll1196 pfk Phosphofructokinase �2.25 �1.27 �1.30
sll0108 amt1 Ammonium/methylammonium permease �3.53 �1.34 �0.73
slr0898 nirA Ferredoxin–nitrite reductase �2.68 �1.52 �1.20
ssr2831 psaE Photosystem I subunit IV �2.04 �1.77 �1.60
slr0394 pgk Phosphoglycerate kinase �0.83 �1.79 �1.76
sll1471 cpcG Phycobilisome rod-core linker polypeptide �2.21 �2.08 �1.74

A gene was regarded as induced or repressed if the log2 fold change was higher or lower than 1 or �1 (P < 0.05, in bold). Time point 0 represents high CO2

(high inorganic carbon (HC)), air supplemented with 5% CO2, 3 or 24 – shift for 3 h or 24 h towards low CO2 (low inorganic carbon (LC)) of ambient air,
0.04% CO2. Details for the c-di-AMP riboswitch can be found in the RFAM database (https://rfam.xfam.org/) under the accession no. RF00379. Boxed
genes are expressed in an operon.
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proteins (Tables S4, S5). Only a few of the annotated genes can
be linked to Ci-mediated expression changes. Among the genes
that were more highly expressed under HC conditions, were
those encoding the fructose-bisphosphate aldolase (CbbA), the
glutamine synthetase-inactivating factor IF17, and carbamate
kinase (Table S4). Moreover, the Ccs protein, which is probably
involved in cell surface synthesis, was commonly activated in all
three mutants and was shown to be regulated by the cAMP-
dependent transcription factor SyCRP (Yoshimura et al., 2002).
Among the annotated genes that were downregulated in all three
mutants compared to WT after the shift to LC, were genes
encoding PSI subunits and proteins involved in nitrogen
metabolism (e.g. ammonia permease, GlnN, and a phycobili-
some linker protein). In LC-shifted cells, a putative diguanylate
cyclase (Slr1539) and a high light-induced protein (HliA) were
higher expressed, whereas several genes associated with energy

metabolism or iron regulation were commonly downregulated.
Interestingly, the cph1 gene, encoding the cyanobacterial phy-
tochrome 1 that is involved in the diurnal activation/inactivation
of bicarbonate uptake (Oren et al., 2021) also belonged to the list
of commonly downregulated genes (Table S5).

Pigmentation

Since some of the differentially expressed genes we detected
encoded proteins implicated in chlorophyll synthesis, photosys-
tems, or phycobilisomes (especially in the DsbtB and DdacA
mutants), the pigmentation of the mutant and WT Synechocystis
cells was compared when grown for up to 3 d under HC or LC.
The visible light absorption spectra were measured for each strain
(Fig. S3). No major differences appeared when comparing the
spectra of WT and Dcya1. The mutants DsbtB and DdacA showed
diminished absorption at 625 nm, associated with reduced phy-
cobilisome levels under HC conditions. Under LC conditions,
the mutant DsbtB had the lowest overall pigmentation level, with
phycobilisomes but also chlorophyll absorption peaks, whereas
pigmentation of mutant DdacA was more WT-like under LC
conditions.

The observations were verified by quantitative pigment estima-
tions per biomass of multiple HC- and LC-acclimated cultures
(Table 4). Similar pigment relations can be assumed per cell,
because the cell diameter of all strains did not significantly differ
(Fig. S6). In addition to the changes in chlorophyll and phyco-
cyanin contents, we found that the DsbtB and DdacA mutants
had a higher carotenoid content, especially under LC conditions,
which is often a sign of light-stressed cyanobacteria and is consis-
tent with the enhanced expression of genes encoding high-light-
stress proteins in these strains.

Photosynthetic affinity for bicarbonate

Previously, we showed that the mutation of sbtB changed the
photosynthetic Ci affinity (Selim et al., 2018). To investigate
whether the inability to synthesize cAMP or c-di-AMP, the two
second messengers implicated in SbtB-mediated signaling, had
similar effects, we measured the bicarbonate-dependent photo-
synthetic activities in all the experimental strains (Fig. S7). These
data were used to calculate the Vmax of photosynthesis as well as
whole cell affinity Km for bicarbonate (Fig. 4). Consistent with
our previous data (Selim et al., 2018), the bicarbonate affinity of
mutant DsbtB was significantly higher under HC conditions,
while it was significantly lower in LC-grown cells. Hence, HC-
acclimated DsbtB cells are somehow locked in an LC state, an

Table 4 Pigmentation of the different strains of Synechocystis sp. PCC 6803 after cultivation at high CO2 (5%, high inorganic carbon (HC)) or low CO2

(0.04%, low inorganic carbon (LC)) conditions for 3 d.

WT HC SbtB HC Cya1 HC DacA HC WT LC SbtB LC Cya1 LC DacA LC

Chlorophyll a 3.75 3.32 4.23 3.92 4.03 3.03 4.15 3.90
Phycocyanin 1.83 1.34 1.86 1.09 1.89 1.39 1.63 1.24
Carotenoids 3.34 6.08 4.29 4.01 4.42 5.85 4.81 5.58

Pigment values were calculated from in vivo absorption measurements per optical density at 750 nm as proxy for biomass (µmol l�1 OD750
�1).

Fig. 3 Verification of the c-di-AMP riboswitch response in vivo. The c-di-
AMP-dependent riboswitch upstream of slr0753 in Synechocystis sp. PCC
6803 exists as a discrete transcript (marked by an arrow) less than 200 nt
in size in wild-type (WT) cells, while longer transcript forms were
detectable in RNA extracted from the mutant DdacA. The different
inorganic carbon concentrations (5% CO2 at 0 h, shift to ambient CO2 of
0.04% for 3 h and 24 h) had no effect on the presence of the riboswitch
RNA in WT. RiboRuler High Range RNA Ladder was used as molecular
mass standard.
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observation supported by the gene expression pattern. Mean-
while, the shift into LC conditions did not further improve Ci

affinity. In contrast to the Km values, the photosynthetic Vmax val-
ues were similar to those of WT under both growth conditions.
The cAMP-defective mutant Dcya1 did not show any significant
alterations in the bicarbonate-dependent photosynthetic activity,
compared to WT (Fig. 4), which surprisingly seems to indicate
that cAMP binding is not an important trigger for Ci acclimation
in Synechocystis. However, the bicarbonate-dependent photosyn-
thesis of DdacA cells underwent changes compared to WT, which
were different to the changes experienced by the DsbtB mutant.
Compared to WT, the DdacA mutant had a slightly lower Ci

affinity under HC and a higher Ci affinity under LC conditions.
Moreover, the photosynthetic Vmax was lower in this mutant
under LC conditions, compared to WT (Fig. 4).

Changes in the mutant metabolome

Distinct changes in gene expression were detected, including
the genes encoding enzymes involved in primary nitrogen and

carbon metabolism, which likely lead to changes in the
metabolic response to different Ci conditions. A targeted
metabolome survey was used to investigate metabolic changes
(Table S6) experienced by the cells of all experimental strains
that were shifted from HC to LC for only 15 or 60 min,
because second messengers are known to respond rapidly to
environmental fluctuations. Glutamate and glutamine are the
immediate products of the GS/GOGAT cycle for ammonia
assimilation. Consistent with the reduced expression of genes
for nitrogen uptake and metabolism, the pool of glutamate was
lowered in the mutants DsbtB and DdacA, while it was less
diminished in the mutant Dcya1, compared to WT. When all
strains were shifted to LC, the glutamate pool declined further,
with the fastest decline being observed in DdacA after only
15 min (Fig. 5). Glutamine levels were lowest in DsbtB cells
and remained so after the shift to LC. In all other strains, the
glutamine amount transiently increased, and particularly high
levels were measured in DdacA after 15 min at LC. However,
60 min after the shift to LC conditions, the glutamine levels for
all three mutants fell back to those seen in HC conditions,

(a)

(b)

Fig. 4 Characterization of the photosynthesis
in all strains of Synechocystis sp. PCC 6803
after long-term acclimation to 5% (high
inorganic carbon (HC)) or 0.04% (low
inorganic carbon (LC)) CO2 conditions.
The CO2-affinities (Km) and maximal
photosynthetic rates (Vmax) were calculated
from bicarbonate-dependent photosynthetic
activity measurements of the wild-type (WT)
and the mutants DsbtB, Dcya1 and DdacA
cultivated for 4–6 d at HC or LC conditions.
(a) The Km values. (b) The Vmax values
(n = 3). Mean values and standard deviations
are displayed. Significantly changed
expression compared to WT is indicated by
an asterisk (Student’s t-test, P < 0.05).
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while remaining high in WT cells (Fig. 5). Proline is a com-
pound that often accumulates in conditions of stress. An ele-
vated proline pool was found in WT cells and the mutants
Dcya1 and DdacA 60 min after the LC shift, while in the
mutant DsbtB it increased only slightly. Since proline can be
synthesized from glutamate, it is possible that the particularly
high and rapid proline accumulation in DdacA cells may corre-
late with the fast glutamate decline in the LC-shifted cells of
this mutant (Fig. 5). In addition to key amino acids, we were
able to quantify 3-phosphoglycerate (3PGA), the stable product

of the RubisCO carboxylation reaction, and 2PG, the product
of the RubisCO oxygenation reaction. As expected, the 2PG
levels rose immediately after the shift from HC to LC condi-
tions. Here, it was obvious that this increase was delayed in
DsbtB, which showed some signs of LC pre-acclimation not
only in terms of gene expression but also in its improved bicar-
bonate affinity under HC conditions. The 3PGA amounts were
mostly not altered between the different strains; 3PGA levels
increased slightly immediately after the shift to LC conditions
and returned to their initial concentration after 60 min.

(a) (b)

(c) (d)

(e)

Fig. 5 Changes in the amounts of selected metabolites in the Synechocystis sp. PCC 6803 wild-type (WT) and the mutants DsbtB, Dcya1 and DdacA.
Concentrations of (a) 3-phosphoglycerate (3PGA),(b) glutamic acid, (c) 2-phosphoglycolate (2PG), (d) glutamine and (e) proline are displayed when cells
acclimated to high CO2 (5%, high inorganic carbon (HC), time 0) were shifted for 15 or 60min to low CO2 (0.04%, low inorganic carbon (LC)) conditions.
Mean values and standard deviations are displayed. Significantly changed expression compared to WT is indicated by an asterisk (Student’s t-test,
P < 0.05).
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Discussion

Gene expression, photosynthesis, and the metabolome were com-
pared in four Synechocystis strains under different Ci conditions.
The DsbtB mutant exhibited distinct changes in gene expression,
compared to WT Synechocystis (Fig. 1). Many of these differen-
tially expressed genes were previously reported as being Ci-
regulated in the Synechocystis WT (Kl€ahn et al., 2015), especially
the genes that were downregulated at HC in DsbtB and only at
LC in WT. This large impact of SbtB depletion on Ci-regulated
gene expression correlates with the major changes to photosyn-
thetic Ci affinity (Fig. 4), which also suppresses the strong
increase in 2PG levels immediately after WT cells are exposed to
LC (Fig. 5). These results clearly imply that the absence of SbtB
induces an LC pre-acclimated state in the DsbtB mutant and sup-
ports the notion that this carbon-regulating protein has a broader
impact on Ci acclimation than merely regulating the SbtA bicar-
bonate uptake activity (Fig. 6). Like other proteins of the PII
family, SbtB has no DNA-binding domain. It has been shown
that structural changes in the T-loop of the canonical cyanobacte-
rial PII protein, GlnB, permits interaction with several target pro-
teins (Forchhammer & Selim, 2020). Among them, PipX, the
transcriptional co-activator of NtcA, was identified as the PII-
dependent regulator protein mediating the transcriptional

regulation of acclimation to nitrogen availability. It might be pos-
sible that among the unknown targets of SbtB displayed in Fig. 6,
a protein could exist that mediates an interaction of SbtB with a
transcriptional factor as it is known for GlnB. However, we
found that DsbtB cells exhibited altered expression of several tran-
scription factors, including NdhR, one of the master regulators
of Ci acclimation (Wang et al., 2004). Still, only a few genes
directly involved in the CCM were differentially regulated in
DsbtB compared to WT cells, making it difficult to explain how
DsbtB Ci affinity was altered due to changes affecting the CCM.
It is possible that some of the as yet not functionally annotated
hypothetical proteins that were differentially expressed in DsbtB
may play more important roles in Ci acclimation than is presently
recognized. Like the mutation of glnB that encodes the canonical
PII protein (Schwarz et al., 2014), the absence of SbtB had a
marked impact on the proper Ci-induced downregulation of
genes encoding proteins involved in N assimilation and
metabolism, also resulting in an altered glutamate to glutamine
ratio (Fig. 5). However, in contrast to the mutation of glnB, the
absence of SbtB additionally affected the expression of
photosynthesis-associated genes, which are also impacted on by
the mutation of the gene encoding CyAbrB2 (Orf et al., 2016a).
This finding is consistent with reports that PSI and its interac-
tions with NDH1 in the cyclic electron flow are important for

Fig. 6 Possible consequences of the absence of SbtB, cAMP or c-di-AMP on inorganic carbon-regulated expression of genes encoding proteins involved in
the inorganic carbon-concentrating mechanism (CCM) or nitrogen metabolism in Synechocystis sp. PCC 6803. In its native state or when bound to AMP,
SbtB interacts with the transport activity of SbtA, but this interaction is not possible when bound by cAMP or c-di-AMP. Independently on the two second
messengers, SbtB influences the cell gene expression level by repressing (CCM) related genes under low CO2 (0.04%, low inorganic carbon (LC))
conditions and inducing nitrogen-metabolism related genes. Both second messengers can influence gene expression as well, whether through SbtB or
independently. The expression of CCM-related genes is downregulated by cAMP, whereas c-di-AMP upregulates those genes at high CO2 (5%, high
inorganic carbon (HC)) but underregulate some of them under LC conditions. Moreover, SbtB and c-di-AMP downregulate genes for proteins related to
nitrogen-metabolism. The effect of cAMP is likely exhibited through the specific transcription factors SyCRP, while the effects of SbtB (when interacting or
not with either second messenger) and of c-di-AMP are mediated through the interaction with yet undiscovered transcription factor(s) (TF?). Among the
other c-di-AMP targets, recently the GlnB protein has been identified (Selim et al., 2021). (Blunt ended arrows indicate repression; normal arrows indicate
activation.)
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acclimation to fluctuating Ci concentrations (Battchikova et al.,
2011).

The second most prominent impact on Ci-regulated gene
expression was observed for DdacA, which also had a larger over-
lap in Ci-regulated gene expression with DsbtB than the Dcya1
mutant. Interestingly, several CCM-related genes, especially
those encoding the BCT1 transporter, were markedly overex-
pressed in DdacA (Fig. 6). Despite these expression changes, the
photosynthetic CO2 affinity of DdacA was not significantly dif-
ferent to that of the WT (Fig. 4). It should be noted that none of
the genes encoding proteins involved in compatible solute
biosynthesis or transport, or potassium homeostasis, which are
thought to be associated with c-di-AMP in bacteria (Nelson et al.,
2013; Agostoni et al., 2018; Selim et al., 2021), showed signifi-
cant alterations in expression in DdacA compared to WT. How-
ever, the expression of other genes such as nhaS6, hliA, hliB, or
sll1483, which had been previously shown to be transcriptionally
regulated following salt stress in Synechocystis (Kanesaki et al.,
2002; Kl€ahn et al., 2021), was different in DdacA compared to
WT in the present study. Furthermore, the gene slr0753, which
was shown to be regulated by the c-di-AMP-dependent
riboswitch in the present study (Fig. 3), may be involved in chlo-
ride transport (Kobayashi et al., 2006). These expression changes
are therefore consistent with the recently reported low osmotic
stress tolerance of DdacA (Selim et al., 2021).

