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photosynthetic bacteria, have a huge potential for bioengineering. This includes candidates 
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1 CHAPTER I 

 

 

INTRODUCTION AND LITERATURE REVIEW 

 

 

 

1.1 Introduction 

Planet Earth is unique since it has the proper conditions that allow life to exist. One of these 

factors is related to the appropriate concentrations of the gaseous components of the 

atmosphere. The metabolic activities of living organisms, which mediate the major 

biogeochemical cycles, is a main factor, and sometimes the dominant factor in this balance. 

In this regard, oxygenic photosynthetic organisms play an essential role by balancing the 

global levels of carbon dioxide (CO2) and oxygen (O2). By the process of photosynthesis, 

an organism can produce biomass by absorbing and fixing inorganic substrates (e.g., water, 

CO2, HCO3-, NO3, SO4,) using the energy of sunlight. This way, fixed CO2 in the form of 

reduced (hydrogen-containing) carbon compounds and stored as biomass in a variety of 

photosynthetic organisms is a significant source of food for diverse non-photosynthetic 

organisms and is responsible for the existence of fossil fuel.  
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Understanding the mechanisms that control the light-harvesting, energy transduction, and 

storage into biomass has been the center of photosynthesis research for many years. Among 

these topics, it is essential to understand the uptake of CO2 by photosynthetic cells and 

tissues. Although this gas can diffuse inside of the cell, the rate of diffusion is often not 

high enough to keep pace with rate of photosynthesis and keeping the appropriate internal 

concentrations is typically a challenge for photosynthetic organisms. This can be especially 

problematic for aquatic photosynthetic organisms, such as cyanobacteria. In these cases, 

the ambient level of CO2 may not be sufficient to maintain an adequate internal cellular 

CO2 concentration necessary for efficient carbon fixation. There are a number of reasons 

for this, including the fact that the diffusion rate of CO2 is 104-fold slower in water 

compared to air. This situation is exacerbated by the low affinity of ribulose bisphosphate 

carboxylase/oxygenase (Rubisco) for CO2, which is the main enzyme utilized for 

photosynthetic CO2 fixation (Badger, 1980). To make the situation physiologically more 

challenging, Rubisco has a competing and wasteful oxygenase reaction that occurs when 

O2 instead of CO2 reacts at the active site (see review by (Hanson, 2016). Since this is a 

competitive reaction, high concentrations of CO2 and low concentrations of O2 minimize 

the wasteful oxygenase reaction in favor of the carboxylase reaction. Accordingly, 

mechanisms to actively acquire and efficiently utilize inorganic carbon (e.g., dissolved 

CO2; bicarbonate, HCO3-) from the environment have evolved in aquatic photosynthetic 

organisms. Generally, these are known as the CO2-concentrating mechanisms (CCM) 

because they function to increase the local concentration of CO2 in the vicinity of Rubisco 
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(see review by (Price, 2011). Moreover, cyanobacteria and eukaryotic algae seems to have 

independently evolved, what are increasingly appearing to be somewhat similar, CCMs, as 

discussed later in the chapter. Cyanobacteria have five systems for the acquisition of 

inorganic carbon (Ci) that serve as components of CCM: three bicarbonate transporter 

systems and two CO2 uptake systems, which collectively function to maintain a high 

internal cellular HCO3- pool. Importantly, the cyanobacterial CCM also requires a 

specialized microcompartment (carboxysome, CB), which houses all of the Rubisco in the 

cell plus a carbonic anhydrase (CA). The carboxysome acts as the sink for the HCO3- that 

accumulates in the cytoplasm, a result of the activity of the five uptake systems. Once 

inside the carboxysome, the carbonic anhydrase converts the HCO3- to CO2 and thereby is 

capable of saturating the active sites of the surrounding Rubisco (see review by (Rae et al., 

2013; Yeates et al., 2008).  

Most of the research on the Ci uptake part of the CCM has been focused on the bicarbonate 

uptake transporters, with fewer studies on CO2 uptake systems. Previous studies on the 

CO2 uptake systems have mostly involved investigating overall function by characterizing 

the physiological characteristics of CO2 uptake using inhibitors and by examining mutants 

that involve the inactivation of entire genes encoding the protein involved in this uptake 

(reviewed by (Kaplan, 2017; Price et al., 2008). Previous mutant studies have been 

especially informative, since they indicate the existence and operation of forms of Type-I 

NDH dehydrogenases (NDH-1) that are entirely unique to the cyanobacteria (reviewed by 

(Battchikova et al., 2011a). On the other hand, little has been done to understand the 
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catalytic mechanism of the energized CO2 uptake and this is the subject of my dissertation. 

What is the molecular mechanism of CO2 uptake in cyanobacteria? Is one of the proteins 

components of the putative Type-I NDH dehydrogenases system a specialized carbonic 

anhydrase? To what extent do early hypotheses proposing the formation of an alkaline 

pocket by the proteic environment that drives the CO2 hydration reaction far-from-

equilibrium (Kaplan and Reinhold, 1999) are true or is it more likely that an alternative 

hypothesis invoking the redox action of a quinone associated with the putative Type-I NDH 

dehydrogenases is in operation (Price et al., 2002). Is this process related to or dependent 

on electron transport such as cyclic electron flow? Given that this process is unique and 

well conserved in cyanobacteria, could it be interchangeable among the species? While I 

do not intend to answer all of these questions in this dissertation, I do hope to convince the 

reader that I have developed a genetic system that has the potential to address these 

questions, and also to provide evidence in support of a specific model that is somewhat, 

but not entirely different from the experimentally untested models proposed nearly 25 years 

ago (Price et al., 2002). 

Why study this problem? Cyanobacteria have been intensely targeted as subject of 

photosynthetic studies. It attracts great attention due to its huge potential for 

bioengineering. Applications include possible use in diverse CO2 capture and storage as 

well as the potential to redirect photosynthetic energy for the production of valuable 

compounds. Hence, a complete knowledge of the structure and function of the protein 

modules and the mechanism used by these CO2 uptake systems is essential and still requires 
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additional analysis. Perhaps, even more importantly, we are in a period of human 

development where the anthropogenic emission of CO2 is leading to a potentially 

calamitous era of climate change due to the greenhouse properties of CO2 and the 

associated rise in global temperatures (Notz and Stroeve, 2016). Understanding the 

catalytic mechanism of CO2 uptake coupled to electron transfer may provide a blueprint to 

engineer biomimetic devices to capture CO2 from, for example, industrial processes.  

Despite the importance of CO2 uptake in cyanobacteria, very little is known about how this 

process works. The purpose here was to elucidate the structure-function relationships of 

Cup (CO2 uptake also known as Chp, CO2 hydration) proteins in the NDH-13,4 complex, 

part of the cyanobacterial CCM. Regulation of internal CO2 levels in living organisms is 

dependent on carbonic anhydrases enzymes that catalyzes the interconversion of CO2 and 

HCO3-. In humans, these enzymes are present in blood, assisting in CO2 removal process, 

and anomalies can cause major diseases. This process is not usually energized by coupling 

to other biochemical energy sources such as ATP. However, cyanobacteria have evolved a 

mechanism that possibly energizes this process to supercharge the uptake of CO2 against a 

concentration gradient. This dissertation focus on investigating the molecular basis of the 

poorly understood CO2 uptake systems activity found in cyanobacteria. 

1.2 Cyanobacteria, photosynthesis and CO2 adaptation 

Earth was formed around 4.5 billion years ago, and in early times, Earth’s atmospheric air 

had concentrations of CO2 that were extremely high and little O2 present (Catling and 
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Zahnle, 2002; Kasting et al., 1984; Rosing et al., 2010). Life seems to have appeared 

around 3.8 billion years ago by the development of anoxygenic organism, with oxygenic 

organisms arising later (Blankenship, 2010). It was proposed that cyanobacteria had as 

ancestor a non-photosynthetic chemoheterotroph, and later one class of the phylum evolved 

photosystems (Soo et al., 2017; Soo et al., 2014). 

Photosynthetic organisms are present in two out of the three domains of life, after a 

complex evolutionary development, which involved extensive amounts of horizontal gene 

transfer in Bacteria, together with diverse evolutionary trajectories, forming the 

photosynthetic organisms that populates Earth today (Blankenship, 2010). Although the 

intricate evolution of these organisms, evidence suggests that cyanobacteria-like organisms 

were the first to perform oxygenic photosynthesis and gave origin to chloroplasts, present 

in photosynthetic Eukaryotes, due to endosymbiosis (Margulis, 1981) (for more 

information see review by (Hohmann-Marriott and Blankenship, 2011).  

The appearance of oxygenic photosynthetic organisms (producing O2), coupled with the 

proper geological processes and conditions, allowed O2 to accumulate causing the ratio of 

atmospheric gases to change, allowing life to evolve as it is today (Buick, 2008; Dorrell 

and Smith, 2011; Messinger and Shevela, 2012). Cyanobacteria-like organisms were 

essential for this process, as potentially the first oxygenic photosynthetic organisms, 

followed by algae and plants, which collectively led to the decrease of CO2, apparently 

with significant fluctuations, to current relatively low levels.  
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Besides the photosynthetic apparatus, carbon fixation pathways and later CO2 

concentrating mechanisms evolved, and probably on multiple occasions (Meyer and 

Griffiths, 2013). In this chapter, I will discuss the general photosynthetic mechanisms 

present today in oxygenic photosynthetic cyanobacteria. 

1.3 Photosynthesis and the photosynthetic electron transport chain 

Formerly known as blue-green algae, cyanobacteria became recognized as Bacteria in the 

1970’s (Stanier and Bazine, 1977). Cyanobacteria are Gram negative phototrophic bacteria 

(Bryant, 1994; Rippka et al., 1979), often motile by gliding using Type IV pili with 

phototaxis (Schuergers et al., 2017), and conducting oxygenic photosynthesis that captures 

energy of light and converts it into chemical energy. Most cyanobacteria possess, on their 

photosynthetic membrane surface, a multiprotein antenna complex, called the 

phycobilisomes (PBS). The PBS are mostly comprised of intensely colored soluble 

proteins that obtain their color by binding of light-absorbing bilin pigments. The blue 

phycobiliproteins, phycocyanin and allophycocyanin, have the bilin pigment named 

phycocyanobilin covalently attached to a cysteine side chain of the polypeptide via a 

thioether linkage. Correspondingly, the red phycobiliprotein, phycoerythrin, has a 

phycoerythrobilin molecule linked the polypeptide chain. Accordingly, the bilin pigments 

of the PBS give the cyanobacteria their distinctive blue color and allow cyanobacteria to 

harvest green and orange light that is inefficiently captured by chlorophyll (Chl) and 

carotenoids. The phycobiliproteins assemble into large (>106 Dalton) PBS complexes 
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situated on the membrane and physically connected to the Chl-containing reaction centers 

embedded within the thylakoid membrane (TM). Virtually all of the Chl in cyanobacteria 

is located in the membrane-bound photosynthetic reaction center complexes, Photosystem 

I (PSI) (Jensen et al., 2007) and Photosystem II (PSII) (Umena et al., 2011). Most of the 

Chl in these reaction centers (RC) comprise the proximal antenna, which serve to feed 

excitation energy to ‘special pairs’ of Chl at the heart of the reaction center. These ‘special 

pairs’ of Chl undergo charge separation and thereby initiate photochemistry (Golbeck, 

