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CHAPTER I 
 

 

Introduction to Electron Transport 

 

1.1 Introduction 

Photosynthesis is the creation of reducing equivalents and sugar molecules performed using 

energy initially obtained from light.  To begin, an organism absorbs a photon of light on 

specialized pigments. After absorption, the energy is used to separate an electron from a donor 

molecule.  The separated electron is transferred along a series of protein complexes and 

intermediate molecules until it is deposited upon a carbon skeleton molecule, which serves as a 

storage vessel until the organism requires the energy again.  During this time, the initial electron 

donor must be replenished or replaced with another molecule from which another electron will be 

extracted. 

Concurrently, and also in the absence of light, electrons stored on carbon skeletons are removed 

and ultimately transferred back to dioxygen through different, but complementary and often 

intertwining, pathways.  Along the pathways, energy obtained from bond rearrangements and 

redox reactions is stored in the form of so-called high energy molecules and electrochemical 

gradients.  Ultimately, the electrons are delivered to their terminal electron acceptor, dioxygen, 

and released into the environment. The reducing equivalents and high energy molecules obtained 

during the anabolism and catabolism of sugar molecules are used to drive the metabolism within 

an organism.  
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This literature survey aims to review the previous and current scientific literature regarding the 

collection, storage, and use of energy derived from oxygenic photosynthesis.  It will focus on a 

few key concepts regarding photosynthesis and carbon acquisition: 

 Structure/function roles of important photosynthetic protein complexes and biomolecules 

 Identification and analysis of electron flow pathways. 

 Triggers and mechanisms regulating metabolism. 

 Efficient balancing of photosynthesis due to light or nutrient stress. 

 Interaction between proteins and metabolites of electron transport and anabolic/catabolic 

metabolism. 

1.2 Synechocystis sp. PCC 6803 – a model for oxygenic photosynthesis 

Synechocystis sp. PCC 6803 (hereafter Synechocystis) is a unicellular cyanobacterium capable of 

both photoautotrophic growth in light as well as heterotrophic growth when provided an adequate 

carbon source [1].  It was cataloged in the Pasteur Culture Collection in 1968 under the name 

Aphanocapsa N-1, after collection in a freshwater lake located in California and eventually 

reclassified in the Synechocystis genus due to its aggregate-free growth in culture [2, 3].  

A number of properties make Synechocystis ideal for work with photosynthesis and energy 

related fields. First, Synechocystis, like most cyanobacteria, has fully functional photosynthetic 

apparatuses that are structurally and functionally similar to those of higher plants.  It houses two 

functionally similar photosystem protein complexes and contains antenna complexes that function 
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similar to light harvesting complexes.  Also, it synthesizes chlorophyll a and carotinoids for use 

as pigment and energy absorption molecules.  Its use of water as a primary electron source and 

creating oxygen as a byproduct mirrors photosynthesis in higher plants. 

Physiological properties of Synechocystis also favor its use in the laboratory.  It has a relatively 

quick doubling time of approximately 5 hours under ideal conditions [4].  Its ability to grow 

heterotrophically with supplied glucose is particularly helpful in analysis of mutants deficient in 

or lacking photosynthetic machinery, although 5 minutes of exposure to blue light per day is 

required [5].  Synechocystis is also naturally competent, able to acquire and integrate exogenous 

DNA into its genome through homologous recombination [6] which facilitates the construction of 

diverse mutants.  Largely due to these physiological properties, Synechocystis has a wealth of 

experimental history upon which researchers can draw.  It was the first photosynthetic organism 

to have its genome sequenced and has a well curated database comprised of gene, protein, and 

biophysical data [7, 8].  These properties encourage the use of Synechocystis as model organism 

for the study of photosynthesis, metabolism, and physiology. 

1.3 Photosystem II – light driven charge separation and oxygen evolution 

Within the thylakoid membranes of Synechocystis, Photosystem II (PSII) is the initial source for 

electrons entering the photosynthetic electron transport chain (Figure 1.1).  To initiate 

photosynthetic electron transport, PSII removes electrons from a special pair of chlorophyll a 

molecules, and regenerates the donor molecule with an electron extracted from water.  The 

byproduct of this reaction is the eventual formation of dioxygen, O2.  The electrons removed from 

chlorophyll a/water are used to create reducing equivalents, usually a reduced quinol.  The 
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structure and function of PSII allow this reaction to proceed, but the exact mechanisms are still 

being elucidated.  A number of crystal structures for the PSII complex have been solved, with the 

most recent, and highest resolution, resolved at 1.9Å from the cyanobacterium 

Themosynechococcus vulcanus [9-13]. 

Cyanobacterial PSII is a protein complex of approximately 350kDa comprised of at least 19 

subunits. It consists of 17 transmembrane helices and resides in the thylakoid membrane.  The 

Figure 2.1 The photosynthetic electron transport chain in Synechocystis. The path of electron transport (black arrows) 

originates within photosystem II (PSII) on the special chlorophyll molecule P680 when light-induced charge separation 

occurs. Electrons from water replace the electron hole on the chlorophyll molecule via activity of the oxygen evolution 

complex (OEC). From PSII, electrons are donated to the soluble quinone plastoquinone (PQ). This serves as a donor 

molecule to the cytochrome b6f, whose activity is similar to that of the respiratory cytochrome bc1 comlex. Electrons are 

transferred to the soluble electron carrier plastocyanin (PC) which serves to regenerate the special chlorophyll molecule 

P700 within photosystem I. Similar to PSII, light-driven charge separation removes an electron from P700 and is transferred 

to ferredoxin. In canonical linear electron transport electrons are transferred to NADP+ to form NADPH via 

ferredoxin:NADP reductase (FNR). Alternate pathways include transfer to thioredoxin (Thx) via ferredoxin:thioredoxin 

reductase (FTR) to serve regulatory functions, or return to the plastoquinone pool through ferredoxin:quinone reductase 

(FQR) or other pathways of cyclic electron transport. The proton motive force generated from the activity of PSII and cyt 

b6f serve to synthesize ATP at the ATP synthase.  



5 
 

PSII core complex houses 35 chlorophyll a and 11 β-carotene molecules [13].  A majority of 

these chlorophyll molecules reside in subunits CP47 and CP43 [13].  Here, they serve in an 

energy capture role by absorbing photons.  Alternatively, and more frequently, these molecules 

may be excited through resonance energy transfer from excited molecules in large light 

harvesting complexes called phycobilisomes.  This resonance transfer is due to the close 

proximity of these molecules, and is crucial for efficient light harvesting.  The excitation energy 

is transferred towards a set of 2 modified ‘special pair’ of chlorophyll molecules comprising the 

reaction center; one chlorophyll molecule resides in the D1 subunit and another in the D2 subunit.  

Upon excitation, one of these chlorophyll molecules, P680, becomes a strong reducing agent, 

P680* [14].  The P680 molecule serves as the bridge between energy transfer and redox 

chemistries. 

The excited P680* molecule reduces a pheophytin (Phe) molecule.  This event creates the Phe
•‒

 

radical, which quickly reduces the plastoquinone molecule associated with the D2 protein (QA). 

In the millisecond time range, the reduced QA radical (QA
‒
) transfers its electron to a second 

plastoquinone within the D1 protein of the PSII core, QB.  The electron resides on the reduced 

QB
‒
 molecule until a subsequent photochemical turnover of the reaction center transfers a second 

electron, creating QB
2‒

, when it is then fully protonated, creating plastoquinol, and released into 

the membrane.  These transfers occur on the picosecond to millisecond time scale, and can be 

probed spectroscopically.  In order for the second electron to become available, the P680 

molecule must be regenerated, through the oxidation of a water molecule.  

The oxidation of water occurs at the oxygen evolving complex (OEC).  Residing within the OEC 

is the manganese cluster, comprised of four manganese, one calcium, and five oxygen ions 
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(Mn4CaO5).  Recent crystallography studies have provided adequate structural data on the cluster, 

but photoreduction by X-ray damage may have altered its presumed structure [13, 15].  

Regardless of structural details, the oxidation of water and eventual production of O2 requires the 

energy from four photons of light.  With the energy from each photon, an electron is extracted 

from water to replenish the electron released from P680* through a tyrosine residue in the D1 

subunit (YZ).  The manganese cluster serves to hold and stabilize the radical intermediates that are 

created through the oxidation of water.  For the evolution of one oxygen molecule, four light 

flashes and two water molecules are required.  This results in the extraction of 4 electrons, 

reducing two plastoquinone (PQ) to two plastoquinol (PQH2) molecules. The overall formula for 

PSII activity can be described with the following formula: 

                 
  

   
                      

  

Oxygen evolution can be used as a measure of PSII activity, since it is dependent upon 

plastoquinone availability and downstream electron transport efficiency. Analysis of oxygen 

evolution is a useful tool in probing the effect of PSII mutations (for example [16, 17]), and as 

will be discussed below, can be used to measure carbon availability and electron transport [18]. 

1.4 Cytochrome b6f – the bridge between photosystems 

Residing between photosystems II and I, in order of electron transfer, is the cytochrome b6f 

complex (cyt b6f), another multi-subunit electron transport protein complex. Cytochrome b6f 

serves to generate a proton motive force (pmf) through the oxidation of PQ, reduction of 

plastocyanin (PC), and proton transfer reactions. The electron and proton transfer reactions of cyt 

b6f, and its homologous respiratory counterpart cytochrome bc1, are collectively termed the Q-
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cycle [19]. In the first phase of the Q cycle a reduced PQ molecule, PQH2, binds to the p-site of 

cyt b6f. Its two protons are released into the lumen while the two electrons are transferred to the 

cyt b6f complex. The first is destined for heme f, where it will be used to reduce PC. The second 

electron is transferred to heme bn, where it is used to reduce a PQ molecule residing in the n-site, 

creating a semiquinone radical that accepts a proton from the stromal side of the membrane. The 

cycle is repeated, donating two protons to the lumenal side of the membrane, transferring one 

electron to PC and one electron to the semiquinone. The semiquinone accepts one proton from the 

stroma and is released as PQH2. The net results from these reactions are seen in the equation: 

                                                        

Two PQH2 molecules are oxidized in the process, but are used to reduce another PQ molecule, 

resulting in one net oxidation. Two plastocyanin, or alternatively, two cytochrome c553 

molecules receive an electron each and 2 net protons are released into the lumen. Thus, an 

important function of the cyt b6f complex is to participate in the establishment of a pmf, and the 

eventual synthesis of ATP. 

1.5 Photosystem I – the second photosystem 

Downstream of PSII is photosystem I (PSI), a trimeric supercomplex similar to PSII. Like PSII, 

PSI uses absorbed excitation energy from light to induce charge separation and electron 

extraction from a special pair of chlorophyll molecules within the complex. The PSI monomer is 

a multi-subunit complex also situated in the thylakoid membrane. Its intramolecular electron 

transport chain consists of 6 chlorophylls, 2 phylloquinones, and 3 iron-sulfur (4Fe4S) clusters. 

Each PSI monomer contains a lumenal projection from the membrane to provide a docking site 



8 
 

for plastocyanin, the electron donor, as well as a stromal projection for electron donation to 

ferredoxin. 

Energy from absorbed photons excites an electron in the special pair chlorophylls, P700, and the 

electron is transferred to the first stable acceptor A0. The electron is transferred to a 

phylloquinone molecule, and eventually to the three 4Fe-4S clusters designated FX, FA, and FB, in 

that order. Residing in the PsaC subunit, FB serves as the ferredoxin (Fd) interacting and electron 

donation site [20]. In order to reduce the P700
+
 chlorophyll generated, reduced PC is used as the 

electron donor. Since the mobile electron carriers PC and Fd alter the oxidation states of metal 

ion ligands to act as stable electron holders, and both hold single electrons, the overall reaction 

equation becomes: 

                          
   
                              

where PC and Fd are the mobile electron carriers plastocyanin and ferredoxin, and the atoms in 

parentheses indicate the oxidation state of their metal ligands. Notice that no proton transfer or 

translocation is involved in PSI activity, so no pmf is generated solely from the mechanism of 

PSI. Photosystem I does have some sensitivity to pH; however this sensitivity appears to extend 

beyond the pH ranges explored in this work (reviewed in [21]). 

1.6 Plastoquinone and plastocyanin – mobile electron carriers 

In order to transfer electrons between these large protein complexes, cyanobacteria employ a 

number of small, mobile electron carriers. By using these small molecules to shuttle electrons 

between complexes, the stoichiometry of each system can be regulated as needed. In addition, 
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these smaller molecules can serve as transient reservoirs of electrons. By analyzing the redox 

poise of these carrier molecules, Synechocystis can regulate and adjust cellular functions to 

maintain ideal photosynthetic electron flow. 

After accepting electrons from PSII, plastoquinol (PQH2), the reduced form of plastoquinone 

(PQ; also used to refer generically to the combined population of plastoquinol and plastoquinone) 

is released from PSII and diffuses through the thylakoid membrane.  Plastoquinone primarily 

serves as an electron shuttle from PSII to the proton-pumping cytochrome b6f membrane 

complex.  However, regulatory and physiological functions regulated by the redox poise of the 

plastoquinone pool have been discovered.  For instance, distribution of excitation energy into the 

electron transport chain through state transitions (the translocation of light harvesting antennae) is 

likely mediated by the redox state of plastoquinone in Synechocystis [22].  The redox state of 

plastoquinone has also been implicated in altering protein phosphorylation in cyanobacteria, a 

process important in regulating state transitions in higher plants, although it is uncertain whether 

protein phosphorylation has a similar effect in cyanobacteria [23].  The redox state of 

plastoquinone has also been implicated in altering the PSII/PSI ratio in many cyanobacteria 

(reviewed in [24]). Important to the research presented herein, the redox state of the PQ pool may 

play a significant role in cyclic electron flow (discussed below) [25]. 

There is a surprisingly large amount of interchange between the photosynthetic and respiratory 

electron transport chains in cyanobacteria. The photosynthetic cytochrome b6f and respiratory 

cytochrome bc1 complex share the same quinone molecule, plastoquinone [26].  This allows two 

pathways for excess reductant to become consumed. Similarly, the acceptor side of cytochrome 

b6f can donate electrons to plastocyanin or cytochrome c553 and both molecules can donate 
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electrons to P700 [27].  Which molecule is being expressed appears to be regulated by copper 

availability [28], but it was seen that in a deletion mutant of one soluble electron carrier, activity 

was supplemented by the other, implying that both molecules can function in photosynthetic and 

respiratory activity [29, 30]. It would appear cyanobacteria favor the flexibility allowed from 

multiple destinations of electrons, rather than the strict control that could be obtained over 

stringently distinct pathways. However, specifics as to how or why electrons are destined for 

specific electron transport pathways are still elusive. 

1.7 Ferredoxin and NADPH – the end of the Z-scheme 

The immediate electron acceptor of PSI is the small iron-sulfur protein ferredoxin (Fd). The 

ferredoxin proteins are ubiquitous in electron transfer reactions of a diverse range of organisms 

[31].  Synechocystis contains nine ferredoxin isoforms, which vary in iron-sulfur center 

composition and their expression during various environmental stimuli [32]. It is the first isoform, 

Fed1, encoded by the petF gene, that is of concern for this work. It is the primary isoform 

responsible for photophosphorylation in both linear and cyclic (discussed below) electron 

transport; as such it is found in high quantities and is essential for cellular viability, under both 

autotrophic and heterotrophic growth conditions [33]. Under conditions of linear electron 

transport, ferredoxin accepts electrons from PSI and transfers them to NADP
+
, using the enzyme 

ferredoxin:NADP
+
 reductase (FNR) [32]. 

The FNR protein appears to play a major role in determining the routes of electron flow in 

Synechocystis. The FNR gene, petH, is transcribed into either a long or short form [34]. 

Interestingly, the long gene transcript is translated into the shorter protein product due to 
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formation of an RNA secondary structure blocking an early start codon in the long transcript [35]. 

This gives rise to the FNRL and FNRS isoforms, which vary in their localization and activity [34]. 

Both isoforms share the same catalytic domain, but the long isoform, FNRL, has an additional N-

terminal extension. This extension has similarity to the CpcD-phycobilisome linker polypeptide, 

and as a result localizes FNRL to the light harvesting phycobilisome complex [36]. While the 

exact mechanism of isoform length and localization with its activity in reducing NADP
+
 is not 

fully understood, experiments with Synechocystis mutants expressing only one isoform have 

begun to elucidate its properties. While the mutant expressing only FNRL behaved similarly to the 

wild-type strain under photoautotrophic conditions, the mutant expressing only FNRS showed a 

growth impairment and a higher NADP+/NADPH ratio [37]. This has led to the model that FNRs 

may be associated with respiratory or cyclic electron transport, transferring electrons directly to 

those complexes, and FNRL promotes linear electron transfer to NADP
+
.  

NADP(H) is a cofactor that primarily serves as a reducing agent in anabolic reactions of 

cyanobacterial metabolism. Its specific role in each process will be elaborated in later sections, 

but NADP
+
 serves as the terminal electron acceptor in linear electron transport. The NADP(H) 

pool appears to serve as a reservoir of electrons, where the rates of production and consumption 

reach a  steady-state redox poise. Unsurprisingly, the redox state and concentration of 

NADP
+
/NADPH has been found to play a regulatory role in CO2 fixation and assimilation [38, 

39]. NADPH may also serve as an electron donor to power NAD(P)H-dehydrogenase (NDH) 

complexes, although some uncertainty exists as to whether donation occurs from ferredoxin, 

FNR, NADPH or some combination [40]. Nevertheless, the primary role of NADPH is in acting 
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as a reducing equivalent in assimilating inorganic carbon through the Calvin-Benson-Bassham 

(CBB) cycle. 

1.8 The Calvin-Benson-Bassham cycle – assimilation of inorganic carbon 

The major pathway for inorganic carbon assimilation in plants, algae, and cyanobacteria is the 

Calvin-Benson-Bassham (CBB) cycle (Figure 1.2) [41]. In this cyclical series of reactions, CO2 is 

affixed onto a pentose phosphate molecule. The resulting hexose splits into two triose molecules 

that undergo phosphorylation and reduction events. The incorporation of three CO2 molecules 

results in six triose phosphate molecules. One of the triose phosphates is ‘free’ to be used in 

cellular metabolism, while the other five triose phosphates are regenerated into three pentose 

phosphates ready for CO2 fixation.  

The enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) is thought to be one of 

the most abundant proteins on Earth. RubisCO is a key enzyme in the CBB cycle, where it 

facilitates the incorporation of CO2 onto the pentose phosphate ribulose-1,5-bisphosphate 

(RuBP). It is also amongst the slowest and least efficient enzymes, with a low substrate 

specificity that permits O2 use as a substrate and creation of a wasteful byproduct, 2-

phosphoglycolate (2PG) [42]. In order to minimize the oxygenase activity of the enzyme, 

RubisCO is localized to the carboxysome, a proteinaceous microcompartment found in the 

cyanobacterial cytoplasm. Within the carboxysome, there also resides a carbonic anhydrase, 

which converts the high intracellular concentrations of bicarbonate (HCO3
-
) into CO2, thereby 

saturating the active site of RubisCO with CO2, minimizing its oxygenase activity [43, 44]. After 
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carboxylation of RuBP, an unstable, transient six carbon molecule is formed, but quickly 

dissociates into two 3-carbon molecules of 3-phosphoglycerate (3PGA). 

 

Following three carboxylation reactions, six molecules of 3PGA have been formed. These six 

molecules are phosphorylated by the enzyme phosphoglycerate kinase (PGK), resulting in 6 

molecules of 1,3-bisphosphoglycerate (1,3BPGA). During this activity, 3 ATP molecules are 

converted to ADP. Phosphoglycerate kinase also has reverse activity, and will dephosphorylate 

1,3BPGA during the catabolic reactions of glycolysis. Within pea plants, this activity was found 

to be modulated by the energy charge of the cell [45]. Therefore during photosynthesis, when 

ATP concentrations would be high, PGK phosphorylates 3PGA, and in the absence of light, 

lower ATP levels would lead to glycolytic activity and dephosphorylation. A similar regulatory 

mechanism is likely involved in cyanobacteria as well.  

Figure 1.2 Simplified pathway map of the 

reductive Calvin-Benson-Bassham cycle. 

Progression through the reductive side of the 

CBB cycle requires the input of energy at 

multiple steps. Due to the reversibility of some of 

these reactions and their use in oxidative 

pathways, the activity of some enzymes are 

tightly regulated. The activity of the CP12 protein 

acts as a scaffold protein to inhibit the activity of 

PRK and GAPDH. The scaffolding activity in 

turn is regulated by thioredoxin (and NADPH) 

illustrating further redox control of carbon 

metabolism. Abbreviations: RuP, ribulose 5-

phosphate; RuBP, ribulose 1,5-bisphosphate; 

3PGA, 3-phosphoglycerate; 1,3PGA, 1,3-

bisphosphoglycerate; G3P, glyceraldehydes 3-

phosphate; PRK, phosphoribulokinase; RubisCO, 

ribulose 1,5-bisphosphate carboxylase/oxygenase; 

PGK, phosphoglycerate kinase; GAPDH, 

glyceraldehydes-3-phosphate dehydrogenase. 
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Two additional CBB cycle enzymes are worth mentioning for their roles in energy consumption 

and CBB activity. The first, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), catalyzes the 

reduction of 1,3BPGA to glyceraldehyde-3-phosphate (G3P, or GAP) using an electron from 

NADPH, with dephosphorylation also occurring. Since three carboxylation reactions result in the 

formation of six 1,3BPGA molecules, six molecules of NADPH are consumed to create the 

resulting six molecules of G3P. Glyceraldehyde-3-phosphate plays an important role in amino 

acid synthesis and cellular metabolism, as such, it is often considered an end product of the CBB 

cycle. Since G3P serves a pivotal role in glycolysis and gluconeogenesis, the reaction is 

reversible, therefore GAPDH activity must be regulated (discussed below). In order to maintain 

the cyclical nature of the CBB cycle, of the six resulting G3P molecules, five are used to 

regenerate CBB substrates, while one is ‘free’ to participate in cellular metabolism. This occurs 

through the activity of a number of enzymes that convert the five 3-carbon G3P molecules to 

three 5-carbon ribulose 5-phosphate (RuP) molecules. In the final regenerating step of the CBB 

cycle, three RuP molecules are phosphorylated by the enzyme phosphoribulokinase (PRK), 

resulting in three molecules of ribulose-1,5-bisphosphate (RuBP), the starting substrate to which 

CO2 will be fixed by RubisCO. Three ATP molecules are consumed in the process, bringing the 

total number of NADPH and ATP consumed to 6:9 for three CO2 molecules fixed. Together with 

GAPDH, the activity of PRK is regulated by the activity of the CP12 protein in order to regulate 

the activation of the CBB cycle [38]. 

Since a number of enzymes are shared in the anabolic reactions of the CBB cycle and the 

catabolic reactions of glycolysis, it is important that these antagonistic activities remain distinct. 