The second messenger cAMP is regarded as an HC signal as
its binding releases SbtB from SbtA under HC conditions
(Selim et al., 2018; Fang et al., 2021), whereas it has lower
impact at LC. Consistently, we found many more gene expres-
sion changes comparing Dcya1 and WT under HC than under
LC conditions (Fig. 1). However, compared to mutant DsbtB,
the overlap with Ci-regulated genes identified from studies on
WT cells was lower for Dcya1. A possible explanation could be
that Cya1 is the principal but not the only adenylate cyclase in
Synechocystis. Previously published data (Terauchi & Ohmori,
1999) show that only c. 4% of WT cAMP levels are present in
the Dcya1 mutant. This amount of cAMP may be sufficient to
act as a HC signal for SbtB in the Dcya1 mutant, because its
cAMP affinity is high (Kd of the highest affinity binding
site = 2.1 µM, Selim et al., 2018) compared to other cAMP-
binding proteins such as SyCRP (Kd = 2.8 µM, Yoshimura
et al., 2000). However, the absence of Cya1 influences the
expression of many genes, including several previously reported
to be regulated by the cAMP receptor SyCRP (Yoshimura et al.,
2002). Moreover, the expression of genes encoding proteins
involved in the biosynthesis of extracellular sulfated polysaccha-
rides (Maeda et al., 2021) was altered in Dcya1 cells, which
indicates that cAMP may influence the lifestyle of cyanobacte-
ria. Finally, the concerted upregulation of many transposase-
encoding genes in mutant Dcya1 points at an important role of
this adenylate kinase and/or cAMP in the maintenance of
genome stability in Synechocystis.

Collectively, our results indicate that the lack of SbtB impacts
a subset of LC acclimation genes, while c-di-AMP, and especially
cAMP, appear to influence gene expression, especially during
times of HC availability.
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Abstract 

SbtB is a PII-like protein that regulates the carbon-concentrating mechanism (CCM) in 

cyanobacteria. SbtB proteins can bind many adenyl nucleotides and possess a characteristic 

C-terminal redox sensitive loop (R-loop) containing two cysteine residues that allow the

formation of a disulfide bridge in response to the diurnal state of the cell. SbtBs also possess 

an ATPase/ADPase activity that is modulated by the redox-state of the R-loop.  

To investigate the functions of the R-loop in the cyanobacterium Synechocystis sp. PCC 6803, 

the site-specific mutants C105A-C110A, unable to form the hairpin and permanently in the 

reduced state, and Δ104, where the entire R-loop has been truncated, were characterized 

under different inorganic carbon (Ci) and light regimes. During diurnal rhythm, growth analysis 

showed a role of the R-loop as sensor for acclimation to changing light conditions. The redox-

state of the R-loop was found to impact the binding of the adenyl-nucleotides to SbtB, its 

membrane association and thereby the CCM regulation, while these phenotypes disappeared 

after truncation of the R-loop. 

Collectively, our data imply that the redox-sensitive R-loop provides an additional regulatory 

layer to SbtB, linking the Ci-related signaling activity of SbtB with the redox state of cells mainly 

reporting the actual light conditions. This regulation not only coordinates CCM activity in the 

diurnal rhythm but also affects the primary carbon metabolism. 

Key words 

Cyanobacteria, carbon metabolism, CCM, light acclimation, redox regulation, PII superfamily 

signaling 
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Introduction 

Cyanobacteria evolved the inorganic carbon-concentrating mechanism (CCM) to adapt 

towards the declining availability of CO2 and to reduce the occurrence of the competing 

oxygenation reaction of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), the 

key enzyme of the Calvin–Benson–Bassham (CBB) cycle that is responsible for the fixation of 

CO2 in all oxygenic phototrophs (Raven et al., 2017, Hagemann et al., 2018). 

The main components of the cyanobacterial CCM consist of up to five uptake systems for 

inorganic carbon (Ci, the sum of bicarbonate and CO2) including three bicarbonate 

transporters, namely SbtA, BicA and BCT1 complex, and the CO2 hydration system made up 

of the NDH13 and NDH14 complexes. Furthermore, the prokaryotic organelle carboxysome 

contains all active RuBisCO molecules and carbonic anhydrase (CA). The bicarbonate 

transporters significantly increase the intracellular bicarbonate concentration, which after 

entering the carboxysomes is converted by the CA into CO2, increasing its concentration 

around RuBisCO and thereby reducing the possibility of the enzyme incorporating O2. The 

excess CO2 that escapes the carboxysomes and the environmental CO2 that permeates inside 

the cells through the membrane, is converted to HCO3- by the CO2 hydration system, re-

supplying the bicarbonate pool (reviewed by Rae et al., 2013; Hagemann et al., 2021). 

The CCM, apart from greatly reducing the rate of photorespiration, allows cyanobacteria to 

adapt to fluctuating conditions, whether Ci, light or else (Mantovani et al., 2022, Köbler et al., 

2018). For this reason, the CCM needs to be tightly regulated. The expression of key CCM 

components especially Ci uptake systems is regulated at transcriptional level, whereas the 

activity regulation is mostly done by the carbon regulator protein SbtB (reviewed in Mantovani 

et al., 2023). As member of the PII superfamily, this protein forms a homotrimer capable of 

regulating many components of the CCM and carbon metabolism. SbtB binds to different 

adenyl-nucleotides, which include ATP, ADP, AMP, cAMP, or c-di-AMP, and thereby can 

perceive various intracellular signals to modulate its interaction partners accordingly (reviewed 

by Mantovani et al., 2023). This is achieved by its T-loop, a typical protein part characteristic 

of the PII superfamily, which can adapt different conformations depending on which nucleotide 

is found in the binding pocket and thereby modulating the interaction with various target 

proteins (Forchhammer & Lüddecke, 2016; Forchhammer et al., 2022; Forchhammer and 

Selim, 2020).  

Contrary to canonical PII proteins, SbtB can only bind adenyl nucleotides including the two 

second messengers cAMP and c-di-AMP (Selim et al. 2018, 2021). Furthermore, SbtB 

presents features that are not found in the rest of the superfamily. One of which is its recently 

discovered apyrase activity, which causes the hydrolysis of ATP and ADP to AMP, thereby 

modulating the activity of SbtB. Another unique characteristic is the presence of the C-terminal 
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redox-regulated loop (R-loop) in many cyanobacterial SbtBs, which can form a disulphide 

bridge and acts as a redox-sensing structure (Selim et al., 2023). Among photoautotrophs, the 

presence of redox-sensitive disulphide bridges is often found in enzymes associated with 

photosynthesis or light regulation. The light-dependent activation of those proteins is usually 

mediated by the ferredoxin/thioredoxin system, causing reduction in the light and oxidation in 

the night (McMarlane et al., 2019; reviewed by Foyer and Noctor, 2009). While the role of the 

R-loop in modulation of the CCM was not investigated yet, it was found to affect the apyrase 

activity, which is significantly decreased when the loop is unable to form a disulphide bridge 

and even more when truncated (Selim et al., 2023). 

Currently, the identified interaction partners of SbtB include the bicarbonate transporter SbtA 

and the glycogen branching enzyme GlgB (Selim et al., 2021; Liu et al., 2021). The SbtB-GlgB 

interaction is modulated through c-di-AMP binding to SbtB, which allows it to regulate glycogen 

synthesis during diurnal rhythm. However, the primary target of SbtB is SbtA, which it SbtB 

can interact with in multiple manners depending on the nucleotide bound to it. The binding of 

AMP or ADP promote a strong interaction between SbtB and SbtA, while ATP, cAMP or c-di-

AMP hinder or prevent the binding of SbtB on SbtA (Liu et al. 2021; Fang et al., 2021; Selim et 

al., 2018, 2023). In such a manner, SbtB can regulate SbtA activity by modulating bicarbonate 

transport when not needed by the cell (Förster et al., 2023) and to function as a plug to prevent 

the back-flow of bicarbonate outside of the cells during darkness, to avoid waste of energy 

(Haffner et al., 2023). 

Here, we performed an in-depth investigation into the function of the R-loop in Synechocystis 

sp. PCC 6803 (hereafter Synechocystis), in regard to its role as redox-sensing module, its 

impact on the modulation of the CCM and carbon metabolism, the binding affinity of SbtB to 

the different adenyl nucleotides and the affinity of SbtB to SbtA. 

 

Materials ad methods 

Strains and cultivation 

The freshwater cyanobacterium Synechocystis sp. PCC 6803 was used as wild type (WT) for 

this study. The bacterium was cultured in BG11 media (Rippka et al., 1979) buffered with 

TES/KOH, at pH 7.0 for low-carbon (LC) and pH 8.0 for high-carbon (HC) conditions. LC 

cultures were bubbled with ambient air (0.04% CO2), while HC cultures with CO2-enriched air 

(5%, v/v). Growth on solid media was performed in plates with BG11 and added agar (10 g/L) 

at 28 °C and constant light of 30 µmol photons m-2 s-1. Growth in liquid media was performed 

in bubbling tubes at 29 °C with a light intensity of 130 µmol photons m-2 s-1. Dark incubation 

was performed with black bubbling tubes. 
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The Synechocystis mutant of the SbtB-encoding ORF slr1513 (sbtB knock-out mutant, named 

ΔsbtB) harbors an erythromycin resistance, whereas the strains SbtB-C105A-C110A and 

SbtB-Δ104 possess resistance for spectinomycin. These strains were cultivated in the 

presence of appropriate amounts of the corresponding antibiotics. 

Generation of mutants 

The sbtB mutants in Synechocystis have been obtained through homologous recombination. 

All constructs were generated using pUC19 plasmids, containing the modified sbtB coding 

regions (slr1513), a downstream spectinomycin resistance cassette, and the 500 base pairs 

up- and down-stream flanking regions necessary for recombination. The plasmids used for 

homologous recombination were obtained as described by (Selim et al., 2023).  

Cyanobacteria transformation was performed starting with inoculation of a WT culture at an 

OD ~0.5 then grown over night at LC conditions. The following day 10 mL of the culture were 

collected and centrifuged. The pellet was resuspended in 500 µL of fresh BG11 media, which 

was split in two new Eppendorf tubes, one for each transformation. 5 µL of the mutated-sbtB-

containing pUC19 plasmid were added to each tube, which were then incubated in darkness 

on a shaker for 3 h at 28 °C. The transformed cultures were then plated on BG11 plates without 

antibiotics and grown for 3-5 days at 28 °C until the cell growth became visible, after which 

spectinomycin was added to each plate and the culturing was continued until the appearance 

of single colonies. The correct integration and segregation of the mutants was verified via PCR 

(2059 and 2092) and the correct coding sequence via sequencing (PR6) (Supplementary table 

S1).  

Growth rate determination 

For the determination of growth rates, cultures were pre-acclimated to the desired carbon/light 

conditions for 3 days in bubbling tubes. Experiments started with inoculum at an OD720 of 0.2 

in fresh BG11 media at pH 8.0 for HC or at pH 7.0 for LC Growth at different light and Ci 

regimes was then performed in Multicultivator MC-1000 (PSI, Czech Republic) that measures 

the OD720 every 15 min. 

Glycogen quantification 

To determine concentrations of glycogen in Synechocystis strains during diurnal cycle, cultures 

were started with an OD750 1 under HC conditions and grown for 2 days under a 12 h light/12 

h dark cycle in the Multicultivator MC-1000 with a light intensity of 100 µmol photons m-2 s-1. 

After the pre-acclimation, 5 mL samples were harvested in triplicates in the middle (6 h) of the 

light and dark phases, respectively, via centrifugation. Measurements of glycogen 

concentrations were performed as described previously (Lucius et al., 2021).  
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Bicarbonate-dependent oxygen production 

In vivo affinity for bicarbonate of HC- or LC-acclimated cultures of the Synechocystis strains 

used in this study was determined by the measurement of Ci-dependent photosynthetic activity 

through a Clarke-type oxygen electrode (Hansatech). Cultures were re-suspended in fresh 

BG11 pH 8.0 medium at an OD750=3. Measurements were performed on 3 mL of the culture, 

illuminated with 300 µmol photons m-2 s-1 and increasing amounts of HCO3-. Oxygen evolution 

rates were used to calculate the affinities to Ci of each strain as function of Km values. 

Heterologous expression and purification of TrxA protein 

The pET15b plasmid carrying the gene for the His-Tagged TrxA, generated in Tübingen, was 

used for the heterologous expression and purification of TrxA. The E. coli strain carrying the 

plasmid was inoculated from an LB agar plate to 5 mL LB medium containing 50 µg/mL 

ampicillin, and grown over-night (ON) at 37 °C. The pre-culture was then used the following 

day for the inoculation of 200 mL LB medium without antibiotics and grown on a shaker at 37 

°C until it reached an OD600 between 0.6 and 0.8. IPTG 50 µg/mL was then added for induction 

of protein expression and the culture was left in incubation on a shaker ON at room 

temperature (RT). Afterwards, the cells were collected by centrifugation for 15 min at 4 °C and 

9000 rpm, then re-suspended in 5 mL homogenization buffer (20 mM Tris, 50 mM NaCl, pH 

7.8).  The cells were lysed with four cycles of sonication of 30 s with a BANDELIN sonoplus 

HD70 sonicator at 70 % of the maximum output, interspersed with 30 s cooling on ice.  

His-tagged purification was achieved via affinity chromatography with Ni-NTA column (Bio-

Rad) as described previously (Selim et al., 2020), pre-equilibrated with 5 mL homogenization 

buffer twice. After loading the lysate, collecting the flow-through, and washing the column twice 

with washing buffer (Tris 20 mM, NaCl 300 mM, pH 7.8), TrxA was eluted with elution buffer 

(Tris 20 mM, NaCl 500 mM, Imidazole 300 mM, DTT 2 mM, pH 7.8).  

Immuno-blotting for determining cellular localization of SbtB  

Whole cell extracts were performed as in (Selim et al., 2018), after adding ~200 µL of 200 µL 

glass beads (Sigma) with a diameter of 465-600 µm, using a Retsch MM400 beads beater with 

a speed of 30 beats/s with 2 cycles of 30 s, interspersed with incubation on ice for 30 sec. The 

membrane and soluble fractions were separated by centrifugation at 21.000 x g for 30 min at 

4 °C. Total protein content was determined with the Roti-Nanoquant Bradford assay (Roth). 10 

µg of total protein extracts were separated via SDS 15% poly-acrylamide gel electrophoresis, 

which were then transferred to PVDF membranes (BIO-RAD) via semi-dry blot transfer. The 

membranes were blocked with a 5 % milk 1x TBS buffer for 1 h and then incubated ON at 4 

°C with the polyclonal anti-SbtB antibody (1:1000). Subsequently, the membranes were 

incubated with a goat anti-rabbit antibody coupled with a horseradish peroxidase (BIO-RAD) 
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(1:5000). Images were developed by incubation with ECL Bright (Agrisera) and taken with a 

C-DiGit (LI-COR). 

Recombinant SbtB protein purification and Isothermal titration calorimetry (ITC) 

 All the plasmids and primers used in this study are listed in (Table S1). The recombinant N- 

or C-terminal StrepII-tagged SbtB or it’s R-loop variants were expressed and purified on strep-

tactin column (IBA) as described previously (Selim et al., 2018, 2023). The ITC experiments 

were conducted as described previously (Lapina et al., 2018 and Selim et al., 2019) using a 

MICROCal PEAQ-ITC SYSTEM (Malvern, UK) microcalorimeter or a VP-ITC microcalorimeter 

(MicroCal, LCC). Sample solutions were prepared by dialyzing the SbtB proteins, including 

SbtB-WT or its variants (SbtB-C105S, SbtB-C110S, SbtB-C105S-C110S, SbtB-C105A-

C110A, SbtB-Δ104, and SbtB-Δ109), separately in a buffer of 50 mM Tris (pH 7.8), 150 mM 

KCl and 150 mM NaCl at 25°C. Nucleotides (ATP, ADP, cAMP, and AMP) were used as ligand 

solutions. To ensure successful ITC runs, both protein and ligand solutions were prepared in 

the same buffer and condition to minimize heat changes arising from solution mismatches 

during mixing. Heat isotherms of the ligand dilution in the cell buffer were collected as blank 

runs for each experiment in the absence of protein.  