2002). In the PSII reaction center, the special pair is known as P680, which is surrounded 

by proximal antenna Chl molecules that either directly absorb light or accept excitation 

energy from the PBS. In this case the energy rapidly migrates through the PBS and antenna 

components until reaching the core with the ‘special pair’ of Chl a P680. These are excited 

and undergo charge separation, where the electron is excited to a higher energetic state, 

forming P680*. The energized electron of P680* is capable of being donated to a nearby 

electron acceptor, plastoquinone molecule (QA) with the release of some of the original 

energy of the excited electron as heat in the process of electron transfer. In this manner, the 

charge separation from P680 to QA is stabilized by the donation with the release of some 

of the energy as heat since the backreaction is less likely. This charge separation happens 

on the environment of the multiprotein complex PSII that together with the proximal 

antenna forms the RC type II. This is the initial phase of the electron route in cyanobacterial 

photosynthesis, a path known as the photosynthetic electron transfer (PSET, Figure 1) 

comprising the energetic course in the Z- scheme. After losing an electron, a ‘hole’ is left 
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on the ‘special pair’ forming P680+, which is a strong oxidant. This electron hole is 

replenished with an electron from the oxidation of water at the oxygen evolving complex 

(OEC) is catalyzed by a manganese cluster (Mn4CaO5), in a series of steps, referred to as 

the oxidant storage cycle or, more commonly, the S-state cycle. The reaction releases 

protons (H+) and produces molecular oxygen (O2), a waste product, as shown in equation 

1: 

4	𝑝ℎ𝑜𝑡𝑜𝑛𝑠 + 2𝐻,𝑂	 → 4𝐻/ + 𝑂, + 4𝑒1 

Because P680 and the WOC are located in the PSII complex near the luminal surface of 

the membrane (P-side), the protons from the Mn4CaO5 during the S-state cycle are released 

into the thylakoid lumen (Bao et al., 2013) and contribute to the proton gradient across the 

thylakoid membrane that is used for ATP synthesis. In parallel, a second sequence of events 

on the other side of the reaction center, and therefore, on the other side of the membrane, 

involves the acceptor of the electrons produced during charge separation as noted above: 

the plastoquinone molecule QA bound to the D1 protein in PSII receives the electron, and 

soon (in the range of 300-1000 microseconds) donates the electron to a second 

plastoquinone at the QB binding pocket of PSII (Golbeck, 2002). This PQ is exchangeable 

with PQ molecules that form the so-called ‘PQ pool’ dissolved in the membrane bilayer. 

When the PQ at the QB site accepts a second electron as a result of a second P680 charge 

separation, the plastoquinone at the QB site is thus further reduced forming a plastoquinol 

(PQH2). For simplicity, the plastoquinone at the QB site is usually referred to as ‘QB’. With 
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each electron transfer to QB, protons are acquired from the cytosol (N-side), and the doubly 

reduced QB site thereby forms PQH2, which exchanges QB site and diffuses into the 

surrounding membrane bilayer contributing to the overall reduction state of the pool of PQ 

molecules in the membrane. Since water oxidation requires four charge separations, the 

formation of PQH2 occurs twice per full catalytic cycle of water oxidation giving an overall 

reaction summarized in equation 2: 

4	𝑝ℎ𝑜𝑡𝑜𝑛𝑠 + 2𝐻,𝑂 + 2𝑃𝑄 → 𝑂, + 2𝑃𝑄𝐻, 

These reactions are unique to oxygenic photosynthesis and initiate the overall process of 

photosynthetic electron transfer according to the classic Z-scheme involving PSII and PSI 

acting in series to drive electrons from water to NADPH. The product of PSII electron 

transfer, PQH2 serves as a carrier of the electrons to the downstream components of the 

electron transport chain. Specifically, PQH2 is oxidized by cytochrome (cyt) b6f, a 

multiprotein complex that couples the transfer of electrons from PQH2 to plastocyanin (PC) 

with the pumping of protons across the membrane (Aoki and Katoh, 1982; Cramer et al., 

2011; Wenk et al., 2005). Because cyt b6f receives electrons from PQH2, it serves to 

regenerate PQ so that it can return to the QB site of PSII to receive more electrons. There 

are typically 6-10 PQ molecules per PSII (Schuurmans et al., 2014) and, thus the overall 

PQ pool changes its redox state according to the fraction of the pool that is either in the 

PQH2 (reduced) or PQ (oxidized) form. This becomes important later in my thesis since 

the fluorescence techniques we use can monitor the redox state of the PQ pool, and is 
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informative about overall electron transfer as a function of availability of the CO2 (Holland 

et al., 2015; Miller et al., 1988). The oxidation PQH2 by the cyt b6f complex and the 

subsequent transfer of the electron to a mobile electron acceptor, either plastocyanin (PC) 

or cytochrome c553 (cyt c553), is coupled to proton transfer via the so-called Q-cycle 

(Baniulis et al., 2008; Joliot and Joliot, 2001). Both PC and cyt c553 are mobile electron 

carrier proteins that are capable of diffusing along the lumen surface to the thylakoid 

membrane (TM) and shuttling electrons from cyt b6f to Photosystem I (PSI). Whether PC 

or cyt c553 is utilized depends upon the nutritional conditions since a complex regulatory 

mechanism controls their alternative expression (Bryant, 1994). The PSI complex is similar 

to PSII in the sense that it has a proximal antenna with pigments which channel excitation 

energy to a ‘special pair’ of Chl a, named P700. However, instead of requiring four photons 

and four electrons per catalytic cycle as with the water oxidation mechanism of PSII, it 

only requires one photon to complete a catalytic cycle. Charge separation in PSI produces 

an electron hole (oxidant), P700+, which is reduced by the mobile carrier (PC or cyt c553). 

Toward the electron acceptor side of PSI, charge separation sends the high energy electron 

to a series of redox carriers, and ultimately, to the mobile single electron acceptor, 

ferredoxin (Fd), which is a small, soluble, low-potential iron-sulfur protein that has a 

docking site on the cytoplasmic side (N-side) of the photosynthetic membrane. In other 

words, a mobile single electron carrier, instead of water, is the donor of electrons to 

replenish the electron ‘hole’ in (P700+) created by photochemical charge separation. On 

the acceptor side, the reduced Fd (Fdred) diffuses from the PSI to carry the high energy 
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(relatively negative midpoint potential) electron to one of several alternative pathways. 

Cyanobacteria typically express multiple isoforms of Fd, with different functions, active in 

numerous pathways (Cassier-Chauvat and Chauvat, 2014). However, the most abundant 

form of Fd mediates dominant route of the transport of electrons, which is from PSI to 

ferredoxin-NADP reductase (FNR), an oxidoreductase enzyme with a flavin cofactor that 

catalyze the reduction of NADP+ into NADPH. Because the full reduction of NADP+ to 

NADPH requires two electrons, there are two Fdred consumed by FNR per NADPH 

produced. Interestingly, two isoforms of FNR are expressed in cyanobacteria as a result of 

the utilization of alternative translational start sites of the petH gene (Thomas et al., 2006). 

The longer isoform, FNRL, has a domain that attaches it to the phycobilisomes and this 

form is involved in the reduction of NADP+ to NADPH. The short form FNRS is less well 

understood, may catalyzes the reduction of NADP+, but also appears to enhance cyclic 

electron flow (discussed below). Summing up, the overall electron pathway from water to 

NADPH is known as linear electron flow/transport (LEF or LET) (Figure 1). 
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Figure 1. Model of cyanobacterial photosynthetic electron transport (PSET). Light driven 

energy transfer coupled with electron (e-) transport through five protein complexes: PSII, cyt b6f, 

PSI, NDH-1 and ATP synthase present in the thylakoid membrane (TM). Also shown in the scheme 

are the mobile electron carriers such as PQ/PQH2, PC, Fd, FNR, NADPH and ATP. For more 

information see text. 

 

The oxidation/reduction (redox) reactions of PSET are coupled with protons being 

translocated across the membranes (from cytosol to TM lumen, N-side to P-side), forming 

a proton gradient across the membrane that is strong enough to drive ATP production by 

ATP synthase utilizing the proton motive force (pmf) present in the gradient. The global 

PSET gain is represented in equation 3: 

8	𝑝ℎ𝑜𝑡𝑜𝑛𝑠 + 2𝐻,𝑂 + 2𝑁𝐴𝐷𝑃+ + 3𝐴𝐷𝑃 → 12𝐻/ + 𝑂, + 2𝑁𝐴𝐷𝑃𝐻 + 3𝐴𝑇𝑃 

However, the cell has multiple metabolic pathways operating at once, so electrons in the 

mobile carriers can be deviate along different routes at any stage, or fed back to the 
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photosynthetic chain, as necessary. Consequently, not all the electrons are used for the net 

reduction of CO2 in the downstream reactions. An important alternate pathway is the cyclic 

electron flow/transport (CEF/CET), necessary to increase the ratio of ATP relative to 

NADPH (Alric et al., 2010; Joliot and Joliot, 2002; Munekage et al., 2004). Among the 

alternative routes, Fdred (and possibly, NADPH) may donate its electron to the so-called 

NAD(P)H dehydrogenases type-1 (NDH-1) complexes (Figure 2), eventually reducing PQ, 

feeding the PQH2 pool (Bernat et al., 2011; Mi et al., 1992). The returned reductant can be 

consumed in PSET by redox reactions coupled to proton transfer, assuring extra production 

of ATP. It seems that this involves the shorter form of FNR, FNRS, with no linker, but the 

whole mechanism is still under intense investigation. Additionally, supercomplex 

formation between PSI and NDH-1 may increase the efficiency of CEF (Gao et al., 2016). 

Overall, five protein complexes participate in cyanobacterial PSET: PSII, Cyt b6f, PSI, 

NDH-1 and ATP synthase, together with mobile electron carriers such as PQ/PQH2, PC, 

Fd, FNR, NADPH and ATP. Hence, the energy of PSET can produce NADPH, form a 

proton motive force required for synthesis of ATP, and balance ATP/NADPH through 

CEF. The energy produced during photosynthesis and stored as ATP and NADPH is free 

to be consumed in anabolic processes, of which CO2 fixation is the dominant sink for ATP 

and NADPH. Reduced products of the PSET also have regulatory roles. Most notably, 

many enzymes involved in CO2 fixation are regulated by thioredoxin (TX) using electrons 

from Fdred or NADPH produced in the light reactions (Dai et al., 2004; Hishiya et al., 
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2008). These redox reactions are responsible to activate the CBB cycle (Michelet et al., 

2013). 

1.4 Carbon fixation in cyanobacteria 

Photosynthesis is used by oxygenic photoautotrophic organisms to supply the energy 

necessary for carbon fixation process. Cyanobacteria use the most widespread pathway, 

the Calvin–Benson–Bassham (CBB) cycle, found in all oxygenic photosynthetic bacteria, 

most purple bacteria, and all algae and plants (Blankenship, 2010). CBB is a step-wise and 

cyclic metabolic process, where carbon from CO2 is assimilated into an organic molecule 

in a reaction catalyzed by the main enzyme CO2-fixing enzyme Rubisco (Ribulose-1,5-

bisphosphate carboxylase/oxygenase) (Tabita et al., 2008). 

Rubisco catalyzes the carboxylation of ribulose-1,5-bisphosphate (RuBP) with CO2 to 

produce two molecules of 3PGA (3-phosphoglyceric acid). Cyanobacterial Rubisco has an 

optimal activity at pH 7.5 (Badger, 1980), but a low affinity to CO2 with Km >150 µM 

(Tabita et al., 2008). As mentioned above, an alternative oxygenation reaction with RuBP 

can occur at the same catalytic site. This is a wasteful reaction in which O2 competes for 

the active site with CO2 as the second substrate to react with RuBP (Tabita et al., 2008). 

The process where the oxygenation of RuBP produces one 3PGA and one molecule of 2-

phosphoglycolate (2PG), is known as photorespiration and is considered a wasteful 

reaction, decreasing the efficiency of carbon provided to the cell (Burnap et al., 2015; Price, 

2011; Tabita et al., 2008). Yet, in cyanobacteria photorespiration is kept low, 0.5-1% of 
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total carbon assimilation, mostly due to mechanisms to saturate Rubisco with CO2 (Burnap 

et al., 2015; Eisenhut et al., 2008). 