Many CBB enzymes have their activity regulated by the thioredoxin system, which obtains 
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electrons through either reduced Fd or NADPH [46, 47]. The ferredoxin:thioredoxin reductase 

(FTR) or NADPH:thioredoxin reductase (NTR) enzymes facilitate the transfer of electrons to 

thioredoxin, which is used to reduce a disulfide bond on the molecule. In this manner, the 

thioredoxin system acts to transform an electron signal into a disulfide/dithiol bond signal. The 

activity of CBB enzymes through disulfide bond breakage and formation has been linked to the 

regulatory control of fructose-1,6-bisphosphatase, NADP-malate dehydrogenase (found in the 

tricarboxylic acid cycle), and GAPDH [46]. Thioredoxin, in addition to NADP(H), was found to 

regulate the activity of the intrinsically unstructured CP12 protein, whose activity causes the 

formation of a complex between GAPDH and PRK, greatly diminishing both their activities [38, 

48].  

Since the activity of the CBB cycle is controlled by availability of high energy molecules 

(reduced Fd, NADPH, and ATP) created by the reactions of photosynthesis, it is advantageous for 

photosynthetic organisms to modulate the production of these molecules. One mechanism by 

which this is accomplished is through cyclic electron flow (CEF). 

1.9 Cyclic electron flow – balancing NADPH and ATP 

If a stoichiometric accounting of the CBB cycle is performed, then a 2:3 ratio of NADPH to ATP 

molecules will be found. There is some debate over whether linear electron transport can fulfill 

this ratio (briefly reviewed in [49]). Firstly, the uncertainty of the number of protons necessary to 

produce one ATP molecule by the ATP synthase makes theoretical determination of the amount 

of ATP synthesized by the pmf generated from the electron transport chain difficult. Secondly, 

practical complications arise when environments that facilitate or impair electron flow may be 
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encountered: pH extremes, limited carbon availability, and extremes in light availability. As such, 

photosynthetic organisms have evolved methods of returning electrons to the electron transport 

chain, thereby increasing pmf without producing net NADPH. Collectively, these mechanisms are 

referred to as cyclic electron flow (CEF). 

There are a number of various pathways of CEF in cyanobacteria, but their common mechanism 

relies on taking electrons downstream of PSI and returning them to the PQ pool. In doing so, no 

net NADPH is produced and electrons can again move through the cytochrome b6f complex and 

PSI, generating a net gain in pmf and subsequent ATP. 

A minor contributor to cyclic electron flow in cyanobacteria is an antimycin A-sensitive pathway. 

A major source of CEF in chloroplasts [50], this pathway depends on a pgr5 homolog encoded by 

ORF ssr2016 [51]. It is also dependent on an elusive ferredoxin-quinone reductase (FQR) which 

was identified by its ability to induce CEF around PSI by ferredoxin oxidation [52]. Recent 

evidence suggests FQR may be the PGRL1 protein in plants [53], but this has not been yet 

investigated at the biochemical or mechanistic level in cyanobacteria.   

A pathway of cyclic electron flow intimately related to inorganic carbon metabolism relies on the 

NDH-13/4 complexes. These are specialized NAD(P)H dehydrogenases that are comprised of core 

NDH subunit proteins, and an associated putative reverse carbonic anhydrase protein CupA or 

CupB with adjoining NdhD3/F3/CupS or NdhD4/F4 subunits, respectively (reviewed in [54]). 

These complexes are localized to the thylakoid membrane, where they catalyze the hydration of 

CO2 into bicarbonate. The role of these NDH-1 complexes in inorganic carbon acquisition will be 

discussed in a later section. While there is some uncertainty as to their specific mechanism of 
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action, these complexes oxidize NADPH and reduce PQ [55]. While the NDH-1 complexes in 

cyanobacteria have a specificity for NADPH over NADH [55], there is still uncertainty what role 

FNR plays in their operation. Localization and activity of FNR suggests the short isoform 

participates in NADPH oxidase activity [35] and co-precipitation with NDH-1 complexes has 

been reported [56]. There is also some recent evidence to suggest that the NdhS protein, may 

modulate the electron input activity of the NDH complex and its electron donor [57]. 

It should be noted that while not a source of CEF per se, the respiratory and photosynthetic 

electron transport chains utilize a common quinone for electron transport: plastoquinone. As such, 

electrons coming from respiratory substrates (NADH and succinate) can cross to the 

photosynthetic pathway and vice versa. In mutants of the respiratory NADH and succinate 

dehydrogenase complexes, the PQ pools were much more oxidized than those of the wild-type 

strain, implicating their activity as a significant source of electron flow in photoautotrophic 

conditions [58]. 

1.10 The cyanobacterial CO2-concentrating mechanism – saturating RubisCO with CO2 

The CO2 concentrating mechanism (CCM) within cyanobacteria exists to saturate the active site 

of RubisCO with CO2, thereby minimizing the oxygenase activity of the enzyme (see Figure 1.3). 

One constituent of the CCM, the carboxysome, houses RubisCO and a carbonic anhydrase. The 

carboxysome allows free diffusion of HCO3
-
 into the compartment, but has putatively limited 

CO2 permeability [59]. In order to allow the conversion of HCO3
-
 into CO2, cyanobacteria 

maintain their intracellular concentrations of bicarbonate to over 500 times that of the 
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extracellular environment [60]. They accomplish this feat through the second component of the 

CCM, a suite of constitutive and inducible inorganic carbon transporters. 

 

 

Inorganic carbon transporters of cyanobacteria can be divided into which species of inorganic 

carbon is being transported: HCO3
-
 or CO2. Within each class, there exist high-affinity and low-

affinity analogs, with the low-affinity transporter being relatively constitutive in its expression, 

and the high-affinity transporter being induced in periods of limited carbon availability.  

Figure 1.3 The CO2-concentrating mechanism of Synechocystis functions to saturate the active site of 

RubisCO with CO2. RubisCO is localized to the carboxysome, a protein microcompartment that allows free 

diffusion of HCO3
-, but limited CO2 diffusion. In order to increase the intracellular concentration of HCO3

-, a suite 

of carbon transporters are used. The BicA, Sbt, and BCT1 complexes transport HCO3
- directly, energized by either 

sodium co-transport or ATP hydrolysis. Another class, the NDH-1 complexes, uses reducing equivalents to power 

the hydrogenation of CO2 and proton translocation. These complexes consist of a common core of Ndh proteins 

and variable membrane domain. The BicA and CupB complexes are constitutively expressed, while the Sbt, 

BCT1, and CupA complex are induced under carbon limitation. 
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There are two CO2-specific inorganic carbon transporters in Synechocystis, the NDH-13/4 

complexes previously described in their role in cyclic electron flow. These two multi-subunit 

complexes reside in the thylakoid membrane and have a number of electron acceptor subunits in 

common. They differ however in the composition of their membrane and CO2-hydration domain, 

specifically the NdhF, NdhD, and Cup proteins. The NDH-14 complex is composed of the NdhF4, 

NdhD4, and CupB proteins and participates in constitutive low-affinity, high flux CO2 hydration 

[61]. Whereas the NDH-13 complex is composed of homologous NdhF3, NdhD3, CupA, and 

CupS proteins and is induced under carbon limitation due to its high-affinity, but low flux, 

properties [62]. The NdhF/D proteins of these complexes share homology to the NdhF/D proteins 

found in respiratory NDH complexes, and their localization in the membrane implicates a role in 

proton pumping [63]. The CupA/B proteins are essential in the CO2-hydration mechanism, and 

likely function similar to a carbonic anhydrase, although their mechanism has not been fully 

elucidated [64]. Because cyanobacteria often inhabit slightly alkaline environments, dissolved 

CO2 is not as prevalent as HCO3
-
, therefore the activity of NDH-1 complexes are also thought to 

play a major role in recycling leaked CO2 from the carboxysome [65, 66]. Although these 

complexes certainly obtain diffused CO2 of an extracellular origin, cyanobacteria also heavily 

rely on transporters specific to HCO3
-
 as well. 

In addition to CO2 hydration, cyanobacteria increase their intracellular bicarbonate levels through 

transporters specific to HCO3
-
. All the bicarbonate transporters reside on the inner plasma 

membrane, rather than the thylakoid membrane as the NDH-1 complexes do. The BicA 

transporter belongs to the SulP family of anion transporters [67], and appears to be constitutively 

expressed [68]. Its activity was also found to be sodium concentration dependent, implicating Na
+
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as its antiporter co-substrate, and has an affinity constant value and Vmax that would classify it 

with the other low-affinity, high flux transporter NDH-14 [67]. The SbtA transporter is a high-

affinity, low flux Na
+
/HCO3

-
 symporter that relies on the NtpJ Na

+
/K

+
 antiporter in order to 

transport bicarbonate into the cell [69]. It is inducible under periods of low carbon availability 

and shows little to no expression under carbon-replete growth. The final bicarbonate transporter, 

BCT1, is a multi-subunit ABC-type bicarbonate transporter encoded by the cmpABCD genes 

[70]. Belonging to the ATPase family, it uses ATP hydrolysis to transport bicarbonate and 

belongs to the inducible, high-affinity suite of carbon transporters.  

In carbon replete conditions, there is very little expression of the high-affinity suite of carbon 

transporters (BCT1, SbtA, NDH-13), however, within 1-3 hours of low carbon availability 

transcripts for carbon transporters and carboxysome-related genes rapidly accumulate [68]. It has 

been found that the high-affinity carbon transporters of the inducible CCM are under the 

transcriptional control of two LysR-type transcriptional regulators (LTTRs): NdhR and CmpR. 

The CmpR protein acts as a transcriptional activator of the cmpABCD operon, encoding subunits 

of the BCT1 complex [71]. The NdhR protein acts as a transcriptional repressor for a number of 

CCM-related genes, including sbtA/B and the ndhD3/F3/cupA/cupS operon [72]. An interesting 

feature of LTTRs is that their activity is often modulated by small molecule co-inducers, allowing 

sensing of the environment and establishment of feedback inhibition or activation [73]. For the 

CmpR protein, the co-activators RuBP and 2PG were found to increase CmpR binding affinity to 

its promoter region [74] and the molecules NADP
+
 and 2-oxoglutarate (2OG or alpha-

ketoglutarate, αKG) were found to have a similar effect on promoter binding by NdhR [39]. The 

finding that these molecules act as a sensory mechanism of carbon limitation should not be 



21 
 

surprising. During periods of carbon limitation, an increase in RuBP, the substrate to which CO2 

is fixed, would be expected to accumulate, and evidence shows that 2PG synthesis, the product of 

the oxygenase activity by RubisCO, does increase [75]. This would result in the transcriptional 

activation of the BCT1 complex through CmpR. Similarly, under carbon limitation, the 

NADP(H) pool would become more reduced, as CBB activity slowed and the consumption of 

NADPH diminishes. The resulting lower NADP
+
 concentration would lead to release of 

transcriptional repression by the NdhR protein. 

Regulation of CCM induction is not solely under the control of LTTRs and their co-inducer 

metabolites. Recent evidence of anti-sense RNA to CCM genes has been reported, and their role 

in post-transcriptional regulation has been proposed [76, 77].  Evidence of post-translation 

modification of some carbon transporters is also beginning to emerge [78]. 

1.11 Carbon metabolism – storage and recovery of electrons 

The glyceraldehyde-3-phosphate (G3P) produced in the CBB cycle is not the terminal 

electron/carbon storage molecule in cyanobacteria. Glycogen, a branching glucose polymer chain, 

serves this role. G3P is converted to glucose-6-phosphate (G6P) by gluconeogenesis pathway 

enzymes. G6P is then converted to glucose-1-phosphate by phosphoglucomutase. The enzyme 

glucose-1-phosphate adenylyltransferase (GlgC) then transfers an ADP moiety onto glucose, 

creating ADP-glucose. The GlgA (glycogen synthase) and GlgB (branching enzyme) proteins 

then polymerize these glucose monomers into glycogen. Deletion of either glgC alone, or glgA 

and glgB together, has been shown to eliminate glycogen production [79].  
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The acclimation to low carbon conditions brings with it alterations in carbon metabolite 

concentrations. In periods of high carbon growth, glycogen is stored in granules observable 

through electron microscopy. During the transition to low carbon availability, these granules 

disappear [80], with the proposed function of replenishing CBB metabolites [75]. A similar role 

for glycogen is observed upon long-term exposure to darkness [81]. In low carbon conditions, 

glycolytic pathways are strongly induced, as demonstrated by increased levels of 

dihydroxyacetonephosphate and phosphoenolpyruvate [75]. 

 It has also been shown that early in the transition to low carbon acclimation, an increase in 

photorespiratory substrates, termed a photorespiratory burst, was observed [77]. Levels of 2PG in 

low carbon cells were measured to be 5 times those in high carbon cells and remained high 24 

hours later. Such an observation gives evidence to the principle of metabolite control over high-

affinity carbon transport induction. The same study [77] showed a decrease in 2OG during this 

time as well, however previous results by the same authors show increase in this metabolite [75]. 

1.12 The ΔglgC mutant – closing a carbon sink 

Impairment of glycogen synthesis creates a number of phenotypes in ΔglgC mutants. One of 

these phenotypes, the ‘energy spilling’ response, is marked by the excretion of pyruvate and 2OG 

into the extracellular medium. The response is observed during nitrogen limitation [79, 82] and 

photomixotrophic growth [79]. The amount of carbon excreted in this manner accounts for 20-

60% of carbon that would otherwise have been utilized in glycogen synthesis. The level of 

photosynthetic activity, as measured by oxygen evolution, in the ΔglgC mutant is 70-80% lower 

in Synechocystis [79, 83] and 33% lower in Synechococcus [84] compared to the wild-type strain 
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in nutrient replete conditions. In Chlamydomonas, it was found that lowered photosynthetic 

activity in the mutant was due to electron donation downstream of the electron transport chain 

[85]. Glycogen appears to serve as a source to replenish CBB cycle intermediates, as a 

Synechocystis mutant deficient in glycogen synthesis displays a delay in CBB activation when 

acclimated to darkness [81]. Although the effect of light and nitrogen availability has been 

studied in the ΔglgC mutants of cyanobacteria, the response to carbon availability has received 

less attention, with the exception of glucose addition, which displayed a modest growth 

impairment and energy spilling phenotype [79]. 

1.13 The JU547 mutant – engineering a carbon sink 

Another carbon sink mutant has been used in this research. In the case of the JU547 mutant, a 

carbon sink pathway has been inserted, rather than closed. This mutant has the gene for the 

ethylene forming enzyme (EFE) inserted into the genome [86]. The EFE uses 2OG and arginine 

to produce ethylene and succinate as products. Since ethylene is a volatile compound, it escapes 

from the cell into the atmosphere, or headspace of the culturing vessel. As such, its production 

does not accumulate intracellularly, where it may cause regulatory or metabolic stress. It has also 

been found that growth of Synechocystis was not impaired when grown in concentrations of up to 

95%, with the remaining 5% comprised of air and CO2 [86]. Therefore ethylene synthesis 

provides a continually open sink for electron and carbon flux. The production of succinate also 

provides an alternative to 2-oxoglutarate decarboxylase and succinic semialdehyde 

dehydrogenase in the tricarboxylic acid cycle recently described in cyanobacteria [87]. In 

addition, succinate provides a means of electrons entering the photosynthetic and respiratory 

electron transport chains through succinate dehydrogenase. 
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1.14 Open questions and goals 

My research aims to investigate the photosynthetic electron transport efficiency and redox poise 

of cyanobacteria in response to altered carbon availability. This project resulted in two major 

studies. In the first, presented in Chapter 3, the redox state of wild-type Synechocystis was 

examined as photosynthesis facilitated the consumption of inorganic carbon available in the 

medium. The results identified carbon-sensitive features of chlorophyll and NADPH fluorescence 

and were helpful in future analyses of Synechocystis mutants. The aims were to understand the 

changes in the electron transport chain as carbon becomes limiting, specifically:  

 What changes in the redox poise of electron ‘pools’ are observed during carbon 

limitation? Are transient effects seen that are lost during longer term acclimation? 

 What carbon-dependent features are seen in chlorophyll and NADPH fluorescence 

transients? 

In the second study, presented in Chapter 4, the response of mutants with alterations in carbon 

metabolism was examined in response to changes in carbon availability. The study of mutants 

with altered carbon sinks is typically done with the objective of increasing bioproduct formation. 

Research into carbon limitation in bioproduction strains is limited, since inorganic carbon is 

easily supplemented in research and industrial settings. Increased understanding of how 

photosynthetic activity and carbon uptake efficiency are connected is needed, especially since one 

proposed use of engineered strains is atmospheric CO2 sequestration and conversion into useful 

products. Researching the photosynthetic response to carbon limitation may give insight into the 

relative efficiency of the electron transport chain and its plasticity towards future engineering 
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endeavors. In addition, examination of mutants under different carbon regimes can allow analysis 

of CCM induction and activity, allowing inferences to intracellular metabolite levels. With these 

goals in mind, the following questions were addressed: 

 How does the transition into low carbon environments affect photosynthetic electron 

transport? 

 How is CEF affected by the availability of a carbon sink in high and low carbon 

conditions? 

 Does each mutant’s interaction with 2OG affect CCM induction? Do carbon sink mutants 

have misregulated carbon transporters? 
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CHAPTER II 
 

 

Experimental procedures 

 

2.1 Growth and culturing 

Wild-type and mutant strains of Synechocystis sp. PCC 6803 (hereafter Synechocystis) were used 

for all experimental assays. Wild-type stains were obtained from in-lab frozen glycerol stocks that 

were obtained from Louis Sherman (Purdue University, Indiana). The ΔglgC knock-out mutant 

and JU547 EFE mutant were gifts from the Yu lab at the National Renewable Energy Lab 

(Golden, CO), and detail of their construction has been previously published [1, 2]. 

Synechocystis cultures were maintained in BG11 medium [3]. Cultures from frozen glycerol 

stocks were spread onto BG11 plates supplemented with 1.4% agar. Cultures were grown until 

isolated colonies were observed (~7-14 days) and transferred to 100 mL of BG11 medium in a 

250 mL Erlenmeyer flask. These cultures were grown on a rotary shaker (~200 rpm) at a modest 

light intensity (~80 μE). Selective pressure for mutant strains were maintained using 20 μg/mL 

spectinomycin for the JU547 mutant and 10 μg/mL gentamycin for the ΔglgC mutant. The 

medium for the ΔglgC mutant was also supplemented with 20 mM HCO3
-
 when grown with 

antibiotics. 
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For experimental assays, cultures were transferred to a modified BG11 medium (termed LC7 

medium). The medium is strongly buffered with 40 mM HEPES, using KOH to bring the medium 

to pH 7.0. Sodium carbonate (Na2CO3) is omitted from the medium as well. These modifications 

allow the inorganic carbon availability to be more easily manipulated during culturing, since the 

lower pH increases the amount of dissolved CO2 and decreases the concentration of HCO3
-
 

existing in solution. Therefore, inorganic carbon availability can be adjusted through altering the 

concentration of CO2 in the gassing mixture used to aerate cultures. 

For growing cultures to be used in experimental assays, strains were grown in 1 L Roux bottles 

containing 800 mL of modified BG11. Inorganic carbon was delivered by gassing mixtures with 

ambient air (~0.03% CO2) or a 3% CO2/air mixture filtered through 0.2 μm filters. Culture bottles 

were kept in a 30°C water-bath and were kept under moderate white-light illumination (~50 μE) 

supplied by fluorescent bulbs. Cultures grown under 3% CO2 gassing do not express the high-

affinity carbon transport complexes, but expression of these proteins can be induced upon 

switching to ambient air gassing [4]. Cultures grown under 3% CO2 gassing are denoted as high-

carbon grown (HC), while those gassed with ambient air are referred to as low-carbon grown 

(LC).  

Wild-type cell cultures were maintained under constant HC growth during in situ analysis of 

redox changes accompanying inorganic carbon limitation (Paper I; see Chapter 3). Cells were 

passaged by dilution into sterile LC7 media every 3 days, in order to minimize alterations in 

photosynthesis due to cell shading in dense cultures. Samples were harvested at OD750 ~0.6 

(approximately 2 days growth) to perform assays. When the analysis of carbon metabolism 

mutants was performed, cells were cultured in similar HC conditions, and harvested for sample 

collection when OD750 = 0.6-1.0, due to differences in growth rates. In order to induce the high-

affinity CCM carbon transporters, 2 day old cell cultures (OD750 = 0.6-1.0) were switched to air 

gassing (LC) for 24 hours and then harvested to perform assays. 
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2.2 Sample harvesting and preparation 

Approximately 200-250 mL of each cell culture were harvested by centrifugation at 6,000 x g for 

10 minutes in 250 mL plastic bottles. When analyzing cultures during the transition from high-

carbon to low-carbon conditions (Paper I; see Chapter 3), samples were resuspended in LC7 

medium that had been bubbled with 3% CO2 for at least one hour. Samples were resuspended to a 

dense cell concentration corresponding to 50-200 μg chlorophyll·mL
-1

 and placed on a rotary 

shaker under moderate illumination (~100 μE). When cultures were also to be analyzed for their 

carbon uptake properties (Paper II; see Chapter 4), samples were resuspended in 2 mL LC7 

medium that had been bubbled with CO2-free air (79% N2/21% O2). Samples were transferred to 

2 mL test tubes and centrifuged at 10,000 x g for 5 minutes. Samples were resuspended and 

washed in media in this manner two more times. After the third wash, samples were resuspended 

to a dense chlorophyll concentration corresponding to 50-200 μg Chl · ml
-1

 and placed on a rotary 

shaker under moderate illumination (~100 μE). 

The chlorophyll content of these dense cell preparations was estimated by measuring the optical 

density of a 1 mL 1:20 dilution of sample to buffer. Optical density measurements were made by 

a UV–Vis Scanning Spectrophotometer (UV-2101PC, Shimadzu, Japan) which had been blanked 

using buffer or water (BG11 and water have equivalent absorption properties). During the 

blanking of the spectrophotometer and measurement of samples, office tape was applied in a 

manner so that the sample and reference beam passed through tape and samples. This 

modification helps to reduce the effect of cell scattering when measuring the absorption 

properties. Optical density values at three wavelengths were used to estimate chlorophyll content 

using the following equation [5]: 
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Where A620, A678, and A750 are absorbance values at those 620, 678, and 750 nm and dilution is 

the dilution factor of the measured samples (i.e. 20).  This estimated chlorophyll concentration 

was used to dilute the dense cell preparations to a density corresponding to 5 μg Chl · ml
-1

 using 

assay buffer. 