For determining ligand binding isotherms of SbtB WT and its variants, 30 μM protein solutions 

(trimer concentration) were titrated against 1.5 or 2 mM of ligand solutions. The binding 

isotherms were calculated from the received data and fitted using one set of binding sites 

model with the MicroCal PEAG-ITControl Software (Malvern, UK) to calculate the dissociation 

constant KD. All titrations were performed in duplicates with different purification batches of 

recombinant proteins. The baseline subtraction and fitted offset were conducted based on the 

default control subtraction type of the software. The KD value for the WT-SbtB protein was re-

calculated from (Selim et al., 2018) using a single binding model.  

Crystallization  

The crystallization screens were done using vapor diffusion method in 96-well sitting-drop 

plates at 20 °C as described previously (Selim et al., 2018, 2023). For co-crystallization of SbtB 

C105S-C110S variant with cAMP, 2 mM of cAMP was added to the protein solution. The co-

crystal was obtained with a reservoir solution composed of 0.1 M MES pH 6.5 and 25% (w/v) 

PEG 1000. Our previous SbtB structure (PDB: 7R31) in space group P41 was used as a search 

model and the structure was solved using difference Fourier method.  

Intact Protein Mass Spectrometry Analysis 

For denaturing TopDown Proteomics analysis of SbtB redox state, 10 µM SbtB protein 

(calculated based on the monomeric molecular weight) either in presence or absence of 10 
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µM TrxA were incubated for 30 min at 28 °C in reaction buffer [50 mM Tris/HCl (pH 8.0); 250 

mM NaCl; 0.5 mM EDTA] either without reducing agent or containing 5 mM DTT. Samples 

were shock frozen in liquid nitrogen and stored at -80 °C upon analysis. Intact protein MS 

analysis was carried out by injecting 5 µL of SbtB reaction mixture onto a Q Exactive HF hybrid 

quadrupole-Orbitrap mass spectrometer couple to a Vanquish UHPLC system (Thermo 

Scientific) using a Supleco C18 BioWide column (150x2mm) with a flow of 0.4 mL/min and a 

linear gradient ramped over 5 minutes from 5% to 70% acetonitrile/water + 0.1% formic acid. 

MS1 and MS/MS spectra were acquired in Top3 data dependent acquisition mode. Resolution 

for both MS1 and MS/MS scans was set to 120,000 at 200 m/z. Data analysis was performed 

using Xcalibur 4.1 (Thermo Scientific). Deconvolution of the spectra was performed with Xtract 

using FreeStyle™ 1.8 SP2. Protein spectrum matching of the MS/MS was performed using 

ProSight Lite (Fellers et al., 2015). 

Urea-PAGE analysis  

For denaturing urea PAGE analysis of the SbtB redox state, 10 µM reduced TrxA were 

incubated with 10 µM SbtB (calculated based on the monomeric molecular weight) in reaction 

buffer [50 mM Tris/HCl pH 8.0; 250 mM NaCl; 0.5 mM EDTA] at 28 °C for 30 min. As control, 

10 µM SbtB were parallel incubated in reaction buffer that either contained 5 mM or 0.5 mM 

DTT or without reducing agent. All samples were mixed with and equal volume of two-fold 

concentrated non-reducing sample buffer [125 mM Tris-HCl, pH 6.8; 20 % glycerol; 4 % SDS; 

0.1 % bromophenol blue] and applied to a 14 % 8 M urea-PAGE (Ibrahim et al., 2022). The 

urea-PAGE was pre-run in 1X TBE running buffer [10.8 g/l Tris; 5.5 g/l boric acid; 0.75 g/l 

EDTA] at 20 V for approx. 30 min, before samples were applied and run at 40 V. SbtB was 

subsequently identified by western blotting against SbtB, using a specific α-SbtB antiserum 

(Selim et al., 2018). 

Bicarbonate leakage quantification 

To determine the back-flow of 14C-labbelled HCO3- from Synechocystis, each strain was 

acclimated to LC conditions for 2 days, then, on the day of the experiments, cultures were re-

started at an OD750= 1.0 in fresh BG11 pH 7.0 and grown for 2 h. Leakage was determines as 

described by Haffner et al., 2023. 

Data Sharing  

All raw and processed data from the intact protein MS experiments is available through the 

MassIVE repository (massive.ucsd.edu) with the identifierMassIVE MSV000090130 
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Results 

The R-loop affects the binding affinity of nucleotides to SbtB 

It was previously shown that the C-terminal-loop of SbtB acts as a redox sensor to modulate 

the apyrase activity of SbtB, where it strongly influences the T-loop conformation. The folded 

R-loop (oxidized) is therefore incompatible with the correct structuring of the T-loop. When the 

R-loop is reduced (unfolded) or absent, however, the T-loop becomes folded and wraps around 

ATP or ADP, protecting them from hydrolysis. By contrast the oxidized R-loop prevents the 

protecting conformation of the T-loop, inducing the nucleotides-strained conformation and 

thereby exposing them to hydrolytic attack to form AMP (Selim et al., 2023). Therefore, we 

assumed that the redox-state of the R-loop could additionally affect the nucleotide-binding 

affinities of SbtB. To gain deeper insights into the influence of the reduced R-loop on the ligand 

binding properties of SbtB, we performed isothermal titration calorimetry (ITC) experiments 

using SbtB variants either lacking the R-loop (Δ104) or mimicking its reduced state using 

alanine or serine substitutions of both Cys105 and Cys110 (C105A-C110A or C105S-C110S) 

(Suppl. Fig. S1). Both of the SbtB C105A-C110A and C105S-C110S variants were able to bind 

ATP with high affinity comparable to the oxidized WT-SbtB protein, while cAMP bound with a 

slightly lower affinity (Table 1). Notably, the binding of ADP and AMP were strongly impaired 

(Suppl. Fig. S1), yielding only very weak isotherm signals, for which the Kd values could not 

be calculated. Surprisingly, the truncated R-loop SbtB variant (Δ104) regained the ability to 

bind ADP and AMP and increased the binding affinity towards ATP as opposed to cAMP (Table 

1). Those results show similarities to the nucleotide-binding properties of Cyanobium SbtB, 

which naturally lacks the R-loop (Kaczmarski et al., 2019). To further confirm those finding, we 

created a single Cys substitution to serine (C105S or C110S) or deletion of the last Cys110 

(SbtB-Δ109) and determined their binding affinities with ITC. Again, all those single point 

mutation variants showed a reduced ADP and AMP binding and preference for ATP and cAMP 

(Table 1). These results provided strong evidence for the SbtB R-loop to be an element 

influencing the binding affinities of adenyl-charged nucleotides, such as ATP, ADP and AMP, 

but not cAMP, in addition to modulating the apyrase activity.        

To further support our results, we solved the crystal structure of the SbtB C105S-C110S variant 

in a complex with cAMP (Fig. 1), confirming its ability to retain a high affinity to cAMP, indicating 

that the reduced state of SbtB does not influence the binding of cAMP. The crystal space group 

of the C105S-C110S variant in a complex with cAMP was P41, similar to what was previously 

observed for the C105A-C110A variant in complex with ATP (PDB: 7R31), in which the R-loop 

was disordered (Selim et al., 2023). In the structure of the SbtB C105S-C110S:cAMP complex, 

both T- and R-loops were disordered, resembling the Anabaena variabilis SbtB structure (PDB: 

3DFE), showcasing a cAMP-binding mode almost identical to the previous structure of the 
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oxidized Synechocystis WT-SbtB (PDB: 5O3Q) (Selim et al., 2018). Since the structure did not 

provide further insights, it was not regarded further. 
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Table 1: Dissociation constants (Kd) in (µM) for the adenyl nucleotides ATP, ADP, AMP, and cAMP to 

SbtB variants with exchanged cysteine residues (C105A-C110A, C105S-C110S, C105S, S110S) or 

truncated R-loop (Δ109, Δ104). UND: undetermined. 

 

SbtB WT 
(oxidized) 

(calculated from 
Selim et al., 

2018) 

SbtB-C105A-
C110A 

 
SbtB-C105S-

C110S 

 
 

SbtB-C105S 

 
 

SbtB-C110S 

 
 

SbtB-Δ109 SbtB-Δ104 

 Binding Kd 
(µM) Binding Kd 

(µM) Binding Kd 
(µM) Binding Kd 

(µM) 
binding Kd 

(µM) 
binding Kd 

(µM) Binding Kd 
(µM) 

ATP Binding 
62.5 
± 
16.6 

Binding 
29.8 

± 
14.1 

Binding 
47.6 

± 
21.3 

Binding 
40.5 

± 
75.9  

Binding 
60.1 

± 
6.7 

Binding 
32.5 

± 
17.9 

Binding 35.0 
±7.1 

ADP Binding 55.8 
± 7.7 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND Binding 79.2 

±55.1 

AMP Binding 87.4 
± 3.7 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND 

very 
weak 

Binding 
UND Binding 78.2 

±6.0 

cAMP Binding 30.3 
± 5.0 Binding 106 ± 

42.4 Binding 
52.8 

± 
34.7 

Binding 
36.2 

± 
46.8 

Binding 
53.2 

± 
35.3 

Binding 
70.2 

± 
28.9 

Binding 68.1 
±10.1 

 

 

 

Figure 1: Reduced R-loop does not influence on cAMP binding.  Alignment of oxidized 

Synechocystis WT-SbtB:cAMP (Green; PDB: 5O3Q) and SbtB-C105S-C110S:cAMP complex 

(Magenta) structures. cAMP molecules are visible in the middle of binding sites. The oxidized R-loop is 

highlighted in blue. 

 

The R-loop functions as a redox sensor 

As all point mutation variants behaved similarly in respect to their sensory properties, we 

focused our efforts to obtain Synechocystis R-loop mutants ΔsbtB::sbtB-C105A-C110A 
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(hereafter C105A-C110A), where the cysteines were replaced with alanine to simulate a 

permanent open structure of the reduced R-loop, and ΔsbtB::sbtB-Δ104 (hereafter Δ104), 

where the entire R-loop was truncated. To further investigate the physiological role of redox 

sensing by SbtB through its R-loop, different growth experiments were performed with the R-

loop mutants compared to ΔsbtB mutant.  

The growth of these strains was first compared under ambient CO2 (0.04%, low Ci, LC) and 

continuous light (Fig. 2a). Under these conditions, no significant growth difference was 

observed between the strains with mutated R-loop compared to WT, whereas the mutant 

ΔsbtB showed slower growth, consistent with our earlier finding (Selim et al., 2018). The growth 

rate of the strains under high CO2 (5%, high Ci, HC) conditions and continuous light was 

measured as well (Suppl. Fig. S2), showing again no significant difference. The relevance of 

the redox-sensing R-loop became only apparent, when the sbtB mutants were exposed to 

diurnal cycles (12 h day/12 h night) under LC (Fig. 2b) as well as HC (Fig. 2c) conditions. In 

the diurnal cycle, the photosynthesis and CCM activity needs to be activated when light turns 

on and is switched off upon onset of darkness. Under LC conditions, all sbtB mutants 

demonstrated a significantly impaired growth, with the most heavily impacted being ΔsbtB, 

followed by Δ104 and C105A-C110A, demonstrating that not only the presence of SbtB but 

also the redox sensing of the R-loop is relevant for acclimation to the diurnal rhythm. While 

under HC conditions, the R-loop mutants showed a growth similar to WT, the lack of SbtB still 

caused slower growth. Those phenotypes are likely caused by the influence of SbtB on 

glycogen metabolism (Selim et al., 2021, 2023), indicating that the regulatory functions of SbtB 

during the diurnal cycle are not limited to those mediated by the redox-sensitive R-loop.   

To further investigate the redox-sensing capability of the R-loop, the growth of the sbtB mutants 

was studied under fluctuating light with periods of standard growth light (3 h 100 µmol photons 

m-2 s-1) or high light (3 h 500 µmol photons m-2 s-1) in LC conditions (Fig. 2d). The WT strain 

experienced an approximately two-fold higher growth rate in high light (HL) periods than 

standard light (SL) periods, whereas all sbtB mutants appeared to have lost the ability to adapt 

to fluctuating light intensity, showcasing similar growth rates between HL and LL periods, with 

the ΔsbtB mutant performing the worst. 
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Figure 2: Impact of R-loop mutations on growth under different Ci and light conditions. Growth 

experiments using the Synechocystis WT strain and mutants ΔsbtB, C105A-C110A, Δ104 were 

performed in the Multicultivator MD1000. a) Growth under continuous light in LC conditions. b) growth 

in 12 h light, 12 h darkness diurnal rhythm under HC conditions. c) growth in 12 h light, 12 h darkness 

diurnal rhythm under LC conditions. d) Growth rates (ΔOD720/h) under 6 cycles of fluctuating light 

conditions (LL: 3 h 100 µmol photons m-2 s-1, HL: 3 h 500 µmol photons m-2 s-1) at LC. Number of 

replicates (n) ≥ 3.  

The R-loop barely affects glycogen turnover during diurnal rhythm under HC conditions 

As previously observed (Selim et al., 2021, 2023), SbtB plays a direct role in controlling 

glycogen metabolism under diurnal conditions via interaction with the glycogen branching 

enzyme GlgB. The R-loop was also shown to be relevant in the interaction between SbtB and 

GlgB under LC conditions. To determine whether it is also important in the regulation of 

glycogen anabolism and/or catabolism under HC conditions, the glycogen concentrations in 

the cells of WT, ΔsbtB and R-loop mutant strains were determined during the light and dark 

phase of diurnal growth (Fig. 3). 
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Figure 3: Effect of sbtB mutations on glycogen concentrations during diurnal rhythm and HC 
conditions. Glycogen concentration in the Synechocystis sp. PCC 6803 strains WT and mutants ΔsbtB, 

C105A-C110A and Δ104 were measured during growth under diurnal rhythm (12 h light, 12 h darkness). 

Samples were taken in the middle of the day (Yellow) or night (Black) phases. n = 6. 

The knock-out of sbtB was once again confirmed to greatly impact glycogen metabolism, 

causing a more than two-fold decrease in the glycogen concentration during the day and 

almost no glycogen breakdown during the night when compared to WT. The R-loop modulation 

of SbtB also appears to be slightly involved in the regulation of glycogen metabolism under HC 

conditions. The mutants accumulated similar amounts of glycogen during the day as WT cells, 

implying that under HC conditions, the R-loop does not influence glycogen synthesis. 

Consistent with the ability of SbtB R-loop variants to interact with GlgB (Selim et al., 2023). 

However, less glycogen was consumed during the night, as the two R-loop mutants showed 

slightly higher glycogen concentrations during the dark phase compared to the WT cells. These 

findings indicate that the R-loop mutants are moderately affected in the glycogen catabolism.  

The R-loop influences the CCM activity  

In addition to glycogen turnover, SbtB has been shown to heavily impact many parts of the 

CCM (Mantovani et al., 2022) and because of this, we have studied the effect of R-loop 

mutations on CCM activity by determining the bicarbonate-dependent oxygen evolution. To 

this end, the Ci-dependent photosynthetic activity of WT, ΔsbtB, C105A-C110A and Δ104 

mutants was compared in cells acclimated to either HC or LC conditions. From the measured 

Ci/photosynthesis curves (Suppl. Fig. S3) the affinity to bicarbonate was calculated (Fig. 4).   
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Figure 4: Impact of the sbtB R-loop mutations on CCM activity.  Whole cell affinity to bicarbonate is 

expressed as average Km values of µM bicarbonate of an oxygen evolution experiment using the 

Synechocystis strains WT, ΔsbtB, C105A-C110A, and Δ104. Cells were acclimated to either HC (Red) 

or LC (Blue) conditions. n ≥ 3. 