1.5 CO2 concentrating mechanisms in cyanobacteria 

Cyanobacteria evolved multiple mechanisms to adapt and survive the changes in CO2 and 

O2 ratios available in our atmosphere. The level of dissolved inorganic carbon is often very 

low in current environmental conditions for an efficient photosynthesis, with typical 

aquatic concentration of free CO2 of 15 µM, despite of 1-2 mM total Ci, mostly as HCO3- 

(Price et al., 2008). Equation 4 shows the forms of Ci present on water, including dissolved 

CO2 (following Henry’s law). 

CO2	 + 	H2O ⇌ H2CO3 ⇋ H+	 + 	HCO3- ⇌ 2H+	 + 	CO32-	 

The concentration of the Ci species present depend strongly on the pH, and cell 

permeability vary for the available species (Mangan et al., 2016). Dissolved CO2 and 

H2CO3 can passively cross the outer membrane and cell wall, and across the cytoplasmic 

membrane into the cytoplasm, possibly via aquaporins (Ding et al., 2013; Tchernov et al., 

2001). It is not fully understood how bicarbonate ions (HCO3-) cross the outer membrane, 

but it may pass through porins (maybe porB) (Woodger et al., 2007). Still, cyanobacteria 

maintain an internal Ci pool of 20-40 mM, preferably in the form of HCO3-, since the ionic 

form has a poor permeability through the lipoproteic membrane (Kaplan and Reinhold, 

1999; Price et al., 2008). This internal cell concentration is only possible due to a 

specialized uptake system, the CO2-concentrating mechanism (CCM). CCM comprises a 
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complex network of several inorganic carbon transporters falling in an array of protein 

families widely distributed through cyanobacteria (Price et al., 2008). This includes a group 

of active bicarbonate transporters (using either ATP or Na+ gradient) and CO2 uptake 

systems. Additionally, a bacterial microcompartment (BMC) known as the carboxysome 

(CB) is part of the CCM. It is the sink for the accumulated HCO3- and houses Rubisco and 

carbonic anhydrase, such that the carboxylation efficiency of Rubisco is enhanced as 

discussed in the next section. 

The many components of the CCM are highly conserved and this includes their regulatory 

properties, which typically involve a set of constitutively expressed proteins, which, in 

many species, are supplemented by proteins which are regulated by the availability of Ci. 

The part of the CCM that is constitutively expressed, includes the CB, and certain high flux 

and low affinity Ci uptake proteins. Other components are only induced under conditions 

of low ambient Ci and these typically exhibit high affinity, but comparatively low flux 

uptake characteristics. The genes for some of these inducible proteins appear to have been 

completely lost during evolution, particularly in oceanic strains where Ci levels are more 

stable (reviewed in (Kaplan, 2017; Price, 2011). The regulation of CCM is complex, with 

multiple levels of regulation guiding the expression and activity of the CCM components, 

including sensing metabolic changes and allosteric interactions (Orf et al., 2015; Price, 

2011; Wang et al., 2004), also see review (Burnap et al., 2015). In general, cells growing 

under ambient air (low Ci, LC) start accumulating intermediate molecules such as RuBP, 

since overall rate of the CBB decreases due to the paucity of CO2. Simultaneously, 2PG, 
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levels begin to rise due to increase of photorespiration. These molecules act as co-activators 

of CmpR, a LysR-type transcriptional regulator (LTTR), responsible for the transcriptional 

activation of genes coding for BCT1, the ATP powered bicarbonate transporter (Nishimura 

et al., 2008; Omata et al., 2001). A second LTTR known as CcmR (or ndhR) acts as 

repressor of many components of CCM and is de-repressed under LC, being modulated by 

its co-repressors NADP+ and a-ketoglutarate (αKG, or 2-oxoglutarate, 2OG) (Daley et al., 

2012). The regulatory logic is that with LC and the resultant lower rates of the CBB cycle, 

there is less NADPH consumption, which explain the higher ratio of NADPH/NADP+. and 

lower flux of carbon into the TCA (Tricarboxylic acid or Krebs cycle) and its intermediates 

such as αKG (Burnap et al., 2013). This is especially noticeable in the acclimation hours 

following shift from HC grown cells to LC for 24 hours (Daley et al., 2012). Yet another 

level of regulation involves non-coding RNAs (ncRNAs) including antisense (asRNAs) 

and regulatory small RNAs (sRNAs), which modulated the expression of certain CCM 

proteins, with mechanisms still poorly understood (Georg and Hess, 2011; Mitschke et al., 

2011). Hence, a complex network of interactions of metabolites and sensor proteins, 

together with ncRNAs and still unknown regulatory mechanisms are involved in the multi-

layer regulation of LC adaptation, including CCM components and its high affinity Ci 

transporters. 
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1.5.1 Carboxysome 

Carboxysomes (CB) are present in all cyanobacteria and some chemoautotrophic bacteria 

(Cannon et al., 2001). The CB was the first BMC discovered and was revealed in an 

electron microscopic study of the ultrastructure of the cyanobacterium Phormidium 

uncinatum. Although they have been difficult to work with biochemically due to their 

fragility, a CB was first isolated from the chemoautotrophic Halothiobacillus neapolitanus 

(reviewed in (Yeates et al., 2010; Yeates et al., 2008). Biochemical analysis of purified 

and intact CBs indicated a high concentration of active Rubisco (Cannon et al., 2001; 

Cannon et al., 1991). Physiological examination of cells grown under air (CO2 about 

0.04%) showed increased CB number and Rubisco activity (Cheng et al., 2008). Moreover, 

studies of mutants with defective CB presented a high CO2-requiring phenotype (CO2 1-

5%) (Cheng et al., 2008; Price and Badger, 1991). These and other evidence suggested the 

currently accepted role of CB as a BMC specialized in Ci fixation (Price et al., 2013).  

Specifically, the CB is responsible for the second phase of the CCM, during which 

cyanobacteria consume the accumulated HCO3- by converting it to CO2 in proximity of the 

Rubisco housed in the CB (Badger and Price, 2003). Cyanobacterial Type 1 Rubisco (L8S8) 

has Km >150 µM and Kcat 1-13 s-1, considered an enzyme with low affinity reaction 

(Cannon et al., 2001; Cheng et al., 2008; Tabita et al., 2008). The level of dissolved 

inorganic carbon (Ci: CO2 and HCO3-) is low in environmental conditions, typical aquatic 

[CO2] of 15 µM (Price et al., 2008). Ci is actively pumped into the cell in the first phase of 
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the CCM, and HCO3- is assumed to diffuse into CB (Yeates et al., 2010). The encapsulation 

of Rubisco and the localization of a CB carbonic anhydrase (Price and Badger, 1991), 

which rapidly dehydrates the HCO3- to form CO2, allows an increase in concentration of 

CO2 to 20 mM near the enzyme, 1000-fold higher than environmental conditions (Price et 

al., 2013). This is essential to overcome competition with O2 as a substrate 

(photorespiration) and to enhance enzyme activity to near substrate saturation (Kerfeld et 

al., 2010).  

There are two types of CB, classified according to the type of Rubisco, protein shell, and 

CA (Badger and Price, 2003). The α-CB is present in (mostly oceanic) α-cyanobacteria and 

chemoautotrophs (e.g. Halothiobacillus neapolitanus), with type 1A Rubisco and genes 

arranged in an operon (Price et al., 2008). The second class of CB is characteristic of 

(mostly freshwater and estuary) β-cyanobacteria (e.g. Synechocystis sp. PCC 6803), with 

type 1B RuBisCO and the genes are distributed in clusters throughout the genome (Price 

et al., 2008). CB associated proteins include Rubisco subunits (large, RbcL; small, RbcS), 

shell proteins (CcmK1-4, CcmO, CcmL), plus organizational proteins (CcmM, CcmN) and 

a CA (CcaA or IcfA) (Kinney et al., 2011). CcmL is a pentameric protein required in 

vertices, taking the final structural organization of an icosahedron, and may prevent CO2 

leakage (Cai et al., 2009). 
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1.5.2 Bicarbonate transporters: BCT1, BicA and SbtA 

There are three known bicarbonate transporters systems, BCT1, SbtA and BicA. BCT1, an 

ATP-binding cassette (ABC)-type system, is composed of four proteins whose genes are 

clustered under an operon, cmp(A-D) (Omata et al., 1999). CmpA is a periplasmic 

lipoprotein that binds to HCO3- present in the periplasmic space with high affinity (K0.5 5-

15µM) (Maeda et al., 2000), transported there probably passively through porins in the 

outer membrane (Price, 2011). CmpB is a hydrophobic membrane protein, possibly present 

as dimers with a channel in between that would allow the transport of HCO3- coupled to 

ATP hydrolysis. The associated CmpC and CmpD subunits have ATP binding sites, 

powering the transport (Omata et al., 2002). Also, the operon sometimes includes the gene 

porB, which is a putative outer membrane porin. This transport system is induced under 

ambient air levels of CO2 (Wang et al., 2004), with medium to low flux, and is of special 

use for fresh water organisms (Kaplan, 2017; Omata et al., 2002; Price et al., 2008; Price 

et al., 2002). 

SbtA is a protein comprised of a single polypeptide that works as a bicarbonate transporter, 

with high affinity (~5µM) (Shibata et al., 2002) and low flux (Price et al., 2004). It seems, 

however, that the protein forms a tetrameter (Price, 2011; Zhang et al., 2004). The gene 

sbtA is usually localized with sbtB, of unknown function, but is in the PII-family of 

regulatory proteins and therefore may interact with SbtA to exert some form of regulation 

(Du et al., 2014). Despite its subunit simplicity, SbtA seems to have a significant 
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importance in HCO3- transport in cyanobacteria. It is induced under LC conditions (Wang 

et al., 2004), and it seems strictly dependent on the electrochemical gradient of Na+, in fact, 

its function appears to be almost inexistent in the absence of Na+, with maximal HCO3- 

uptake at 6 mM Na+, requiring 1mM for half maximal HCO3- uptake (Shibata et al., 2002). 

Therefore, SbtA can be considered a Na+-HCO3- symport relying on the electrochemical 

gradient of Na+, where relatively high concentrations of external Na+ allow the inward 

movement of Na+ down a concentration gradient to be obligately coupled to the parallel 

inward movement of HCO3- up a concentration gradient into the already high concentration 

of HCO3- in the cytoplasm. There appears to be considerable diversity in the SbtA family 

and different members exhibit different kinetic characteristics. A study of multiple 

cyanobacteria SbtA activity showed a wide range of affinities, K0.5 74-353 µM, indicating 

that the higher affinity modules also had lower flux (Vmax) and vice versa (Price, 2011; 

Price et al., 2004). 

BicA, the most recent Ci transporter discovered, is a member of a large family of transporter 

(SulP-type), and has a mechanism similar to SbtA insofar as it appears to be a Na+ 

symporter (Price et al., 2004). The membrane protein contains multiple transmembrane 

alpha helices, and it utilizes a Na+ concentration gradient, requiring 1.7 mM Na+ for half 

maximal HCO3- uptake (Price, 2011). Accordingly, both BicA and SbtA are involved in 

the symport transport of Na+ and HCO3- (Espie and Kandasamy, 1994; Kaplan, 2017; Price 

et al., 2002). Notably, BicA seems to be constitutively expressed in freshwater 

cyanobacteria such as Synechocystis sp. PCC 6803 (Klähn et al., 2015; Wang et al., 2004), 
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but is inducible under LC in marine organisms, for example Synechococcus sp. PCC7002 

(Woodger et al., 2007).  