In order to determine the actual chlorophyll concentration of samples, 1 mL of sample was 

centrifuged at 10,000 x g for 10 minutes. The supernatant was decanted and cells were 

resuspended in 1 mL of cold (4°C) methanol by vortexing. Samples were incubated 20 minutes at 

4°C. Samples were centrifuged at 10,000 x g for 10 minutes at 4°C. The optical density of the 

supernatant was measured by UV-Vis spectroscopy at 650 and 720 nm wavelengths. The 

chlorophyll concentration was determined by the following equation [6]: 

                          

2.3 Chlorophyll fluorescence spectroscopy 

Chlorophyll fluorescence was measured using a Walz DUAL-PAM 100 (Walz, Germany) 

outfitted with a DUAL-DR photodetector and LED module. The DUAL-DR uses a single red 

LED (620 nm) in order to provide an adjustable, low-intensity measuring light. The unit also 

contains an array of 24 red (635 nm) LEDs used to provide illumination for actinic light, 

saturating flashes, and multiple turnover flashes. The fluorescence signal is detected by an 

internal photodiode that is protected by a long-pass filter (RG9 glass), effectively blocking light 

at wavelengths below 680 nm. Cell samples were prepared in an optical glass cuvette (1 cm cross 

section) and placed into an enclosure that omits exogenous light. Sample agitation is provided 

with a magnetic stir bar and stirrer controlled by the DUAL-PAM software. Using DUAL-PAM 

software, measuring traces (triggered runs) were programmed to deliver actions (e.g. actinic 

illumination, saturating pulses, stir bar, etc.) at specific time points, ensuring replicate traces 

encounter identical conditions.  
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In order to follow chlorophyll fluorescence as cells experience carbon limitation (Paper I; see 

Chapter 3), cell preparations were diluted in an optical glass cuvette to a density corresponding to 

5 μg Chl · ml
-1

 in LC7 medium that had been bubbled with CO2 for at least one hour. The sample 

was placed into the DUAL-PAM sample holder and stirred at a rate that maintained cells in 

suspension, but did not cause excessive aeration of the sample. The measuring light was turned 

on at a low setting (12 μE) and actinic light was turned on at a moderate light intensity (~100 μE). 

After 15 minutes the stirrer and actinic illumination was terminated, and a triggered run 

measuring trace was recorded (discussed below). After the triggered run was completed, sample 

stirring and actinic illumination resumed. Measuring traces were repeated in this manner for 16 

hours to analyze chlorophyll fluorescence in response to the depletion of inorganic carbon 

available in the media. 

The triggered run performed every 15 minutes was designed for the cell samples to experience 

periods of darkness, actinic illumination, and then darkness again, a measuring protocol termed 

the Kautsky transient [7]. Measurement of chlorophyll fluorescence initiated at t=0, 30 seconds 

after actinic illumination and stirring was terminated. Dark-adapted fluorescence was measured 

for 1 minute, and then actinic illumination (100 μE) was provided (t=60 s). Actinic illumination 

was provided for 270 seconds, at which point actinic illumination was terminated (t=330 s) and 

measurement of chlorophyll fluorescence continued for 80 additional seconds. At this point 

(t=410 s) measurement traces terminated and sample stirring and actinic illumination (100μE) 

resumed, allowing photosynthesis to resume consumption of inorganic carbon available in the 

media. Multiple turnover flashes (20,000 μE) were delivered at 30, 310, and 400 seconds; two in 

darkness, and one during actinic illumination. This triggered run pattern was delivered every 15 

minutes over 16 hours. 

In order to analyze chlorophyll fluorescence of the wild-type and mutant strains (Paper II; see 

Chapter 3) under high and low inorganic carbon availability, a similar triggered run pattern was 
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used. Cell samples were diluted in an optical glass cuvette to a density corresponding to 5 μg Chl 

· ml
-1

 in LC7 medium that had been bubbled with CO2-free air for at least one hour. Samples 

were supplemented with 5 mM Na2HCO3 and stirred under actinic illumination (53μE) for 4 

minutes. Actinic illumination was terminated and samples were allowed to dark-adapt for 5 

minutes before measuring traces were started. Dark-adapted chlorophyll fluorescence was 

measured for 60 seconds, at which point actinic illumination (53 μE) was provided for 300 

seconds and then terminated (t = 360 s). Post-illumination fluorescence was measured for an 

additional 140 seconds (t = 500 s) and terminated. Multiple turnover flashes (20,000 μE) were 

provided at 15 and 310 seconds. 

Samples were also subjected to shorter periods of actinic illumination. In these traces, the 

chlorophyll fluorescence of dark-adapted cells was measured for 30 seconds in darkness, 60 

seconds of actinic illumination (53μE), and 60 seconds in darkness. No multiple turnover flashes 

were provided as these might interfere with post-illumination transients. 

2.4 NADPH fluorescence 

Blue-green fluorescence was measured using Walz DUAL-ENADPH (emitter) and DUAL-

DNADPH (detector) units (Walz, Germany). The DUAL-ENADPH unit has a 365 nm measuring 

light, while the Dual-DNADPH unit has a blue-sensitive photomultiplier with a filter sandwich 

transmitting from 420-550 nm. Although NADH shows fluorescence activity at these 

wavelengths, no evidence has been shown that significant changes in blue-green fluorescence 

transients measured in cyanobacteria is attributable to NADH [8, 9].  

Due to the difference of excitation and emission wavelengths between NADPH and chlorophyll, 

both chlorophyll and NADPH fluorescence could be measured simultaneously. The DUAL-PAM 

apparatus is arranged so that the DUAL-DR and DUAL-ENADPH units are set on opposing sides 

of the sample cuvette, and the DUAL-DNADPH device is oriented perpendicular to the DUAL-
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ENADPH unit. Therefore all triggered runs and programs used the same sequence of actions, 

actinic light patterns and intensities, and sample preparation conditions as those described in 

measuring chlorophyll fluorescence (see above). 

2.5 P700 absorbance 

P700 absorbance was measured in a JTS-10 spectrophotometer (Bio-Logic, France) using a 620 

nm actinic light and a 705 nm interference filter over the detection and reference photodetectors. 

Samples were diluted to a density corresponding to 5 μg Chl · ml
-1

 in a 1 cm quartz cuvette using 

LC7 medium that had been bubbled with CO2-free air for at least one hour and supplemented 

with 5 mM Na2HCO3. In order to measure cyclic electron flow of cell samples, 10 μM DCMU 

was also added. Samples were acclimated to darkness for 5 minutes while being stirred with a 

magnetic stirrer. Stirring was terminated before measurements and the beam aperture was 

adjusted to a level where the voltage difference between the measuring and reference 

photodetector was <0.1 V. Absorbance measurements were followed for 10 seconds in darkness, 

in order to establish a minimum value of P700 oxidation, during a 5 second illumination (2050 

μE), and for 8.5 seconds in darkness. This was performed using the following JTS-10 program: 

3(10msD)10sD2(10msD)10msG200µsD1msD1msD3msD{3ms,30,5s,

D}100µsH200µsD{2ms,20,8s,D} 

In order to assay steady-state P700 activity during illumination, samples were placed in the JTS-

10 cuvette holder and stirred while under mild actinic illumination (45 μE). Stirring was 

terminated after 10 minutes and the beam aperture was adjusted as previously described. Two 

series of three detection pulses were applied 10 seconds apart, in order to establish a baseline 

level of P700 oxidation during illumination. Illumination was terminated as a 200 μs saturating 

pulse (2500 μE) was delivered to fully oxidize P700. The rereduction of P700 was followed for 8 
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seconds in order to obtain the absorbance value of fully reduced P700. The following JTS-10 

program formula was used: 

3(10msD)10sD2(10msD)10msH300µsD20µsE{3ms,30,200ms,D} 

100µsF200µsD{2ms,20,8s,D}50msD3(1msD) 

The chlorophyll content for sample loading of the JTS-10 was estimated spectroscopically, so 

fluorescence transients were normalized to chlorophyll content as measured by methanol 

extraction, as spectroscopic estimation of chlorophyll content was more variable in the mutant 

strains. Half-times were measured using JTS-10 software (Bio-Logic, France) and converted into 

rate constants, k, by dividing the natural log of 2 by the half-time value. The percent of reduced 

P700 (P700red/P700tot; ΦPSI) was determined by dividing the baseline absorbance value during 

illumination by the difference between maximum and minimum absorbance values (i.e. during 

the saturating pulse and during darkness). The given values are mean values of three biological 

replicates and error bars are the standard deviation of these values. 

2.6 Oxygen evolution assays 

Oxygen evolution assays were performed using a Clark-type oxygen electrode. Assays were 

performed in a temperature controlled water jacket maintained at 30°C. Samples were diluted to a 

density corresponding to 5 μg Chl · ml
-1

 in LC7 medium that had been bubbled with CO2-free air 

for at least one hour. Whole chain electron transport and respiration was measured in the presence 

of 5 mM NaHCO3
-
. Maximum rates of oxygen evolution were measured in the presence of 1 mM 

DCBQ and 1 mM potassium ferricyanide to act as electron acceptors from PSII, thereby 

liberating its activity from the photosynthetic electron transport chain. Oxygen evolution was 

measured under saturating light (~10,000 µE) for 90 seconds. A linear regression fit from 40 to 

80 seconds were used to determine rates of oxygen evolution, as earlier time points have an 

artefactual rise due to heat. Rates of respiration were obtained after rates of oxygen evolution, so 
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that respiration was measured during 80 seconds of darkness after approximately 90 seconds of 

illumination. Rates of respiration were obtained from linear regression fits from values obtained 

40 to 80 seconds after illumination was terminated. Results are presented as the mean of three 

biological replicates, with error bars representing standard deviation values.  

In order to test the delayed induction of the Calvin-Benson-Bashamm cycle, samples were diluted 

to a density corresponding to 5 μg Chl · ml
-1

 in LC7 medium that had been bubbled with CO2-free 

air for at least one hour. Samples were supplemented with 5 mM NaHCO3, and when noted, 5 

mM glucose. Oxygen evolution was measured for 900 seconds while samples were under 

illumination (180 μE). Linear regression fits were made over 30 second time ranges in order to 

obtain rates of oxygen evolution. Linear and sigmoidal curve fits were determined from rates of 

oxygen evolution using Kaleidagraph software (Synergy Software) and are presented to highlight 

general trends of data, not as determinate models of activity. 

Bicarbonate affinity measurements were made using oxygen evolution as an indicator of electron 

transport and carbon uptake, similar to methods employed by other researchers [10]. The oxygen 

evolution of samples at a density corresponding to 5 μg Chl · ml
-1

 in carbon-free LC7 medium 

that had been bubbled with CO2-free air for at least one hour was monitored under continuous 

illumination (~1500 μE) until oxygen was no longer evolved. At this point, the CO2 

compensation point, rates of oxygen evolution and oxygen consumption are equivalent due to a 

limitation in carbon availability [11]. This consumption of residual inorganic carbon in the 

medium typically took 5-10 minutes. While illumination was maintained, known concentrations 

of NaHCO3 were added in increasing concentrations while oxygen evolution was monitored. 

Rates of oxygen evolution at each concentration were obtained by taking linear regression of 

values between 10 seconds after inoculation and 10 seconds before the inoculation of the next 

concentration (40 seconds total). Rates of oxygen evolution were fitted to the Michaelis-Menton 

equation using Kaleidagraph software (Synergy Software). Values of Vmax, the maximum rate of 
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oxygen evolution, and Ks, the concentration at which the rate of oxygen evolution is half of Vmax, 

are presented as mean values of at least three biological replicates and error bars are standard 

deviations of these values. 

2.7 Immunoblot assays 

Approximately 200 mL of cell culture was harvested from HC or LC grown cells and centrifuged 

at 10,000 x g for 10 minutes. Samples were resuspended in 1 mL of 25 mM Tris-HCl/5 mM 

EDTA pH 7.5 (hereafter TE), transferred to 2 mL centrifuge tubes, and stored at -20°C until 

protein analysis was performed. Cells were diluted to a density corresponding to 1 mg Chl · ml
-1

 

and benzamidine, ε-amino-η-caproic acid, and phenylmethanesulfonyl fluoride were added to 1 

mM concentrations in order to inhibit protease activity.  An equal volume of zirconium beads 

were washed with TE buffer and decanted. The cell suspension was added to beads and mixed 

well. Cells were lysed at 4°C using a Mini-BeadBeater (BioSpec Products, Bartlesville, OK, 

USA) using 1 minute of beating, followed by 5 minutes in an ice water bath. The 1 minute 

beating and 5 minute cooling was repeated one time. The samples were gently centrifuged at 600 

x g and the cell lysate was removed from the settled beads. Beads were washed one time with 25 

mM Tris, and allowed to settle. The lysate was collected and added to the first collected fraction. 

The chlorophyll content of the cell lysate was measured using methanol extraction and samples 

were diluted in TE to a density corresponding to 100 μg Chl · ml
-1

. Samples were aliquoted, 

frozen in liquid nitrogen, and stored at -80°C. 

Proteins were separated on a Laemmli type SDS-PAGE gel comprised of an 8% stacking gel and 

12% resolving gel. A sample volume corresponding to 1 μg Chl was added to 2x SDS sample 

buffer (125 mM Tris-HCl pH 7.5, 20% glycerol, 2% SDS, 0.02% bromophenol blue, 5% β-

mercaptoethanol) and loaded onto the gel. Electrophoresis was performed at a constant 100 V for 
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approximately 2 hours, until the sample loading dye front and low molecular weight protein 

marker had reached the end of the gel.  

Proteins separated by SDS-PAGE were transferred to a PVDF membrane using a semi-dry 

electrophoretic transfer apparatus (Bio-Rad) with Towbin buffer (25 mM Tris, 192 mM glycine, 

20% methanol) supplemented with 0.03% sodium dodecylsulfate (w/v). Before transfer, the 

PVDF membrane was soaked in 100% methanol and equilibrated in Towbin buffer. The 

acrylamide gel and filter papers were also equilibrated in Towbin buffer before transfer. Transfers 

were performed under a constant 25 V for 25 minutes. The membranes were washed two times 

with 5% bovine serum albumin (BSA) in Tris buffered saline (pH 7.5) with 0.2% Tween 20 

(TBST) for 15 minutes and blocked by a 45 minute incubation with 5% BSA in TBST under 

gentle agitation at room temperature. The membranes were incubated overnight in primary rabbit 

antibody (rabbit anti-PsbC and rabbit anti-Sbta; Agrisera, Sweden) diluted (1:2000 for PsbC; 

1:2000 for SbtA) in 5% BSA in TBST at room temperature with gentle agitation. After 

incubation, membranes were washed three times in 5% BSA in TBST for 15 minutes each wash. 

Goat anti-rabbit HRP-conjugated secondary antibody (Agrisera, Sweden) was diluted in 5% BSA 

in TBST (1:3000 dilution) and incubated with membranes for 2 hours at room temperature while 

gently shaking. After incubation, membranes were washed two times in TBS (no Tween) for 15 

minutes.  

Visualization of secondary antibodies was performed using the chromogenic substrate 4-chloro-1-

napthol (4CN; Bio-Rad) and H2O2 as developing agents. Immediately before visualization, 60 mg 

of 4CN were dissolved into 20 mL of room temperature methanol. Sixty microliters of ice cold 

30% H2O2 were added to 100 mL of ice cold TBS. The solutions were mixed and applied to the 

membrane under intermittent gentle shaking. Color development proceeded for 15-30 minutes 

and was terminated by washing the membrane with deionized water. Membranes were then dried, 

photographed, and stored at room temperature in the dark. 
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CHAPTER III 
 

 

Redox changes accompanying inorganic carbon limitation in Synechocystis sp. PCC 6803
†
 

†
This chapter is reproduced with slight modification from the following publication: 

Holland S.C., Kappell, A. D., Burnap, R. L. (2015) Redox changes accompanying inorganic 

carbon limitation in Synechocystis sp. PCC6803. Biochimica et Biophysica Acta – Bioenergetics 

1847, 355-363. Reprinted with permission. 

Abstract 

Inorganic carbon (Ci) is the major sink for photosynthetic reductant in organisms capable of 

oxygenic photosynthesis.  In the absence of abundant Ci, the cyanobacterium Synechocystis sp. 

strain PCC6803 expresses a high affinity Ci acquisition system, the CO2-concentrating 

mechanisms (CCM), controlled by the transcriptional regulator CcmR and the metabolites 

NADP
+
 and α-ketoglutarate, which act as co-repressors of CcmR by modulating its DNA binding.  

The CCM thus responds to internal cellular redox changes during the transition from Ci-replete to 

Ci-limited conditions.  However, the actual changes in the metabolic state of the NADPH/NADP
+
 

system that occur during the transition to Ci-limited conditions remain ill-defined.  Analysis of 

changes in the redox state of cells experiencing Ci limitation reveals systematic changes 

associated with physiological adjustments and a trend towards the quinone and NADP pools 

becoming highly reduced.  A rapid and persistent increase in F0 was observed in cells reaching 

the Ci-limited state, as was the induction of photoprotective fluorescence quenching.  Systematic 

changes in the fluorescence induction transients were also observed.  As with Chl fluorescence, a  
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transient reduction of the NADPH pool (‘M’ peak), is assigned to State 2State 1 transition 

associated with increased electron flow to NADP
+
.  This was followed by a characteristic decline, 

which was abolished by Ci limitation or inhibition of the Calvin-Benson-Bassham (CBB) cycle 

and is thus assigned to the activation of the CBB cycle.  The results are consistent with the 

proposed regulation of the CCM and provide new information on the nature of the Chl and 

NADPH fluorescence induction curves. 

3.1 Introduction 

Inorganic carbon (Ci) is an essential and often limiting macronutrient for the growth of organisms 

performing oxygenic photosynthesis.  It serves as the major sink of photosynthetic reductant via 

incorporation into sugar carbon skeletons of the reductive Calvin-Bassham-Benson (CBB) cycle.  

Correspondingly, Ci-limitation may result in the accumulation of electrons in carrier pools 

leading to the production of damaging reactive oxygen intermediates as well as the loss of overall 

photosynthetic efficiency due to photorespiration.  Photorespiration results from the competition 

between CO2 and O2 at the active site of ribulose bisphosphate carboxylase-oxygenase 

(RuBisCO) with the former giving the productive carboxylation reaction of ribulose bisphosphate 

(RuBP) and the latter leading to the wasteful oxygenation of RuBP.  Accordingly, low CO2 or 

high O2 concentrations favor the oxygenation reaction over the carboxylation reaction.  In aquatic 

environments, the potential for Ci limitation is particularly acute due to the low solubility and 

diffusivity of dissolved Ci.  To avoid this, cyanobacteria and algae have evolved a CO2-

concentrating mechanism (CCM).  The CCM may have emerged in the progenitors of 

contemporary cyanobacteria as they adapted to cope with increased photorespiration and lower 

efficiency carbon fixation accompanying a drop in CO2 levels and a rise in O2 levels during the 

Phanerozoic eon about 350 million years ago [1, 2] or an earlier epoch [3].  These adaptations 

include transport mechanisms for the active uptake of Ci [reviewed in [4, 5]] that work together 

within a micro-compartment, known as the carboxysome, to localize and increase the local 
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concentration of CO2 around RuBisCO, thereby improving the efficiency of CO2 fixation 

[reviewed in [6]].  Such mechanisms are highly effective and result in the accumulation of Ci over 

1000-fold within the cyanobacterial cell relative to its environment [7, 8].  Recent 

biotechnological efforts now consider utilizing the cyanobacterial CCM components as a model 

and source of molecular components for improving plant productivity [5, 9, 10]. 

The existence of two distinct physiological states defined by different Ci affinities was identified 

in Chlamydomonas depending upon whether cells were grown in air or CO2-enriched air [11].  

Studies with cyanobacteria revealed that they also exhibit an inducible high affinity CCM [8, 12, 

13]. The cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis) exhibits a basal, 

lower affinity CCM when grown under Ci sufficient conditions (e.g. gassing with air enriched 

with 3% v/v air, high Ci, HC) and this depends upon low affinity Ci transporters that are 

constitutively expressed [14, 15].  The constitutively expressed low affinity uptake mechanism is 

comprised of multiple transporters, including Na
+
/HCO3

-
 symporters and a redox powered CO2-

hydration enzyme, CupB (ChpX) that couples to the NADPH dehydrogenase complex (NDH-1) 

that collectively elevate the cytoplasmic concentration of HCO3
-
.  This form of the NDH-1 

complex is denoted NDH-14 in reference to the alternative pair of intrinsic membrane protein 

D4/F4 subunits that are postulated to be involved in proton pumping based on homology with 

known structures [16] and bind the CupB (ChpY) protein [17].  Exposure of Synechocystis, and 

many other cyanobacterial species, to Ci–limited growth conditions elicits the expression of a 

supplementary high affinity system.  Under limiting Ci conditions (bubbling with ambient air, low 

Ci, LC) there is an induced increase in affinity for Ci achieved through transcriptional up-

regulation of transport activities and carboxysome components and, possibly, kinetic modification 

of existing transporters accounting for the higher affinity physiological state mentioned above.  

Alternative high affinity suites of proteins, including high affinity Na
+
/HCO3

-
 symporters and the 

high affinity CO2-hydration enzymes, are expressed when cyanobacteria are grown under Ci-
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limiting conditions.  The increase in transporter affinity for Ci during limiting conditions is due to 

the transcriptional induction of the genes encoding the ATP dependent BCT1 high affinity HCO3
-
 

transporter encoded by the cmp operon, Na
+
-dependent SbtA HCO3

-
 symporter, and the 

specialized NADPH dehydrogenase complex NDH-13 high affinity CO2-hydrating system 

encoded by the ndhF3/ndhD3/cupA/cupS operon.  The NDH-13 complex is similar to the NDH-14 

complex except that three specialized membrane intrinsic subunits, D4/F4/CupB, are replaced by 

their high affinity paralogs, the D3/F3/CupA subunits.  The transcriptional regulation of the 

inducible transporters is controlled by the two self-regulating LysR-type transcriptional regulators 

known as CcmR (NdhR) [18-20] and CmpR [21, 22].  The signal for induction of the transporter 

encoded by the cmp operon through CmpR has been identified as the co-activators ribulose-

bisphosphate (RuBP) and 2-phosphoglycolate (2PG) [21].  The signals for the repression of the 

putative CcmR regulon controlling the expression of the sbtA gene, ndhF3 operon, and the 

expression of a putative NDH-I dependent Na
+
 transporter are the co-repressors, α-ketoglutarate 

(α-KG) and oxidized nicotinamide adenine dinucleotide (NADP
+
) [20].  Thus, the internal 

metabolic state provides the regulatory cues for expressing the high-affinity system rather than 

inorganic carbon species per se. 