As previously seen (Selim et al., 2018; Mantovani et al., 2022), the knocking-out of sbtB caused 

a significantly higher affinity to Ci under HC conditions, but comparable affinity under LC 

conditions. Surprisingly, the permanently open conformation mimicking the reduced state of 

the hairpin-loop in the C105A-C110A mutant caused a strong increase in the affinity to 

bicarbonate for HC-grown cultures, comparable to the ΔsbtB strain. Interestingly, the complete 

truncation of the R-loop (Δ104) reverted the bicarbonate affinity of HC cultures back to a WT-

like state. Like the total absence of SbtB in the mutant ΔsbtB, changes in the R-loop had no 

significant impact on Ci affinity in cells acclimated to LC conditions. 

The TrxA reduces SbtB R-loop and thereby influencing the affinity of SbtB to SbtA 

The discovery of the R-loop playing a role in the affinity of SbtB to second messengers caused 

us to re-evaluate the membrane association of SbtB under LC conditions as previously done 

for the native SbtB (Selim et al., 2018). According to the results shown in Table 1, ADP and 

AMP are not bound to SbtB when the R-loop is reduced, for example during the day. This 

observation might indicate that the observed association of SbtB to SbtA under LC conditions 

could be affected by the oxidation of the R-loop. 

We previously suggested that SbtB R-loop is reduced through an interaction with the 

thioredoxin TrxA (Selim et al., 2023), therefore we first determined the ability of TrxA to reduce 

SbtB through mass spectrometry (MS). Using a C-terminal Strep-tagged SbtB variant, intact 

protein MS analysis indicates that recombinant Synechocystis TrxA reduces SbtB, with a 

calculated mass of 13065.59 Da, compared to the oxidized SbtB with mass of 13063.55 Da 

(Fig. 5 and Suppl. Fig. S4). However, incubation of SbtB with the reducing agent DTT (5 mM) 

only led to a partial reduction of SbtB, suggesting that the C-terminal Strep-tag could provide 
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extra protection for the R-loop. The experiment was therefore repeated using an N-terminal 

Strep-tagged SbtB variant, in which 5 mM DTT was able to efficiently reduce SbtB completely 

with a mass of 13912.86 Da compared to the oxidized SbtB with 13910.86 Da. To further 

confirm those results and determine the degree of SbtB reduction, we performed an Urea-

PAGE experiment as described previously (Ibrahim et al., 2022). Incubation of equimolar 

concentrations of SbtB with DTT or TrxA in presence or absence of 5 mM DTT led to the 

appearance of a band shift towards the reduced state of SbtB. However, at lower DTT 

concentrations (0.5 mM), DTT alone was not able to reduce SbtB completely (Suppl. Fig. S5). 

These results further suggest the ability of TrxA to reduce SbtB more efficiently than other 

tested reducing agents. Collectively, these results imply firstly that TrxA is able to efficiently 

reduce SbtB even if the R-loop is protected, and secondly that in vivo, the native untagged 

SbtB would be more prone to reduction in response to the fluctuation of the redox state of the 

cell. Notably, similarly to SbtB, TrxA responds to the fluctuation of redox and diurnal state of 

the cell (Pérez-Pérez et al., 2009). 

 

Figure 5: Intact protein mass spectrometry analysis indicating the redox status of Synechocystis 
SbtB without and after addition of reducing agents DTT and TrxA. Deconvoluted mass spectra of 

C-terminally (A-C) or N-terminally (D-F) tagged SbtB, either untreated (A, D), treated with 5 mM DTT (B, 

E), or with equimolar amounts of TrxA (C, F).  Formation of a disulfide bond is labeled as “oxidized” and 

depicted in black.  Reduction of the disulfide bond was observed as a mass shift by two protons (2 Da; 

depicted in red). C-terminal tagged SbtB treated with DTT was found in both redox states in the 

measurement displayed in Figure 5B (also shown in Figure S4).  
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Thereafter, to investigate the membrane association of SbtB in Synechocystis, cell extracts of 

WT samples after treatment either with 5 mM DTT or with equimolar TrxA (Fig. 6a), were 

subjected to immune-blotting using specific α-SbtB antibody. To this end, soluble and 

membrane fractions were compared to estimate the relative SbtB amounts in these fractions 

under oxidized or reduced conditions (Fig. 6b). 

 

Figure 6: Impact of the redox state of SbtB on membrane association in Synechocystis. The 

membrane association of SbtB was determined by immune-blotting using an anti-SbtB antibody in two 

experiments in which soluble and membrane fractions were separated by high speed centrifugation. a) 
Immuno-blot of membrane (M) and soluble (S) fractions of WT cells from LC conditions, either untreated, 

or incubated with either 5 mM DTT or equimolar TrxA. b) Ratio of relative membrane-associated SbtB 

to soluble in WT samples from immuno-blots shown in panel a). n = 3. 

These experiments revealed that the treatment of the cell extracts with either DTT and 

especially TrxA caused a significant decrease in the amount of SbtB associated to the 

membrane, compared to the untreated samples. The difference was more pronounced in the 

TrxA-treated samples, showing once more its role in the reduction of SbtB. This result suggests 

that under oxidizing conditions, the membrane association of SbtB is clearly promoted, as the 

affinity of SbtB towards AMP would increase and induction of its apyrase activity, which 

altogether promote the membrane localization to SbtA.  

Truncation of R-loop affects the function of SbtB as a plug for SbtA 

Finally, as highlighted by Haffner et al., 2023, the interaction of SbtB with SbtA is not limited to 

the regulation of SbtA-mediated bicarbonate uptake, but presents more complex regulatory 

functions, such as plugging SbtA to prevent the leakage of bicarbonate when the CCM is not 
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active. After discovering that mutations in the R-loop impact the affinity to adenyl nucleotides 

and/or the association of SbtB to the membrane, a Ci leakage experiment using 14C-labelled 

bicarbonate was performed (Fig. 7) to determine the influence of the R-loop of SbtB and the 

redox-state of the cell on the plug function of SbtB. 

    
Figure 7: Role of the R-loop on the plug function of SbtB in Synechocystis.  Concentration of radio-

labelled bicarbonate per amount of Chlorophyll A leaked from cells of strains WT, ΔsbtB, C105A-C110A 

and Δ104 strains is shown. n ≥ 6. 

The experiment revealed, as seen before (Haffner et al., 2023), that the absence of SbtB 

causes a significantly higher amount of bicarbonate to be leaked during the dark incubation. 

The C105A-C110A mutation did not affect the leakage, whereas truncation of the R-loop in the 

Δ104 mutant caused a significantly increased leakage, albeit still almost two-fold inferior to 

what the knocking-out of sbtB caused.  

 

Discussion  

During the last years, our and other groups provided evidence that the SbtB protein plays 

important roles in the regulation of the CCM and other aspects of the acclimation of the carbon 

metabolism to changing Ci amounts among cyanobacteria (reviewed in Mantovani et al., 2023). 

The structural investigations of SbtB (Selim et al., 2018, 2021, 2023; Kaczmarski et al., 2019) 

and the super-complex of SbtB with SbtA (Fang et al., 2021; Liu et al., 2021) showed that SbtB 

harbours different domains, which fulfil specific tasks in binding of adenyl nucleotides, 

interaction with the bicarbonate transporter SbtA, and redox sensing. The latter function is 

attributed to the R-loop, which harbours two redox-sensitive cysteine residues. A bioinformatic 

investigation of 460 different cyanobacterial SbtBs (Suppl. Fig. S6) revealed that the R-loop is 
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present in roughly 50% of all SbtBs, with a high degree of conservation. It always contains the 

two conserved cysteines, which can form a disulphide bridge under oxidative conditions that 

significantly impacts the apyrase activity of SbtB (Selim et al., 2018, 2023).  

To reveal the physiological roles of the R-loop of SbtB in cyanobacterial cells, we investigated 

the ΔsbtB, C105A-C110A and Δ104 mutants of the model cyanobacterium Synechocystis. The 

likely role of the R-loop as a redox-responsive module, agrees with the general impact of SbtB 

mutations on the general physiology of Synechocystis during acclimation to different light and 

Ci regimes, which are known to impact the cellular redox homeostasis in cyanobacteria as in 

eukaryotic phototrophs. Our results imply an important role of the R-loop in the regulation of 

the CCM during diurnal growth and moreover, under conditions of fluctuating light intensities. 

These phenotypic alterations were more pronounced, when cells were grown under LC 

conditions, when the CCM is more highly induced and active (Mantovani et al., 2022). The 

observed effect of the R-loop on glycogen synthesis under LC conditions (Seilm et al., 2023) 

could at least partially explain the observed growth phenotypes for the mutants, while 

measurement of glycogen concentrations during diurnal rhythm under HC conditions shows 

that the R-loop appears to play a more moderate role in the regulation of glycogen catabolism.  

An oxygen evolution experiment provided insight into the role of the R-loop on SbtB’s 

regulation of the CCM as a whole under constant conditions, revealing that the open 

conformation in the C105A-C110A mutants caused a ΔsbtB-like phenotype (Selim et al., 2018; 

Mantovani et al., 2022), with significantly higher affinity to Ci for cultures acclimated to HC 

conditions. Surprisingly, the truncation of the R-loop in the Δ104 mutant caused the phenotype 

to revert to a WT-like state. This phenotype correlates with the loss of affinity of the SbtB variant 

C105A-C110A towards ADP and AMP, as the greatly reduced binding of the nucleotides would 

strongly impact the functionality of SbtB on the regulation of SbtA (Liu et al., 2021; Fang et al., 

2021) and the CCM (Mantovani et al., 2022)., This is further supported by the study of the 

truncated R-loop SbtB mutant, which displayed nucleotide affinities reverting to a WT-like state 

similar to those cyanobacteria that possess an SbtB without an R-loop, such as Cyanobium 

sp. PCC 7001 (Kaczmarski et al., 2019), with ATP showcasing the highest binding affinity, 

instead of cAMP as is the case for Synechocystis. Oxidation of the R-loop with consequent 

generation of the SbtB-AMP state, that stimulates binding to SbtA, might promote the 

membrane associated state of SbtB. In agreement, we found diminished amounts of 

membrane-bound SbtB after treatment with reducing agents, especially TrxA that very 

efficiently can convert the oxidized R-loop in the open reduced conformation in vitro. 

Thereafter, the role of the R-loop on the activity of SbtB as a plug for SbtA to prevent back-

flow of bicarbonate outside the cells (Haffner et al., 2023) was investigated. Contrary to 

expectations, the open reduced R-loop conformation in mutant C105A-C110A did not seem to 
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influence the leakage of bicarbonate, but its truncation caused more bicarbonate to flow out of 

the cells possibly due to its smaller plug size. This result suggests that while the binding of the 

different adenyl nucleotides is more relevant for the general regulatory properties of SbtB on 

the CCM, in regard to its ability to plug SbtA, either the steric encumbrance is more relevant, 

or a still undiscovered regulation of SbtB comes into play. 

Altogether, it seems that R-loop is an extra element acquired during the evolution of SbtB to 

fine tune the nucleotide-binding affinity and to modulate the SbtB apyrase activity. The 

physiological meaning behind this regulation would be, during the day, for SbtB to always be 

in a reduced state and respond to fluctuation of Ci levels. Under LC, the increase in AMP levels 

could drive partial localization of SbtB to SbtA to prevent the back-flow of accumulated HCO3- 

(Selim et al., 2018; Haffner et al., 2023), while under HC conditions SbtB would remain 

localized in the cytoplasm. However, the system appears to also possess a “stand-by” state, 

where once it gets oxidized by sudden light changes, for example, the apyrase activity would 

promote the SbtA-B complex formation. On the other hand, the SbtB variants lacking the R-

loop would only respond to changes in the adenylate charge, with drops in the adenylate 

charge, for example during the night, shifting the equilibrium towards the SbtA-B complex. In 

agreement with this proposal, a recent study showed that the cyanobacterial SbtB proteins, 

lacking the R-loop, are responding mainly to energy state of the cell (Förster et al., 2023). 

Therefore, the R loop addition made SbtB more versatile to integrate cellular energy and redox 

state than the basal SbtB without R-loop. 

From our structural and ITC analysis of different R-loop variants, it also became obvious that 

the R-loop does not influence at all cAMP binding, but is only needed to fine tune the ADP/AMP 

affinity and regulate hydrolysis of ATP/ADP. Overall, this study provided evidence that the R-

loop of SbtB, provides an additional layer of regulation to the protein, which allows a finer 

regulation of the CCM in coordination with the entire photosynthetic Ci fixation for further 

adaptability to fluctuating conditions.  
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2 

Abstract 32 

33 

Life on Earth relies on carbon and nitrogen assimilation by RubisCO and GS-GOGAT enzymes, 34 

respectively, whose activities depend on a constant supply of inorganic carbon (Ci) and nitrogen 35 

(N). Members of the PII signal transduction superfamily are among the most ancient and 36 

widespread cell signaling proteins in nature. One of their most highly conserved functions is 37 

controlling Ci- and N-transporters, a feature found in different phyla of the Archaea and in both 38 

Gram-positive and Gram-negative bacteria. Recently, we identified the PII-like protein SbtB as 39 

Ci-sensing module, mainly controlling the HCO3
- transporter SbtA in cyanobacteria. Similar to 40 

canonical PII proteins, SbtB is able to bind the adenine nucleotides ATP and ADP. Unlike those, 41 

it also binds AMP and preferentially binds the second messenger cAMP and c-di-AMP. The 42 

functional significance of the binding of different adenyl-nucleotides to SbtB has remained 43 

elusive, particularly in the context of the interaction of SbtB with SbtA. By a combination of 44 

structural, biochemical and physiological analysis, we revealed that by binding to SbtA, SbtB 45 

acts as unidirectional valve, preventing the reverse transport of intracellular enriched 46 

bicarbonate. This mechanistic principle holds true for the PII protein from Bacillus acting on the 47 

ammonium transporter AmtB, suggesting an evolutionary conserved role for PII superfamily 48 

proteins in controlling unidirectional flow of different transporters. 49 

50 

51 

Keywords: Cyanobacteria; Bacillus subtilis; Carbon concentrating mechanisms; PII signaling 52 

superfamily; bicarbonate transporter SbtA; Ammonium transporter AmtB  53 
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Introduction 65 

The PII signaling superfamily comprises the most ancient and widespread signal transduction 66 

proteins found in all domains of life (Forchhammer et al. 2022; Wheatley et al. 2016; Selim et al. 67 

2018, 2021). The well-studied canonical PII proteins, which are involved in the regulation of 68 

carbon/nitrogen homeostasis, are characterized by a highly conserved trimeric structure with 69 

ferredoxin-like fold (Forchhammer & Selim 2020; Selim et al. 2020). Despite the similar 3D 70 

structures, PII-like proteins show restricted amino acid sequence conservation and evolved to 71 

fulfill diverse, yet not completely understood cellular functions.  72 

Cyanobacteria are oxygenic phototrophs that assimilate CO2 into organic compounds using 73 

water and light energy. For efficient CO2 fixation, cyanobacteria evolved an efficient carbon 74 

concentrating mechanism (CCM) that employs high affinity inorganic carbon (Ci; referring to 75 

CO2 and HCO3
-) uptake systems to augment intracellular Ci levels (Forchhammer & Selim 2020; 76 

Hagemann et al. 2021). The sodium-dependent bicarbonate transporter SbtA is an important 77 

component of the cyanobacterial CCM and becomes highly expressed under Ci limitation from 78 

the sbtA-sbtB operon, which also encodes the conserved PII-like protein SbtB (Mantovani et al. 79 

2022). Similar to canonical PII proteins, SbtB is able to bind the adenine nucleotides ATP and 80 