These bicarbonate transporters are important for aquatic photoautotrophs, since Ci 

dissolved in water is four times lower in concentration than in air, is pH dependent and 

CO2 diffusion is 104 times slower than in air (Price, 2011). In order to overcome these 

conditions of low Ci-availability, cyanobacteria accumulate Ci in the form of HCO3- 

(Kaplan and Reinhold, 1999; Price and Badger, 1989c; Woodger et al., 2005). Later, this 

will be converted into CO2 by a CA present on the interior wall of the CB (Kinney et al., 

2011; Price and Badger, 1991). This process is enough to ensure and enhance Ci fixation, 

and decrease competition with O2 (photorespiration), by keeping near saturation CO2 

concentrations near Rubisco, boosting its carboxylation activity (Kinney et al., 2011; 

Marcus et al., 1992). However, CO2 can passively leave the cell, hence a dedicated 

scavenger system is required to decrease this undesirable escape of Ci in the form of CO2. 

1.6 NDH-1 complex and Cup proteins 

Contrary to bicarbonate, dissolved CO2 can passively enter/exit the cell, possibly via 

aquaporins (Ding et al., 2013; Tchernov et al., 2001). Since internal Ci is maintained 

primarily as the ionic species, HCO3-, it is not prone to leakage form the cell. However, 

HCO3- can spontaneously be converted to CO2 or, following the action of the CB carbonic 

anhydrase, it may leak from the CB if it is not utilized by Rubisco. Hence, cyanobacteria 

evolved dedicated systems that hydrate CO2 to form HCO3- for primary uptake and avoid 
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CO2 leakage back to the environment, thereby maintaining the high and far from 

equilibrium concentrations of accumulated HCO3- (Burnap et al., 2015; Kaplan, 2017).  

The specialized CO2 uptake systems are variations of NAD(P)H dehydrogenases type-1 

(NDH-1) complexes (Figures 2 and 3), and are multiprotein systems, having Cup (CO2 

uptake) proteins as part of the large U shaped active membrane complex (Arteni et al., 

2006; Battchikova et al., 2011a; Folea et al., 2008; Ohkawa et al., 2000a; Ohkawa et al., 

2000b; Zhang et al., 2004). These specialized forms of the NDH-1 complex catalyze the 

energy-requiring conversion of CO2 into HCO3-, against the equilibrium CO2 ⇌ HCO3-. In 

other words, the hydration reaction resembles a classical carbonic anhydrase activity, 

except that it may also utilize an energy source to drive the reaction far from equilibrium 

(very high [HCO3-]/[CO2] ratios) reflecting the high concentrations of HCO3- that are 

maintained in the cytoplasm. It is not clear whether these specialized CO2 uptake forms of 

the NDH-1 complex are associated with recently discovered supercomplexes between 

NDH-1 and PSI. It was shown that a supercomplex NDH-1-PSI may be formed between 

these protein systems under specific conditions. Importantly, these and other forms of the 

NDH-1 complex appear to mediate cyclic electron flow (CEF) (Gao et al., 2016). For CEF, 

high energy electrons in the form of Fdred produced by PSI are thought to be recycled into 

the plastoquinone pool via the NDH-1 complex, although the details of the process and the 

exact polypeptides mediating it are not well-defined. Similarly, how CO2 uptake is 

associated to the photosynthetic electron transport and the NDH-1 complexes, it is also not 

well understood. It is generally accepted that CO2 uptake depends on the core NDH-1 
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proteins (Han et al., 2017) and CEF (Bernat et al., 2011), which would indicate an 

energized system using the redox energy of NADPH or Fdred to power CO2 uptake (He et 

al., 2015) (also see review by (Battchikova et al., 2011a).  

 

 

Figure 2. Representation of Type-1 NADH dehydrogenase complexes (NDH-1) of 

cyanobacteria present on the thylakoid membrane, showing multiple proteins involved in the 

complex. The core protein (NDH-1M) with L shape is highly conserved. Four variations of NDH-11-

4 are possible due to interchange of several homologous NdhF and NdhD subunits (NDH-1S), 

responsible for the complex structural and functional multiplicity. For more information, see text and 

review by (Battchikova et al., 2011a); (He et al., 2015). 
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Synechocystis sp. PCC6803 has four types of NDH-1 complexes (NDH-11-4), where two 

are involved in CO2 uptake (NDH-13,4) (Maeda et al., 2002; Shibata et al., 2001). All four 

have a multiprotein core in a L format, with about 11 proteins homologous to Complex 1 

in Escherichia coli (Battchikova et al., 2011a). These NDH-1 complexes are modular in 

structure with a common core (NDH-1M) that contains the redox centers involved in 

electron transfer and alternative modules connected to this core. The defined function of 

the complexes depends on the proteins attached to the core, with the subcomplex (NDH-

1S) containing one of the multiple NdhD and NdhF variants making the proper 

combination (Battchikova et al., 2011a). Two forms, NDH-11 and NDH-12 (also known as 

NDH-1L/L’), function in cyanobacteria as both respiratory and photosynthetic CEF 

systems. The two other structures, NDH-13 and NDH-14, contain CO2 uptake proteins 

(Figure 3), and are widespread in cyanobacteria (Badger et al., 2006). 

 

 

Figure 3. CO2 uptake systems are specialized Type-1 NADH dehydrogenase complexes (NDH-

1) present on the thylakoid membrane of cyanobacteria. NDH-14 is a constitutive CO2 uptake system, 
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containing NdhF4, NdhD4 and CupB. NDH-13 is induced under LC growth conditions, comprising 

of NdhD3, NdhF3, CupA and CupS. For more information, see text and review by (Price, 2011). 

 

NDH-14 (also known as NDH-1MS’) is a constitutive CO2 uptake system, composed of 

three proteins, NdhF4, NdhD4 and CupB (or ChpX in Synechococcus sp. PCC 7942) 

forming the subcomplex attached to the L core, giving a U shape to the structure. NDH-14 

has a medium-low affinity (K0.5 10-15 µM) and high flux (190 µmol mg−1 Chl h−1) in the 

organisms previously studied (Maeda et al., 2002; Shibata et al., 2001). Similar work 

showed that NDH-13 (also known as NDH-1MS) is induced under LC conditions, having 

NdhD3, NdhF3, CupA (or ChpY in Synechococcus sp. PCC 7942) and CupS, all expressed 

part of the cupA operon (plus a fifth ORF of unknown function). Contrary to NDH-14, 

NDH-13 has a high affinity (K0.5 1-2 µM) and low flux (90 µmol mg−1 Chl h−1) (Maeda et 

al., 2002; Shibata et al., 2001), but seem to be missing from some cyanobacteria (Kaplan, 

2017). Note that neither the NDH-14 nor NDH-13 enzyme have ever been purified to 

homogeneity so that the actual specific flux activity is still not known and therefore the 

cited values of 190 and 90 µmol mg−1 Chl h−1 are normalized to the total amount of Chl 

instead of a true specific activity (rate per enzyme complex). Accordingly, the number of 

NDH-14 and NDH-13 expressed per cell will also determine the actual measured flux 

activity. The high affinity system has an unique structural component, CupS as part of the 

U shaped complex with a specific docking site in NdhF3 (Birungi et al., 2010; Korste et 

al., 2015), although absence of CupS did not affect growth under LC (Ohkawa et al., 
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2000b) and distinct function requires further studies. The poorly understood CO2 hydration 

mechanism of NDH-13,4 may involve a special type of carbonic anhydrase, CupA and 

CupB, and proton transport (involving NdhD3F3 and NdhD4F4) as constituents (Han et 

al., 2017; Price et al., 2002). Moreover, it is known that the traditional carbonic anhydrase 

inhibitors, particularly ethoxyzolamide (EZ), decreases CO2 uptake in cyanobacteria with 

no interference on HCO3- transport (Espie et al., 1991; Price and Badger, 1989a; Price and 

Badger, 1989b). The majority of these studies are based solely on absence or presence of 

genes and coded proteins, yet no functional protein work or X-ray crystal structures are 

available, and work on the structure has been difficult since the complex is fragile, easily 

dissociating in two subcomplexes (the core and attached modules), plus it is generally 

present in low concentrations in the cell compared to the reaction centers (Battchikova et 

al., 2011a; Zhang et al., 2005). A recent near-atomic structure of cyanobacterial NDH-11,2 

by cryo-EM single particle analysis may shine some light in the multiprotein structure 

(Laughlin et al., 2018). However, the CO2 hydration mechanism, involving the Cup 

proteins, remains enigmatic and requires further study. The CO2 hydration mechanism has 

been a target of intense discussion in the literature, with two main hypotheses: 1) CO2 

hydration is solely due to an alkaline pocket formation due to the proteins environment 

(Kaplan and Reinhold, 1999), and 2) Cup proteins are the proteins with CA-like activity, 

possibly energized by CEF (Price et al., 2002). This conundrum was raised over fifteen 

years ago, with no new insights.  



 29 

The CCM function is essential for the increase of Ci inside of the cell, which is necessary 

for high efficiency photosynthesis (Burnap et al., 2015; Price, 2011). To better understand 

the mechanism of the CCM, more specifically the Cup complexes, in the present study I 

investigated the structure-function of NDH-13,4, as a first step in an effort to probe the 

molecular mechanism using a combined molecular genetics and physiological approach. 

This will be further discussed in Chapters 4 and 5. 

1.7 Carbonic anhydrases, structure-function overview and importance in 

cyanobacteria 

Bicarbonate interchange into CO2 is catalyzed by carbonic anhydrases (CAs) and is 

essential for metabolism hemostasis and pH control in living organisms (Kupriyanova et 

al., 2017). CA is widespread among the three domains of life, comprising a very diverse 

collection of proteins with several known families of CA, a, b, g, d, z, h, e, q, with 

numerous isoforms dispersed throughout multiple kingdoms (DiMario et al., 2017; 

Supuran, 2016). The families are phylogenetically unrelated, as they have little to no amino 

acid sequence or structure similarity (Supuran, 2016). Cyanobacteria, algae and plants, 

which evolved at distinct periods before and after the CO2 levels drastically changed, have 

different families and isoforms involved in CO2 hydration. This suggests that CAs evolved 

independently through the years, having a convergent evolution (DiMario et al., 2017).  

A common feature among CAs is an active site associated with a metal cofactor, hence 

they belong to the superfamily of metalloproteases. Zinc (Zn) is usually the element 
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present, however, some CAs may interchangeably interact with cobalt (Co2+ in a), 

cadmium (Cd2+ in z) or iron (Fe2+ in g) under special conditions (reviewed in (Supuran, 

2016). The metal ion coordination also may differ among classes and even isoforms 

(Kupriyanova et al., 2017). In general, three amino acids bonds to the metal ion and a 

hydroxide ion as the forth ligand forming a tetrahedral shaped active site (Supuran, 2016).  

The amino acids forming the catalytic site and also involved in its structure are well 

conserved within each CA family and some convergent evolution between CA families has 

been noted (Kupriyanova et al., 2017). a-CA has three conserved histidine residues (His) 

from a single monomer coordinating Zn2+, and its structure is dominated by antiparallel b-

sheet (DiMario et al., 2017; Liljas et al., 1972). b-CA forms oligomers, usually dimers, 

with structure dominated by a-helices, Zn2+ coordinated by two cysteine (Cys) and one 

His, and is categorized according to its “open site” (type I) or “closed site” (type II) 

(Kimber and Pai, 2000). e-CA were initially classified as an unique CA class (So et al., 

2004) and later identified as a highly modified b-CA (DiMario et al., 2017; Sawaya et al., 

2006). g-CA structure is rich in left-handed parallel b-sheet, may form a homotrimer, and 

have amino acids from two monomers supporting the active site, one with two His plus a 

third His from a second monomer (Kisker et al., 1996). Interestingly, in mitochondria from 

plants, a g-CA was found to be localized in the complex I, with no known function (Parisi 

et al., 2004). z-CA may be monomeric enzymes, and like b-CA has two Cys and one His 

linked to the metal cofactor (Cd2+), with an unusual sequence of three almost identical 
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amino acids repeats, forming a large active site with the metal at the bottom of the funnel-

shaped pocket (Alterio et al., 2012). d-CAs seems to have an active site similar to a-CA 

with three His forming the active site (Cox et al., 2000). h-CAs used to be classified as a-

CA, however the active site differs in having two His and one glutamine (Gln) binding to 

Zn2+ (De Simone et al., 2015). q-CA is the newest group discovered an is still poorly 

studied. 