The aim of the present study is to understand physiological changes that accompany, and 

potentially trigger, changes in the regulation of CCM genes and to provide additional 

physiological context for previous experiments [14, 19, 23-26].   Because of the central role of 

NADPH in metabolism and because it acts as a critical signaling molecule in the regulation of the 

CCM, it is important to understand the dynamics of the redox state of the cellular pool of 

NADPH/NADP
+
 in response to changes in the availability of Ci.  Previous studies have shown 

that the NADP pool is more reduced in cells grown in low-carbon conditions than in those grown 

under high-carbon conditions [27].  However, the physiological basis for this change is not fully 

understood.  Furthermore, it is important to understand the dynamic properties of the redox state 
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of NADP under fluctuating environmental conditions due to it role in regulating cellular 

processes.  Blue green fluorescence has been developed as an approach to monitor changes in the 

redox state of the pyridine nucleotide pools in isolated intact chloroplasts and leaf fragments [28, 

29].   Similarly, the dynamics of redox changes in pyridine pools in cyanobacteria has yielded 

information on the role of NADPH in cyclic electron flow (CEF) [30].  The commercial 

availability of a DUAL-PAM-100 (Walz, Germany) allows for the simultaneous measurement of 

chlorophyll a and NADPH fluorescence [31], which permits the simultaneous in vivo 

investigation of the photosynthetic reducing equivalents of plastoquinone (PQ) and NAD(P)H. A 

recent investigation of Synechocystis NADPH transients has provided important insights into the 

quantitative use of this instrument and how the levels of NADPH fluctuate in response to 

different light regimes [32].  Importantly, that study also revealed, for the first time, the extent 

and kinetic properties of electron transfer occurring from PSI to NADPH via ferredoxin NADP 

reductase (FNR).  

This study aims to use these techniques in order to investigate cellular response to nutrient 

limitation (i.e. high and low carbon availability). Simultaneous chlorophyll and NADPH 

fluorescence provides insight into the relationship between the redox state of the PSET chain and 

its dependence on downstream metabolic processes, namely the CBB cycle. 

3.2 Methods 

3.2.1 Cell cultures and growth conditions 

Experiments sampled 800 mL cultures of wild-type Synechocystis sp. PCC 6803 that were grown 

under 3% CO2 bubbling conditions in 1L Roux bottles in a modified BG11 medium [33] as 

described previously [19]. Modified media was identical to standard BG11 except omitting 

Na2CO3, adding HEPES to a concentration of 40 mM, and adjusting the pH to 7.0 using KOH, 

rather than NaOH.  
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3.2.2 Fluorescence measurements probing cells during the transition to Ci-limited growth 

A 250 mL sample of 3% CO2 grown cells was centrifuged at 10,000g for 5 minutes. Cells were 

gently re-suspended in fresh, CO2 bubbled, low-Ci BG-11 media to a chlorophyll concentration of 

5 μg/mL in a 2 mL sample. The sample was placed in a 10 mm open quartz cuvette with a small 

stir bar. Cells were exposed to red actinic light (~100 μE) and stirred for up to approximately 16 

hours. Stirring occurred at a pace that maintained cells in suspension, but did not cause excessive 

aeration of the sample and therefore inorganic carbon concentrations within the sample could not 

be replenished at a rate that can keep pace with consumption by cells in the sample performing 

photosynthesis.  Accordingly, samples exhibited fluorescence characteristics of indicative of Ci-

limitation approximately eight hours into the experiment. 

Every 15 minutes during the approximately 16 hour assay, the stirring and actinic light would be 

turned off.  After 30 seconds of this dark acclimation period, a measuring trace would initiate 

recording the fluorescence yield from the measuring beam in the dark. Dark period fluorescence 

was measured for one minute, with an intense 300 ms multiple turnover (MT) flash occurring at 

35 seconds. At 60 seconds, the actinic light was turned on. The sample was exposed to actinic 

light for 270 seconds, with a MT flash occurring 250 seconds after the actinic light exposure. 

Post-illumination measurement continued for 80 seconds, with a MT flash occurring 70 seconds 

after stopping illumination. Nine seconds after the (MT), actinic light exposure and stirring 

resumed.  As shown in Supplemental Figure 3.1, growth of cells was maintained although gradual 

and in a manner consistent with previous observations in normal growth bottles used for gene 

expression experiments [19].  The parameters of Chl fluorescence characterizing the induction 

curves follow the calculation and nomenclature described by Campbell et al [34]. 
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3.3 Results and Discussion 

3.3.1 PAM fluorescence measurements of redox changes in cells during Ci-limitation 

To investigate the changes in the cellular redox state in response to Ci-limitation, pulse-amplitude 

modulated (PAM) fluorometry was utilized (Figure 3.1).  Chlorophyll fluorescence is widely used 

for the analysis of both linear electron flow (LEF) and cyclic electron flow (CEF) and thus the 

PAM technique provides information on basic photosynthetic parameters.  The use of PAM 

fluorometry to track changes in the redox state of NAD(P)H as blue-green fluorescence is not as 

widely used, but the technique has the potential to uncover possible redox transients in vivo with 

high time resolution  [28, 29, 31] as realized in recently reported work [32].  Because NADPH 

and NADH possess virtually identical fluorescence characteristics, it is impossible to distinguish 

which species is responsible for the fluorescence transients, and though physiological 

investigations have indicated that the transients observed under light changes are largely due to 

NADPH [30], this limitation remains.  Simultaneous monitoring of chlorophyll and NAD(P)H 

fluorescence of samples was performed in a PAM-100 device (Walz) and a HCLC downshift 

routine was developed to roughly emulate the Ci-downshift conditions used previously [19].  For 

PAM fluorometry, small samples (2 mL) of culture were maintained directly in the optical 

cuvette and allowed to deplete the media of Ci under illumination with red LEDs and stirring.  

Another difficultly lies in potential cell growth during the assay.  The cells appear to behave in a 

manner consistent with earlier transcriptional profiling experiments [19], with growth becoming 

negligible after carbon depletion (Supplemental Figure 3.1).  Thus, it appears that the application 

of the biophysical techniques described below should be a reasonable approximation to the 

experimental conditions utilized earlier for the gentle Ci downshift experiment global gene 

expression profiling and therefore it should be possible to connect the biophysical changes with 

those of the transcriptional changes.   
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Figure 3.1A shows selected chlorophyll fluorescence induction traces at different stages of Ci-

limitation.  Early in the experiment, while the cells have sufficient Ci, the briefly dark-adapted 

cells exhibit a characteristic fluorescence induction profile when actinic illumination is resumed.  

Actinic light powers photosynthetic electron transport, resulting in an increase in chlorophyll 

fluorescence, indicative of an increase in the number of ‘closed’ PSII reaction centers, 

corresponding to an increase in the concentration of reduced acceptor, QA
-
 and, correspondingly, 

Figure 3.1. Changes in the Chl induction kinetics during the course of inorganic carbon limitation of 

Synechocystis cells. Panel A: Chlorophyll fluorescence traces of cells switched from bubbling with 3% CO2 

enriched air to stirring under illumination in a 10 mm cuvette of a sample undergoing Ci depletion in a PAM 

periods at the beginning and end of the actinic light periods of data acquisition. Selected chlorophyll fluorescence 

induction curves at the time points of 2 (red), 7 (blue), 8.5 (green), 9 (black), and 13 (pink) hours after changing the 

Ci conditions. After a 60 second dark adaptation (first repetitive intermittent dark period, black bar), actinic light 

was turned on at 60 seconds (yellow bar) and turned off at 330 seconds for the post-actinic illumination portion of 

the data collection trace (second repetitive intermittent dark period, second black bar). Multiple turnover flashes 

were performed during the dark interval and actinic illumination periods at the 30 and 310 time points in the trace 

(Fm and Fm’, respectively). Panel B: Overall perspective showing all chlorophyll fluorescence transients during the 

Ci-deprivation experiment. Panel C: Changes in F0 and FT during the course of the Ci deprivation, Black line: F0, 

chlorophyll fluorescence value 1 second before actinic illumination; Red line: FT, steady state fluorescence during 

actinic illumination defined at the 300 sec time point. 
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a higher yield of chlorophyll fluorescence [34].  This reflects a quasi-steady state balance of rates 

corresponding to the actinic excitation rate generating QA
-
 (QA reduction rate) and the rate of 

forward electron transfer of electron into the PQ pool via the PSII QB site (QA
-
 oxidation rate).  

CBB cycle activation, state transitions, and other bioenergetic and metabolic processes influence 

their rates and result in additional transients that eventually dampen to a steady state fluorescence 

level that is maintained throughout the remainder of the actinic illumination period. 

Early in the Ci-deprivation experiment, upon illumination of briefly dark adapted cells, a steady 

state fluorescence level is reached after ~20 seconds of actinic illumination (~80 sec point on the 

trace) and remains low compared to maximal fluorescence (denoted FM’) in the Ci-replete cells 

shown as the red trace in Fig. 3.2A.  This corresponds to a largely oxidized PQ pool under these 

illumination conditions, which were designed to approximate the growth light intensities.  

Correspondingly, this allows the efficient re-oxidization of QA
-
, thereby maintaining, on balance, 

about 85% of PSII centers in the open condition (i.e. photochemical quenching, qP ~ 0.85).  This 

situation changes dramatically as discussed below, when the cells proceed into the Ci-limited 

state, where PSII is found mostly in the closed state under actinic illumination. Saturating 

multiple turnover flashes were given, one during the dark adaptation (Fm) and one toward the end 

of the actinic illumination period (Fm’), with the latter having a considerably larger amplitude.  

This indicates that the cells are undergoing state transitions during the light-dark cycling with 

cells reaching the State 2 condition in the dark period and then reverting back to State 1 in the 

light.  State 2 corresponds to the molecular configuration where excitation energy from the 

phycobilisome is increasingly directed to PSI, which is a more efficient quencher of excitation 

energy than PSII.  Resumption of actinic illumination drives the State 2State 1 transition 

resulting in more excitation energy from the phycobilisome being directed to PSII providing the 

higher fluorescence yields seen with the second saturating flash, Fm’ (Figure 3.1A).  Recent work 

has assigned the slow S-M fluorescence rise occurring during the first 20 seconds after 
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application of actinic illumination rise to the State 2State 1 transition [35].  This assignment is 

consistent with our experiments where an additional MT flash is given 25 seconds after the re-

initiation of actinic illumination (at the 85 sec time point), where it was observed that the higher 

yield of fluorescence is already elicited indicating that State 2State 1 transition has already 

occurred at the end of the S-M phase of the induction curve (Supplemental Figure 3.3). 

As the availability of Ci decreases later in the experiment (Figure 3.1, hours 8.25 and after), the 

characteristic fluorescence induction profile begins to exhibit a new secondary rise phase in the 

fluorescence yield (Figure 3.1A).  This secondary phase first appears late in the actinic 

illumination period, but as the cells become progressively more Ci-limited, the secondary rise 

phase is observed earlier and earlier in the actinic illumination portion of the measuring trace 

(Figure 3.1A, green, black, and pink traces).  At the 9 hour trace (Fig 3.1A, black trace), the 

increase in fluorescence yield begins within 25 seconds of switching on actinic illumination and 

its level soon approaches maximal fluorescence (Fm’), indicating nearly complete closure of all 

PSII reaction centers under actinic illumination.  Thus, upon reaching the fully Ci-limited 

condition, virtually all PSII centers are in the closed state (mostly QA
-
) as the availability of PSII 

electron acceptor vanishes with all the PQ pool having been converted to the reduced form.  This 

is reflected in the decrease in the re-oxidation rates deduced from the post-actinic illumination 

fluorescence decays as discussed in the next section.  It is also consistent with observations that 

maximal chlorophyll fluorescence occurs in cyanobacterial cells when they reach the CO2 

compensation point [36-38].  This over-reduced condition is due to Ci-limitation, since the 

addition of bicarbonate to the cells in the sample cuvette restores the lower fluorescence and 

kinetic features observed early in the experiment (Supplemental Figure 3.2) [37, 39-42].  We 

conclude that as Ci limitation becomes progressively more severe, the second rise phase 

commences progressively earlier as a consequence of an increasingly smaller pool of oxidized 
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CBB cycle intermediates, the major sink of photosynthetic reductant, consistent with earlier 

observations [36-38].  

Figure 3.1B illustrates the overall experiment, allowing the visualization of these and other trends 

in the form of a 3D plot that stacks the individual Chl fluorescence measuring traces collected 

over the entire course of the Ci-limitation experiment.  It can be seen that the transition from the 

low fluorescent to high fluorescent state occurs within a period of about thirty minutes starting at 

the 8.25 hour time point. It is also clear that upon reaching the Ci-limited state, protective 

mechanisms involving the induction of some form of non-photochemical quenching (qN) are 

elicited.  This is evidenced by the decrease in maximal fluorescence starting after 8.25 hours 

(compare magnitude of fluorescence at 9 hours, black trace versus the lower level at 13 hours in 

Fig. 3.2A).  This is more clearly seen in a plot of FT, the steady state level of fluorescence under 

actinic illumination (Figure 3.1C, red trace).  Here, FT is defined as the level of fluorescence at 

the 300 second point in the overall trace as indicated by the vertical dotted line in Figure 3.1A.  

FT reaches a maximum approaching that of maximal fluorescence (Fm’), indicating most PSII 

centers are closed due to the absence of oxidized acceptor in the over-reduced PQ pool as the lack 

of available Ci reaches a critical point.  However, after reaching this maximum, there is then a 

steady decline of FT as protective non-photochemical (qN) processes are mobilized (Figure 3.1C, 

red trace).  This likely reflects increased activity of photoprotective processes including the action 

of the flavodiiron proteins, which are associated with the phycobilisome and are proposed to 

dissipate excess reductant from NADPH and PSII [36, 43-45].  On the other hand, the orange 

carotenoid protein (OCP), involved in dissipative phycobilisome fluorescence quenching, is not 

likely involved since red light served as the actinic source and blue-green light activates OCP 

[46].  This is one possible mechanism for the observed induction of photochemical quenching.  

Nevertheless, other alternatives also not depending upon OCP cannot be yet excluded as an 

explanation for the strong gradual decline in maximal fluorescence after cells reach the Ci-limited 
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state.  For example, the dissipation of reductant via the induction of the NDH complexes 

associated with the CCM may contribute to the quenching [47]. 

Another redox feature associated with the transition to the Ci-limited physiological state is the 

occurrence of a sharp increase in F0 seen beginning at the 8.25 hours trace (Figure 3.1C, black 

trace).  This increase in F0 is not reversed by the addition of bicarbonate (Supplemental Figure 

3.2).  Because the post-illumination decay occurs more slowly in Ci-limited cells (Figure 3.2), 

there existed a possibility that the higher F0 occurred as a consequence of the slow decay of F0 

due to the absence readily available oxidized carriers and processes that donate electrons to the 

PQ pool during the dark adaption phase of the light dark cycle.  To test this, the dark acclimation 

interval between measuring traces was increased from 30 to 120 seconds, yet the fluorescence 

still decayed asymptotically to the higher F0 position (not shown), indicating the new higher level 

of F0 induced by the Ci deprivation corresponds to a relatively long-lived physiological state.  

Additionally, the higher F0 does not appear to be due to a state transition since these are observed 

to occur in a cyclic fashion, as noted above, and the higher F0 due to Ci depletion persists during 

the light-dark cycles of the experimental regime.  Thus, the origin of the sharp increase in F0 

remains unresolved.  It could be speculated that the higher F0 might be a result of uncoupling of 

part of the phycobilisome antennae (e.g. partial disassembly of rods) in a process distinct from 

state transitions.  Alternatively, it could relate to an increased redox state of the PQ pool from 

increased activity of cyclic electron flow or by increased flow through the oxidative pentose 

phosphate pathway, as sugars are being consumed to compensate for carbon limitation.  These 

alternatives remain hypothetical, yet the phenomenon of increased F0 does appear to be a novel 

finding regarding the process of adaptation to nutrient deprivation. 
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3.3.2 Post-illumination chlorophyll fluorescence kinetics 

When the actinic illumination light is switched off, the decline in fluorescence is not monotonic, 

but exhibits fluctuations during the return to the F0 level (Figure 3.2).  As shown previously, these 

post-illumination fluctuations in the PQ pool redox state are strongly influenced by CEF and the 

flow of reductant to the membranes from oxidative metabolism (e.g. pentose phosphate pathway) 

[30, 48-51].  Upon termination of the actinic light (Figure 3.2, downward arrow, 330 sec), 

fluorescence drops as reaction centers open due to re-oxidation of QA
-
 by electron transfer to PQ 

in the QB site.  The exchange into and out of the QB site occurs in the ~5 millisecond time range, 

which is too fast for the time resolution of these measurements, where the data was collected at a 

rate of 1 point/ms and with noise levels of about 20% of this comparatively small decaying signal 

(~15% Fm).  However, this poorly resolved fast phase was gradually accompanied by the 

development of slower phases (Figures 3.2 and Supplemental Figure 3.5) during the course of 

depletion. The decay of accumulated QA
-
 became multiphasic:  the fast fluorescence decay phase 

(t1/2~5 ms) remained about the same relative amplitude as before, but the descent was from the 

much higher fluorescence level (FT) of the Ci-starved state and dominated by slower decay 

processes.  Two new decay phases with half times of ~240 ms and ~29 seconds, comprise about 

30% and 60%, respectively of the total decline from FT from cells in the Ci-depleted state 

(Supplemental Table 3.1 and Supplemental Figure 3.5).  These rate constants are only considered 

as apparent rates due to the presumed complexity of the underlying redox mechanisms, which 

may include a rate limitation of oxidation of the PQ pool by O2-dependent oxidases [52].  

Nevertheless, the net effect is that the slowdown of QA
-
 oxidation accounts for the accumulation 

of QA
-
 and the high FT from cells in the Ci-depleted state as the CBB cycle becomes a less 

efficient sink for electrons. 
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During the first 10 seconds of the post-illumination period there is a kinetic ‘shoulder’ in the 

decline of fluorescence, depending on Ci availability (Figure 3.2, inset).  This dark increase in 

fluorescence has been attributed to CEF, predominantly through NDH-1 complexes [30, 48, 50, 

51, 53].  Under the current experimental conditions, this peak is not observable early in in the 

experiment (undetectable in the red and blue traces of Figure 3.2).  However, as Ci–limiting 

conditions prevail later in the experiment, it is possible to observe this increase (Figure 3.2, green 

and black traces, indicated with a vertical dotted line).  This shoulder becomes apparent at ~5 sec 

after actinic light is switched off (Figure 3.2, denoted with the vertical dotted line).  This kinetic 

feature becomes more pronounced as CEF fluxes increase under conditions where the expression 

of NDH-13 complexes is maximized (i.e. growing cells under LC conditions for several days).  

This is illustrated in the inset of Figure 3.2, showing the corresponding trace obtained from 

Synechocystis cells grown under LC conditions and giving results very similar to recent 

experiments [48, 51].  Note the increase in fluorescence ~5 sec after actinic light is switched off, 

denoted vertical dotted line in the inset of Figure 3.2.  In contrast, the present experimental 

cultures were grown under Ci-replete conditions and switched to Ci-limiting conditions.  Because 

Figure 3.2. Post- actinic illumination fluorescence 

transients during the course of inorganic carbon 

limitation of Synechocystis cells. Selected chlorophyll 

fluorescence post-illumination transients at the time 

points of 2 (red), 7 (blue), 8.5 (green), 9 (black), and 13 

(pink) hours after changing the Ci conditions.  Post-

illumination Chl fluorescence transients show that Ci-

limitation enhances the peak occurring ~5 seconds after 

the cessation of actinic illumination (vertical dotted line).  

This peak in Chl fluorescence is attributed to cyclic 

electron transfer [29, 46, 48, 49]. Inset:  Post-illumination 

Chl fluorescence peak is most readily observed with 

shorter actinic illumination periods and in cells grown 

under low Ci conditions (BG-11 media, slow air bubbling, 

pH 7), which induces the high affinity CCM including 

NDH-13.  
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we have not measured the expression of the NDH-13 complexes [see e.g. [25]], it is not possible 

to determine whether the observed shoulder is due to NDH-13 complexes or whether other routes 

of CEF account for the peak [53].  However, it does seem likely that NDH-13 complexes are 

beginning to be expressed and accumulated as Ci becomes limiting given the similarity to 

previous experiments [19, 25].  As the cells become more thoroughly Ci–limited and as PQ pool 

becomes more reduced, the post-illumination shoulder is obscured by the very slow decay phase 

in the decline of fluorescence yield discussed above (Figure 3.2, pink trace). Besides the 5-10 

second post-illumination peak and the slow decay features that increase with Ci-deprivation, it is 

also interesting to notice an additional kinetic feature: a low amplitude and broad fluorescence 

increase that occurs approximately 35 seconds after the actinic light is switch off.  This roughly 

corresponds to a similar feature seen in the NADPH post-illumination traces (Figure 3.3B) and 

probably corresponds to an influx of metabolic reductant into the PQ pool from oxidative carbon 

metabolism in the cytoplasm as discussed below. 

3.3.3 Spectroscopic probes of NADPH during Ci-limitation 

Blue-green fluorescence has been used as a tool to analyze NADPH levels in vivo [28-30, 32].  

Changes in blue-green fluorescence could potentially be due to NADH fluorescence also 

occurring at these wavelengths. However, Mi et al. (2000) noted in Synechocystis that short-term 

changes in fluorescence during actinic illumination were eliminated by treatment with DCMU 

and DBMIB consistent with the main contribution to the transients as being that from NADPH.  

Recently, the increase in blue-green fluorescence due to single turnover flashes was best 

explained by the transfer of electrons from PSI to NADPH via FNR [32].  As shown in Figure 

3.3, the shape of the transients produced by actinic illumination during the Ci-limitation 

experiment shows several similar features with the Chl fluorescence transients acquired in 

parallel.  As with the Chl fluorescence induction profile, blue-green fluorescence quickly rises 

upon the resumption of actinic illumination (Figure 3.3A, 60 second time point) and is followed 
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by multiphasic modulations in amplitude that reflect multiple cellular processes that affect the 

redox state of the NAD(P)H pool.  During the first 30 seconds of actinic light exposure, similar 

multiphasic changes are observed over all periods of carbon availability.  For all traces during the 

experiment, an initial rise occurs quickly due to PSI reduction of NADP
+
, falls slightly during the 

ensuing ~8 seconds, and then rises again to a maximal point, labeled ‘NM’ in Figure 3.3A.  This 

secondary rise, NM, peaks ~25-30 seconds after the initial fast rise initiated by resumption of 

actinic illumination.  Similar kinetic features are observed for Chl fluorescence induction kinetics, 

and there is solid evidence that the corresponding secondary rise to what is referred to as the ‘M’ 

peak, corresponds to the State 2State 1 transition in cyanobacteria [35].  Moreover, the Chl 

fluorescence experiment described above, where a measuring flash was inserted at the M peak, 

also provides evidence for this assignment.  The State 2State 1 transition is the adjustable light-

harvesting configuration where excitation energy is increasingly directed to PSII at the expense of 

PSI excitation.  Correspondingly, the increased excitation of PSII with cells in State 1 will tend to 

maximize the rate of whole chain LEF further increasing the level of NADPH in the process.  The 

assignment of the secondary NADPH increase (the NS to NM rise) to an increased rate of LEF due 

to the State 2State 1 transition, which is consistent with the observation that this secondary 

peak lags the Chl fluorescence M peak by several seconds, as might be expected from the 

proposed causal sequence with NADPH redox kinetics lagging behind PQ redox kinetics.  