ADP, but unlike those, it also binds AMP. Moreover, SbtB preferentially binds the second 81 

messengers cAMP (Selim et al. 2018), which is known as carbon-status indicator (Chen et al. 82 

2000; Steegborn et al. 2005), and c-di-AMP, which is involved in global cellular homeostasis 83 

(Selim et al. 2021; Mantovani et al. 2022, 2023). 84 

Detailed structural characterization of various cyanobacterial SbtB homologues showed that 85 

they display typical PII-protein characteristics, being homo-trimeric proteins with three 86 

characteristic loop regions (T-, B- and C-loops) (Selim et al. 2018, 2021, 2023; Kaczmarski et al. 87 

2019). These loop regions are located near the inter-subunit clefts and play a major role in 88 

ligand binding and intramolecular signaling. Intriguingly, the structures of Synechocystis 89 

SbtB:AMP (PDB: 5O3R) and SbtB:cAMP (PDB: 5ORQ) complexes did not reveal any 90 

conformational changes on the flexible surface-exposed T-loop, the protein interaction module 91 

of PII superfamily proteins that usually responds to effector molecule binding. Another striking 92 

feature of many SbtB proteins, including Synechocystis SbtB (hereafter ScSbtB), is a C-terminal 93 

extension (referred to as R-loop) with a conserved C105GPxGC110 motif to which we ascribed a 94 

redox-regulatory function due to a disulfide bond formation between C105 and C110 (Selim et al. 95 

2023).   96 

In summary, we revealed that ScSbtB acts as Ci-sensor module by integrating the 97 

energy/redox-state of the cell and second messengers cAMP and c-di-AMP, and thereby it 98 
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plays a central role in the regulation of the entire CCM, similar to the role of the canonical PII 99 

protein in controlling carbon/nitrogen balance in central metabolism (Forchhammer et al. 2022; 100 

Selim et al. 2018, 2021; Mantovani et al. 2022). While the evolutionary conserved role of 101 

cAMP/AMP as indicators of cellular carbon status is well understood (Steegborn et al. 2005; 102 

Selim et al. 2018; Fang et al. 2021), the specific function of ATP/ADP adenyl-nucleotide binding 103 

to SbtB has remained unresolved. Several studies assigned SbtB to the regulation of SbtA 104 

through direct protein-protein interaction (Du et al. 2014; Selim et al. 2018, 2023; Liu et al. 105 

2021), in analogy to the canonical PII member GlnK-mediated inhibition of the ammonium 106 

transporter AmtB in Gram-negative bacteria under nitrogen excess conditions to prevent an 107 

over-accumulation of ammonium (Conroy et al. 2007; Gruswitz et al. 2007; Boogerd et al. 2011; 108 

Forchhammer et al. 2022). Recently, we showed that SbtB displays an unusual slow ATP/ADP 109 

apyrase (diphosphohydrolase) activity that is controlled by the C-terminal R-loop in response to 110 

the redox-state of the cell (Selim et al. 2023). The SbtB apyrase activity leads to a 111 

conformational change in the surface-exposed T-loop, hence the ATP/ADP binding could act as 112 

a molecular switch that drives a conformational change in the T-loops. Although its physiological 113 

role has remained obscure, the redox-regulated apyrase activity of SbtB may link the 114 

photosynthetic electron transport to the regulation of SbtA mediated bicarbonate transport. 115 

Recently, we and others solved the structures of SbtA and SbtA:SbtB complex (Fang et al. 116 

2021; Liu et al. 2021). We showed that SbtA is a secondary-active transporter and operates by 117 

an elevator-type mechanism, with alternating outward and inward open substrate transport sites 118 

(Liu et al. 2021). Furthermore, these studies revealed symmetric binding of the trimeric SbtB to 119 

a trimeric SbtA. In the SbtA:SbtB complex, the SbtB T-loops lock SbtA in the inward-facing 120 

state, thereby assumed to inhibit the SbtA bicarbonate transporter activity (Fang et al. 2021). 121 

This strongly implies that SbtB exerts a direct regulatory function on SbtA in response to the 122 

metabolic state of the cell through binding to various adenine nucleotides, which may induce 123 

conformational changes in the SbtA-interacting T-loop in analogy to canonical PII proteins 124 

(Forchhammer & Selim 2020; Forchhammer et al. 2022). In fact, it was demonstrated that the 125 

conformation of the T-loop in the SbtA:SbtB complex is favored by AMP binding but is sterically 126 

incompatible with cAMP binding (Selim et al. 2018, 2023; Fang et al. 2021). The conclusion of 127 

an inhibitory SbtA:SbtB complex is, however, in conflict with the fact that the complex forms 128 

when high bicarbonate uptake activity is required. It also conflicts with the phenotype of ΔsbtB 129 

deficient mutants, which showed growth impairment under low Ci supply (Selim et al. 2018), 130 

suggesting that SbtB is indeed required for efficient Ci uptake.  131 

Deeper insights in the mechanism, how SbtB affects the SbtA transporter can be obtained by 132 
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comparing different snapshots from recent structural studies (Fang et al., 2021; Liu et al. 2021). 133 

In absence of AMP, SbtB is still able to interact with SbtA in the cytoplasmic inward-facing state, 134 

although the SbtB T-loop was disordered (PDB: 7EGL). In this the structure, the HCO3
− 135 

substrate was clearly defined toward the cytoplasm (Fang et al. 2021). We also revealed that 136 

the SbtB in the AMP state induces the cytoplasmic inward-open conformation of SbtA by 137 

separating the SbtA core-domain from the gate-domain, where the structured SbtB T-loop only 138 

partially locks the HCO3
- exit tunnel of SbtA, leaving SbtA in an inward-open conformation (PBD: 139 

7CYF) (Liu et al. 2021). This implies that SbtB within the SbtA:SbtB complex remains in 140 

dynamic to regulate the SbtA transport activity in response to the concentrations of intracellular 141 

adenyl-nucleotides and the redox-state of the cell. Another important aspect, so far not 142 

considered, is the fact that the transport mechanism of the secondary-active transporter to 143 

which SbtA belongs, is reversible (Sauer et al. 2022). 144 

This work aimed to gain a deeper understanding of the mechanism of how SbtB affects 145 

transport activity of SbtA in Synechocystis. We show that formation of the SbtA:SbtB complex 146 

doesn’t inhibit the HCO3
- uptake but rather blocks leakage of bicarbonate in response to the 147 

energy state of the cell, suggesting a novel function of PII-like proteins as unidirectional valve in 148 

transport complexes preventing reverse transport of the substrate along the concentration 149 

gradient to the outside. We also expanded our model by reexamining the effect of the canonical 150 

PII protein in Bacillus subtilis, GlnK, on ammonium transport. The paradigm of a purely inhibitory 151 

action of PII-proteins on transporters, as derived from studies on GlnK-AmtB interaction in 152 

Gram-negative bacteria (Gruswitz et al. 2007), conflicts also with the finding that the homologue 153 

GlnK:AmtB complex in B. subtilis is strongly expressed under conditions of nitrogen-limitation, 154 

where active ammonium uptake is required (Detsch & Stülke 2003; Heinrich et al. 2006; 155 

Kayumov et al. 2011). Here we show that B. subtilis GlnK also acts as a valve to prevent 156 

ammonium leakage through AmtB, suggesting that this mechanism is a widely occurring feature 157 

among members of the PII superfamily.  158 

159 

Results 160 

SbtB nucleotides diphosphohydrolase (apyrase) activity requires T-loop arginines and an 161 

oxidized R-loop 162 

In our previous structural characterization of ScSbtB (Selim et al. 2023), we observed that SbtB 163 

possesses a novel type of diphosphohydrolase (apyrase) activity, which is redox-dependent, 164 

converting either ATP or ADP to AMP. In summary, in the oxidized SbtB state, when the R-loop 165 

is folded via the C105-C110 disulfide bridge (PDBs: 7R2Y, 7R2Z and 7R30), the adenine 166 
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nucleotides (ATP or ADP) are prone to hydrolysis due to a steric conflict of the oxidized R-loop 167 

with the T-loop, which forces the β- and γ-phosphates of ATP/ADP into a highly strained 168 

conformation, exposing the phosphates to hydrolytic attack. By contrast, ScSbtB in the reduced 169 

state displays an unfolded R-loop, which allows the T-loop to adopt an ATP/ADP binding 170 

conformation, in which these nucleotides are protected from hydrolysis (PDBs: 7R31 and 7R32). 171 

Moreover, the T-loop arginine residues R43 and R46 were shown to be important for both ADP 172 

and ATP binding, as they coordinate the β- and γ-phosphates and K40 is situated close to the 173 

metal ion coordinating the β- and γ-phosphates (Selim et al. 2023). To experimentally validate 174 

the function of those residues, we created variants of SbtB, in which the T-loop residues K40, R43 175 

and R46 were substituted to alanine. Using isothermal titration colorimetry (ITC), we tested the 176 

ability of the protein variants to bind adenyl nucleotides (cAMP, AMP, ADP and ATP). In 177 

comparison to wildtype ScSbtB, all the T-loop variants were strongly impaired in ADP and ATP 178 

binding as indicated by high Kd values, but less impaired in AMP or cAMP binding (Fig. 1A, Fig. 179 

S1, and Table 1), a property that was most prominently seen in the SbtB-R46A variant.  180 

Next, we selected the SbtB-R46A variant to analyze in depth the stepwise nucleotide hydrolysis 181 

via high-performance liquid chromatography-mass spectrometry (HPLC-MS) (Fig. 1B,C, and 182 

Fig. S2). Whereas the wildtype SbtB protein converted ATP efficiently into AMP with a very 183 

small detectable amount of ADP, the apyrase activity of the SbtB-R46A variant was strongly 184 

impaired similar to the mutated SbtB R-loop variant (C105S+C110S), which acts as a control for 185 

weak apyrase activity (Selim et al. 2023). By contrast, ADP was turned over by both SbtB-R46A 186 

and the SbtB-C105S+C110S variants as efficiently as by wildtype ScSbtB (Fig. 1C). 187 

Together, the in vitro characteristics of the SbtB variants demonstrate the importance of the T-188 

loop residues for both ADP and ATP binding and hydrolysis, and highlight the critical role of R46 189 

in ATP binding and breakdown, and further confirm a role for the R-loop in tuning nucleotide 190 

hydrolysis. 191 

192 

Table 1: Dissociation constants for the binding of the adenyl nucleotides ATP, ADP, AMP, and cAMP to 193 

the WT-SbtB protein (Selim et al. 2018) and its variants as measured by ITC. NT: Not tested 194 

Titrant/Protein Kd (µM) for SbtB-WT Kd (µM) for SbtB-K40A Kd (µM) for SbtB-R43A Kd (µM) for SbtB-R46A 

ATP 47.0  357.1 212.7 No binding 

ADP 33.9  877.1 471.6 434.7 

AMP 53.5 NT NT 94.34 

cAMP 21.3 66.9 83.3 31.3 

195 
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196 

Fig. 1: Characterization of SbtB T- and R-loop variants. (A) Isothermal titration calorimetry (ITC) shows that SbtB-197 

R46A variant can still bind cAMP efficiently. (B,C) Nucleotide hydrolysis by SbtB wildtype and its variants (R46A and 198 

C105S+C110S [+ve control]) were incubated with ATP (B) or ADP (C) for 24 h. In addition, equal amounts of ATP 199 

and ADP were incubated with the reaction buffer (without protein) for 24 h and indicated as 24 h of ATP or ADP, 200 

respectively. The obtained relative intensity for ATP is shown in blue, for ADP in green and for AMP in orange. (D,E) 201 

Phenotypic characterization of the sbtB-R46A mutant. (D) Bicarbonate-dependent photosynthetic rates per chlorophyll 202 

a (Chla) of WT and the sbtB-R46A mutant as a function of increasing HCO3− concentrations. Cells were acclimated to 203 

either high carbon (HC) or low carbon (LC) conditions (n = 3). (E) Bicarbonate affinity represented by the Km (HCO3−) 204 

values of Synechocystis wild type (WT) and the sbtB-R46A mutant under either high carbon (HC; black bars) or low 205 

carbon (LC; gray bars) regimes. *: p<0.05. 206 

207 

Impact of SbtB apyrase activity on Synechocystis physiology 208 

To further reveal the impact of ATP/ADP binding and hydrolysis on ScSbtB function, we chose 209 

to characterize the SbtB-R46A variant in vivo as this variant was most strongly impaired in 210 

ATP/ADP binding and hydrolysis in vitro. Therefore, we generated a Synechocystis strain in 211 

which the wildtype sbtB gene was replaced by a gene encoding the sbtB-R46A variant. Then, we 212 

measured the bicarbonate-dependent photosynthetic oxygen-evolution of this mutant (Fig. 1D) 213 

to determine the bicarbonate affinity (Fig. 1E). The wildtype cells exhibited low bicarbonate 214 
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affinity when adapted to high ambient Ci conditions (5% CO2; indicated by HC), whereas they 215 

displayed high bicarbonate affinity when cultivated under Ci-limiting ambient conditions (0.04% 216 

CO2; indicated by LC), in accord with a fully induced CCM. In our previous work, we showed 217 

that an SbtB-deficient mutant exhibited constitutive high bicarbonate affinity, even when 218 

acclimated to HC conditions. In low Ci-grown ΔsbtB cells, the maximal photosynthetic rate was 219 

lower than in wildtype cells, indicating an impaired function of the Calvin-Benson-Bassham 220 

(CBB) cycle (Selim et al. 2018), in agreement with the recently discovered additional function of 221 

SbtB in regulating entire CCM and glycogen synthesis in c-di-AMP dependent manner (Selim et 222 

al. 2021; Mantovani et al. 2022). Similar to the phenotype of the ΔsbtB mutant, the sbtB-R46A 223 

mutant was unable to change its overall bicarbonate affinity in response to the changing Ci 224 

conditions. Irrespective of LC- or HC-conditions, the sbtB-R46A cells displayed an affinity for 225 

bicarbonate in between the LC- and HC-acclimated wildtype cells, respectively. However, in 226 

contrast to the ΔsbtB mutant, the maximal photosynthetic rate of the sbtB-R46A mutant at 227 

saturating Ci conditions was as high as in the wildtype (Fig. 1D), implying that SbtB-R46A could 228 

complement the pleiotropic effect on the CBB-cycle, in agreement with its unimpaired ability to 229 

bind c-di-AMP (Fig. S3A). Immunoblot analyses also revealed that the sbtB-R46A variant could 230 

still be partially recovered from the cytoplasmic membrane under HC conditions, indicating that 231 

its interaction with SbtA was not completely abrogated (Fig. S3). Furthermore, the R46A SbtB 232 

variant complemented the defect of the ΔsbtB mutant in diurnal growth (Fig. S3B), which further 233 

suggests that this variant is able to fulfill additional functions of SbtB in accord with its ability to 234 

still bind c-di-AMP. Altogether, the sbtB-R46A mutant appeared specifically impaired in its ability 235 

to change the CCM activity in response to the ambient Ci-supply, which involves SbtA function. 236 

This indicates that the ATP-binding and/or the stepwise hydrolysis by SbtB plays a crucial role 237 

in the regulation of SbtA activity. 238 

239 

SbtB acts as valve plug to prevent bicarbonate leaking out of the cells 240 

Recently, it was reported that immediately after light to dark shifts, the uptake activity of SbtA 241 

ceases, independent of the presence of SbtB (Förster et al. 2023). This argues against a role for 242 

SbtB in rapidly switching off SbtA-mediated bicarbonate uptake. The assumption that the 243 

formation of SbtA:SbtB complex is required to allosterically inhibit bicarbonate uptake is also in 244 

conflict with the observation that a tight SbtA:SbtB-AMP complex is formed under LC conditions 245 

when AMP levels increase (Selim et al., 2018; Liu et al. 2021; Fang et al. 2021; Förster et al. 246 