All CAs have a metal in the active site, however, the metal alone is not capable of the 

catalytic interconversion between CO2 and HCO3- (Kupriyanova et al., 2017). In the first 

step of the process, the hydroxide group bound to metal is a strong nucleophile. A molecule 

of CO2 is trapped on a hydrophobic pocket near the metal, favoring the nucleophilic attack 

upon the C nucleus of the CO2 by metal-hydroxide, forming HCO3-. This weak binding of 

HCO3- to the metal, stabilized by a neighboring threonine (Thr), is displaced by a water 

molecule in the adjacent hydrophilic pocket, releasing HCO3- into solution (Lindskog, 

1997). The rate-limiting step of the reaction is the deprotonation of the water coordinated 

by the metal to regenerate the metal-hydroxide species, thus a new HCO3- may be produced 

(Supuran, 2016). Thus, it is the reaction of water with the metal active site and, specifically, 

the deprotonation of the water that limits the rate of the reaction. The protein active site 

environment is again important, with titratable amino acids in the vicinity being responsible 

as a proton acceptor and shuttle, facilitating the deprotonation to form the metal-hydroxide 

and thereby enhancing efficiency and enzymatic activity (Lindskog, 1997). In many cases, 
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the proton shuttle residue is a His in the middle of the active site, further assisted by a 

cluster of His extending to the outside of the enzyme, which remove the proton, preventing 

the backreaction of the released proton to return to the nascent hydroxide (Aggarwal et al., 

2015; Supuran, 2016). Both of these steps can be partially or completely disrupted by CA 

inhibitors, such as the membrane permeable ethoxyzolamide (EZ) that binds to the metal 

cofactor replacing the hydroxide (Baranauskienė and Matulis, 2012; Supuran, 2008). 

The Cup proteins from cyanobacteria have been suggested to be CA-like proteins, since 

they are present in the CO2-uptake systems and are not enclosed in the membrane, which 

suggest they are not the main proton transfer proteins, but are essential for CO2-hydration 

activity (Price et al., 2002). However, cyanobacteria do not have a true CA in the cytosol, 

since when a human a-CA II was heterologously expressed in Synechococcus sp. PCC7942 

the strain developed a high CO2-requiring phenotype (Price and Badger, 1989c). This is 

explained as being a result of non-native CA rapidly dissipating the non-equilibrium 

concentrations of bicarbonate that would otherwise accumulate in the cytoplasm due to the 

bicarbonate and CO2 proteins of the CCM. Thus, the Cup protein cannot be simply a CA, 

but must have an energy source to help sustain the non-equilibrium concentrations of 

bicarbonate in the cytoplasm. Consistent with this, it is noted that the Cup proteins are not 

classified as being part of any CA family based upon sequence analysis, and if CA-activity 

is confirmed it will form a new CA group (Kupriyanova et al., 2017). 
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Since NDH-13,4 purification has proven challenging, there are no published structural or 

biochemical analyses of Cup proteins (Zhang et al., 2004; Zhang et al., 2005). However, 

in the past, when no crystal structures were available for CA families, point mutations on 

conserved amino acids confirmed by multiple sequence alignments have proven to be 

useful in characterizing the active site. Studies on spinach CA with site direct mutants 

altering conserved cysteine to alanine, histidine to glutamine, aspartate to asparagine and 

glutamates to glutamine showed severe diminished catalytic activity and that the enzyme 

has a Cys-His-Cys-H2O, with the catalytic Zn being coordinated by sulfur ligands (Bracey 

et al., 1994). In Chlamydomonas reinhardtii, mutation of conserved amino acids Cys and 

His of the N-termini of CCM1, a low CO2 regulatory protein, led to complete loss of zinc 

binding, decreased the amount of the expressed protein (Kohinata et al., 2008). In Chapter 

4 we show the results of point mutations on conserved amino acids of CupA and CupB, 

and the effect on its activity. 

1.8 Questions and goals 

CO2 uptake systems are essential for the survival of many cyanobacterial organism as a 

scavenger for CO2 and also have an exciting biotechnological potential in crop 

improvement projects (Price et al., 2013). However, some key understanding of their 

molecular mechanisms is missing, and important questions remains unresolved. Given the 

NDH-13,4 complex is involved in the uptake of CO2 (CO2 hydration producing HCO3-), 

would CupA/CupB be a special type of (redox coupled?) carbonic anhydrase-like protein? 
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(Figure 19) Could point mutations in conserved histidine and cysteine trigger changes in 

Cup enzymatic activity by potentially disrupting the potential active site? 

Our hypothesis is that CupA/CupB is a special type of carbonic anhydrase unique in 

cyanobacteria. Thus, site directed mutagenesis in conserved histidine and cysteine will 

change the activity of Cup proteins, affecting cell CO2 uptake.  

The aims of this study were: 

Ø Develop a strain missing functional CO2 systems by constructing gene knockouts 

of the whole cupA operon together with the deletion of cupB; 

Ø Insert a synthetic molecular construct where cupA operon is under the regulation of 

rbcL promoter, making the native inducible system, now constitutive; 

Ø Use site-directed mutagenesis to introduce amino acid substitutions in the protein. 

This would help identify functionally important sites by targeting highly conserved 

amino acids in the potential active site of Cup proteins according to their impact 

upon CO2 uptake activity.  
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2 CHAPTER II  

 

 

EXPERIMENTAL PROCEDURES 

 

 

 

2.1 Materials and methods 

In general, physiological experiments were performed on at least three biological 

replicates, with technical replicates within each biological replicate as noted. Standard 

deviation (SD) was calculated, typically using Excel (Microsoft) software, and presented 

as error bars in the graphs. Graphs were plotted using Kaleidagraph software (Synergy). 

2.2 Culture and growth conditions 

Wild-type Synechocystis sp. PCC6803 (WT) and mutants were maintained in standard BG-

11 medium (Allen, 1968), pH 8, supplemented with 10 mM HEPES-NaOH. Cells from 

frozen glycerol (32% v/v) stock were grown in BG-11 pH 8 supplemented with 18 mM 

sodium thiosulfate and 1.5% agar. These were used to inoculate 100 mL of BG-11 in 250 

mL Erlenmeyer flasks, kept on shaker at 180 rpm at 30°C, with illumination of 

approximately 50 µmol (photons) m-2 s-1 provided by Cool White fluorescent lamps.  
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Plates and liquid culture were supplemented with 5% CO2 (flowing in the headspace of the 

shaking 250 mL Erlenmeyer flasks or in the atmosphere for solid agar growth plates) when 

necessary, and if later used for experiments. 

Cultures in log phase of growth, usually from shaking culture, were used to inoculate 800 

mL pH 8 media in 1 L Roux bottles, continuously bubbled (approximately 150 mL min-1) 

with 3% CO2, at 32°C (water bath) with light intensity of approximately 70 µmol (photons) 

m-2 s-1. Cells were inoculated to a starting density of 0.04-0.10 OD750 grown with 

supplementation of 3% CO2 were considered to be in high Ci (HC) condition, since both 

CO2 and HCO3- were expected to be abundant. Antibiotics was added for maintenance of 

strains and segregation, but were not added when cells were to be used in physiological 

experiments: spectinomycin (Sp) 20 µg mL-1, chloramphenicol 5 µg mL-1 (Cm), kanamycin 

(Km) 20 µg mL-1. 

Evaluation of growth characteristics using agar growth plate spot assays (Shibata et al., 

2001) used modified BG-11 at pH 7, buffered with 40 mM HEPES-KOH and no sodium 

carbonate was added (Holland et al., 2016; Wang et al., 2004). Cells were grown in 100 

mL pH 7 liquid media with 5% CO2 (flowing in the headspace of the shaking 250 mL 

Erlenmeyer flasks) until late log phase, when cells were collected, washed with either pH 

8 or pH 7 media, and resuspended to OD750 1, with serial dilutions to 0.1, 0.01 and 0.001. 

Five µL of each dilution were spotted on agar plates and grown for 5 days at 30°C with 

light intensity of approximately 40 µmol (photons) m-2 s-1, with no supplemented gassing 



 37 

or with 5% CO2. Agar growth plate spot assays used BG-11 with pH 8 and pH 7 (modified), 

with 20 mM NaHCO3 added when indicated.  

The low Ci pH 7 modified BG-11 was shown to be useful for modulating Ci species 

concentrations, since in this conditions CO2 is favored over HCO3- thus making cells 

primarily dependent upon CO2 uptake. Cells grown at pH 7 for 48 h with 3% CO2 later 

switched to gassing with air for 20-24 h were considered low Ci (LC). This condition is 

known to promote the expression of the LC inducible Ci transporters (Holland et al., 2016; 

Wang et al., 2004). 

The majority of CO2-enriched gassing described in this study involved a mixing system 

(Qubit, Canada) with the mixed gas flow humidified by bubbling through a flask containing 

water and sterilized passage through a 0.2 µm filter (Whatman Polydisc TF Filter, GE 

Healthcare) before reaching samples. Absorbance spectra and optical density due to 

scattering at 750 nm were measured with a UV–Vis Scanning Spectrophotometer (UV-

2101PC, Shimadzu, Japan). 

2.3 Strains and molecular constructs 

Details of strains constructed for each study are detailed in its chapter methods section. In 

general, all DNA amplifications for constructions using the polymerase chain reaction 

(PCR) were performed using Herculase II fusion DNA polymerase (Agilent) with addition 

of 2% DMSO (dimethyl sulfoxide), following manufacturer instructions. The Gibson DNA 

fragment assembly technique (Gibson et al., 2009) was applied in creating molecular 
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constructs in this study, first with homemade kits, later replaced with commercially 

available kits (New England Biolabs, NEB). Escherichia coli (E. coli) DH5a (NEB) was 

used for general plasmid maintenance, and plasmids were extracted with E.Z.N.A.® 

Plasmid Mini/Midi Kit (Omega, Bio-tec). Restriction enzymes employed in plasmid 

digestion were used following manufacture instructions (NEB). Molecular constructions 

were confirmed by sequencing at DNA/Protein Resource Facility at Oklahoma State 

University. 

Synechocystis sp. PCC6803 (here Synechocystis 6803, Genbank GCA_000009725.1), a 

naturally transformable and glucose tolerant cyanobacterium, was used as the wild-type 

(WT) organism of study and the background strain for mutant construction. 

Transformation, where foreign DNA is introduced into Synechocystis 6803, was performed 

as previously described (Eaton-Rye, 2004). 100 mL of cells (from shaker) with OD750 of 

0.6-0.9 were centrifuged at 4000 rpm for 10 minutes (min) at room temperature (RT), and 

resuspended in 2 mL BG-11 by agitation on a shaker. Later, 10 µg of DNA construct 

(plasmid or linear DNA) was added to 500 µL of cells with OD750nm of 2.5, gently mixed 

and incubated for 5 hours (standing, with gentle mixing at 3 hours mark), at 30°C with 

light intensity of approximately 40 µmol (photons) m-2 s-1, with no supplemented gassing 

or with 5% CO2. Approximately 200 µL cells were spread plated onto sterile membrane 

filters (MF-Millipore Mixed Cellulose Ester Membranes, 0.45µm EMD Millipore), and 

laid onto BG-11 with 20mM NaHCO3 incubated overnight in presence of 5% CO2. 