Therefore, the rise in NAD(P)H fluorescence to the NM peak is likely a consequence of the 

excitation energy redistribution of the State 2State 1 transition. 
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After ~25 seconds of actinic light exposure (Figure 3.3A), striking differences between NAD(P)H 

fluorescence traces from Ci-replete and Ci-limited cells are observed.  Before the onset of carbon 

limitation, a pronounced drop in reduced NADPH is observed after reaching the maximum, NM 

(Figure 3.3A). This re-oxidation of the NAD(P)H pool after NM may be attributed to activation of 

Figure 3.3. Changes in the NAD(P)H kinetics during the course of inorganic carbon limitation of 

Synechocystis cells. Panel A: Selected NAD(P)H fluorescence traces of cells switched from bubbling with 3% 

CO2 enriched air to stirring under illumination in a 10 mm cuvette of a sample undergoing Ci depletion in a PAM 

periods at the beginning and end of the actinic light periods of data acquisition. After a 60 second dark adaptation 

(first repetitive intermittent dark period, black bar), actinic light was turned on at 60 seconds (yellow bar) and 

turned off at 330 seconds for the post-actinic illumination portion of the data collection trace (second repetitive 

intermittent dark period, second black bar).  The selected traces are for the time points at 2 (red), 7 (blue), 8.5 

(green), 9 (black), and 13 (pink) hours after changing the Ci conditions. NM represents the maximum occurring 

after resumption of actinic illumination by analogy with ‘M’ of the Chl fluorescence induction nomenclature (see 

text).  Panel B: Overall perspective of NAD(P)H fluorescence transients of a cell sample exposed to Ci limitation. 

C   Panel C: Changes in NT during the course of the Ci deprivation, NT is here defined as the terminal steady state 

NAD(P)H fluorescence during actinic illumination, sampled at the 300 sec time point (vertical dotted line).  
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the CBB cycle by analogy with suggestions from Chl fluorescence transients [54]. This decline in 

NAD(P)H fluorescence proceeds for approximately 60 seconds before reaching a new lower 

steady state level under the Ci-replete conditions.  Presumably, the new lower level corresponds 

to a balance in rates of production of NADPH by LEF and the rate of consumption by CO2 

fixation in the fully activated CBB cycle.  Provided that the resultant sugars also have a sufficient 

utilization sink, this steady-state level of NADPH would continue without further modulations.  

Support for this assignment comes from the observation that as cells become increasingly Ci-

starved, this decline disappears and instead, the steady state level of NAD(P)H fluorescence 

remains at a high value close to the NM peak (Figure 3.3A, 7 hour and later traces).  This is likely 

due to a hindered CBB cycle resulting in less NADPH being oxidized.  This assignment is also 

supported by the observation that the addition of the CBB cycle inhibitor GLY abolishes this 

decline after the NM peak (Figure 3.5). The limitation in available oxidizers of NADPH is 

reflected in the parameter NT, defined as the steady state NAD(P)H fluorescence during actinic 

illumination defined at the 300 sec time point (Figure 3.3A, vertical dotted line).  This limitation 

is illustrated in the plot of NT as a function of the time during the Ci-deprivation experiment 

shown in Figure 3.3C.  From these data, it can be inferred that illuminated cells have a more 

reduced NADPH pool in steady-state in Ci-limited conditions, as opposed to those in Ci-replete 

conditions. Due to the duration of the experiment and uncertainty due to instrument drift, it is 

difficult to distinguish between the increase in N0 due to cell growth and that due to change in 

redox state, yet from the data presented here, and data from previous biochemical studies [27, 

55], it can be seen that there is an overall increase in the reduction state of the NAD(P)H pool 

during the course of depletion. This jump in the level of NT also appears to slightly precede the 

sharp jump in F0 and FT also observed during the course of Ci–limitation (Figure 3.1C versus 

Figure 3.3C).  So in this case, the change in NADPH redox state precedes the changes in PQ 

redox state, as might be expected since the accumulation of reductant in the NADP pool occurs 



63 
 

first following the onset of Ci-limitation and the effect propagates backwards and slows the flow 

of electrons in the electron transport chain as PSI acceptor becomes more sparse.  

 

3.3.4 Post-illumination NAD(P)H fluorescence transients 

Post-illumination transients in NAD(P)H fluorescence also reveal interesting differences as cells 

become increasingly Ci-starved (Figure 3.4).  After turning off the actinic light (downward 

arrows), there is a sharp decline in blue-green fluorescence as LEF ceases to drive electrons into 

the NADPH pool, yet NADPH consumption pathways remain in their active light-adapted state 

resulting in an undershoot as previously observed [30-32].  These results show that in Ci replete 

conditions, the NAD(P)H fluorescence decline is rapid (t1/2 ~250 ms) indicative of the avidity and 

high absorptive capacity of these NADPH-utilizing pathways.  However, upon carbon limitation, 

the fluorescence half-time increases to ~780 ms.  From a practical perspective, the rapidity of 

Figure 3.4: Post-illumination changes in NAD(P)H fluorescence. Panel A: Selected NAD(P)H fluorescence 

post-illumination transients at the time points of 2 (red), 7 (blue), 8.5 (green), and 9 (black) hours after changing 

the Ci conditions.  Post-illumination NAD(P)H fluorescence transients exhibit a characteristic oxidation phase 

followed a re-reduction phase peaking at about 30 seconds after the cessation of the actinic light is switched off at 

330 seconds. Panel B:  Averaged post-illumination decays of NAD(P)H fluorescence during the first three 

seconds following termination of actinic illumination:  Average of 20 traces prior to Ci-depletion (red) and 20 

traces after Ci-depletion (black).  Downward arrows indicate termination of actinic illumination. 
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these declines highlights the difficulty in performing rapid-quench biochemical analysis 

procedures to evaluate the redox state of the pyridine nucleotide pool. 

 

Early in the experiment, the rapid post-illumination decline and ‘undershoot’ reaches its perigee 

~6 seconds after the cessation of actinic illumination followed by a biphasic return to the dark 

steady state level, N0.  In Ci-replete cells (Figure 3.4, red traces), this biphasic return corresponds 

to a secondary rise peaking ~35 seconds after the light is switched off.  However, as cells proceed 

into the Ci-limited state, this secondary peak is diminished and shifted to earlier times (Figure 

3.4A, black trace). Additionally, the peak corresponds in time to a peak seen in post-illumination 

Chl fluorescence mentioned above (see also Supplementary Figure 3.4).  These peaks are 

tentatively assigned to the oxidation sugars accumulated in the cytoplasm during the light period 

which causes the reduction of the pyridine nucleotide pools with electrons transferred the PQ pool 

for oxidation in the thylakoid located respiratory pathway.  As discussed, during chlorophyll 

fluorescence, a reduction event associated with CEF mediated through NDH-1 complexes 

becomes more pronounced. Interestingly, very little change occurred within NADPH 

fluorescence the first 7 seconds after actinic light termination.  While the amplitude of the decay 

Figure 3.5: The effect of Calvin-Benson-

Basham cycle inhibitor glycolaldehyde on 

NADPH fluorescence induction. NADPH 

fluorescence transients of a HC cell culture 

before (black trace) and after (red trace) the 

addition of 10 mM glycolaldehyde. Cells re-

mL.  Periods of illumination are similar to 

those previously described except the cells 

were dark adapted 30 minutes and only 5 

cycles of illumination were given and the five 

traces for each treatment were averaged. 



65 
 

increased, no new transient peaks or shoulders during the decline were observed. The absence of 

the corresponding feature in the NAD(P)H fluorescence decay occurring 7 seconds after actinic 

light termination is consistent with the oxidation of NADPH by both the CBB cycle as well as by 

the respiratory complexes NDH-1 complexes, with the latter contributing to the peak observed 

during the decay of Chl fluorescence (Figure 3.2). 

3.4 Summary and Conclusions 

The analysis of changes in the redox state of Synechocystis cells experiencing Ci limitation 

reveals systematic kinetic changes and, as would be expected, a trend towards the quinone and 

pyridine nucleotide cofactor pools becoming highly reduced. With the ability to measure both 

chlorophyll and NADPH fluorescence simultaneously, a more complete model of fluorescence 

kinetics can be created (See Figure 3.6).  Changes in NADPH levels are likely to be the major 

contributor the blue green fluorescence transients observed in response to the changing light and 

nutrient availability, supporting earlier conclusions based upon inhibitor studies [30] and recent 

kinetic analyses [32].  Despite many years of observation, the underlying physiological bases for 

many of the undulations in the Chl fluorescence induction curves are not completely understood.  

Obviously much is known: starting with the observation that dark-adapted cells will have a basal 

chlorophyll fluorescence given by the parameter F0, corresponding to maximal open PSII reaction 

centers and basal fluorescence due to the decay of excitons in proximal and distal light harvesting 

antennae, which escape being trapped at the reaction centers.  The analogous parameter in 

NADPH fluorescence, N0, corresponds to a dark-adapted level of NADPH, where cellular 

metabolism has reached steady state. Upon illumination, chlorophyll fluorescence undergoes a 

series of distinct modulations (OJDIP rise, not illustrated in Figure 3.6) before reaching a local 

peak, FP within the first 2-3 seconds of illumination. These modulations correspond to intra-

molecular electron transfer reactions within PSII but are affected by the rate of re-oxidation of 

QA
-
 by secondary acceptors [56]. NADPH fluorescence also responds to actinic illumination by 
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reaching a local maximum, NP in a similar time frame. It is likely that the kinetic similarities are 

due to the strong dependence of electron flow through PSI depending upon the flow through PSII 

with modulation by the state of the intersystem electron transport chain.  Similarly, an inhibition 

of the major sink of photosynthetic electrons, CO2-fixation via the CBB, results in the 

accumulation of electrons within the electron transport chain and the consequent diminished 

ability of the PQ pool to re-oxidize QA
-
.   This intimate connection between the PSII acceptor and 

the CBB cycle is observed as a larger FP peak upon reaching the Ci-limited state (Figure 3.1A) 

and in the presence of glycolaldehyde (not shown). After reaching the FP peak, chlorophyll 

fluorescence drops to a local stationary state, FS. The cause of this decline has been fully resolved 

[56], but NADPH fluorescence also reaches a local minimum/stationary phase at this time (NS). 

From this point, a rise in both chlorophyll and NADPH fluorescence is observed: for Chl 

fluorescence this is the FS to FM rise. This has been attributed to State 2State 1 transition in 

cyanobacteria [35]. The subsequent decline from FM/NM is not reversion of this state transition, 

but instead can be attributed to the activation of the CBB cycle, where in Ci-replete conditions 

NADPH is consumed, and in Ci-limited environments, both Chl and NADPH fluorescence 

remain high. Photochemical quenching through the activation CBB cycle permits a decline in 

chlorophyll fluorescence at FM as regenerated NADP
+
 remains available as an electron sink.  

However, when the CBB cycle is impaired, a rise in both chlorophyll fluorescence and NADPH 

is observed and evolves to higher fluorescence levels (FT and NT) upon reaching steady state, 

which requires about two minutes of actinic illumination in the present experiments (Figures 3.1 

and 3.2). As cells reach the Ci–limited state, a rapid and persistent increase in F0 was observed 

(Figure 3.1C). The basis for this increase remains to be established, but it may reflect a hitherto 

unknown protective mechanism for dissipating excess excitation energy, albeit with the 

possibility of re-absorption. Likewise, an ostensibly photoprotective increase in photochemical 

quenching is observed upon reaching the Ci –limited state which we tentatively assign to the 

induction of flavodiiron proteins that dissipate photochemical electron [36, 43-45] and have been 
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shown to be induced under similar conditions as those studied here [19].  Upon termination of 

actinic light, chlorophyll and NADPH fluorescence quickly declines, although examination of the 

decays shows new kinetic features and decreased rates of oxidation as Ci becomes limiting.  It is 

also observed that a small rise in chlorophyll fluorescence (here termed FN) occurrs 5-10 seconds 

after actinic light termination. This feature is attributable to cyclic electron flow through NDH 

complexes ([48, 51], See also Figure 3.2 inset).  This feature which is absent under some 

conditions, but enhanced in cells grown under Ci limitation likely due to the pool of reductant 

immediately available as reduced ferredoxin and NADPH.  Later, a reduction event in 

chlorophyll and NADPH fluorescence is observed (here termed FR and NR), attributed to the 

oxidation of sugars accumulated in the light and the attendant flow of reductant through the 

NADP and PQ pools to molecular oxygen consistent with the late (~30 seconds after actinic 

termination) and protracted kinetics of this feature.   

 

Finally, the observed increase in the NADPH/NADP
+
 ratio is consistent with recent findings 

regarding the mechanism of induction of the high affinity CCM via alterations in the activity of 

Figure 3.6: Fluorescence transients in cyanobacteria. Left panel: Chlorophyll fluorescence Right panel: 

NADPH fluorescence. Designated points (discussed in the text) may be useful in assaying cellular metabolism. 
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the transcriptional repressor, CcmR, caused by the interaction of NADP
+
 and α-KG [20].  The 

results are consistent with the previous finding that NADP
+
 acts as an internal sensor of Ci status 

and inhibits induction of the CCM via its interaction with the transcriptional regulator CcmR.  In 

those experiments, the induction of many genes occurred within 30 minutes of the onset of Ci-

limitation, coinciding with the growth inflection and the pronounced changes in fluorescence 

kinetics observed here. 
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3.6 Supplemental materials 

 Chl fluorescence decays NAD(P)H decay  
NAD(P)H decay (10  

s flash) 

 halftime amplitude   

Pre-depletion 4 ms 100% 250 ms 525 ms 

Ci -depleted 

5 ms 

240 ms 

29 sec 

9% 

32% 

59% 

780 ms 924 ms 

Pre-depletion + 

10 mM GLY 

240 ms 

29 sec 

50% 

50% 
1800 ms 949 ms 

     

 

Supplemental Table 3.1: Kinetics of Post-Illumination Redox Transients Kinetic constants estimated from the 

chlorophyll and NAD(P)H fluorescence decays following the switch-off of actinic illumination a the end of 270 sec 

actinic light (~100 μE) illumination period described in the main text (first two columns) and following a 10 μs flash 

(last column, see figures S3.5, S3.6 also). 
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Supplemental Figure 3.2: Alleviation of chlorophyll fluorescence by the addition of sodium bicarbonate to 

carbon depleted cells. Chlorophyll fluorescence transients of wild-type Synechocystis before carbon depletion 

(black trace), after carbon depletion (red trace), and after the addition of 1mM sodium bicarbonate (blue trace). 

Cells were carbon depleted using the same light regime described in Figures 2 and 4 of the main text. Bicarbonate 

was added to the depleted cells in the absence of actinic light and stirred for 30 seconds. 

 

Supplemental Figure 3.1: Optical density measurements during Ci depletion PAM instrument versus in large-

scale culture. Panel A: Three different 2 mL samples were subjected to the carbon depletion assay described in the 

main text. Every hour their absorbance spectra were analyzed.  Panel B:  Turbidity of a 800 mL cell culture switched 

from CO2 bubbled growth to air bubbled growth at hour 0 measure under condition similar to previous gene 

expression experiments [19]. 
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Supplemental Figure 3.4: Comparison of post-illumination chlorophyll and NAD(P)H fluorescence 

transients.  Simultaneous chlorophyll and NADPH fluorescence transients illustrate the timing of metabolic 

processes that occur post-illumination.  

Supplemental Figure 3.3: Amplitudes of multiple turnover flash chlorophyll fluorescence transients. Cells 

underwent a carbon depletion assay essentially as described (see methods and results), except with the addition of a 

multiple turnover pulse at 85 seconds (25 seconds after the actinic light was turned on). Displayed are three 

chlorophyll parameters: Fm’, Fm, (see text for definitions) and F85 (the fluorescence value during a MT flash at 85 

seconds) subtracted by F0. 
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Abstract 

Genetic engineering of photosynthetic organisms typically redirects native metabolism towards 

desirable products, which thereby represent new metabolic sinks. There is limited information on 

how these modifications impact the evolved mechanisms of photosynthetic energy metabolism 

and cellular growth.  Two engineered strains of Synechocystis sp. PCC 6803 with altered carbon 

sink capacity were assayed for their photosynthetic and CO2 concentrating mechanism properties 

in conditions of high and low inorganic carbon (Ci) availability. In the ΔglgC mutant, glycogen 

cannot be synthesized and a carbon sink pathway has been effectively removed. The JU547 strain  
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has been engineered by integration of the Pseudomonas syringae ethylene forming enzyme and 

provides a new sink. When cultured under high carbon conditions, ΔglgC displayed diminished 

photochemical efficiency, a more reduced NADPH pool, delayed initiation of the Calvin-Benson-

Bassham cycle, and impairment of linear and cyclic electron flows. It also exhibited a large 

decrease in photochemical quenching indicative of the accumulation of QA
-
, normally associated 

with a reduced PQ pool, but was instead found to be due to saturatable pool of alternative PSII 

oxidant, presumably for dissipation of excess reductant due to impaired metabolism. In the case 

of carbon sink integration, JU547 displayed slightly more oxidized PQ and NADPH pools and 

increased rates of cyclic electron flow and an enhanced demand for inorganic carbon as suggested 

by increase in the expression of the bicarbonate transporter, SbtA.  Overall, the results highlight 

the importance of the native regulatory network of autotrophic metabolism in governing 

photosynthetic performance and provide cogent examples of both predicable and difficult to 

predict phenotypic consequences upon installation of new pathways in autotrophs. 

4.1 Introduction 

The cyanobacteria have long served as models for studying oxygenic photosynthesis and 

autotrophic carbon metabolism. This includes recent genetic engineering studies that investigate 

the feasibility of producing biofuels and economically valuable compounds that represent 

diversions of photosynthetic products to these alternative products (reviews, see references[1-3]). 

Presently there is limited information on how such engineered modifications will impact the 

evolved mechanism of photosynthetic energy metabolism and cellular growth. Conceivably, it is 

possible that the evolved regulatory mechanisms built into the native enzymes and cell regulatory 

circuits will be sufficient to accommodate the alterations in photosynthetic and metabolic flux 

imposed by the engineered pathways. That is, the introduction of genetic modifications leading to 

desired products or restricting flux to competing pathways may produce little in the way of 

deleterious or unexpected effects, apart from anticipated losses in cell growth and productivity 
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due to partitioning of photosynthate away from growth substrate. Such introduced pathway 

alterations would be considered benign. On the other hand, it is also possible, in principle, that the 

introduced changes in metabolism will ‘inappropriately’ interact with the native regulatory 

mechanisms. In this case, native regulatory mechanisms and flux characteristics that normally 

give rise to evolutionary fitness and robustness in the natural system instead produce deleterious 

misregulation of gene and metabolic activity.  For example, it was recently observed that carbon 

fixation capacity was severely diminished upon large diversion of photosynthate towards, 2,3-

butanediol, an engineered sink [4]. However, the physiological basis for that observation 

remained unresolved. Indeed, an understanding of the ‘interaction’ between introduced pathways 

and photosynthetic function generally remains poorly understood.  An important approach to this 

question is to examine photosynthetic performance in the face of contrasting limiting nutrient 

conditions because nutrient or light availabilities may have a strong influence on whether or not 

these hypothesized metabolic impacts become significant [2-4].  

The availability of inorganic carbon (Ci) is very often the limiting factor in the growth of algae 

and cyanobacteria in natural and engineered settings[5-10]. For cyanobacterial growth, the two 

main substrate forms are CO2 and bicarbonate (HCO3
-
). Cyanobacteria have evolved mechanisms 

to acquire and concentrate both forms in order to saturate the active site of RubisCO with CO2. 

The overall mechanism is termed the CO2-concentrating mechanism (CCM) [11-13]. The CCM 

consists of a set of HCO3
-
 transporters and a set of redox powered CO2 uptake (Cup) proteins, 

which together function to supply HCO3
-
 to the carboxysome. The latter contains RubisCO, as 

well carbonic anhydrase [14]. The action of the HCO3
-
 transporters and Cup proteins results in 

high cytoplasmic concentrations of HCO3
-
 driving its transport across the carboxysome boundary 

through selectively permeable pores in the surrounding proteinaceous shell. Carbonic anhydrase 

within the carboxysome converts incoming bicarbonate into CO2 thereby supplying RubisCO. 

The CCM also exists in two forms: a constitutive low affinity, high flux uptake system and an 
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inducible high affinity system that is controlled by Ci availability via changes in NADP
+
 and 2-

oxoglutarate levels, which are metabolic signals that respond to changes in Ci availability. An 

additional metabolic interface between the CCM and metabolism relates to the power demands 

imposed by the operation of the CCM.  The CCM requires both ATP and reductant (NADPH or 

reduced ferredoxin, Fdred), and therefore, the CCM is intimately connected to photosynthetic 

electron transport. Accordingly, an important metabolic impact of the CCM involves its demands 

for ATP and Fdred/NADPH production. A stoichiometric accounting of the NADPH and ATP 

requirements of the Calvin-Benson-Bassham (CBB) cycle shows a 2:3 ratio of NADPH to ATP 

required for carbon metabolism [15, 16], although there remains debate whether linear electron 

transport can fulfil this ratio (briefly reviewed in [15]). Nevertheless, the demanded actual ratio, 

as tuned to metabolism, almost certainly changes in response to changes in the environment: 

limited inorganic carbon availability and extremes in pH and light intensity very likely modify 

this ratio. Furthermore, the introduction of new metabolic channels, and/or the closing of other 

channels, is predicted to impact these demands on the photosynthetic mechanism.  To cope with 

changes in the cellular demand ratio for NADPH/ATP, oxygenic photosynthesizers have evolved 

mechanisms of returning electrons to the electron transport chain, thereby increasing pmf (and 

therefore producing ATP) without the net production of Fd/NADPH. Collectively, these 

mechanisms are referred to as cyclic electron flow (CEF; see Fig. 4.1). There are several putative 

CEF pathways in cyanobacteria, involving SDH, NDH and FNR, but they remain poorly 

understood. The availability of CEF pathways, combined with energy dissipation pathways 

provides the photosynthetic electron transport system flexibility required to cope with 

fluctuations in light intensity and nutrient supply. 

Here we perform a detailed analysis probing for possible changes in photosynthetic electron 

transport to address the question of how two types of engineered modification, one closing a 

metabolic sink, the other creating a new sink, are tolerated in the face of contrasting availability 
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of the major photosynthetic macronutrient, inorganic carbon (Ci).  Two engineered strains of 

Synechocystis sp. PCC6803 (hereafter Synechocystis) were chosen as models for analysis of 

differentially altered carbon metabolism. 

 

 

The first strain, ΔglgC, has a deletion of the gene encoding glucose-1-phosphate 

adenylyltransferase and cannot synthesize glycogen 
[17]

. Consequently, this mutant lacks a carbon 

sink available to the wild-type strain.  The second strain, JU547, has been engineered to express 

the ethylene forming enzyme (EFE) from the organism Pseudomonas syringae 
[18]

. The ethylene-

forming enzyme uses 2-oxoglutarate (2OG, aka α-ketoglutarate) as a cofactor for the synthesis of 

ethylene, a volatile compound, which escapes the medium as a gas. The JU547 strain therefore 

has an additional, engineered carbon and electron sink available. Furthermore, the ethylene-

Figure 4.1. Simplified model of electron flow and metabolism in Synechocystis sp. PCC 6803. The 

photosynthetic light reactions obtain electrons from water, producing gaseous oxygen as a result. Electrons are 

transferred through the photosynthetic electron transport chain ultimately reducing NADP+, forming NADPH. 