2023). Rather, under LC-conditions, cells require maximum bicarbonate uptake activity and 247 

should not inhibit the activity of the main bicarbonate transporter, SbtA. The assumption of SbtB 248 
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inhibiting SbtA activity under LC conditions is also inconsistent with the phenotype of the SbtB-249 

deficient mutant, which showed growth impairment under LC (Selim et al. 2018, 2023). Our 250 

recent discovery that the nucleotide-bound states of SbtB are not static but may be 251 

interconverted via apyrase activity provides alternative explanations for the function of SbtB.  252 

A so far overlooked possibility is that SbtB might serve as a dynamic valve plug to close the 253 

reverse diffusion of bicarbonate through SbtA, since it belongs to the secondary-active 254 

transporters, which operate by a reversible, bidirectional mechanism (Sauer et al. 2022). The 255 

cells invest much energy to maintain a Na+-motif force at the cytoplasmic membrane, which is 256 

required for the Na+-dependent HCO3
- transporters, SbtA and BicA, to accumulate bicarbonate 257 

approximately 100-1000 times against the gradient under Ci-limiting conditions (Hagemann et 258 

al. 2021). According to these considerations, it should be beneficial for the cells to prevent 259 

HCO3
- backward diffusion. To verify this assumption, first, we measured the intracellular ATP 260 

levels within Synechocystis cells after shifting cells from HC (2% CO2) to LC conditions. During 261 

the first 3 h after the shift, the ATP levels dropped by 10%, whereas under prolonged Ci-262 

limitation (24 h) the ATP levels dropped to almost 50% of the original ATP levels under HC 263 

condition (Fig. 2A), in agreement with increasing AMP levels under LC conditions (Selim et al. 264 

2018). Next, to test our hypothesis whether SbtB could act as a safety-valve, we checked the 265 

leakage of 14C-bicarbonate. Therefore, cells were loaded with 14C-bicarbonate in the light, then 266 

cells were washed and incubated in bicarbonate-free medium in the dark for 5 min to measure 267 

leaked 14C in the supernatant. In fact, the leakage of HCO3
- in the ΔsbtB mutant was almost 268 

50% higher than the wildtype cells (Fig. 2B).  269 

All previous structural and biochemical data imply that the ATP-bound state of SbtB destabilizes 270 

the SbtA:SbtB interaction, while the AMP bound state stabilizes the interaction (Selim et al. 271 

2018, 2023; Fang et al. 2021; Liu et al. 2021). Therefore, we assumed that the sbtB-R46A 272 

variant would be preferentially in the AMP-bound state, based on its inability to bind and 273 

hydrolyze ATP (Fig. 1B, Fig. S1, and Table 1). To test how this affects bicarbonate leakage in 274 

the sbtB-R46A mutant, we performed the 14C-bicarbonate leakage assay. As expected, the sbtB-275 

R46A strain showed less HCO3
- leakage than the wild type, implying that the SbtB-R46A variant 276 

more efficiently prevents the backward diffusion of HCO3
- through the SbtA tunnel, consistent 277 

with the constitutive AMP bound state of SbtB-R46A and its inability to bind and hydrolyze ATP 278 

(Fig. 1B, and Fig. S1). These results are also in accordance with the membrane localization of 279 

SbtB-R46A variant (Fig. S3C). Collectively, these results generally support our hypothesis that 280 

SbtB prevents backwards HCO3
- transport. Moreover, the leakage experiments suggest that 281 

SbtB in wildtype cells dynamically changes between different states of interaction with SbtA 282 
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depending on the adenyl-nucleotide bound state, which would influence the T-loop 283 

conformations to regulate the HCO3
- tunnel but not the transport activity of SbtA.284 

285 

286 

Fig. 2: Functional characterization of PII superfamily proteins ScSbtB and BsGlnK. (A) Intracellular ATP levels 287 

in Synechocystis cells after shift from HC (0) to LC (1, 3 and 24 h) conditions. (B) Physiological investigation of SbtB 288 

function as a plug. Levels of leaked 14C-bicarbonate from WT, ΔsbtB and sbtB-R46A mutant cells. ***:p<0.001. (C) 289 

Transport activity assays of SbtA or SbtA:SbtB complex in the presence of 1 mM AMP. The assays were performed 290 

in E. coli membrane vesicles using 14C-bicarbonate. The vesicles from E. coli transformed by the empty pET28a 291 

plasmid were used as the negative control. (D) Interaction of SbtB ΔT-loop with SbtA compared to WT-SbtB. (E) 292 

Apyrase activity of SbtB alone or in complex with SbtA via phosphate release assay at 0.1 and 0.5 µM. (F) Level of 293 

leaked NH4+ from B. subtilis WT (strain 168), ΔglnK and ΔamtB mutants after treating the cells for 5 min with different 294 

concentrations of MSX, as indicated, to inhibit the GS activity to increase the intracellular levels of ammonia. For all 295 

graphs, the means and standard deviations were calculated and the data are presented as means ± SD.  296 

297 

SbtB does not influence the SbtA transport activity negatively 298 

Recently, we revealed the mode of action of SbtA transport in presence of SbtB (PDB: 7CYF), 299 

which resembles an elevator alternating-access transport mechanism. In the SbtA:SbtB 300 

complex, when the SbtB T-loop is inserted into the inter-domain cleft of SbtA, it partially blocks 301 

the cytoplasmic substrate exit tunnel of SbtA and induces the cytoplasmic inward open 302 

conformation of SbtA by causing the SbtA subunits (core and gate domains) to undergo a 303 

significant rigid-body movement against each other (Liu et al. 2021). Intriguingly, the SbtB T-304 

loop residue R46 has a dual function in stabilizing both SbtB-ATP and SbtA:SbtB interactions 305 

(Fang et al. 2021; Selim et al. 2023; Fig. S1). Based on the ability of the sbtB-R46A variant to 306 

localize to the membrane (Fig. S3C), we assumed that SbtB would still interact partially with 307 
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SbtA even when the SbtB T-loop cannot be inserted firmly in SbtA. This complex would 308 

resemble the SbtA:SbtB complex with SbtB in the ATP bound state, and would correspond to 309 

either an SbtA-occluded conformation, in which the substrate tunnel is inaccessible from the 310 

intracellular or extracellular space, or to SbtA in fully open conformation, allowing HCO3
- 311 

leakage. By contrast, when the SbtB T-loop is deeply inserted in SbtA and the SbtA:SbtB 312 

interaction is stabilized via AMP or ADP, the SbtB-AMP or SbtB-ADP bound states would not 313 

influence the inward transport activity but rather prevent the back-flux of accumulated HCO3
-. 314 

Those assumptions were further validated experimentally by performing in vitro transport activity 315 

assays in membrane vesicles containing either SbtA alone or SbtA:SbtB complex in presence of 316 

AMP to promote the SbtA-inward state (Liu et al. 2021). The activity assays showed that the 317 

SbtB-AMP state in the complex does not influence on the HCO3
- transport activity (Fig. 2C), 318 

compared to that of free SbtA, supporting our conclusions that SbtB doesn’t block bicarbonate 319 

import by SbtA but only prevents the backward HCO3
- flux (Fig. 2B). Also, we tested a T-loop 320 

variant (SbtB ΔT-loop), in which we deleted the entire T-loop so that the T-loop cannot be 321 

inserted into SbtA to determine whether the SbtB ΔT-loop variant can still interact with SbtA, 322 

resembling either the SbtA-occluded or the HCO3
- leakage state(s). Indeed, the SbtB ΔT-loop 323 

variant was still able to complex with SbtA, despite its weak interaction compared to wildtype 324 

ScSbtB (Fig. 2D). This further explains a previous result showing that in absence of AMP, SbtB 325 

was able to complex with SbtA in the inward active state, where the HCO3
- substrate was clearly 326 

defined in SbtA when the SbtB T-loop was disordered (PDB: 7EGL) (Fang et al. 2021).  327 

328 

Structural bases for the role of SbtB in preventing the leakage 329 

In order to get deeper insights into the T-loop independent SbtB:SbtA complex, which likely 330 

could resemble the weak SbtA:SbtB-ATP complex, we solved the structure of SbtA:SbtB ΔT-331 

loop complex at 3.1 Å resolution by cryo-EM (Fig. S4). In the SbtA:SbtB ΔT-loop structure SbtA, 332 

forms a membrane-localized homotrimer with symmetric orientation towards the homotrimeric 333 

SbtB ΔT-loop facing from the cytoplasmic side (Fig. 3A). Without the T-loop, SbtB can still 334 

interact primarily with the cytoplasmic phase of SbtA via van der Waals’ interactions to form a 335 

heterohexameric complex of trimer-trimer interphase, but the interactions are restricted mainly 336 

to TM2 and TM9 of SbtA and two loops of SbtB. Specifically, a salt bridge between Arg333 on 337 

TM9 and Glu13 on the loop between α1 and β1 of SbtB, as well as a hydrogen bond between 338 

Arg333 and Tyr87 on the loop between α2 and β4 (B-loop) could be found in the complex. In 339 

addition, Lys14 between α1 and β1 of SbtB could also form a salt bridge with Glu40 on TM2 of 340 

SbtA (Fig. 3A). It is noteworthy that this salt bridge is formed due to the more condensed 341 
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architecture of SbtA:SbtB ΔT-loop complex, which cannot be found in our previously reported 342 

SbtA:SbtB-AMP complex (PDB: 7CYF), where the T-loop is ordered and inserted into SbtA.  343 

344 

345 

Fig. 3: cryo-EM structure of SbtA:SbtB ΔT-loop complex. (A) Overall structure of SbtA:SbtB ΔT-loop complex. 346 

SbtA is colored cyan and SbtB is colored brown. Inset in (A): A zoom-in displaying the interface of SbtA and SbtB. 347 

Interacting residues are shown as sticks. The salt bridge and hydrogen bonds are indicated as dotted line. (B) 348 

Superposition of SbtA:SbtB ΔT-loop complex and SbtA:SbtB-AMP complex (PDB:7CYF). SbtB ΔT-loop approaches 349 

to SbtA for ~3.9 Å measuring E40. (C) The HCO3– binding site. The HCO3– molecule is shown as sticks and colored by 350 

atoms. The polar interactions are indicated by dashed lines. The cryo-EM density map of HCO3– is shown in gray 351 

mesh at 5 σ. 352 

353 

In fact, superposition of the two complexes yield an RMSD of 2.19 Å. While SbtB could almost 354 

be perfectly superposed to the previously obtained structure, SbtB ΔT-loop is approaching to 355 

SbtA by only about 3.9 Å (measuring Glu40), which seems more compact and reminds of the 356 

elevator mechanism (Fig. 3B), probably due to the absence of the T-loop. This approach of 357 

SbtB ΔT-loop toward SbtA led to the relative shift between the gate domain and the core 358 

domains of SbtA. This shift causes the core domain of SbtA within the SbtA:SbtB ΔT-loop 359 

complex to be uplifted, while the gate domain in this complex (TM6b and the loop between 360 

TM6b-TM7) was immobile and superimposed perfectly with our previous SbtA:SbtB-AMP 361 

complex (PDB: 7CYF) (Fig. 4A). As a result, the HCO3
- and Na+ binding sites are relatively 362 

elevated by about 4.1 Å (measuring Ser114) and 3.6 Å (measuring Phe110), respectively. 363 
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Surprisingly, near the SbtA Ser114, which was reported to form the HCO3
- binding site (Liu et al. 364 

2021; Fang et al. 2021), a clear electron density that perfectly matches HCO3
- was observed 365 

(Fig. 3C, and Fig. S4E), despite the fact that no HCO3
- was added during the purification. 366 

Although our buffer contained 300 mM Na+, the Na+-binding site did not appear occupied, 367 

supporting the notion that SbtA indeed possesses higher affinity towards HCO3
- than to Na+. 368 

The bicarbonate binding cavity is located at the interface between the gate domain and the core 369 

domain and interacts with Ser114, Tyr140, Ser324, Ser327 (Fig. 3C). 370 

We recently showed that the structure of free SbtA represents an occluded conformation (Liu et 371 

al. 2021). The superimposition of SbtA:SbtB ΔT-loop complex over the free SbtA (PDB: 7CYE) 372 

showed little difference and yielded an RMSD of 0.8 Å, indicating that the SbtA:SbtB ΔT-loop 373 

complex is also in the occluded conformation, where HCO3
- binding site is inaccessible from 374 

either intracellular or extracellular side and the HCO3
- molecule is trapped inside the SbtA 375 

tunnel. Moreover, the superimposition of SbtA:SbtB ΔT-loop complex over the SbtA:SbtB-AMP 376 

(PDB: 7CYF) complex, where the HCO3
- binding site is accessible from the intracellular space, 377 

revealed that the gate and core domains of SbtA in the SbtA:SbtB-AMP complex undergo a 378 

significant rigid-body movement against each other. As a result, the core and gate domains of 379 

SbtA in the SbtA:SbtB-AMP complex (PDB: 7CYF) separate from each other keeping the 380 

complex in an inward-open conformation toward the cytoplasm (Fig. 4A). By contrast, the 381 

SbtA:SbtB ΔT-loop complex returns back to the original occluded state exhibited by free SbtA 382 

(PDB: 7CYE) (Fig. 4). Therefore, the SbtA:SbtB ΔT-loop complex structure could represent a 383 

snapshot of the leaked HCO3
- trapped inside the SbtA tunnel when the SbtB T-loop is 384 

disordered. In this structure representing the occluded SbtA conformation of the HCO3
- transport 385 

cycle, the intermolecular interactions within the complex are restricted to the SbtA core domain 386 

due to the absence of the SbtB T-loop (Fig. 3A). Of note, a close examination of the SbtA:SbtB 387 

complex (PDB: 7EGL) solved in absence of AMP by X-ray crystallography, where the SbtB T-388 

loop was also disordered, revealed SbtA in an inward facing state and the HCO3
- binding site in 389 

an accessible state from the intracellular space. Moreover, we simulated a tunnel starting from 390 

the binding site of HCO3
- in this complex (PDB: 7EGL), and the tunnel is clearly blocked by the 391 

loop between TM6a and TM6b of SbtA in SbtA:SbtB ΔT-loop complex (Fig. 4B). This strongly 392 

supports that SbtB undergoes dynamic structural changes in the complex to regulate the SbtA 393 

transport activity. This interpretation solves the paradox of SbtA:SbtB complex formation under 394 

low Ci-conditions: instead of inhibiting bicarbonate uptake, SbtB prevents its leakage, as in the 395 

SbtA:SbtB-AMP complex, the cytoplasmic HCO3
- tunnel entry of SbtA is partially closed (PDB: 396 

7CYF). 397 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 10, 2023. ; https://doi.org/10.1101/2023.08.10.552651doi: bioRxiv preprint 

96

https://doi.org/10.1101/2023.08.10.552651
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 

398 

Fig. 4: Structural comparison between current and previous SbtA:SbtB complexes. (A) Superposition of SbtA 399 

from SbtA:SbtB ΔT-loop complex and SbtA:SbtB-AMP complex (PDB:7CYF), respectively. The core domain and gate 400 

domain of SbtA (7CYF) are colored differently as indicated. (B) A simulated tunnel starting from the binding site of 401 

HCO3- in SbtB:SbtA complex (PDB:7EGL). The superposition revealed that this tunnel is blocked by the loop 402 

between TM6a and TM6b of SbtA in the SbtA:SbtB ΔT-loop complex. The tunnel is simulated by Mole 2. 403 

404 

The presence of oxidized SbtB in the SbtA:SbtB complex further supports SbtB’s 405 

apyrase activity 406 

In light of the above results and their implications, the redox-regulated nucleotide hydrolysis 407 

activity of SbtB makes perfect sense, as it induces the tight SbtA:SbtB-AMP complex in the 408 

oxidized (dark) state. Within all reported SbtA:SbtB complexes (PDBs: 7CYF, 7EGL and 7EGK), 409 

the R-loop of SbtB forms the disulfide bridge including our recent SbtA:SbtB ΔT-loop complex 410 