Membranes were transferred to plates with antibiotics, later gradually increasing the 
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concentration (2.5-20 µg mL-1). Generally, in cyanobacteria, single crossover events are 

significantly less frequent than double recombination, especially when the plasmid is 

introduced via transformation (Tsinoremas et al., 1994). The integration of the construct 

into the targeted site was confirmed by PCR of a picked colony dispersed in a PCR tube or 

from genomic DNA.  

Genomic DNA was extracted from 100 mL of cells (from shaker) in late log phase (10-14 

days old), centrifuged 5000 x g, 10 min, RT and resuspended in 14 mL of 5X TE (50 mM 

Tris-HCl, 5mM Na2EDTA, pH 7.6). Later samples were centrifuged 5000 x g, 10 min, RT 

and the pellet resuspended in 1.5 M KCl, and heated to 65°C for 20 min to inactivate 

endogenous nucleases. The solution was centrifuged 5000 x g, 10 min, RT, and after 

supernatant removal, the pellet was resuspended in 14 mL of 5X TE, centrifuged 5000 x g, 

10 min, RT. The precipitate was resuspended in 3 mL of 5X TE with lysozyme (1 mg mL-

1) and held at RT for 20 min. Then I added 60 µL of 20% (w/v) SDS (sodium dodecyl 

sulfate) and 20% (w/v) Sarkosyl, plus proteinase K (100 µg mL-1, Sigma) for cell lysis, and 

incubated overnight at 50°C with intermittent mixing. An equal volume of phenol: 

chloroform (1:1) was added to the solution, vortexed and centrifuged 10000 x g, 5 min at 

RT. The aqueous top phase was transferred to a new tube and an equal volume of 

chloroform was added and centrifuged 10000 x g, 5 min, RT, and this step was repeated. 

The upper layer was transferred to a new tube and equal volume of isopropanol was added, 

then placed at -20°C for two hours. Precipitation of DNA was achieved by centrifugation 
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at 10000 x g, 10 min, RT, with pellet resuspended in 400 µL 1X TE plus 200 µg mL-1 

DNase-free RNase incubated at 37°C for 30 min. The phenol: chloroform extraction was 

repeated as described before. The aqueous top phase was transferred to a new Eppendorf 

tube with addition of one tenth volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of 

100% ethanol, then stored at -20°C overnight. Precipitation of DNA was completed by 

centrifugation at 10000 x g, 20 min, RT, washed with 70% ethanol and dried using a Speed 

Vac (medium speed). The dried pellet was resuspended in 100 µL of water and quantified 

with NanoDrop 1000 (Thermo). This typically yielded approximately 100 µg of DNA. 

Later, this protocol was replaced by a genomic extraction kit (Quick-DNA™ 

Fungal/Bacterial Miniprep Kit, Zymo research) with lower yield but much less time 

consuming and still with high purity. 

2.4 Cell sample preparation 

HC cultures with OD750 between 0.5 and 0.8 (approximately 36-40 h) were collected by 

centrifuging approximately 200-400 mL at 6000 x g, 10 min, RT. A modified low Ci, low 

sodium (approximately 0.39 µM) BG-11 pH 7 media was used for the Ci depletion assays, 

similar to the one mentioned above, except that buffered with 50 mM Bis-Tris-Propane 

(BTP) and omitting sodium nitrate and gassed with N2/O2 mixed gas for Ci depletion. In 

order to obtain a Ci depleted samples, cells grown under HC were washed in this media 

twice (first with 40 mL and later 2 mL media), resuspended in about 5-10 mL to a 
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chlorophyll (Chl) density of 50-200 µg Chl mL-1, shaking at 40 rpm in darkness for about 

3 hours, and purged with N2 gas before experiments.  

HC cells were instead washed with standard BG-11 pH 8 bubbled with 3% CO2 for 2-3 h. 

Chl concentration was measured after extraction in methanol (20 µL sample in 1mL final 

volume with methanol, vortexed and centrifuged at 10000 x g, 5 min, 4°C) using an 

extinction coefficient of 12.95 at 665 nm, and all experiments were performed at a final 

Chl concentration of 5 µg Chl mL-1 (Ritchie, 2006). 

2.5 Ci affinity and oxygen evolution assays.  

Ci affinity assays were performed using a water jacketed Clark-type electrode (Yellow 

Springs Instruments, OH, USA) system at 32°C, 1.8 mL sample volume, similar to 

previous described (Benschop et al., 2003; Price and Badger, 1989a). Ci depleted cells were 

acclimated and further depleted by pre-illumination for about 10 min at approximately 800 

µmol (photons) m-2 s-1 or until O2 evolution ceased. This is called the compensation point, 

where rates of O2 production (evolution) and consumption are comparable since Ci is 

limiting (Miller et al., 1990). Ci uptake was measured in light after stepwise injections of 

bicarbonate, and O2 evolution rates were recorded as a function of Ci added. To evaluate 

the effect of primarily CO2 uptake, potassium bicarbonate (KHCO3) was added in the 

presence of 25 µg mL-1 CA (approximately 87 W-A units, CA II, Sigma, USA). To evaluate 

the combined CO2 uptake and HCO3- uptake, sodium bicarbonate (NaHCO3) was used as 

source of bicarbonate. Rates were obtained using a linear regression fit from 10 to 50 s (40s 
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total) steady state data. Vmax was obtained as the maximum raw rate at saturation. The 

estimated K0.5 was used instead of Michaelis Menten Km since multiple Ci transporters are 

usually present. K0.5 was annotated as the Ci concentration required to half saturate the 

maximum rate.  

2.6 Chl and NADPH fluorescence and P700 spectroscopy  

Analysis of changes in activity of photosystem I and II were assessed by variations on 

reduction and oxidation of P700 and Chl fluorescence, respectively. Assays were 

performed as previously described in co-authored work from our laboratory (Holland et 

al., 2016), but with small changes as noted below. 

2.6.1 Chl and NADPH fluorescence 

The DUAL-PAM-100 (Walz, Germany) was used so simultaneous measurements of Chl a 

and NADPH fluorescence could be followed. The pulse amplitude modulated (PAM) 

fluorometer had attached an emitter-detection-cuvette assembly (ED-101US/MS), with the 

DUAL-DR mode that contains a single red (620 nm) for measuring light (ML), plus a LED 

Array (COB, 24 reds, 635 nm) for actinic light (AL), saturating and multiple turnover 

pulses (SP and MT, respectively). In front was a system that allows NADPH fluorescence 

to be measured, the detector 2 with the DUAL-ENADPH (emitter) with a measuring light 

(365nm) at a 90° angle from the DUAL-DNADPH (detector), a blue-sensitive 

photomultiplier (420-550 nm light), and ML intensity 8 was used for the experiments. 

Samples with Chl density of 5 µg Chl mL-1 were loaded in a glass cuvette (1 cm) and placed 



 43 

in the ED-101US/MS. Dark adapted samples (4 min with stir, 1 min without) were exposed 

to actinic illumination (AL, 53 µmol (photons) m-2 s-1, ML=12 µmol (photons) m-2 s-1) with 

multiple turnover flashes (20,000 µmol (photons) m-2 s-1) applied for 300 milliseconds on 

five minute traces (at 15, 300, and 540 seconds) or without when one minute analysis was 

followed. Before AL was turned on, fluorescence traces were measure for 60 or 10 seconds 

in dark, and post-illumination fluorescence was followed for an additional 200 or 190 

seconds and the program was terminated. The short, one minute trace had samples pre-

illuminated for 4 min (53 µmol (photons) m-2 s-1) before dark adaptation. The pre-

illumination causes the products of photosynthesis to accumulate enabling the detection of 

fluorescence transients due to reductant entering the PQ pool from cytoplasmic sources 

(e.g. sugar oxidation via the pentose phosphate pathway). The precise program was 

designed with the DUAL-PAM-100 software on trigger mode. Traces were acquired at a 

rate of one point per millisecond, with a total of 1024000 points collected, later smoothed 

with a running average of 300 points. Traces shown are typical (n= 3-8) and maximal 

fluorescence (Fm') was verified by the addition of 10 µM DCMU. Ethoxyzolamide (EZ) 

200 µM was added when indicated. 

2.6.2 P700 spectroscopy 

P700 absorbance was measured with JTS-10 (LED pump-probe spectrometer, Bio-Logic, 

France) with 705 nm interference filters over sample and reference photodetectors. Cells 

were dark-adapted (4 min with stirring on and 1 min off) before measurements in a glass 
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cuvette (1cm). Samples with Chl density of 5 µg Chl mL-1 were illuminated for 5 seconds 

with 2050 µmol (photons) m-2 s-1 red AL (620 nm). DCMU 10 µM (3-(3,4-dichlorophenyl)-

1,1-dimethylurea) was used when measuring cyclic electron flow, since it blocks the 

electron transfer between QA and QB sites at PSII. The program used was the 5 s 

illumination (excitation PSI +PSII and decay), ensuing 10 s dark for a baseline of the P700 

state before 5s AL followed for 8s once light was terminated (D, detection pulse): 

3(10msD)10sD2(10msD)10msG200µsD1msD1msD3msD(3ms,30,5s,D)100µsH200µsD(

2ms,20,8s,D). Data analysis was done using Bio-Logic software to obtain half times of 

oxidation and reduction, later converted to apparent rate constants (k), by dividing ln2 by 

the half times.  

2.7 SDS-PAGE and Immunoblot analysis 

Approximately 400-600 mL of cell culture was harvested from HC, HC after Ci depleted 

treatment or LC grown cells and centrifuged at 6000 x g for 10 minutes, RT. Whole cells 

were collected, resuspended in 25 mM Tris-HCl pH 7.5 buffer and stored frozen (-80°C) 

until protein analysis, following established protocol (Holland et al., 2016). Samples were 

diluted to a density of 1 mg Chl mL-1, broken with 0.1 mm zirconium beads (1:1) in a 

Bullet Blender (Next Advance Inc., USA) (beat 1 min, intensity 5, rest 4 min on ice; 

repeated 1 time) in the presence of 1mM e-aminocaproic acid, benzamidine and PMSF, at 

4 oC, to decrease protease activity. After centrifuging at 1000 x g for 1 minute, the 

supernatant was collected, adjusted to 100 µg Chl mL-1 , and sample was further solubilized 
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by addition of 2% SDS and 5 mM DTT (dithiothreitol), heated at 65oC for 10 min, and 

separated on SDS-PAGE (8% stacking, 12% resolving; 0.5 mm) (Laemmli, 1970). 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 in the gel. 

Electrophoresis was performed at 100 V for approximately 2 hours at RT. 