During these reactions, a proton motive force (pmf) is established and used to drive the formation of ATP. NADPH 

and ATP are used to energize the Calvin-Benson-Bassham (CBB) cycle in order to integrate inorganic carbon into 

cellular metabolism. Cyclic electron flow (CEF) returns electrons back to the electron transport chain and regulates 

the NADPH/ATP ratio as needed, although the regulatory mechanisms are not fully elucidated. In nutrient replete 

conditions, glycogen serves as a primary storage molecule for excess electrons and carbon skeletons. In the ΔglgC 

strain (red), an enzyme responsible for glycogen synthesis has been deleted, and glycogen synthesis is removed. In 

the JU547 strain (green), the ethylene forming enzyme (EFE) gene has been integrated into the genome. As a result, 

ethylene and succinate are formed as products. Succinate itself may serve as a form of CEF through the succinate 

dehydrogenase complex (SDH) and return electrons to the electron transport chain. 
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forming reaction also produces succinate in addition to ethylene, which can serve as an electron 

donor to the plastoquinone pool through the succinate dehydrogenase complex, which may serve 

as a major donor of electrons during respiration [19]. Appropriately, lower 2OG and higher 

succinate concentrations have been reported in JU547 [20]. 

4.2 Methods 

4.2.1 Strains used and culturing conditions.  

The glucose tolerant Synechocystis served as the background control strain and was maintained in 

standard BG-11 medium [47]. The ΔglgC and JU547 strains have been previously described [17, 

18]. Experimental cultures were grown in BG-11 medium with the following modifications (here 

referred as LC7) to allow manipulation of the availability of inorganic carbon. The medium was 

buffered with 40 mM HEPES-KOH and adjusted to pH 7.0. Sodium carbonate was also omitted 

from the medium. Prior to inoculation into the modified media, the strains were grown for 

approximately 5 days in standard BG-11 in shaking flasks under an atmosphere of 3% CO2 to 

ensure the cells were in a carbon replete physiological state. These starter cultures were then used 

to inoculate 700 mL of modified BG-11 in flattened 900 mL flasks, bubbling with 3% CO2 at a 

flow rate of ~500 mL min
-1

 and with illumination provided by Cool White fluorescent lamps with 

an incident intensity of ~ 80 μE m
-2

 s
-1

. Physiological and biochemical assays were initiated using 

cultures that had reached an OD750 between 0.6 and 1.0. These cultures were designated high 

carbon cultures (HC). To cause conditions of Ci limitation, the HC cultures were switched to 

bubbling with ambient air for 18-22 hours to produce low carbon cultures (LC). This mimics the 

culturing conditions previously used for analysis of transcriptional changes accompanying the 

downshift in CO2 availability [48].   
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4.2.2 Culture harvesting and sample preparation.  

Cells were harvested from culture by centrifugation (6000 x g, 10 min). Cells were resuspended 

in the modified BG-11 medium (above) that had been bubbled with CO2-free air for at least 1 

hour. The cells were washed in this manner two additional times with the final resuspension to a 

chlorophyll (Chl) concentration of 100-200 μg Chl · mL
-1

. These dense cell cultures were kept 

shaking under white light (approx. 50 μE m
-2

 s
-1

) and aliquots diluted to 5 μg Chl mL
-1

 for assays. 

Cultures were assayed within 2 to 3 hours after harvesting. Values of  Chl were estimated while 

cells were in suspension as described by Williams [49], and later normalized to actual 

concentrations determined in methanol extracts using an extinction coefficient of 12.95 [50]. 

Absorbance spectra and optical density due to scattering at 750 nm were measured with a UV–

Vis Scanning Spectrophotometer (UV-2101PC, Shimadzu, Japan). Cell density was estimated 

using an automatic cell counter (Cellometer Auto X4, Nexcelom Biosciences). Estimates of cell 

size were obtained using a Nikon Eclipse Ni series differential interference contrast microscope 

and a digital camera. The relative areas of cells were obtained by using area measurements of 

manually selected cells using ImageJ software (NIH, Maryland, USA). 

4.2.3 Oxygen evolution assays.  

Oxygen evolution was measured using a Clark-type electrode system maintained at 30°C. 

Bicarbonate-dependent oxygen evolution and consumption measurements were routinely 

performed in the presence of 5 mM sodium bicarbonate, unless otherwise stated. PSII capacity 

was determined using an oxygen electrode with the addition of 1 mM DCBQ and 1 mM 

potassium ferricyanide. Oxygen evolution was measured for 90 seconds under saturating 

illumination (~10,000 μE m
-2

 s
-1

), and rates of oxygen evolution were obtained from 40 to 80 

seconds using a linear regression fit of the computer-acquired datapoints. Respiration was 
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assayed immediately after rates of oxygen evolution and respiration rates were obtained by 

cessation of illumination and fitting oxygen consumption to a linear fit model.  

4.2.4 P700 spectroscopy.  

P700 absorbance was measured with a JTS-10 spectrophotometer (Bio-Logic, France) using a 

620 nm actinic light and 705 nm interference filters over the sample and reference photodetectors. 

Assays were performed on whole cells in LC7 medium supplemented with 5 mM NaHCO3 at a 

density corresponding to 5 μg Chl mL
-1

 unless otherwise stated. Before illumination, samples 

were dark-adapted 5 min with stirring. Stirring was terminated one minute before illumination. 

Basal levels of P700 absorbance were determined with measuring pulses 10 seconds before and 

immediately before illumination. Samples were then illuminated for 5 seconds at a nominal 

intensity of 2050 μE m
-2

 s
-1

 actinic light. Re-reduction of P700 was followed for 14 seconds after 

illumination was terminated. Measuring pulses were applied throughout the illumination and 

darkness period. Rates of oxidation and reduction were obtained using Bio-Logic software to 

obtain half times, which were converted to apparent rate constants. Unless noted, transients are 

representative traces from at least three biological replicates (independent cyanobacterial 

cultures). 

In order to assay P700 activity during illumination (see Fig. 4.8, and Supplemental Fig. 4.1), 

samples were placed in the JTS-10 cuvette holder and stirred while under actinic illumination 

(620 nm, 45 μE m
-2

 s
-1

). Stirring was terminated after 10 min. Detection pulses were applied 10 

seconds apart to determine basal levels of P700 oxidation during illumination. Actinic 

illumination was terminated as a 200 ms saturating pulse (2500 μE m
-2

 s
-1

) was delivered, fully 

oxidizing P700. Re-reduction of P700 during darkness was followed for 8 seconds after 

termination of the saturating pulse. Total P700 was taken as the difference between maximum 

and minimum absorbance values. Reduced P700 was measured as the difference between the 
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basal absorbance value and the value at maximum oxidation (during saturating pulse) divided by 

total P700. Oxidized P700 can be determined by the difference between basal oxidation values 

(during illumination) and maximally reduced values (during darkness). 

4.2.5 PAM spectroscopy.  

Experiments utilized a Walz DUAL-PAM 100 (Walz, Germany) with (DUAL-DR) and NADPH 

(DUAL-(E/D) NADPH) units. Cell samples were diluted in an optical glass cuvette to a density 

corresponding to 5 μg Chl mL
-1

 in LC7 medium supplemented with 5 mM NaHCO3 and stirred 

under actinic illumination (nominally 53μE m
-2

 s
-1

) for 4 minutes. Actinic illumination was 

terminated and samples were allowed to dark-adapt for 5 minutes before measuring traces were 

started. Dark-adapted chlorophyll fluorescence was measured for 60 seconds, at which point 

actinic illumination (53 μE m
-2

 s
-1

) was provided for 300 seconds and then terminated (t = 360 s). 

Post-illumination fluorescence was measured for an additional 140 seconds (t = 500 s) and 

terminated. Multiple turnover flashes (nominally 20,000 μE m
-2

 s
-1

) were provided at 15 and 310 

seconds. Samples were subjected to either a five minute, or one minute measuring sequence. The 

fluorescence measuring frequency was high during periods of illumination (1000 Hz) but lowered 

(200 Hz) during periods of darkness in order to minimize actinic effects. Transients as presented 

have been averaged (500 pts) for clarity, but non-averaged traces were used for calculation of 

decay rates and physiological parameters (i.e. F0, Fm’). Unless noted, transients presented are 

representative traces from at least three biological replicates. 

4.2.6 Immunoblot assays.  

Aliquots of cells harvested for physiological analyses were pelleted and stored frozen until 

protein analysis. Pellets were resuspended to a density corresponding to 1 mg Chl mL
-1

 in 25 mM 

Tris-HCl (pH 7.5). Cells were lysed in a Bullet Blender 24 microfuge tube agitator (Next 

Advance Inc, USA) using an equal volume of cell suspension and 0.1 mm glass beads. -
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aminocaproic acid and PMSF, 1 mM each, were added prior to breakage in order to minimize 

proteolysis. After cell lysis, glass beads were removed by low speed centrifugation (600 x g) and 

samples were quickly frozen in liquid nitrogen for later use. Cell extracts were solubilized using 

2% SDS, 5 mM dithiothreitol (65
o
C, 10 min), centrifuged (10,000 x g, 5 min), and loaded at a 

concentration of 1 μg Chl on a 12% SDS-PAGE gel. Proteins were transferred to a PVDF 

membrane using a Bio-Rad semi-dry electrophoretic transfer apparatus. Commercially available 

(Agrisera, Sweden) rabbit antibodies targeting SbtA or PsbC were used as primary antibodies, 

anti-rabbit HRP-conjugated goat antibody was used as secondary antibody according to 

manufacturer’s specifications, and 5% BSA was used as a blocking agent. Visualization of 

secondary antibody was performed using the chromogenic substrate 4-chloro-1-naphthol (4CN, 

Bio-Rad) and H2O2 as developing agents. 

4.3 Results 

4.3.1 Engineered strains differ in basic cell characteristics 

In order to understand the effects of altered carbon metabolism on photosynthetic efficiency, we 

first analyzed Chl content and cell density in each strain under our experimental conditions.  The 

aim was to establish a baseline to better normalize physiological results. Often, results are 

compared on the basis of Chl concentration or sample turbidity. However, since the latter is 

sensitive to cell state, especially cell size, collection of additional information may be critical in 

evaluating differences in phenotype. 

Although culture turbidity is a convenient experimental parameter, we noticed consistent patterns 

of altered Chl concentrations per unit turbidity amongst the different strains.  We next counted the 

number of cells per unit culture volume and found that the number of cells per unit OD750 was 

different in the genetically modified strains (Fig. 4.2A). Moreover, cell counts became higher per 

OD750 for all strains as Ci became more limiting. All of these observations suggest increased 
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scattering per cell, which could reflect differences in cell size.  Using differential interference 

contrast microscopy, it was found that both engineered strains had a radius approximately 80% 

that of wild-type, and cell size additionally decreased for all strains after switching to low Ci 

 

conditions (see Supplemental Fig. 4.2). From these data, the number of Chl molecules per cell 

was calculated showing that both transformant strains have fewer Chl molecules per cell (Fig. 

4.2B). In addition, as Ci becomes more limiting, transformant and WT strains have fewer Chl 

molecules per cell, and again, the cells themselves appear smaller. Although a detailed study of 

growth was not performed, growth rates of both genetically modified strains were lower in our 

hands (Supplementary Fig. 4.3), and an apparent trend worth further study is that faster growing 

cells were generally larger. Subsequent physiological assays were performed at similar Chl 

concentrations to simply minimize potential optical differences affecting actinic and measuring 

lights and, hereafter, cell parameters are normalized and presented on a per microgram of Chl 

basis. However, these results generally emphasize that interpreting comparative analyses of 

metabolic activities, such as electron transport, needs to be tempered by findings such as altered 

Chl per cell in engineered strains.   

  

Figure 4.2. Changes in cell culture characteristics as a function of strain and inorganic carbon availability. 

Grey: WT, Red: ΔglgC, Green: JU547. Error bars are standard deviations of three biological replicates. Panel A: 

Micrograms of chlorophyll per OD750 = 1, as measured by methanol extraction. Panel B: Number of cells per OD750 

= 1. Panel C: Number of molecules per cell, as calculated from Chl determination and cell density counts. 
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4.3.2 Carbon sink availability affects oxygen evolution and respiration 

Measurements of bicarbonate-dependent oxygen evolution and respiratory oxygen uptake in the 

dark were used to probe whole chain electron transport coupled to metabolism. Fig. 4.3A shows 

that the WT and JU547 strains have comparable rates of oxygen evolution and consumption 

during high carbon growth, normalized to Chl concentration. The ΔglgC strain has a pronounced 

impairment in overall oxygen evolution, similar to that seen in a starch synthesis mutant of 

Chlamydomonas reinhardtii [21]. The ΔglgC strain also responded similarly: the artificial 

electron acceptors DCBQ and PNDA completely alleviated the impairment of electron transport 

and oxygen evolution (not shown). Moreover, the relative amount of PSII in ΔglgC based upon 

total variable fluorescence due to a single turnover actinic flash is similar to the WT and the 

decay of fluorescence corresponding to electron transfer from QA to QB in dark adapted samples 

was not discernibly affected (not shown). All this points to the conclusion that a normal 

complement of PSII accumulates in the ΔglgC strain and that the impairment of oxygen evolution 

is due to alterations in downstream sink processes. The rates of oxygen evolution in the JU547 

were slightly depressed in high carbon conditions as well. The rates of oxygen evolution per Chl 

increased in both transformants after the transition to low Ci conditions, however, ΔglgC was still 

lower than the other strains. Rates of respiration, as measured by oxygen consumption in the dark, 

showed that under high carbon conditions, all strains behaved similarly. On the other hand, the 

JU547 transformant had an increased rate of respiration under low Ci conditions, perhaps due to 

extra succinate availability [20, 22]. 
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It has been reported that another glycogen metabolism mutant, ΔglgP, exhibits a delay in CBB 

cycle activation, due to a low internal concentration of CBB metabolites necessary to obtain peak 

rates of the metabolically autocatalytic CBB cycle activity [23]. In order to test the hypothesis 

that the ΔglgC strain also exhibits a delay in CBB activation, oxygen evolution in the ΔglgC 

strain was monitored over 10 minutes (Fig. 4.4). High carbon grown cultures, in the presence of 5 

mM bicarbonate and 180 μE m
-2

 s
-1

of light, had a slow initial rate of oxygen evolution. This rate 

remained low for just over 5 minutes when rates of oxygen evolution increased to over 3 times 

their initial levels. When performed in the presence of 5 mM glucose, it is seen that initial rates of 

oxygen evolution are comparable to the later and fully activated rates seen in the glucose absent 

samples. Interestingly, low Ci treated ΔglgC samples do not display this trend. Rates of oxygen 

evolution begin high and gradually decrease, possibly due to the sensitivity of ΔglgC to 

photoinhibition. 

Figure 4.3. Steady-state oxygen evolution and respiration measured in a Clark-type 

electrode. Grey: WT, Red: ΔglgC, Green: JU547. Error bars are standard deviations of three 

biological replicates. Panel A: Bicarbonate dependent oxygen evolution under saturating 

light conditions (~10000 μE) measured for 90 seconds. Panel B: Rates of oxygen 

consumption in 90 seconds of darkness following light exposure. 
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Addition of glucose to these samples resulted in an overall lowering of oxygen evolution rate, but 

not a change in trend, similar to WT (not shown). The lack of delay in low Ci acclimated cultures 

may explain the slight increase in respiration in ΔglgC under these conditions (Fig. 4.3B), as the 

CBB metabolites are accumulated more quickly than in HC cultures during light exposure and are 

available following cessation of illumination. Overall, this points to a different pattern of 

metabolite distribution under the two Ci regimes with the LC state tending to have a greater 

catabolic flux including pathways that communicate with the CBB pathway, thereby allowing it 

to re-fill more even in the absence of carbon skeletons that are normally derived from the 

catabolism of glycogen.  

Consistent with this interpretation, it was previously observed that the HCLC transition in WT 

results in increased levels of glycolytic intermediates including 3-PGA and PEP that appears to 

occur at the expense of hexoses [24-26]. At the same time, even with this alleviation, the rates 

were still lower than the wild-type and not commensurate with the content of PSII, which is 

Figure 4.4. Delayed induction of the CBB cycle in ΔglgC as assayed by oxygen evolution. Dark adapted cells 

were exposed to 180μE m-2 s-1of light (in contrast to saturating intensities used for experiments in Fig. 3) and oxygen 

evolution was tracked over 10 minutes. Black: bicarbonate only; Grey: addition of 5 mM glucose. Dashed lines 

represent mathematical curve fits to either sigmoidal or linear equations. Panel A: High carbon grown cultures. Panel 

B: Low Ci acclimated cultures. These trends were not observed in either the WT or JU547 (not shown). 
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similar to the wild-type. Therefore, additional factors are limiting whole chain net oxygen 

evolution. This could include, for example increased O2 consumption via the flavodiiron proteins 

[27, 28]. 

4.3.3 Chlorophyll fluorescence induction shows interactions with metabolism and responses to Ci 

availability is different among engineered strains 

In order to assay the reduction state at acceptor side of PSII and downstream electron transport 

chain, Chl fluorescence was measured (Fig. 4.5). Fluorescence transients of the WT strain closely 

resembled those seen in previous experiments [29]. Chl fluorescence maintains a stable steady-

state minimum fluorescence in the dark (F0). Upon activation of an actinic light source, Chl 

fluorescence quickly (~1 second) reaches a local peak fluorescence value (FP), transitioning 

through standard OJIP phases (not clearly resolved in this study, but for review see [30, 31]). 

Following the peak in fluorescence at FP, fluorescence briefly declines to a brief stationary phase 

(FS), before rising to a local maximum FM. The cause of the FP to FS decline is still ambiguous in 

cyanobacteria, but in higher plants it is linked to proton uptake and acidification of the thylakoid 

lumen [32]. The FS to FM rise has been linked to State 2State 1 transition in cyanobacteria 

whose regulation is attributed to the oxidation of the PQ pool upon the shift from the dark to light 

regime [33]. The decline from FM to a terminal, steady-state fluorescence level, FT, is highly Ci 

dependent and is largely due to complete activation of the CBB cycle [29]. 



91 
 

 

 

In ΔglgC it is observed that the FS to FM rise appears to be delayed, indicating that state 

transitions may occur more slowly in this strain. The most striking difference seen in the ΔglgC 

mutant compared to WT is that the decline in fluorescence from FM (~85 s) toward steady state FT 

Figure 4.5. Chlorophyll fluorescence transients of HC and LC cultures. Black: WT, Red: ΔglgC, Green: 

JU547. Panels A & B: Chl fluorescence during a five minute exposure to actinic light (53 μE m-2 s-1). Actinic light 

is turned on (up arrow) at 60 seconds and off (down arrow) at 360 seconds. Multiple turnover flashes are given at 

15 and 300 seconds. Panels C & D: Chl fluorescence following one minute of actinic light (53 μE m-2 s-1). Actinic 

light is turned off at 0 seconds. Assays were performed in modified BG-11 medium (LC7) supplemented with 5 

mM NaHCO3. Calculation of saturation parameters (below) use the light saturated, maximal values.  Equal 

concentrations of Chl (5 µg mL-1) are present and the raw F0 values in these samples were highly similar. 
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(~360 s) is replaced by a continued rise in fluorescence, especially in HC cells (Fig. 4.5 A & B). 

This suggests that the blockage of downstream electron sinks in carbon skeletons prevents the 

oxidation of PSII, which is usually taken to be diagnostic of a highly reduced PQ pool in the 

electron transport chain.  According to this explanation, electrons, unable to be consumed in the 

CBB cycle instead have a greater residence time in the intersystem electron transport chain 

impairing the photooxidation of the PQ pool, which impairs the photooxidation of QA
-
 leading to 

the high fluorescence state of PSII [34]. Alternative explanations such as increased fluorescence 

due to state transitions seem unlikely since the drop in fluorescence yield after termination of 

illumination remains relatively rapid, and not the tens of seconds associated with state transitions. 

Moreover, the high fluorescent state under active illumination is not due to Ci- limitation since 

bicarbonate is present in excess [35, 36]. Thus, it would appear that under steady state conditions 

in actinic illumination at growth light intensities, the PQ pool is abnormally reduced in ΔglgC. 

Furthermore, the fact that an artificial electron acceptor, DCBQ, can completely alleviate the low 

rates of O2 evolution (not shown), indicates that an acceptor-side limitation is the cause. 

Nevertheless, as shown below, the characteristics of P700 reduction kinetics, suggest that a highly 

reduced PQ pool may actually not exist in ΔglgC, and therefore another explanation must be 

considered. 

4.3.4 Post-illumination interactions between metabolism and the PQ pool 

Post-illumination kinetics of the three strains were further analyzed after short-term illumination 

(1 minute, Fig. 5, Panels C & D). The rise in Chl fluorescence 3-7 seconds after actinic 

illumination, FN, has been associated with a return of electrons to the PQ pool via NDH-1 

complex activity [29, 37]. In addition, a secondary rise, after approximately 30 seconds, FR, is 

putatively associated with oxidation of sugars and CBB metabolism [38]. Under the assay 

conditions here, these post-illumination transients were present, but not very prominent, in the 

WT and JU547 strains (Figs. 4.5 C & D), suggesting efficient transfer of reductant to the CBB 
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cycle and towards anabolic metabolism.  Nevertheless, these peaks were easily observable in the 

ΔglgC mutant, consistent with a higher amount of photosynthetic reductant accumulated, 

probably as NADPH and/or reduced Fd. This accumulated reductant rapidly re-reduces the PQ 

pool (t1/2 ~5 sec) after the actinic illumination is terminated probably through NDH-1. In both HC 

and LC cells, the early NDH-associated peak, FN, is present. However, under high carbon 

conditions, the 30 sec FR rise is absent. Following acclimation to low Ci conditions the 30 sec 

post-illumination rise returns. This is consistent with the CBB cycle not fully activated for HC 

cells under these short illumination periods (1 minute). Switching to low Ci culturing eliminates 

the CBB delay and the FR rise is observed consistent with the earlier assignment of the 30 sec 

post-illumination rise as due to the return of reductant via reduced carbon skeletons formed 

during the actinic period by the CBB [29]. In addition, the intensity of the FR rise is more 

pronounced under longer illuminations, and the FN rise is diminished (Fig. 4.5B), whereas FN is 

still observed under shorter illumination (Fig. 4.5D). Although not fully explored here, it seems 

likely that excess electrons are shunted through NDH complexes (giving the FN peak) before the 

CBB cycle becomes fully activated. In this scenario, the more active CBB cycle in the LC cells 

(Fig. 4.4B) enables the flow of electrons into the form of CBB intermediates and trioses that can 

later feed reductant back into the PQ pool giving rise to the later FR post-illumination peak. This 

corresponds to indirect CEF [39]. The fact that FR is so pronounced in LC ΔglgC suggests that the 

absence of glycogen synthesis leads to the accumulation of higher levels of sugar that are not 

readily assimilated into anabolic metabolism and thus provide increased reductant to the 

membrane system through respiratory pathways. It is also worth noting that induction of the LC 

physiological state results in shifts in metabolism towards a more ‘catabolic configuration’ that 

leads to higher triose levels due to enhanced oxidative pentose phosphate pathway reactions [24-

26], as already noted above as an explanation for the better filling of the CBB cycle intermediates 

in the dark providing for a lag-free induction of oxygen evolution in dark-adapted ΔglgC cells, in 

contrast to the HC condition. 
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4.3.5 Inorganic carbon availability affects LEF and CEF around PSI differently in engineered 

strains 

Cyclic electron flow functions to balance the stoichiometric requirements of ATP and NADPH 

[15]. Since these processes return electrons to the PQ pool, changes in PSI activity in the presence 

and absence of LEF can be used to assay CEF. PSI activity was analysed by measuring 

absorbance changes at 705 nm (nominally, P700) using a JTS-10 spectrometer (Bio-Logic, 

France) in the presence of bicarbonate only (LEF + CEF) and with the addition of DCMU to 

block PSII electron flow (CEF).  Again, cells prepared in the HC and LC culture acclimation 

states are tested, but since excess Ci is present, the differences in P700 redox kinetics reflect 

differences among the strains and differences in their physiological state (e.g due to gene 

transcription and allosteric regulation differences) following acclimation to high and low Ci 

culture conditions. 