(PDB: 7X1Q). We used the phosphate release assay to test the possibility that the apyrase 411 

activity of the oxidized SbtB might be further modulated by the interaction with SbtA. Indeed, we 412 

observed ≈ 4 fold increased phosphate release for SbtB in complex with SbtA as compared to 413 

SbtB alone (Fig. 2E). Finally, we assessed whether the reduced form of SbtB would still interact 414 
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with SbtA. The experiments demonstrated that the reduced state mimicking variants (SbtB-Δ104 415 

and SbtB-C110S) could still interact with SbtA in presence of AMP and dissociate in presence of 416 

ATP similar to wildtype SbtB (Fig. S5).  417 

These results imply that the SbtB-redox switch does not influence the interaction with SbtA but 418 

rather accelerates the hydrolytic activity of SbtB in response to the cellular redox-state. 419 

Altogether, the formation of weak complexes of SbtB with SbtA in presence of ATP or of the 420 

SbtB ΔT-loop variant (Fig. 2) suggests that a fraction of SbtB is always close to SbtA in a sort of 421 

stand-by to open/close the SbtA tunnel.  422 

423 

GlnK is a valve plug for AmtB in Bacillus subtilis  424 

Intriguingly, a paradox similar to what is described here for SbtA:SbtB interaction was previously 425 

reported for the canonical PII protein GlnK in Bacillus subtilis.  In E. coli, GlnK was shown to 426 

interact and inhibit the ammonium transporter AmtB (Conroy et al. 2007). In B. subtilis, BsGlnK 427 

is highly expressed when grown with a poor nitrogen source, for example, with nitrate as sole 428 

nitrogen source, which is slowly reduced to ammonia for its assimilation by glutamine 429 

synthetase (GS) (Heinrich et al. 2006; Forchhammer et al. 2022; Forchhammer & Selim 2020). 430 

Localization experiments revealed that BsGlnK is AmtB-associated under poor nitrogen supply 431 

(Detsch & Stülke 2003; Kayumov et al. 2011), when the AmtB transporter should support 432 

maximum ammonium transport. When nitrate ions are reduced to ammonia/ammonium (which 433 

are in a pH dependent equilibrium), the membrane permeable ammonia molecules may diffuse 434 

out of the cells before being assimilated by GS. Hence under nitrogen-limiting conditions, a 435 

highly active ammonium transport is required to recuse ammonia/ammonium molecules that 436 

leaked out of the cells, and therefore, GlnK and AmtB are highly induced and interact (Heinrich 437 

et al. 2006). In light of the above results, instead of inhibiting ammonia uptake, BsGlnK could 438 

also act as a valve plug to prevent the leakage of ammonium through the AmtB ammonia pore, 439 

similar to the action of SbtB on SbtA.  440 

To proof this hypothesis, we first showed that BsGlnK indeed localizes to the membrane in an 441 

AmtB-dependent manner (Fig. S6) by fusing YFP to the C-terminus of BsGlnK and analyzing its 442 

localization under nitrate growing conditions. In an AmtB-deficient mutant (ΔamtB), the BsGlnK-443 

YFP was solely cytoplasmic localized and never found membrane-associated, while in amtB+ 444 

strain the BsGlnK-YFP was found to be membrane localized, which indicates that AmtB is 445 

required for recruiting BsGlnK to the membrane. Next, ammonium leakage experiments were 446 

performed with B. subtilis strains deficient in either glnK or amtB. To further trigger intracellular 447 

ammonium formation in nitrate-growing cells, samples were treated with increasing 448 
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concentrations of the GS inhibitor methionine sulfoximine (MSX) to prevent ammonium 449 

assimilation by GS. GlnK- and AmtB-deficient cells displayed significantly higher extracellular 450 

ammonium levels than wildtype cells, clearly indicating ammonia leakage (Fig. 2F). The 451 

increased extracellular ammonium levels in AmtB-deficient cells illustrates the contribution of 452 

AmtB in counteracting ammonium leakage. Since in GlnK-deficient cells the same amount of 453 

extracellular ammonium was found as in the AmtB mutant, we can safely assume that in the 454 

absence of GlnK, AmtB cannot contribute to efficient ammonium scavenging. Apparently, in the 455 

absence of GlnK, the net uptake of AmtB is zero, which is the case if uptake equals the outward 456 

diffusion.  457 

458 

Discussion 459 

Recently, we have shown that in addition to linear-adenine nucleotides, SbtB also binds the 460 

cyclic nucleotides cAMP and c-di-AMP, and that by sensing cAMP, SbtB modulates Ci uptake 461 

and metabolism (Selim et al. 2018, 2021). During the day, the cells incur high-energy costs to 462 

intracellularly accumulate elevated concentrations of bicarbonate under Ci-limiting conditions 463 

and to maintain the Na+-homeostasis required for HCO3
- transport to support efficient CO2 464 

assimilation and to synthesize glycogen as an energy reservoir for the night phases. The 465 

present work has established another important role for SbtB especially during dark periods or 466 

prolonged Ci-limitation. Our results clearly support the necessity of SbtB for the maintenance of 467 

high intracellular bicarbonate levels through its interaction with SbtA by preventing the outflux of 468 

the energetically expensive HCO3
-. This also reduces energetically unfavorable Na+ influx, 469 

which is counteracted by secondary active sodium-proton antiport activity, under conditions 470 

when no further bicarbonate is needed. Hence, SbtB is able to simultaneously play multiple 471 

roles, reminiscent of the multitasking PII signaling proteins (Forchhammer et al. 2022; 472 

Forchhammer & Selim 2020; Mantovani et al. 2023). Our results further indicate that the 473 

apyrase activity of ScSbtB stabilizes AMP-bound SbtB at the membrane (Selim et al. 2023), in a 474 

process whereby the R-loop of SbtB senses the differential redox-state between periods of dark 475 

and light. This prevents backward diffusion of bicarbonate (and Na+) out of the cells especially 476 

during night.  477 

From the essence of the now available data on SbtB and its interaction partners, we propose 478 

the following refined model for the control of bicarbonate uptake through the SbtA:SbtB 479 

complex. In the light, when the R-loop is in a reduced state, there is competitive binding of 480 

adenine nucleotides to SbtB. During active photosynthesis, ATP is by far more abundant than 481 

AMP and ADP, whereas the concentration of cAMP depends on the CO2 supply to the cells 482 
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rather than on the uptake of HCO3
- by CCM (Hammer et al. 2006). In vitro, cAMP, known as a 483 

high-Ci signal, has the highest affinity for ScSbtB and the cAMP-bound state prevents binding of 484 

AMP, which is known as low-Ci signal (Selim et al. 2018). This adenyl-nucleotide competition is 485 

able to activate/inactivate the SbtA transport activity according to the Ci availability. At high Ci, 486 

cyanobacteria accumulate high ATP and low AMP, while ATP levels drop and AMP levels 487 

increase under prolonged Ci-limitation (Fig. 2A; and Selim et al. 2018). Therefore, it seems 488 

plausible that during the day, most of SbtB is either in the ATP-bound state or in the soluble 489 

cAMP-bound state at high CO2, while under prolonged Ci-limitation SbtB accumulates in the 490 

ADP/AMP-bound state and localizes to the membrane (Selim et al. 2018). Under those 491 

conditions of Ci-limitation and with help of SbtB, SbtA adapts an elevator alternating-access 492 

transport mechanism, as follows:  493 

First, in the outward-open conformation, SbtA takes up the substrates HCO3
- and Na+. Binding 494 

of substrate seems to induce an SbtA-occluded conformation, as seen in our previous free SbtA 495 

structure (PDB: 7YCE), with bound Na+-ion. Subsequently, in the presence of AMP-bound SbtB, 496 

the SbtB T-loop inserts deeply into the inter-domain cleft of SbtA forming the SbtA:SbtB-AMP 497 

complex (PDB: 7CYF). In this complex, upon SbtB binding, the SbtA core domains move toward 498 

the cytoplasmic space against the immobile SbtA gate domains, causing the SbtA-substrate 499 

tunnel to be in an inward-open conformation toward the cytoplasm, and accordingly facilitating 500 

the release of substrates into the cytoplasm. At the same time, the SbtB T-loop partially blocks 501 

the SbtA-substrate tunnel exit, preventing the backward transport activity but not the inward 502 

transport, in agreement with our transport assays of SbtA:SbtB-AMP complex and the 14C-flux 503 

analysis of ΔsbtB mutant under Ci-limitation (Fig. 2B,C). When low Ci-acclimated cells are 504 

exposed to darkness, the ATP levels further drop and the SbtB apyrase activity, which seems to 505 

be even accelerated in the SbtA:SbtB complex (Fig. 2E), is further stimulated by the oxidation of 506 

the R-loop. This results in an increased population of ADP- and AMP-bound SbtB states, 507 

preventing the leakage of the HCO3
- accumulated during the day through the cytoplasmic 508 

substrate tunnel entry. The subsequent rise in ATP levels and ATP binding to SbtB reorients the 509 

SbtB T-loop in another conformation incompatible with SbtA, causing SbtA to return back to its 510 

original occluded conformation, where the HCO3
- molecule could be trapped inside the SbtA 511 

tunnel, as seen in the SbtA:SbtB ΔT-loop complex (PBD: 7X1Q). Altogether, this clearly 512 

supports our previous assumption that the transport model of SbtA is reminiscent of the elevator 513 

alternating-access transport mechanism (Liu et al. 2021), in which SbtB plays dual functions by 514 

inducing the inward conformation of the transporter and preventing the backward flux of the 515 

substrate from the cytoplasm (Fig. 5).  516 
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517 

Fig. 5: A proposed elevator mechanism of trimeric Na+-dependent HCO3
– transporter SbtA. SbtA in an outward-518 

open conformation recruits the substrates Na+ and HCO3– from the extracellular space This is followed by a rigid-519 

body movement of the core domain against the immobile gate domains upon SbtB binding, a process that is 520 

stabilized by binding of AMP to SbtB, presumable also by ADP. Afterwards, the substrates are released into the 521 

cytoplasm followed by the turnover of SbtA into the resting state. SbtB can also prevent the backward flux of HCO3– 522 

from the cytoplasm. When the T-loop of SbtB is in an incompatible conformation with SbtA, such as in ATP-bound 523 

SbtB (i.e. SbtB ΔT-loop), HCO3- can escape from the cytoplasm as seen trapped in the tunnel of SbtA. 524 

525 

The structural similarity of SbtB with canonical PII proteins suggest that other proteins of the PII 526 

family might play similar roles in controlling transport tunnels. Indeed, examination of 527 

ammonium leakage by Bacillus clearly showed that both AmtB and GlnK are required to prevent 528 

ammonia leakage when cells are grown with poor N-source such as nitrate. The enhanced 529 

leakage in the absence of GlnK can only be reasonably explained assuming that GlnK closes 530 

the cytoplasmic face of the ammonia transporter. However, this model necessarily requires that 531 

such a complex should be dynamic like a valve plug (Fig. S7). When ammonium ion binds to the 532 

outer face of AmtB, GlnK should not rigidly block the uptake. Like in a valve-plug, the T-loop 533 

should transiently flip away from the closing position. Possibly, the previously reported ATP-534 

ADP turnover of PII proteins (Radchenko et al. 2013) plays a role in such a valve plug activity of 535 

GlnK. The identification of a similar mechanism in the regulation of two different uptake systems 536 

in phylogenetically distant bacteria, namely, SbtA in cyanobacteria and AmtB in firmicutes, 537 

points towards a conserved function of PII superfamily proteins in the control of substrate 538 

transport. However, further research is required to solve the details of such a process. 539 

Modelling studies revealed that reintroduction of cyanobacterial CCM, especially of the HCO3
--540 

transporters SbtA and BicA, into plant chloroplasts could improve the carbon-assimilation rate 541 

and yield by 36-60%. However, the failure of reinstalling functional HCO3
- transporters, in 542 

particularly SbtA alone, demonstrated a lack of understanding of how those bicarbonate 543 

transporters work. In our study, we highlight the importance of considering the simultaneous 544 
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reintroduction of regulatory factors such as SbtB. Remarkably, the strategy of co-expressing the 545 

sbtAB operon was shown to rescue the growth defect of Corynebacterium glutamicum carbonic 546 

anhydrase mutant under ambient air, and even more provided the wildtype cells with a growth 547 

advantage (Kirsch 2014), in contrast to E. coli (Du et al. 2014). In this regard, it is important to 548 

mention that the physiological meaning of SbtA:SbtB interaction in heterologous systems should 549 

be interpreted cautiously as the bioenergetics of E. coli, for example, is quite different from that 550 

in cyanobacteria. 551 

Altogether, our study provides new insights into the signaling function of the PII superfamily and 552 

highlights the plasticity of PII proteins among different bacterial phyla. This is, for example, 553 

demonstrated by the ability of canonical PII to inhibit ammonium uptake and/or prevent 554 

ammonium leakage in phylogenetically distant bacteria E. coli and Bacillus, respectively.  555 

556 

Material and methods557 

Generation and purification of recombinant proteins 558 

Plasmids and primers primers used in this study are listed in Supplementary (Table S1). The recombinant 559 

SbtB (wildtype or different variants [K40A, R43A, R46A, and C105S+C110S]) proteins from Synechocystis sp. 560 

PCC 6803 (ScSbtB) were expressed and purified as previously described (Selim et al. 2018; Lapina et al. 561 

2018). Truncated C-terminal ScSbtB protein (SbtB-ΔC), lacking the last 6 amino acids (C105GPEGC110) at 562 

the C-terminus, was constructed as described previously (Selim et al. 2023). The ScSbtB-Δ104 plasmid 563 

was used as a DNA template to generate the ScSbtB-C105S+C110S and ScSbtB-C110S plasmids using 564 

primer pairs contain the C105+C110 or C110 substitution into serine. For generation of ScSbtB-K40A, 565 

ScSbtB-R43A, and ScSbtB-R46A, we used the wildtype ScSbtB plasmid as a DNA template and primer 566 

pairs contain the K40, R43 or R46 substitution into alanine.  567 

568 

Generation of Mutants 569 

The unicellular, freshwater cyanobacterium Synechocystis sp. PCC 6803 was used as a reference 570 

wildtype strain in this study. The ΔsbtB-R46A mutants were generated with homolog recombination using 571 

the natural competence of Synechocystis, as described previously (Selim et al. 2018). For generation of 572 

ΔsbtB-R46A mutant, in which the arginine 46 (R46) is replaced by alanine (designated sbtB-R46A), a 573 

synthetic DNA fragment encoding sbtB-R46A with upstream and downstream regions of slr1513 and 574 

spectinomycin resistant cassette (gBlock, IDT, USA) was cloned into BamHI-digested pUC19 vector using 575 

the Gibson assembly. The ΔsbtB-R46A mutant was selected on BG11 plates supplemented with 576 

spectinomycin and verified by PCR. Plasmids and primers used in this study are listed in Supplementary 577 

(Table S1). 578 

579 

Protein expression and purification of SbtA-SbtB (ΔT-loop) 580 
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The codon-optimized genes sbtA-sbtB were synthesized by Genewiz Biotech and cloned into pET-28a 581 

(YouBio) carrying an N-terminal 6×His-tag on SbtA. The T-loop (Arg43-Ser52) truncation variant of SbtB 582 

(SbtB ΔT-loop for short) was constructed using a standard two-step PCR. The plasmids were transformed 583 

into E. coli C43 (WeidiBio), growing at 37°C in Luria Bertani (LB) culture medium, supplemented with 30 584 

µg mL−1 kanamycin. Protein expression was induced by adding 0.4 mM isopropyl-β-D-thiogalactoside 585 