Protein content was transferred to a PVDF membrane using a Bio-Rad semi-dry apparatus 

(25 V, 25 minutes) in the presence of Towbin buffer (25 mM Tris, 192 mM glycine, 20% 

methanol) supplemented with 0.03% SDS (w/v) and membrane was stained with 0.5% 

Ponceau S (Sigma) to verify equal loading. After washes with water to remove excess of 

dye, membranes were washed two times with 5% bovine serum albumin (BSA) in TBS (50 

mM Tris-HCl, 150 mM NaCl, 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 (50 rpm) 

at RT. The membranes were incubated overnight in primary antibody (rabbit anti-SbtA; 

1:2000 dilution, Agrisera, Sweden; or goat anti-CupA, 1:750 dilution) in 5% BSA and 

TBST at RT with gentle agitation. After incubation, membranes were washed three times 

in TBST for 15 minutes. Antibodies of anti-rabbit HRP-conjugated goat antibody (1:3000, 

Bio-Rad) or anti-goat HRP-conjugated rabbit antibody (1:1000, Bio-Rad) were used 

respectively as the secondary antibody diluted in 5% BSA and incubated for 2 hours at RT 

while gently shaking. After incubation, membranes were washed two times in TBS (no 

Tween) for 15 minutes. Development was obtained using the chromogenic substrate 4-

chloro-1-naphthol (4CN, Bio-Rad) and H2O2 (60 mg of 4CN, 20 mL methanol, 60 µL 30% 
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H2O2, volume to 100 mL with TBS). Following color development (visible bands), it was 

terminated by washing with water, then membranes were dried, photographed, and stored 

at RT in dark.  
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3 CHAPTER III  

 

 

HETEROLOGOUS EXPRESSION OF CupA 

 

 

 

3.1 Introduction 

Global human population has been on a steep growth curve, raising problems such as high 

CO2 air levels (Farrelly et al., 2013; Notz and Stroeve, 2016) and predicted future food 

shortage (Hibberd et al., 2008; Parry and Hawkesford, 2010). Several research groups are 

invested in incorporating cyanobacterial components into plants in the hope to enhance 

crops yields (Lin et al., 2014; Ort et al., 2015).  

Numerous plants used as food source are C3 plants, including rice, wheat, potato, oat, 

soybean, spinach, among others. C3 plants have high rates of photorespiration, the wasteful 

process where Rubisco (ribulose bisphosphate carboxylase/oxygenase) uses O2 instead of 

CO2 (Zhu et al., 2010). These plants use a carbon fixation cycle similar to cyanobacteria, 

except lack a CO2 concentrating mechanism (CCM) (Price et al., 2013). Recently, projects 

are in progress investigating the possibility of introducing cyanobacterial CO2 
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concentrating mechanisms into C3 plants (Long et al., 2016; McGrath and Long, 2014; 

Price et al., 2013). 

Heterologous expression of CCM components in model organisms such as Escherichia 

coli (E. coli) is important so the systems involved can be further characterized, and 

feasibility of functional expression assessed before introducing in plant chloroplasts. 

Previous studies were successful in expressing functional bicarbonate transporters (Du et 

al., 2014) and carboxysomes (Bonacci et al., 2012) from cyanobacteria in E. coli. This 

Chapter 3 focuses on the efforts, struggles and achievements in the attempt of heterologous 

expression and characterization of Synechocystis 6803 CO2 uptake protein CupA in E. coli. 

 

3.2 Material and Methods 

3.2.1 Molecular Construction 

The gene sll1734 cupA from Synechocystis 6803 was amplified by PCR with Herculase II 

Fusion DNA Polymerase (Agilent, USA) following manufacturer’s instructions. Using the 

Gibson Assembly technique (Gibson et al., 2010) and kit (NEB, USA), the insert was 

assembled into a pMAL c5x vector (NEB, USA), between NotI and EcoRI sites. PCR 

fragment and digested plasmid were separated on 1% Agarose gels, and bands with 

appropriate size were extracted with QIAquick Gel Extraction Kit (Qiagen), then samples 

were used for Gibson Assembly. The pMAL c5x vector plasmid has a malE gene coding a 

maltose binding protein (MBP), and the cupA gene was inserted at the end of malE so that 
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a fusion protein with the MBP may be expressed at the N-terminus. At the end of malE the 

plasmid has an enzymatic cleavage site for factor Xa, allowing the separation of MBP and 

CupA. Three other similar systems were constructed using vectors kindly provided by 

Junpeng Deng (OSU, USA): pMBP, a pet28b vector derivative with the malE gene 

containing modifications to enhance yields and a TEV proteolytic site for between MBP 

and the protein of interest; W480 and W479 vectors, similar plasmids containing a few 

modifications, where MBP is expressed with or without a non-cleavable linker between the 

proteins. The latter constructions were made in duplicate, each with or without a 6x His-

tag at the C-terminus of CupA. The plasmids were transformed into E. coli DH5a (NEB, 

USA), then purified using E.Z.N.A Plasmid Extraction kits (Omega Bio-tek, USA).  

3.2.2 Expression of CupA protein in E. coli 

Constructed plasmids were transformed into E. coli BL21(DE3) (NEB, USA). This strain 

allows the expression of MBP:CupA fusion protein under the strong promoter PTac and has 

the Lac operon, which allows expression induction by IPTG (Isopropyl β-D-1-

thiogalactopyranoside).  

Cells were stored frozen as 16% glycerol stocks at -80°C and grown in plates with LB 

media (tryptone, yeast extract, NaCl, 10, 5, 5% w/v, respectively) supplemented with 1.4% 

(w/v) agar. One colony was used to inoculate 50 mL LB media, used as the pre-inoculum 

culture, grown at 37°C, 250 rpm, overnight. Kanamycin (Km) or Ampicillin (Ap) were 
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added at final concentrations of 20 and 100 µg mL-1, respectively, as needed in this ‘starter 

culture’. 

The starter culture was then used to inoculate 250 mL LB, in duplicate, containing 0.2% 

(w/v) glucose and appropriated antibiotic (for pMAL, Ap 100 µg mL-1), with growth at 

200 rpm, room temperature (RT). When OD600 reached 0.6, IPTG 0.3 mM and ZnCl2 10 

mM were added to induce the expression and cultures were moved to 18°C, 250 rpm, 

overnight. The pre-inoculum culture was also used to inoculate a control, 50 mL LB media, 

grown similar to the induced condition, lacking just IPTG supplement to serve as an un-

induced control. Cells were obtained by centrifugation (4500 x g, 20 min, RT), pellet was 

snap froze with liquid nitrogen and kept at -20°C until next step. 

3.2.3 Protein purification,  

Pellet obtained was shortly thawed and resuspended in 50 mL column buffer (CB) 

containing 20 mM Tris-HCl pH 7.4, 200 mM NaCl, 1 mM sodium azide and 10 mM b-

mercaptoethanol, with 1 mM of PMSF, Benzamidine and e- Aminocaproic acid, and 

sonicated (20 s pulse, amplitude 50mA). Supernatant was obtained (12500 x g, 25 min, 

4°C) and loaded in a column containing amylose resin (NEB). After washes (8 column 

volumes) with CB buffer, the fusion protein was eluted elution Buffer (EB: 20 mM Tris-

HCl, 200 mM NaCl, 1 mM EDTA, 1 mM sodium azide, 10 mM β- mercaptoethanol, 10 mM 

maltose) and cleaved with Factor Xa (NEB), in buffer (20 mM Tris-HCl pH 8.0 with 100 

mM NaCl and 2 mM CaCl2) incubated for 6 hours at RT, later dialyzed in buffer (20 mM 



 51 

Tris-HCl, 6 M guanidine hydrochloride, pH 7.4) for 4 hours, at 4°C. This was loaded to 

the amylose column and flow through was concentrated in an Amicon Ultra centrifugal 

filter unit (Ultra-15, MWCO 30 kD, Sigma). Protein samples from each purification step 

were collected, then proteins concentrations were quantified using Bradford protein assay 

(Bio-Rad). Protein samples (non-induced, induced, after 1st column, once cleavage, after 

2nd column) with ~10 µg were analyzed by 12% SDS-PAGE.  

After separation of the proteins, the band ~47 kD (see Figure 5) was cut with a blade, 

digested with trypsin, and analyzed by LC-MS/MS. Protein band was prepared for mass 

spectrometry and analyzed as previously described (Voruganti et al., 2013), except using 

a 75 min acetonitrile gradient to develop 40 cm long columns packed with 3 micron Magic 

AQ C18 beads (Bruker) heated to 55°C to reduce backpressure. Columns terminated with 

a stainless steel emitter were used to generate ions in a Nanospray Flex ion source (Thermo 

Fisher Scientific). Relative protein levels were quantified using intensity based absolute 

quantification (iBAQ) (Schaab et al., 2012; Schwanhäusser et al., 2011), using MaxQuant 

version 1.5.3.8 (Cox et al., 2014; Cox and Mann, 2008) to search the raw LC-MS/MS data 

files including the established parameters. MaxQuant output was analyzed within the 

Perseus 1.2.0.16 framework (Cox and Mann, 2012; Tyanova et al., 2016). The database 

used were Escherichia coli and Synechocystis sp. PCC 6803. 
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3.2.4 Antibody production 

After confirming that the band with approximate 47 kD was CupA in the mass 

spectrometry data, polyclonal antibodies against CupA protein were obtained by 

immunization of a goat (Bob, Triple J Farms, Jorgensen & Son's LLC, Bellingham, WA). 

The proteins for the immunization were obtained from bands cut out from several 12% 

SDS-PAGE. Bands were homogenized in an electrically driven glass-teflon homogenizer 

in buffer (137 mM NaCl, 1.5 mM KH2PO4, 1.8 mM Na2HPO4, 2.7 mM KCl, pH 7.0). 

Approximately 100 µg of protein homogenized was injected into one goat, with booster 

injections repeated with three-week intervals, and a test bleed about 12 days after the third 

immunization. The coagulated serum from was collected by centrifugation (10,000 rpm, 

10min, RT) and stored at -20°C until use. 

3.2.5 CD spectroscopy 

Far-UV Circular dichroism spectra was recorded on a J-815 spectropolarimeter (Jasco Inc., 

Easton, MD), as previous described (Adam et al., 2012). The fusion protein MBP-CupA 

purified was measured in a buffer consisting of 20 mM potassium phosphate buffer (pH 

7.0) with 150 mM NaCl. Results are an average of three measurements. 

3.2.6 Zn binding evaluation and CA activity 

Preliminary analysis with the fusion protein MBP-CupA purified were performed in order 

to investigate metal (Zn) presence following previous described protocol (Klemba and 

Regan, 1995). CA activity analysis was accordantly to established methods involving 
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spectroscopic evaluation, using an indicator dye, of pH changes associated with CO2 

hydration (Lotlikar et al., 2013). 

 

3.3 Results 

3.3.1 Genetic systems for heterologous expression of CO2-uptake protein CupA in E. 

coli. 

Plasmids containing MBP were used to facilitate the expression of CupA, increasing 

protein solubility, and stability. Initially, multiple constructions were developed, and later 

the most promising one was used for further studies. Several attempts using different 

constructions were performed and different purification strategies were employed. As 

discussed below, the protein proved very difficult to work with unless it remained as a 

fusion protein with the MBP. For example, initial attempts to purify the protein using only 

a His-tag, a common strategy, failed since there was little accumulation of the protein either 

in the soluble or insoluble fractions of any of the heterologous E. coli expression hosts 

employed. Successful accumulation was only observed in the family of MBP-CupA fusion 

protein expression vectors that I constructed. An example of the construction procedure 

can be seen in Figure 4. The plasmid pMAL c5x vector (NEB, USA) has a Xa cleavage 

site that allows separation of the fused proteins (Figure 5A). However, since commercially 

available Factor Xa can be expensive, a plasmid containing the site for TEV was used 

(pMBP), yet the cleavage seemed to be less specific and resulting proteins yields were 
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suboptimal. Two systems allowing non-cleavable fusion between MBP and CupA were 

also constructed, with an amino acid linker AAAEF in W480 or without in W479. The 

W480 MBP-CupA systems showed good expression, with yields similar to the commercial 

vector, however due to problems characterizing the fusion proteins (discussed more 

below), no further studies were performed. The whole cupA operon or ndhF3-ndhD3-cupA 

components were inserted into W480 (with and without MBP fused to CupA) and also into 

a modified pET28b (Bose et al., 2002) using a BL21 (DE3) E. coli expressing strain. 

Results showed problematic expression, so a LEMO21(DE3) E. coli strain optimized for 

the expression of membrane proteins (Schlegel et al., 2012) was attempted, with little 

success, and heterologous studies were abandoned.  