Upon exposure of the sample to actinic illumination, P700 becomes oxidized, as shown by a 

decrease in absorbance (Fig. 4.6). High intensity actinic light exposure causes the oxidation of 

P700 to reach the maximum oxidation level (compare to DCMU trace). The comparative values 

of oxidation represented by the total negative deflection upon illumination can give relative 

contents of PSI per Chl, as samples were adjusted to equal Chl concentrations. As can be seen in 

the presence and absence of DCMU, both ΔglgC and Ju547 appear to have comparable 

concentrations of PSI relative to WT on a per Chl basis. In both transformant strains, rates of 

oxidation occur faster than in the WT under HC conditions (Fig. 4.7, top). This may reflect some 

differences in concentration of reduced PSI donor (plastocyanin and/or cytochrome c553) in the 

PET chain or altered acceptor availability for PSI (i.e. Fd
+
, NADP

+
). It is also seen that switching 

to low inorganic carbon availability does not appreciably affect the rate of oxidation. 
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Following oxidation of P700, a transient re-reduction of the resultant P700
+ 

(Fig. 4.6, top) occurs. 

Before this re-reduction, a brief delay is observed, where P700 remains maximally oxidized. 

Under HC conditions, this delay lasts ~180-200 ms in the WT strain. The delay is shortest in the 

JU547 transformant (<100 ms), and in ΔglgC the re-reduction is diminished and greatly delayed 

(~500 ms) (Fig. 4.7A, Fig. 4.8). It appears that the pool of reductant responsible for the transient 

re-reduction is greatly diminished in ΔglgC under HC conditions (see below regarding acceptor  

Figure 4.6. P700 absorbance kinetics during 5 seconds of actinic illumination shows different redox states 

and dynamics among the different engineered strains. Actinic illumination (2050 μE) is turned on at 0 seconds 

and terminated at 5 seconds. Black/Grey: WT, Red: ΔglgC, Green: JU547. Panels A &B: Transients obtained in the 

presence of 5 mM HCO3
-. Panels C & D: Transients obtained in the presence of 5 mM HCO3

- and 10 μM DCMU. 

The data are presented normalized to measured chlorophyll concentration at a Chl concentration of 5 μg mL-1. 
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side differences). This loss of the re-reduction transient is highly reminiscent of similar alterations 

in P700 kinetics upon deletion of succinate dehydrogenase [40].  Interestingly, the diminished re-

reduction transient observed in HC ΔglgC cells is partially restored by acclimation to low Ci 

conditions (Fig. 4.7B, Fig. 4.8). Note that the differences are not due to the absence of Ci in the 

assay, since both HC and LC samples have excess bicarbonate added and therefore, the 

differences must reflect changes in metabolism/enzyme activity induced by the acclimation to 

low Ci.  While the measurements do not take into account removal of electrons from the 

intersystem chain through respiratory oxidases, those rates are quite similar among the strains 

based on oxygen uptake measurements (Fig. 4.3B) except for JU547, which had a somewhat 

higher rate of respiration in LC conditions. Therefore, the characteristics of the re-reduction 

transient suggest two alternative, but not mutually exclusive, possibilities: 1.) the transient re-

reduction of P700
+
 is due to the reductant accumulated in the dark and exhausted by actinic 

Figure 4.7. Kinetic analysis shows 

alterations in photosynthetic cyclic 

electron transport is different in the 

different strains.  Rate constants for 

P700+ oxidation and re-reduction due to 

5 second pulse of saturating 

illumination in the absence (top) and 

presence (bottom) of PSII inhibitor, 

DCMU. Analysis of the kinetic profiles 

shown is from several experiments 

similar to that shown in Figure 6.  Rate 

constants of oxidation and re-reduction 

are plotted for engineered and control 

strains Black/Grey: WT, Red: ΔglgC, 

Green: JU547. Error bars are standard 

deviations of three biological replicates. 

Panel A: Transients obtained in the 

presence of 5 mM HCO3
-. Panel B: 

Transients obtained in the presence of 5 

mM HCO3
- and 10 μM DCMU. 
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illumination on the time scales used, or 2.) the transient re-reduction feature is due to changes in 

availability of PSI acceptors, where an oxidized pool of Fd and/or NADP
+
 rapidly fills with 

electrons. This creates a transient inability to oxidize P700
+
 at rates that match the influx of 

electrons from PSII. The pool of acceptors is then re-oxidized as the ‘absorptive flux capacity’ of 

secondary and tertiary acceptors is activated, causing a second phase of oxidation of P700
+
 

following the transient. As shown below, the NADPH pool in ΔglgC is more reduced, which 

should enhance the re-reduction transient, not diminish it as observed. This combined with the 

fact that it is restored in the LC state associated with increased catabolism and the similarity to 

the succinate dehydrogenase phenotype support the transient as being strongly dependent upon 

the flow of electrons into the thylakoid electron transport chain from cytoplasmic catabolic 

activity and that ΔglgC has a diminished flow of reductant via this path into the PQ pool. 

In order to analyze CEF in isolation from PSII-dependent linear electron flow, actinic 

illumination was provided in the presence of DCMU to block electron donation from PSII. The 

ΔglgC mutant exhibits slower re-reduction of P700
+
 that we attributed to CEF, which again, 

appears in conflict with the presence of a more reduced PQ pool during actinic illumination (Fig. 

4.5). In the JU547, the increased rates of CEF may be explained through the activity of EFE 

genetic modification that yields ethylene. In addition to ethylene, succinate is a by-product of 

EFE. With additional succinate being created, succinate dehydrogenase is able to reduce available 

PQ, leading to indirect CEF to the PQ pool. Upon transition into LC conditions, the rate of P700
+
 

re-reduction in the WT strain remains unchanged, (Fig. 4.6D, Fig. 4.7). For the transformants 

however, this rate is altered. The LC cells of the ΔglgC mutant exhibit a large increase in the rate 

of re-reduction, probably owing to induction of the high affinity carbon uptake mechanism (see 

below), the alleviation of CBB cycle activation, and the inferred increase in the flux of reductant 

towards catabolic pathways [24-26]. This low Ci-induced flux appears to direct metabolism 

towards inputs into the electron transport chain such as SDH [41] and FNR and thus may not be 
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related to CEF per se. The LC cells of JU547 exhibit a slight impairment of P700
+
 re-reduction 

however, indicating that CEF may be down-regulated in favor of linear electron flow in these 

conditions. 

4.3.6 Glucose feeding confirms a kinetically efficient supply of reductant to the electron transport 

chain 

To further evaluate the conclusion that the slowed rate of P700
+
 reduction in ΔglgC is due to a 

diminished flow of catabolic reductant into the intersystem electron transport chain, glucose was 

added to samples of high carbon grown ΔglgC and WT and allowed to incubate 5 minutes in 

darkness before starting the measuring traces (Figure 4.8A). Glucose reduces the PQ pool and 

thus should hasten the re-reduction of P700
+
. The addition of glucose had two prominent effects.  

First, the delay in the re-reduction transient is eliminated. In fact, the initial deflection of P700 

oxidation does not appear to fully oxidize P700 (compare Figure 4.8A at time 0 seconds versus 2 

seconds), implying that glucose is continuously supplying electrons to the electron transport 

chain, thus slowing the rate of P700 oxidation. Since the main route of catabolic reductant via 

Figure 4.8. P700 absorbance kinetics of WT and ΔglgC strains grown under high carbon availability. 

Samples were incubated 5 minutes in darkness in the absence (solid lines) and presence (dashed lines) of 5 mM 

glucose before applying a 5 second saturating (2050 μE m-2 s-1) actinic illumination. Black: WT; Red: ΔglgC. 

Panel A: Initial oxidation and transient re-reduction of P700 in samples upon actinic illumination. Actinic 

illumination was turned on at 0 seconds. Panel B: Re-reduction of P700 in samples upon termination of actinic 

light, with the addition of 10 μM DCMU. Actinic illumination was terminated at 5 seconds. The data are 

presented in uncorrected form with all samples at a Chl concentration of 5 μg mL-1. 
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glucose addition into the intersystem electron transport chain is succinate dehydrogenase and this 

enzyme reduces PQ, then it appears that the PQ pool in ΔglgC is more oxidized, not more 

reduced as suggested by the results of Chl fluorescence measurements (Fig. 4.5). 

4.3.7 Electron flow during steady-state photosynthesis 

To assay the electron flow to PSI during active photosynthesis, cells were illuminated at near 

growth light intensities (45 μE m
-2

 s
-1

)
 
for 10 minutes after which a 200 ms saturating pulse was 

delivered to completely oxidize P700 and illumination was terminated (Supplemental Figure 

S4.1). Rates of re-reduction after termination of illumination also give insight into the reduction 

state of the intersystem electron transport chain during steady state photosynthesis. In the 

illuminated HC cell samples, P700
+
 re-reduction occurs much more slowly in the ΔglgC 

transformant, with a rate of approximately 40 turnovers per second compared to 70 and 80 in the 

WT and JU547 strains (Figure 4.9A). These results are similar to the patterns of re-reduction 

observed during the 5 second illumination, albeit faster due to the build-up of reductant under 

illumination. The faster rates in all strains under these conditions presumably reflect the higher 

concentrations of accumulated reductant in this steady state assay. As before, the re-reduction of 

P700
+
 in ΔglgC in the HC state is comparatively slower than the WT (Fig. 4.9A, red bars). 

Acclimation to ambient air gassing (LC cells) increases the re-reduction rate in ΔglgC almost to 

that of WT values. The JU547 transformant also shows a slight increase in re-reduction rate as 

well, indicating that electron flux through the electron transport chain may be increased. Thus, 

again it is observed that the physiological state elicited during the acclimation to low Ci 

conditions restores a more WT-like PSI re-reduction flux in the ΔglgC. 
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The observed quantum yield of PSI (P700red/P700tot), and relative PSII quantum yield ([Fm’-

Fs]/Fm’) during steady state actinic illumination were obtained using saturating pulse techniques 

tracking P700 absorbance and Chl fluorescence (Fig. 4.9B & 4.9C). Overall, the quantum yields 

for JU547 are similar to the wild-type, whereas they are markedly lower in ΔglgC. Greater than 

90% of PSI are in a reduced condition (open) during steady-state photosynthesis in the WT and 

JU547 strains, whereas ΔglgC has only approximately 80% of PSI centers reduced under these 

relatively low actinic light conditions (~50 μE m
-2

 s
-1

) consistent with a more oxidized PSI donor 

pool. The relative quantum yield of PSII is evaluated on the basis of the remaining fraction of 

PSII centers in the sample that are not in a high fluorescent state (QA
-
), but can be converted to 

that state by giving a saturating, high intensity flash. On this basis, JU547 has relatively open 

reaction centers, whereas ΔglgC has a considerably higher fraction of closed PSII centers. The 

latter is typically interpreted to indicate that the PQ pool is more reduced and is not keeping pace 

with the rate of electron flow from water to QA However, the PQ pool appears relatively oxidized, 

not more reduced in ΔglgC based on the P700
+
 re-reduction characteristics. This apparent 

discrepancy is further underlined upon consideration of photochemical quenching, qP, which is 

Figure 4.9. Steady-state actinic illumination electron transfer characteristics of photosystems under different 

carbon availability regimes. Grey: WT, Red: ΔglgC, Green: JU547. Error bars are standard deviations of three 

biological replicates. Panel A: Reaction rates of P700+ re-reduction after a saturating pulse given during continuous 

50 μE m-2 s-1actinic light. Panel B: Quantum yield of photosystem I, as measured by P700red/P700tot. Panel C: 

Effective quantum yield of photosystem II, as measured by (Fm’-F)/Fm’, obtained from Chl fluorescence (Figure 5). 
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calculated as ([Fm’- Fs]/Fm’- F0]). When qP is calculated using the corresponding values from the 

same experiment, HC cells of the wild-type and JU547 each display values of ~0.8, whereas 

ΔglgC is ~0.5, which is normally taken to indicate a more reduced PQ pool.  It is important to 

note that the PSII quantum yields obtained using this formula underestimate the actual quantum 

yield because it assumes well-coupled light-harvesting antennae, which is not the case in 

cyanobacteria [42]. Therefore, rapid adjustments in antenna coupling cannot be excluded as the 

basis for relatively higher fluorescence yields during steady state fluorescence in ΔglgC that 

render an appearance of lower levels of photochemical quenching. However, the fact that PSII 

electron acceptors can quench this higher fluorescence supports the conclusion that acceptor side 

limitation is indeed the cause of higher PSII fluorescence, despite strong evidence that the PQ 

pool is oxidized. 

4.3.8 NADPH fluorescence shows a highly reduced NADPH pool due to impaired glycogen 

synthesis. 

Analysis of downstream PSI processes was performed by measuring NADPH fluorescence. 

Previous studies have shown this to be a reliable method for measuring NADPH levels in vivo 

despite potential complications arising from interfering NADH fluorescence [29, 43, 44]. Wild-

type NADPH fluorescence displays characteristic peaks and phases analogous to Chl 

fluorescence (Fig. 4.10). Samples acclimated to darkness reach a steady-state minimum, N0, 

where a minimum level of NADPH may be generated from the oxidative pentose phosphate 

pathway and other processes. Upon exposure to actinic illumination, fluorescence increases in a 

monophasic rise to a local peak, NP. NADPH fluorescence also displays analogous peaks and 

phases at the PSM transitions seen in Chl fluorescence. However, very little decline is seen 

during the PS transition. After approximately 30 seconds after the start of actinic illumination, 

NADPH fluorescence reaches a local maximum, NM, and begins to decline. This decline has been 

associated with activation of the CBB cycle [29].  
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The amplitude and kinetic features of light induced NADPH fluorescence of the JU547 strain 

resembled the WT, although under HC conditions the amplitude in JU547 was routinely lower 

consistent with the enhanced flow of reductant towards the production of ethylene. This 

difference was mostly lost for LC JU547 cells, for reasons that are not clear, although presumably 

related to previously observed increases in catabolic metabolic pathways that occur upon 

adaptation of low Ci conditions [24-26]. In contrast, ΔglgC consistently displayed fluorescence 

values over two times greater than that of WT. Fluorescence continued to rise at a slow, constant 

Figure 4.10. NADPH fluorescence kinetics during actinic illumination. Actinic illumination (53 μE m-2 s-1) was 

activated at 60 seconds and terminated at 360 seconds. Black: WT, Red: ΔglgC, Green: JU547. Panels A & C: 

High carbon grown cultures. Panels B & D: Low carbon grown cultures. Panels C & D: Detail of post-illumination 

NADPH oxidation. Numerical values represent average reaction rate constants, k (turnovers s-1) as determined 

from curve fits (blue dashed lines) of three biological replicates. 
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rate, until delayed activation of the CBB cycle. After this point, fluorescence fell, but only to 

initial NP values, not towards WT or JU547 values. Therefore, under steady-state photosynthesis, 

ΔglgC likely contains a larger and/or highly reduced NADPH pool.  

Following the termination of actinic illumination, NADPH fluorescence quickly declines. A large 

dark reduction event after approximately 30 seconds of darkness is seen and may be associated 

with oxidation of triose and pentose sugars [29] and approximately coincides with the 30 second 

post-illumination peak in Chl fluorescence assigned to the transfer of that reductant to the PQ 

pool [29]. For the first 7 seconds after actinic illumination, NADPH fluorescence declines 

monoexponentially, as seen in Fig.s 4.9C & 4.9D. After this time, the rise culminating in the 30 

second NR peak begins to be seen. Decay curves were fitted using exponential decay models, and 

decay constants and half times were found. In each strain, the decay in NADPH fluorescence 

occurs more quickly in cultures switched to low carbon gassing, likely due to induction of the 

CCM and its NADPH consuming complexes. The difference is most prominent in the ΔglgC 

transformant, where decay rates were over twice as fast when cultures were switched to air 

gassing. 

4.3.9 Transition to low carbon availability induces the CCM of transformant strains 

To assess whether proteins of the high affinity CCM were present and inducible in the 

transformant strains under these experimental conditions, immunoblot assays were performed 

using commercially available anti-SbtA antibody (Agrisera, Sweden), which is diagnostic of the 

high affinity CCM response. Cells in the HC and LC physiological states were obtained from the 

same cultures used for the above spectroscopic analyses. Because 2OG serves as a signaling 

cofactor for the repression of CCM-related genes [45], these transformants with altered 

metabolism around 2OG may display mis-regulated expression of CCM proteins.  The Sbt operon 

is under transcriptional control of the DNA-binding CcmR protein, whose mechanism uses 2OG 
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as a co-repressor [45]. In WT cells, no detectable level of SbtA is observed in high carbon grown 

cultures, however, after switched to low carbon gassing, SbtA can be detected (Figure 4.10A). 

Similarly, transformant strains also show no detectable levels of SbtA when cultured under high 

carbon conditions. Low carbon culturing shows expression of SbtA in both transformants, with 

the JU547 transformant having a higher concentration of SbtA relative to WT. Since CcmR also 

regulates expression of the ndhF3/D3/cupA operon [46], it is likely that these genes follow 

similar patterns as well, but further analysis was not performed. Overall, it appears that the 

diversion of photosynthate in JU457 indeed results in increased demand for Ci as evidenced by 

the enhanced expression in LC JU457, yet the ΔglgC shows no differences in expression relative 

to the WT as hypothesized. Instead, it appears that the ΔglgC transformant retains near WT-like 

patterns of CCM gene expression with respect to changes in Ci conditions. In addition, 

experiments assaying the whole cell affinity characteristics of each of the strains in the HC and 

LC state were performed and indicated that wild-type and JU547 exhibited the expected increases 

in affinity (Supplemental Fig. S4.4), whereas the evaluation of  ΔglgC was more problematic due 

to the low activities of oxygen evolution in this strain. 

Figure 4.11. Immunoblots from samples of wild-type and transformant strains under different carbon 

regimes. Samples were loaded to 5 μg Chl on a 12% SDS-PAGE gel and transferred to a PVDF membrane. 

Panel A: Immunoblot probed with α-SbtA as a primary antibody showing induction of the CCM-related sbtA 

gene. Panel B: The same immunoblot membrane probed using α-PsbC as a loading control. 
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4.4 Discussion 

The aim of this work was to analyze how biotechnologically significant alterations in 

cyanobacterial carbon metabolism affect photosynthetic performance. The photosynthetic 

characteristics and CCM properties were examined in the ethylene-producing strain (JU547), 

which partitions at least 10% of their fixed carbon toward the release of ethylene [20, 22].  It has 

been engineered to express the ethylene forming enzyme (EFE) from the organism Pseudomonas 

syringae [18, 20]. The ethylene-forming enzyme uses 2OG as a substrate for the synthesis of 

ethylene, a volatile compound, which escapes the medium as a gas. The JU547 strain therefore 

has an additional, engineered carbon and electron sink available. As an experimental contrast, the 

corresponding analysis was also performed on the well-studied ∆glgC, which is deficient in 

glycogen biosynthesis and thus no longer has a key sink for photosynthate [51]. The ∆glgC 

transformant was originally constructed to explore ways to enhance product yields by eliminating 

a potentially competing sink pathway.  However, the ∆glgC strain also proved interesting since it 

excretes organic acids, including 2OG, upon nitrogen starvation [51, 52]. This latter observation 

is relevant to Ci nutrition since 2OG plays a role in the regulation of the genes of the high affinity 

CCM [53].  

4.4.1 Predicted and unpredicted alterations in photosynthetic performance  

The motivating hypothesis in this study was that strains with increased sink capacity, exemplified 

by the JU547, will exhibit increased demand for Ci and correlated effects on the characteristics of 

the photosynthetic mechanism such as enhanced electron transport capacity. Conversely, strains 

such as ∆glgC, will exhibit opposite effects due to decreased sink capacity. Some of the 

predictions were supported and consistent with the previously identified alterations in 

metabolism. For example, we observed increased rates of respiration and faster re-reduction of 

oxidized P700 in JU547 presumably due to the closure of the TCA cycle via provision of 
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succinate during the synthesis of ethylene with its consequent ability to reduce the electron 

transport chain [20, 22]. Succinate serves as an electron donor to the plastoquinone pool through 

the succinate dehydrogenase complex, which may serve as a major donor of electrons during 

respiration [19] and accounts for the predictable increase electron flow to P700
+
. Likewise, the 

enhanced expression of the high affinity bicarbonate transporter was observed in JU547 is 

consistent with predictions for increased demand for Ci. On the other hand, the ∆glgC mutant 

proved more difficult to predict, with phenotypic characteristics that were strongly dependent 

upon whether or not the cells were subjected to Ci-limitation.  While the hypothesized changes in 

high affinity CCM genes proved not to occur, there were unexpected features of electron 

transport that are revealing of the mechanisms by which the cyanobacterial photosynthetic 

apparatus adjusts to cope with stress.  

4.4.2 Impaired glycogen metabolism has far-reaching effects even in the light and is affected by 

Ci availability   

Perhaps one of the biggest puzzles is an apparent redox paradox concerning the states of the PQ 

pool vis-a-vis the rate of electron flow through PSI in in ΔglgC.  Simply put, the high Chl 

fluorescence characteristics (Fig. 4.5) would normally be interpreted as reflecting a more reduced 

intersystem electron transport chain and yet all other evidence points to the opposite. The re-

reduction of P700
+
 due to CEF is very slow, but fast rates can be restored by the addition of 

glucose, which shows that 1.) catabolism of glucose efficiently provides reductant to the 

intersystem electron transport chain and 2.) the PQ pool in ΔglgC is actually in a comparatively 

oxidized condition (Figs. 4.6, 4.7 and 4.8). This is true even for samples under steady state actinic 

illumination so it is not simply due to the depletion of carbon skeletons in the dark in ΔglgC (Fig. 