(IPTG, BioFroxx) when the OD600 nm reached 1.1~1.3 for 4 h at 37°C. Next, the cells were collected and 586 

resuspended in the lysis buffer containing 25 mM Tris-HCl pH 8.0, 300 mM NaCl, 5% glycerol and stored 587 

at -80°C before use. 588 

For purification of SbtA-SbtB (ΔT-loop) complex, the collected cells were resuspended in the lysis buffer 589 

and lysed by AH-1500 High Pressure Homogeniser (ATS, inc.) with 5 passes at 700~800 bar. Cell debris 590 

was removed by centrifugation at 17,300 × g for 20 min. The supernatant was ultra-centrifuged at 591 

200,000 × g for 1 h. The membrane was collected and solubilized by adding 1% (w/v) dodecyl-β-D-592 

maltopyranoside (DDM, Bluepus) and 1% (w/v) Lauryl Maltose Neopentyl Glycol (LMNG, Anatrace) for 1 593 

h at 4°C in the lysis buffer. After ultracentrifugation at 200,000 × g for 0.5 h, the supernatant was loaded 594 

onto a Ni-NTA resin (GE Healthcare), washed with the buffer containing 25 mM Tris-HCl pH 8.0, 300 mM 595 

NaCl, 5% glycerol, 40 mM imidazole, 0.02% (w/v) glyco-diosgenin (GDN, Anatrace) and then eluted with 596 

the same buffer supplemented with 300 mM imidazole. The eluate was then concentrated to about 1 mL 597 

by concentrators with a relative molecular mass cut-off of 10 KDa, and was applied to a Superdex 200 598 

Increase 10/300 gel filtration column (GE Healthcare) equilibrated in the buffer containing 25 mM Tris-HCl 599 

pH 8.0, 300 mM NaCl, 5% glycerol, 0.02% (w/v) GDN. The peak fractions were collected for further 600 

procedures. 601 

Cryo-EM sample preparation, data collection and processing 602 

Aliquots of 3.5 μL SbtA-SbtB (ΔT-loop) samples (~6 mg/mL) were applied to the glow-discharged grids 603 

(Quantifoil holey carbon Cu R1.2/1.3 grid). Grids were blotted for 4.5 sec and plunge-frozen in liquid 604 

ethane vitrified by liquid nitrogen using Vitrobot Mark IV (FEI Company) at 8°C and 100% humidity.  605 

The cryo-EM grids of SbtA-SbtB (ΔT-loop) were loaded into a Titan Krios transmission electron 606 

microscope (ThermoFisher Scientific) operating at 300 KeV with a Gatan K3 Summit direct electron 607 

detector. Totally 3,056 movie stacks were collected in a super-resolution mode with a defocus range from 608 

-1.2 to -2.0 μm. Each movie stack of 32 frames was exposed for 3.5 sec under a dose rate of 16609 

e/pixel/sec, resulting in a total dose of ~55 e Å−2. All Krios data were collected using FEI EPU and then610 

processed by cryoSPARC. After motion correction and contrast transfer function (CTF) estimation, a total611 

of 1,787,952 particles were auto-picked and extracted at a 2-fold binned with a pixel size of 2.14 Å. After612 

multi-rounds of 2D classification, 424,896 particles were used for 3D classification, searching for 3613 

classes using the references generated by the 3D initial model. 239,801 particles from the best class614 

were re-extracted at a pixel size 1.07 Å without binning and used for Non-uniform 3D refinement yielding615 

a 3.49 Å map. After multi-rounds of 3D classification, 178,612 particles were selected for final 3D616 

refinement yielding a 3.10 Å map (Supplementary Fig. S4).617 
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Model building and refinement 618 

The initial model of SbtA-SbtB complex was built by fitting the SbtA-SbtB complex (PDB: 7CYF) 619 

structures into the map using the UCSF Chimera. Then model building and refinement was accomplished 620 

manually by Coot. The final structures showed good geometry and were further evaluated using 621 

MolProbity. A list of parameters of cryo-EM data collection, processing, structure determination and 622 

refinement is provided in the Supplementary (Table S2). 623 

624 

HCO3
- leakage assay625 

Low carbon (LC) adapted cells (WT, ΔsbtB, and ΔsbtB-R46A) were centrifuged and re-suspended in 626 

fresh BG11 medium (pH 8.0) at an OD750 = 1.0. Two mL of each culture were transferred to 2 mL tubes, 627 

to which H14CO3- and HCO3- were added, each with a final concentration of 200 µM. The tubes were 628 

incubated at 30 °C under a constant light with an intensity of 50 µE for 10 minutes, after which 1 mL from 629 

each sample was placed in new tubes containing 200 µL of a mix of silicone oil AR20:AR200 (Sigma-630 

Aldrich) with a ratio of 4:1 (to separate the cells from the culture media which contains 14CHCO3-). The 631 

samples were then centrifuged at 12.000 rpm for 20 minutes, the supernatant was discarded and the cells 632 

re-suspended in 650 µL carbon free BG11 media (pH 8.0), after which they were incubated in darkness 633 

for 5 minutes at room temperature (to prevent use of intracellular bicarbonate and allow it to leak from the 634 

cells). 250 µL of each sample were transferred into new tubes. The tubes were then centrifuged at 12000 635 

rpm for 1 min to remove the cells and to collect the supernatant (to determine in the supernatant the 636 

amount of released 14C outside the cells). In 5 mL scintillation vials (PerkinElmers), from each 637 

supernatant sample, 50 µL were added to 200 µL of 10 M formic acid (acid samples; all HCO3- and 638 

H2CO3 are converted to CO2) and 50 µL were added to 200 µL of 1M NaOH (alkaline samples; all CO2 639 

and HCO3- are converted to H2CO3). After mixing, the samples were left to evaporate overnight at 70 °C. 640 

Finally, after evaporation, the samples were dissolved in 500 µL ddH2O, then 5 mL of the scintillation 641 

cocktail UltimaGold (PerkinElmers) were added to each tube, and the scintillation counts were measured 642 

in a scintillograph (Tri-Carb 2810 TR, PerkinElmers). For calculation, the acid samples were subtracted 643 

from the alkaline samples to determine the amount of radioactively labelled Ci that has evaporated from 644 

the solutions (which corresponds to the Ci that leaked from the cells). Simplified scheme is presented in 645 

(Fig. S8). 646 

647 

High-performance liquid chromatography-mass spectrometry (HPLC-MS) analysis of SbtB 648 

ATPase/ADPase activity 649 

Purified SbtB wildtype, R46A and C105S+C110S protein variants were dialyzed overnight at 4°C in Tris-HCl 650 

buffer [50 mM Tris/HCl, 200 mM NaCl, 1 mM MgCl2; pH 7.4]. 300 µM of the dialyzed enzyme was then 651 

incubated in a rotary shaker with 300 µM ATP or ADP at 28 °C in a total volume of 100 µl (as control 300 652 

µM of either ATP or ADP was incubated in a buffer without enzyme) for 24 h. Next, the proteins were 653 

precipitated by addition of 100 µl CHCl3 and centrifuged for 10 min centrifugation at 21000 x g at 4 °C. 654 
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Supernatants were taken and dried in a vacuum concentrator at room temperature for 2-4 h. Finally, 655 

pellets were solved in 30 µl of Millipore water and analyzed by HPLC-MS.  656 

Nucleotide analysis was performed using an ESI-TOF mass spectrometer (micrO-TOF II, Bruker) 657 

operated in negative ion mode (mass range 85-900 m/z) and connected to an UltiMate 3000 HPLC 658 

system (Dionex). Five μl of each sample or standards (ATP, AMP or AMP) were injected into the 659 

SeQuant ZIC-pHILIC column (Merck, PEEK 150 × 2.1 mm, 5 μm) and the HPLC system was run with a 660 

flow rate of 0.2 ml/min as previously described (Kästle et al. 2015; Gratani et al. 2018) with only modified 661 

35-minute gradient program: 5 minutes of 82% buffer A (CH3CN) and 18% buffer B (100 mM (NH4)2CO3,662 

pH 9); 20 minutes of a linear gradient from 82% to 42% buffer A; and finally, 10 minutes of 82% buffer A.663 

The nucleotide analysis was done using the program UmetaFlow (Kontou et al. 2023) by calculating the664 

area under the curve (relative intensity) of the extracted ion chromatograms for ATP (505.989 m/z), ADP665 

(426.022 m/z) and AMP (346.056 m/z). HPLC-MS experiment was performed in three biological replicates666 

and presented in GraphPad Prism 8.4.3 as mean ±SD.667 

668 

Preparation of membrane vesicles 669 

The right-side-out membrane vesicles were prepared according to the previous report (Liu et al. 2021). 670 

Briefly, the process was started with the preparation of osmotically sensitive E. coli cells. The empty 671 

plasmid or plasmids carrying SbtA or SbtA:SbtB were transformed into E. coli C43. Then cells were 672 

cultured in M63 medium (2 g (NH4)2SO4, 13.6 g KH2PO4, 0.5 mg FeSO4·7H2O, 0.246 g MgSO4·7H2O, 4.2 673 

g KOH, 0.2% glucose, 0.1% casamino acids and 0.1 ml 0.5% vitamin B1 per liter) and induced with 0.4 674 

mM IPTG at 37 °C for 4 h. The culture was centrifuged at 16000 × g to harvest the cells and the pellet 675 

was washed twice with 10 mM Tris-HCl, pH 8.0 on ice. The cells were weighted and resuspended with 30 676 

mM Tris-HCl, pH 8.0, and 20% sucrose, and flash-frozen with liquid nitrogen.  677 

Next, the thawed cells were diluted with 30 mM Tris-HCl, pH 8.0, and 20% sucrose (1g wet weight, per 80 678 

mL) supplemented with 10 mM EDTA-KOH, pH 7.0 and 0.5 mg/mL lysozyme, and swirled for 30 min by 679 

means of a magnetic stirrer at room temperature. The protoplast suspensions were centrifuged at 16,000 680 

× g for 15 min and the pellet was resuspended in 10 mL buffer containing 0.1M KH2PO4/K2HPO4, pH 6.6, 681 

20 mM MgSO4 and homogenized by ULTRA-TURRAX (IKA). The suspension was poured directly into 682 

300-fold volumes of 50 mM KH2PO4/K2HPO4, pH 6.6 supplemented with 100 μg/mL DNase and 100683 

μg/mL RNase. The lysate was incubated for 15 min at 37°C with vigorous swirling. Then, 10 mM EDTA-684 

KOH was supplemented and the lysate was incubated for another 15 min. Afterwards, 15 mM MgSO4685 

was supplemented in the lysate. In the end, the lysate was centrifuged at 16,000 g for 30 min and the686 

pellet was centrifuged at 45,000 × g for 30 min to isolate the membranes.687 

The isolated membranes were homogenized in a solution of 0.1 M KH2PO4/K2HPO4, pH 6.6, containing688 

10 mM EDTA on ice. Then, the suspension was centrifuged at 800 × g until the supernatant fluid was689 

clear. The pellet was washed 4~6 times by centrifugation at 45,000 × g for 30 min in the solution of 0.1 M690 

KH2PO4/K2HPO4, pH 6.6, containing 10 mM EDTA on ice. Finally, the obtained membrane vesicles were691 
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resuspended by homogenization in the transport assay buffer5 (50 mM CHES-KOH pH 9.0, 0.3 mM 692 

MgSO4, 0.26 mM CaCl2, 0.22 mM K2HPO4) at a concentration of 5 mg/mL (wet weight), frozen in small 693 

aliquots in liquid nitrogen and stored in -80°C before use within a week for the best performance. The 694 

amounts of proteins in the membrane vesicles for each preparation were quantified by purifying the 695 

proteins from the same batch of cells by Coomassie brilliant blue staining. 696 

697 

Transport activity assays 698 

For each assay sample, 50 μL of membrane vesicles were thawed. The substrates of 12 mM NaCl and 699 

0.1 nCi 14C labeled NaHCO3 (~12 μM, American Radiolabled Chemicals) were added in the system 700 

supplemented with the transport assay buffer (50 mM CHES-KOH pH 9.0, 0.3 mM MgSO4, 0.26 mM 701 

CaCl2, 0.22 mM K2HPO4) to 100 μL. All reactions were performed at 30 4°C for 30 s and terminated by 702 

rapid filtration on a glass filter (25 mm GF/F, Whatman) by suction, followed by immediate wash of the 703 

filter with 10 mL of the washing buffer (the transport assay buffer supplemented with 120 mM NaHCO3 to 704 

prevent back flow). The filters were soaked in 3 mL ULTIMA Gold (PerkinElmer) overnight before liquid 705 

scintillation counting. The vesicles prepared with induced E. coli transformed by the empty plasmid pET-706 

28a were tested as the control group.  707 

708 

ATPase activity assays 709 

ATPase activities were measured using the ATPase colorimetric Assay Kit (Innova Biosciences) in 96-710 

well plates at OD630 nm. The protein was added in the reaction buffer consisting of 25 mM Tris–HCl pH 711 

8.0, 50 mM KCl, 2 mM MgCl2, and 2 mM ATP (Sigma) to 80 μL as one reaction sample. Reactions were 712 

performed at 37°C and the amount of released phosphate group (Pi) was quantitatively measured using a 713 

SpectraMax iD5 Multi-Mode Microplate Reader (Molecular Devices). The control groups in the absence of 714 

proteins were subtracted as background for each data point. 715 

716 

Isothermal titration calorimetry (ITC) 717 

ITC experiments were performed as previously described (Selim et al. 2018, 2019) at 20°C using a VP-718 

ITC microcalorimeter (MicroCal) or Malvern-Microcal PEAQ-ITC in Tris-HCl buffer pH 7.9 and 150 mM 719 

NaCl buffer pH 8.0. For determination of binding isotherms, ScSbtB wildtype or mutant variants (30 µM 720 

trimeric concentration) were titrated against ATP, ADP, AMP, and cAMP, as indicated.  721 

722 

ATP quantification 723 

For quantification of intracellular ATP levels, Synechocystis sp. PCC 6803 cells were cultivated under 724 

high CO2 (HC, 2% CO2) bubbling. A shift to low CO2 (LC, 0.04% CO2) was achieved by replacing CO2 725 

with ambient air bubbling. 2 ml samples were taken at each time point and disrupted in three consecutive 726 

boiling-freezing cycles. Thereby, cells were frozen in liquid nitrogen followed by an immediate heated to 727 

99°C under 1400 rpm agitation. After lysis, cell debris was pelleted by centrifugation at 25.000g at 4°C for 728 
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1 min. The ATP content of the supernatant was immediately measured using the ATP Determination Kit 729 

(A22066) [Molecular ProbesTM] according to manufacturer’s instructions. Standard curves were generated 730 

using a dilution series (0 – 1000 nm) of ATP. 731 

732 

NH4
+ leakage assay733 

The release NH4+ into media was measured for wildtype B. subtilis, and both ΔglnK and ΔamtB mutants 734 

(Detsch & Stülke 2003; Kayumov et al. 2011) using either glutamate dehydrogenase (GDH) assay and 735 

phenol-hypochlorite (PH) assay. The results of both assays were comparable. In the GDH assay, GDH 736 

converts ammonia with α-ketoglutaric acid and NADPH to form L-glutamate and NADP+. The decrease in 737 

absorbance at 340 nm, due to the oxidation of NADPH to NADP+, is proportional to the ammonia 738 

concentrations in the media. The assay was performed using 200 µl of media supernatant in 100 mM 739 

phosphate buffer pH 7.4. For PH assay, a reaction mixture of 1:1:1 of solution I (10 mg sodium 740 

nitroprusside dissolve in 95.33 ml H2O add 4.67 ml liquefied Phenol [1.07 g/ml]), solution II (25 ml of 2.5 741 

M NaOH, 0.7 ml NaClOH [150-180 g/liter], 74.3 ml H20), and samples (media supernatant), was 742 

incubated for 15 min at room temperature and the change of the color at 625 nm was recorded and 743 

correlated to a calibration curve of standard HN4+ solutions.   744 

745 
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