4.9A). Based upon the steady-state electron transport measurements of photosystem relative 

quantum yields, it appears that PSII is even more ‘closed’ than PSI and may actually limit 

electron flow through the electron transport chain, which would yield a more oxidized PQ pool. 
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Furthermore, besides steady-state linear electron flow, cyclic flow to the P700
+
 is also retarded in 

the ΔglgC mutant as evidenced by the very slow rate at which P700
+
 is re-reduced in the absence 

of electron input from PSII, which is alleviated by the addition of glucose (Fig. 4.8B).  Moreover, 

growth under low Ci availability conditions also tends to alleviate this and many of the other 

observations suggesting that a shift in metabolic regulation towards a more catabolic 

configuration consistent with previous metabolomics studies of Ci-limitation [24-26]. 

4.4.3 Evidence for induction of a relatively uncharacterized energy dissipation mechanism in 

ΔglgC  

All the P700 re-reduction results point toward a more oxidized PQ pool in ΔglgC.  And yet, by 

each measure of Chl fluorescence (ΦII, qP) or by simple inspection of the fluorescence induction 

traces (Fig. 4.5A, B), the fluorescence is higher in a manner usually interpreted to indicate a 

significantly more reduced condition of the PQ pool.  It appears that the apparent diminished PSII 

photochemical quenching, qP, observed in ΔglgC could be due to increases in fluorescence not 

actually associated with qP i.e. not actually due to the return of excitons to the antenna system 

because of QA
-
. Such a model could involve a rapidly reversible uncoupling of the 

phycobilisomes to accommodate the reduced electron flux capacity through the electron transport 

chain and with excitation energy dissipated as fluorescence to account for the higher level of 

fluorescence yield. However, the fact that the elevated level of fluorescence can be quenched by 

the addition of DCBQ and at the same time allow the high rates of O2 evolution, indicates that 

this is not the case. Therefore, the diminished qP very likely reflects an elevated QA
-
/QA ratio 

accounting for the elevated fluorescence. In other words, we observed high levels of quenchable 

fluorescence most easily explained as closed reaction centers in the QA
-
 state.  It is also important 

to note that this was not alleviated by the addition of uncouplers, similar to what was found for Ci 

limited Synechococcus cells [36]. Thus, we conclude that we have an elevated QA
-
/QA ratio in 

ΔglgC, but it is somehow not communicating with the PQ pool. This implies that either QA
-
 is re-
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oxidized via back-reaction with the donor side of PSII or there exists a mechanism for shunting 

the electrons elsewhere. The back-reaction alternative appears unlikely since this would produce 

a kinetic profile similar to DCMU treatment, but what is observed are complex kinetics not unlike 

the modulations associated with forward electron transfer into the PQ pool.  Thus, the results are 

most consistent with the presence of an alternative forward pathway to oxidize QA
-
. Furthermore, 

this alternative path is inferred to have a pool capacity and provides kinetic resistance to impede 

the oxidation of QA
-
 as this pool fills and is progressively depleted of oxidant. In some ways, this 

pool can be considered a photochemical quencher, much like the PQ pool, since its state also 

governs the oxidization QA
-
, however, this is a dissipative pathway and does not contribute to 

anabolic photosynthetic processes.  Because of its kinetic similarity, but different and apparently 

dissipative mechanism of oxidizing QA
-
, we propose to call this component as qPD to indicate its 

inferred dissipative photochemical character. Accordingly, photochemical quenching in 

cyanobacteria might best be considered as the sum of the productive (PQ pool reducing) and 

dissipative (unknown pool reducing) components or qP, total=qP + qPD. The results are somewhat 

reminiscent of the fluorescence properties assigned to an unusual form of cyanobacterial qN 

associated with Ci depletion, that like the unusual ‘dissipative qPD’ proposed here, was difficult to 

distinguish from qP [42]. 

It is tempting to attribute the deduced PSII electron dissipation mechanism, qPD, to a path through 

the flavodiiron proteins, Flv2/4 [28, 54, 55]. This assumes that they can provide ‘kinetic 

resistance’ to the oxidation of QA
-
 due to a saturation of an (intermediate) acceptor pool, perhaps 

the finite pool of flavodiiron proteins themselves. The problem with that assignment is that the 

Flv2/4 proteins seem to accelerate the oxidation of QA
-
 [56]. Therefore they would not appear to 

explain the observed accumulation of QA
- 
because of the efficiency with which they oxidize it. 

Indeed, overexpression of the Flv2/4 proteins diminishes steady state variable fluorescence [28]. 

However, those measurements were performed under single turnover conditions where an 
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exhaustible oxidant pool is not a factor 
 
[56]. Because [QA

-
] represents a quasi-steady state of 

formation and decay, the parameters qP and qPD depend upon the characteristics of the pool 

size/turnover rates of the QA
-
 oxidant governing decay as well as net rate of formation by PSII 

charge separation. Therefore, the path through the Flv2/4 protein is a distinct possibility given the 

reasonable assumption that the oxidation rate that it provides begins to slow as its pool is 

exhausted in much the same way the PQ pool is exhausted as it becomes progressively reduced. 

A model summarizing the proposed energy dissipating pathway that presumably leads to 

regulated shunting of excess electrons to O2 is shown in Fig. 4.12. On the other hand, the present 

results are also consistent with any mechanism that involves an exhaustible pool of oxidant of QA
-
 

with a finite recovery time and gives the appearance of a highly reduced PQ pool, yet more likely 

reflects another saturatable pool of alternative electron acceptor. However, neither the molecular 

mechanisms involved nor the regulatory signals eliciting their mobilization are understood. That 

there should be a disconnect, at least under certain conditions, between the redox state of QA
-
 and 

the redox state of the PQ pool could be surprising, but on the other hand, it is entirely in line with 

recent similar observation where high fluorescence was not connected with changes in redox state 

of the overall PQ pool in Synechocystis [57]. 

Finally, it is worth noting that the redox state of the NADPH pool seemingly behaves as expected 

for the two engineered strains: addition of a new sink for carbon and reductant in the form of 

ethylene production in JU547 produces a modest yet reproducible shift to a more oxidized 

condition of the NADPH pool under steady state illumination. In contrast, closing a sink in the 

form of glycogen synthesis in ΔglgC results in a much more reduced NADPH pool. This 

indicates, as expected, that glycogen synthesis from CO2 fixation, with its concomitant 

consumption of NADPH, constitutes a major avenue of metabolic reductant consumption in the 

light. However, assuming that NADPH donates electrons to CEF, a highly reduced NADPH pool 

is expected to produce a more reduced PQ pool and a faster rate of P700
+
 re-reduction. The 
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opposite was observed regarding P700
+
 re-reduction. The primary donor to the NDH-1 complexes 

is now believed to be Fd [58], yet there appear to be mechanism(s) allowing the oxidation of 

NADPH by NDH-1 complexes based on earlier results [39]. Thus, the present results with ΔglgC 

indicate that there exists a mechanism down-regulating CEF activity, and together with decreased 

electron flow from PSII into the PQ pool, results in preventing the PQ pool from being over-

reduced. In the case of ΔglgC, this mechanism would appear to be responding to the changed 

metabolism of sugars that result in impaired start-up of the CBB pathways (Fig. 4.4), which was 

previously shown to be the result of depletion of CBB cycle intermediates when glycogen 

metabolism is impaired [23]. 

In summary, it is clear that the impact of mutations directed at altering metabolic flux can have 

both expected and unexpected consequences with respect to the operation of the overall 

Figure 4.12.  Schematic of the 

deduced regulatory mechanisms 

that appear to have evolved to 

maintain the PQ pool homeostasis.  

Electron input from PSII to the PQ 

pool is switched to a dissipative 

mode that shunts electrons to 

unknown acceptor pools, XII, to 

avoid over-reduction of the PQ pool. 

A similar mechanism for PSI 

(involving pool, XI) is proposed to 

balance the LEF through the entire 

chain, although evidence for that 

pool remains to be obtained. Based 

upon similarities to the 

characteristics of Ci –limited 

cyanobacterial cells at the 

compensation point, O2 is proposed 

to be the ultimate electron acceptor 

of the electron dissipative pathway. 

The regulatory switch for this 

proposed mechanism is proposed to 

respond to Ci status, although any 

number of metabolites, besides Ci 

itself, could act as effectors as seen 

for the induction of the high affinity 

CCM [53]. 
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photosynthetic mechanism, and particularly, the activities of the electron transport chain. Even 

basic cell parameters important for performance evaluation, such as cellular Chl content, are 

sensitive to engineered alterations, although the mechanistic basis for these global cellular 

responses remains poorly understood. The findings with the already well-studied ∆glgC mutant 

were particularly striking, especially regarding its Chl fluorescence characteristics.  The results 

were best interpreted to indicate the operation of a photoprotective mechanism that dissipates 

excess reductant from PSII.  Overall, some initial predictions were verified, such as more 

oxidized pools of the redox carriers PQ and NADP and an enhanced expression of the high 

affinity CCM in JU547.  However, some observations, notably in the ∆glgC mutant, could not be 

easily rationalized in the framework of simple enhanced or thwarted sink model. 
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4.6 Supplemental materials 

 

 

 

 

 

Supplemental Figure 4.2: Cell morphology and physiology measurements. Cells were visualized with a Nikon 

Eclipse Ni series differential interference contrast microscope. Black: WT, Red: ΔglgC, Green: JU547 Panel A: The 

relative area of cells under 100x magnification were obtained by using area measurements of manually selected cells 

using ImageJ software (NIH, Maryland, USA). Panel B: Cell volume estimates were made using the relative cell 

radius measurements and assuming a wild-type cell diameter of 1.5 μm [37]. Panel C: Using Chl determination 

measurements (Figure 2) the intracellular concentration of Chl was determined. 

 

Supplemental Figure 4.1: P700 absorbance kinetics of an illuminated sample given a saturating pulse. 

Sample transient has been normalized to fully reduced P700 values. In order to determine relative quantities of 

oxidized and reduced P700 of illuminated samples, samples were subjected to the following assay. Samples were 

illuminated under actinic illumination (45 μE) for 10 minutes (t < 0). A 200 ms saturating pulse (2500 μE) was 

delivered in order to fully oxidize P700. All illumination was terminated and absorbance was tracked to fully 

reduced P700 levels in darkness. The absolute deflection value between the saturating pulse (fully oxidized) and 

darkness (fully reduced) values were taken as a measure of total P700 (P700tot). The values of absorbance during 

actinic illumination, divided by the total deflection were taken as a relative measure of P700 oxidized during 

illumination (P700ox).  
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In order to assay the affinity of each strain for inorganic carbon, oxygen evolution assays were 

performed on carbon depleted cell samples. Cell samples from HC and LC cultures were first 

harvested in low carbon BG11 medium. Samples were resuspended to a Chl concentration of 5 μg 

Chl · ml
-1

. Samples were illuminated with saturating white light (~1500 μE) in order to consume 

residual inorganic carbon while oxygen evolution was monitored. Carbon depletion was 

established by cell cultures reaching the CO2 compensation point, where oxygen evolution is 

equal to oxygen consumption. Inorganic carbon was added to cell samples and rates of oxygen 

evolution were fitted to the Michaelis-Menton kinetics equation. From this equation and values of 

oxygen evolution, the maximum rate of oxygen evolution, Vmax, can be determined. However, the 

applicability of this equation is theoretically not well-supported because oxygen evolution is a 

Supplemental Figure 4.3: Representative growth curves of wild-type and mutant strains in high and low 

carbon conditions. Black: WT, Red: ΔglgC, Green: JU547. Panel A: Growth of cultures obtained over three days of 

high carbon (3% CO2 gassing) culturing. Panel B: Growth of cultures with 2 days of high carbon (3% CO2) gassing, 

switched to low carbon (ambient air) at 48 hours. 
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byproduct of a number of upstream processes (i.e. carbon transport, diffusion, PSII efficiency) 

and these are likely to distort the derived parameters, especially the affinity constant KM [58]. 

Therefore, the affinity values are reported as the concentration of inorganic carbon in which this 

system performs at half maximum, Ks. Transition from HC to LC conditions increases the affinity 

of each strain for inorganic carbon (Supplementary Figure 4.4D). As seen in Figure 4.4, Vmax is 

slightly lower than earlier reported values of oxygen evolution (Figure 4.3A). This is likely due to 

the longer assay duration causing adjustments in photosynthesis (e.g. state transitions and other 

Supplemental Figure 4.4. Inorganic carbon affinity measurements for wild-type and transformant strains as 

measured by oxygen evolution using a Clark-type electrode. Black: WT; Red: GlgC; Green: JU547. Panels A & 

B: Representative traces from high carbon (A) and low carbon (B) grown cultures assayed for oxygen evolution as 

a measure of carbon affinity. Solid lines represent calculated curve fits using the Michaelis-Menton equation. 

Panels C & D: Values of maximum reaction rate (C) and inorganic carbon affinity (D) calculated from curve fit 

data. Error bars represent standard deviation from at least three replicates. 



115 
 

photoprotective mechanisms) to modulate electron transfer rate.  Nevertheless, similar trends in 

oxygen evolution are seen, with WT and JU547 having similar rates, and an impairment seen in 

ΔglgC. Although the high-affinity CCM involves induction of carbon transporters with a lower 

flux component [59], no significant changes in Vmax or Km were observed for ΔglgC between HC 

and LC cultures under these conditions. 
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CHAPTER V 
 

 

Conclusions 

 

 

The focus of this research was to analyze the redox physiology of Synechocystis under different 

regimes of carbon availability and carbon sink alterations. In the first set of experiments (Chapter 

3), conditions were arranged to emulate gradual, natural consumption and depletion of inorganic 

carbon in the external medium. The following experiments (Chapter 4) analyzed the effects of 

alterations in internal metabolic pathways as well as external carbon availability. The first 

experiments helped create a foundation and framework of interpretation for understanding some 

of the observations seen in the later experiments. 

The early experiments defined carbon-sensitive markers in chlorophyll and NADPH 

fluorescence. Well-characterized modulations of chlorophyll fluorescence (e.g. F0, FP, FS, FM) 

were found to have analogous features in NADPH fluorescence. Characterization of these 

features can provide additional insight when analyzing mutants of CBB cycle activity (FM/NM 

decline) or sugar metabolism (FR/NR peak).  

A prominent rise in minimum chlorophyll fluorescence (F0) was observed upon carbon depletion. 

The cause of this rise is unknown, but may be a result of glycogen breakdown and increased 

respiration. This rise was mirrored in steady-state fluorescence during illumination (FT). This rise  



121 
 

is likely due to decreased electron flow into the CBB cycle and a resulting reduction of upstream 

electron carriers. This rise gradually declined, as photoprotective mechanisms were induced, such 

as flavodiiron proteins. 

The research also added to the sparse set of experiments that analyze NADPH fluorescence in 

cyanobacteria. Importantly, it showed that changes in carbon-dependent NADPH consumption 

(predominantly due to the CBB cycle) are most prominent at least 30 seconds after illumination is 

initiated, the described NM decline. Some previous studies [1] were tentatively assigning 

modulations in NADPH fluorescence to CBB activity in illuminations fewer than 10 seconds in 

duration. While the data for this paper was being analyzed and prepared for publication, another 

publication by Kauny and Sétif was published [2]. Using actinic illuminations that varied in their 

duration, these authors found that post-illumination NADPH consumption reached its maximum 

after approximately 32 seconds of illumination. This is consistent with our finding that CBB 

cycle activity initiates, or reaches it maximum rate, at this time.   

In addition to the assigning of fluorescence transients, the fluorescence data reveals some clues to 

the redox poise of the total cellular NADP(H) pool during carbon depletion. This is an important 

question, as the availability of NADP
+
 influences the DNA binding properties of NdhR, a 

transcriptional regulator of many CCM components [3]. First the steady state NADPH 

fluorescence of dark-adapted cells, N0, increases throughout the 16 hour assay (Chapter 3, Figure 

3). Unfortunately, this increase in fluorescence coincides with cell growth in the cuvette, and is 

likely a cause of a majority of increased fluorescence. It is seen however, that steady-state levels 

of NADPH during illumination (NT and also NT-N0) are increased after carbon depletion. This 

arises from a lower consumption of NADPH in the CBB cycle, and may trigger de-repression of 

gene expression by NdhR. Unfortunately, the affinity of NdhR for NADP
+
 is not well defined, 

and it is unknown what range of concentrations influence NdhR activity, and by what degree. 
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Attempts were made to biochemically analyze the total concentrations of NADP
+
 and NADPH 

using biochemical assays. However, the signal response obtained from these assays (not shown) 

was not large enough to be certain of the reliability of the results, and was therefore abandoned. 

There are practical problems with sample harvesting that also arise. According to fluorescence 

data, nearly all light-induced fluorescence is consumed within 7 seconds of darkness, therefore 

sampling methods would have to take this into account. A brief review of non-fluorescence 

NADP(H) measurements shows that these measurements may be highly variable. Measurements 

of NADP(H) have reported ranges from 0% [4], 28% [5], 50% [6], and up to 75% [7] reduced, 

though dark/light and carbon availability was not clearly defined in all studies and may be 

different in each case. 

In summary, transitioning from a carbon-replete to a carbon-limited environment caused a large 

reduction event in the PQ and NADPH pools. The later, gradual decline in steady-state 

chlorophyll fluorescence (FT) was evidence of induced photoprotective mechanisms, and 

therefore the large over-reduction in the PQ pool may be obscured if sampling intervals are too 

far apart in later studies. For future studies in NADPH utilization, it is also necessary to ensure 

illumination durations are planned mindful of CCB activity.  

In the second study, presented in Chapter 4, strains with internal perturbations in carbon 

metabolism were examined as external carbon availability was altered. The presence or absence 

of a carbon sink was found to have an effect on redox state of the photosynthetic electron 

transport chain. When a sink is closed (ΔglgC mutant) chlorophyll and NADPH fluorescence 

shows evidence of a highly reduced electron transport chain, conversely, integration of a new 

carbon sink results in more oxidized electron carriers. In the ΔglgC mutant, the switch to low-

carbon conditions caused the PQ and NADPH pools to become more oxidized. While this effect 

is not fully understood, and may seem counterintuitive to the results presented in the previous 

study (Chapter 3), the transition to low-carbon conditions and oxidative sugar metabolism may be 
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providing an a pathway for electrons to be removed from the photosynthetic electron transport 

chain. Consistent with this model, respiration was seen to increase in the ΔglgC mutant in low 

carbon conditions. However, an alternate explanation of high chlorophyll fluorescence is 

discussed below, that alters the interpretation of redox state of the PQ pool. 

Analysis of CEF in the carbon metabolism mutants showed that CEF was highly impaired in the 

ΔglgC mutant (Chapter 4, Figure 6). Interestingly, the standard method used to measure CEF, the 

rate of P700 rereduction in the presence of DCMU, is at odds with another measure of CEF: the 

presence and intensity of the FN rise which is largely attributable to the activity of the NDH-1 

complexes [8].  The ΔglgC mutant displays a highly prominent FN rise (Chapter 4, Figure 5). The 

discrepancy in these two findings may warrant further investigation. It was observed that CEF in 

the JU547 mutant was increased in comparison to the wild-type strain, consistent with the 

prediction that succinate from the EFE reaction provides an additional route pathway of CEF.  

Initial hypotheses about the ΔglgC mutant and JU547 mutants predicted that these strains would 

have alterations in the expression of the high-affinity transporters. In JU547, consumption of 

2OG by the EFE was predicted to relieve repression of the ndhR regulon. Under high carbon 

growth conditions, repression of SbtA expression was still observed, however, an increase was 

observed under low carbon conditions (Chapter 4, Figure 11). No evidence of misregulation was 

observed in the ΔglgC mutant. Unfortunately, EFE activity and the ‘energy-spilling’ activity of 

the ΔglgC mutant under the conditions used here are unknown. 

Analysis of the ΔglgC mutant also confirmed the finding by other authors that glycogen 

breakdown during darkness serves as a method of replenishing CBB cycle metabolites, and that 

the absence of glycogen breakdown results in a delay in CBB activation [9]. This can also be seen 

in the post-illumination FR rise that we tentatively assigned to the oxidation of sugars created 

during illumination (Chapter 3, Figure 6). In high-carbon grown samples, when CBB induction is 
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delayed, the FR rise is absent or negligible (Chapter 4, Figure 5). However, cultures switched to 

low-carbon conditions display an increase in chlorophyll fluorescence at this time. Since 

activation of the CBB cycle is no longer delayed under these conditions, CBB cycle sugars have 

accumulated and can be oxidized, likely through the pentose phosphate pathway. The ΔglgC 

mutant may be a good candidate strain to further confirm and study the assignment of FR/NR to 

sugar oxidation.  

The most intriguing results obtained with the ΔglgC mutant regards the apparent disconnect 

between the chlorophyll fluorescence and P700
+
 reduction rates. Canonically, high chlorophyll 

fluorescence values have been interpreted as high levels of reduced plastoquinone. That is, 

chlorophyll fluorescence is a direct measure of the redox poise of the plastoquinone pool. It 

logically follows that high levels of reduced PQ should lead to increased reduction rates for 

P700
+
. However, the opposite effect was observed (Chapter 4; Figure 7). This points to the 

conclusion that the PQ pool in the ΔglgC mutant grown under high carbon conditions is actually 

more oxidized than chlorophyll fluorescence would indicate. 

Schuurmans et al. have recently provided evidence that demonstrates a disparity in chlorophyll 

fluorescence and the biochemically analyzed redox state of the PQ pool [10]. In this study, the 

Cyt b6f inhibitor, DBMIB caused a rapid increase in chlorophyll fluorescence, as expected if 

electron donation from PQH2 to Cyt b6f is inhibited. However, under high carbon growth 

conditions, the biochemically measured PQ pool was shown to only be approximately 20% 

reduced, equivalent to that of no-inhibitor control samples [1]. Further illustrating the disconnect 

between chlorophyll fluorescence and the redox state of the plastoquinone pool the authors show 

that during low carbon availability, high chlorophyll fluorescence was only slightly quenched by 

the addition of DCBQ, an electron acceptor biochemically shown to oxidize the PQ pool. 

Therefore it would appear that for wild-type Synechocystis cells grown in low carbon conditions, 
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high chlorophyll fluorescence may be due to a saturated pool of electron acceptor other than 

plastoquinone. 

The investigation into the mechanistic cause of high chlorophyll fluorescence and corresponding 

low P700
+
 reduction rates and low biochemically measured concentrations of reduced PQ is 

alluring. It could open investigation into novel mechanisms of photoprotection, redox stress 

protection, and cyclic or alternate electron flow pathways. If further evidence demonstrates the 

independence of chlorophyll fluorescence and the oxidation state of the PQ pool, then the current 

models of electron transport and redox regulation may need reexamination. 
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