 

Figure 4. Model of the strategy used to clone Synechocystis 6803 CupA into E. coli. A plasmid 

containing the gene malE coding for maltose binding protein was used and cupA gene was introduced 

by Gibson assembly between the restriction endonucleases sites for NotI and EcoRI. Arrows in pink 

represent primers used for sequencing. 
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The proteins resulting from the expression of the molecular construct pMAL c5x MBP-

CupA had significant yields and can be seen on Figure 5, with the fused protein presenting 

a voluminous band around 90 kD. However, upon cleavage of CupA from the MBP and 

further purification, much of the desired product compared to the fused protein decreased, 

as result of loss of the CupA polypeptide (not shown), possibly due to precipitation. This 

is not likely due to low water solubility, at least based upon consideration of the primary 

amino acid sequence, which predicts a highly soluble protein. Speculatively, the loss of the 

protein could be due to its inability to fold resulting in aggregation and/or precipitation 

onto the surfaces of the purification vessels. The W480 MBP-CupA system contacting a 

His-tag was also evaluated by further purification of CupA using size exclusion 

chromatography in Dr. Deng’s lab (S200, not shown) showing aggregates formation, 

suggesting that the losses that were occurring were indeed due to aggregation. Purification 

of His tagged MBP-CupA, after cleavage of MBP, using nickel columns (Ni-NTA 

Superflow, Qiagen) was unsuccessful, with CupA being lost, even in the presence of n-

Dodecyl-β-D-maltoside (DDM/DM), a maltoside based non-ionic “gentle” detergent. 



 56 

 

Figure 5. Heterologous expression of CupA, purification and antibody production. A) 

Construction of pMAL-c5_cupA, for fusion of MBP and CupA proteins. B) Gel analysis of CupA at 

various stages of purification (SDS-PAGE 12%). M: Marker (Precision Plus Protein Kaleidascope, 

Bio-Rad); NI: Non-induced cells; Ind: Induced cells; 1st col: 1st amylose column with elution buffer; 

Cleavage: After cleavage with Factor Xa; 2nd col: after 2nd amylose flow through; MBP: control, 

MBP5 (42.5 kD); fusion MBP-CupA (90 kD); CupA (~47 kD); Factor Xa (43 kD). C) Confirmation 

of CupA protein as component of 47 kD band by mass spectrometry analysis. 

 

Still, we were able to collect enough purified CupA protein from excising multiple ~47 kD 

bands, separated in SDS-PAGE after a second amylose column purification (Figure 5B). 

Mass spectrometry confirmed its identity as Synechocystis 6803 CupA protein (Figure 5C). 

Several bands with the identified CupA were extracted, homogenized and used to raise 

antibody against CupA. 
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3.3.2 Analysis and immunodetection of CupA  

In order to verify the presence of CupA protein from the NDH-13 CO2 uptake system, we 

produced antibodies against the whole protein CupA, heterologously expressed in E. coli 

BL21(BE3) as a fusion with MBP at the N-terminus. The purified fused protein was 

proteolytically cleaved and the CupA polypeptide moiety was separated by SDS-PAGE 

(Figure 5B). The electrophoretic band was excised, verified by mass spectrometry of 

tryptic fragments, and after homogenization in Tris pH 7.5 the preparation was used for 

four injections in one goat (Triple J Farms, Bellingham, WA, USA). The serum was 

collected and used for immunoblotting, with successful visualization of a band at 47 kD 

(see Chapter 4, Figure 10).  

This antibody was later used to evaluate and confirm the deletion and restoration of the 

cupA operon in the C2 and C2A strains, respectively, probing immunoblots of whole cell 

lysates (Figure 10). As shown in Figure 10A, a reaction is observed at the expected 47 kD 

mass of CupA in the wild-type grown under LC conditions, and CupA is expressed under 

both HC and LC growth, yet, no reaction was observed for C2 strain, as expected. See 

Chapter 4 for more discussion on these results. 

3.3.3 Investigation of protein structure-function 

The MBP-CupA fusion was analyzed with Far-UV CD spectroscopy to investigate the 

secondary structure. The resulting graph (Figure 6) indicate that the fusion contains a 



 58 

significant proportion of α-helical structure. However, analysis of the secondary structure 

ratios showed that about 26 ±5 % was “disordered”, that is, no detectable structure.  

The detection of zinc in the fusion MBP-CupA was also explored following previous 

protocol (Klemba and Regan, 1995), but no signal was detectable (data not shown). 

Additionally, carbonic anhydrase activity was surveyed with a traditional pH change 

technique. Bovine aCA II (Sigma) was used as control, and a signal was noted. However, 

no indication of CO2 hydration was observed for the heterologous expressed MBP-CupA 

fusion (data not shown).  

 

Figure 6. CD spectra of fusion protein MBP-CupA. Far-UV spectra analysis showing a CD 

spectrum related to a-helix conformation as protein secondary structure. Blue traces are buffer 
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signals used for baseline; Red traces represent average of three replicates of MBP-CupA fusion 

protein analysis.  

 

3.4 Discussion 

This study shows for the first time the expression of a cyanobacterial CO2 hydration 

protein, CupA, which was difficult and succeeds after many previous failed attempts (Prof. 

Dear Price, Australian National University, personal communication) (Price et al., 2002). 

The basis for the successful expression was to couple what appears to be a very unstable 

and, apparently, difficult to fold protein, CupA, with a highly stable and highly soluble 

protein, MBP. Although we were unable to make a preparation with detectable CA activity, 

the expression strategy allowed us to produce a highly specific antibody against CupA (see 

more discussion in Chapter 4, Figure 10). This was used to confirm presence/absence on 

CupA proteins in studies presented in this dissertation and will be of great help on future 

studies of NDH-13 and cyanobacterial CCM. 

Interestingly, the results from MBP-CupA fusion far-UV CD spectroscopy used to 

investigate the secondary structure content shows that the fusion contains a significant 

proportion of α-helical structure. However, analysis of the secondary structure ratios 

showed that about 26 ±5% was unstructured. It is possible that the α-helical structure data 

is from the MBP structure, which has a highly α-helical structure (Pioszak and Xu, 2008). 

Hence, the CupA would be the unstructured portion, although bioinformatic analysis (see 

Chapter 5) suggests abundant α-helical structures. It is possible that CupA is only 
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structured and functional when attached to the NDH-13 complex, which would explain the 

lack of CA activity and metal cofactor detection. From a physiological point of view, this 

may reflect the evolution of a system that only exhibits CA activity once it is coupled to 

the NDH-1 complex, thereby preventing the lethal expression of free, uncoupled CA 

activity in the cytoplasm, which has been shown to destroy the accumulation of HCO3- in 

the cytoplasm by the CCM (Price and Badger, 1989c).  

The possibility of the whole cupA operon expression being functional in E. coli needs to 

be further explored. Development of cells lines that allow modulated expression of 

membrane proteins are promising (Schlegel et al., 2012; Wagner et al., 2008). The 

molecular constructs presented in this Chapter 3 may be used for this analysis. The 

heterologous expression of a functional CO2 hydration system is of great interest, with 

potential for insertion into chloroplasts, which would help raise internal Ci concentration 

by reducing CO2 leakage, increasing CO2 availability as substrate for Rubisco (Long et al., 

2016; Price et al., 2013). 
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4 CHAPTER IV 

 

 

SYNTHETIC DNA SYSTEM FOR STRUCTURE-FUNCTION STUDIES OF 

THE HIGH AFFINITY CO2 UPTAKE NDH-13 PROTEIN COMPLEX IN 

CYANOBACTERIA ǂ 

 

ǂThis chapter is reproduced with slight modification from the following publication: 

Artier, J., Holland, S. C., Miller, N. T., Zhang, M., & Burnap, R. L. (2018). Synthetic DNA 

system for structure-function studies of the high affinity CO2 uptake NDH-13 protein 

complex in cyanobacteria. Biochimica et Biophysica Acta (BBA)-Bioenergetics. 

 

 

4.1 Introduction 

Cyanobacteria evolved multiple mechanisms to adapt and survive adverse conditions, 

including changes in the concentration of CO2 in the atmosphere. The CO2-concentrating 

mechanism (CCM, Figure 7) is a complex network of inorganic carbon (Ci: HCO3-, CO2) 

transporters and the carboxysome (Burnap et al., 2015; Price, 2011).  
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The carboxysome is a bacterial microcompartment that contains Rubisco, which is the 

major carbon-fixing enzyme of the photosynthetic Calvin-Benson-Bassham (CBB) cycle, 

the main pathway for the assimilation of Ci into sugars. The overall function of the CCM 

is to provide Rubisco with sufficient concentrations of CO2 to catalyze the carboxylation 

of the CBB intermediate ribulose 1,5-bisphosphate (RuBP) and to avoid the wasteful 

competing oxygenation reaction which occurs when O2 outcompetes CO2 at the Rubisco 

active site. This wasteful dissipation of RuBP through the competing oxygenation reaction 

is referred to as photorespiration and requires an energy consuming scavenging pathway 

to recover the lost CBB cycle intermediate. The basic biochemical problem is catalytic 

performance of Rubisco (reviewed in (Hanson, 2016)). Like other forms of the enzyme, 

the cyanobacterial Rubisco exhibits a low affinity for CO2 (typically around 150 µM) and 

a slow intrinsic catalytic turnover time (~100 milliseconds). These characteristics 

necessitate high cellular concentrations of Rubisco and/or CO2 to meet the demands for 

RuBP of the CBB cycle. However, this is confounded by the fact that ambient inorganic 

carbon concentrations are often limiting (<20 µM). Moreover, the ambient concentration 

of O2 is comparatively high and exacerbated by photosynthetic O2 production on 

photosystem II (PSII), known as O2 evolution. This combination of low Ci availability, 

slow intrinsic catalytic turnover of the carboxylation reaction, and high O2 concentration 

ostensibly favors the wasteful photorespiratory pathway and, yet, the actual measured rates 

of photorespiration are paradoxically low in cyanobacteria (Eisenhut et al., 2008). The 

cyanobacterial CCM overcomes the potential problem of photorespiration by concentrating 



 63 

bicarbonate (HCO3-) in the cytoplasm to high levels (20-40 mM), where it can diffuse into 

the carboxysome, which besides Rubisco, contains a specialized carboxysomal carbonic 

anhydrase (CA). The ensuing HCO3- dehydration reaction catalyzed by CA thereby 

saturates Rubisco active sites and thus enables efficient photosynthetic carboxylation and 

a minimal level of photorespiratory oxygenation (Price et al., 2008).  

 

 

Figure 7. Schematic drawing of cyanobacterial CCM (b-type) showing the five known Ci 

transporters and the carboxysome (CB), which houses the carbonic anhydrase (CA) on the shell and 

Rubisco inside as is found in Synechocystis sp. PCC6803. Two Type-1 NADH dehydrogenase 

complexes (NDH-1) are known CO2 uptake (CUP) systems present on the thylakoid membrane (TM). 

NDH-14 is the constitutive system, and NDH-13 is the low Ci (LC) inducible one. Among the three 

bicarbonate transporters present on the inner membrane (IM), two (SbtA and BicA) are sodium 

symporters and one (BCT1) is an ABC-type transporter. Inorganic carbon (Ci) is present in water as 

the dehydrated (CO2) or hydrated (HCO3
-) form and equilibrates quickly, as shown by the equation. 

Bicarbonate is transported through the outer membrane (OM) into the periplasmic space. For more 

information, see reviews (Burnap et al., 2015; Price, 2011). 



 64 

The accumulation of high concentrations of cytoplasmic HCO3- is achieved by the 

combination of five transport/uptake components of the CCM, including active uptake 

bicarbonate transporters located in the cytoplasmic membrane and CO2 uptake enzymes 

situated in the thylakoid membrane, which function to convert dissolved CO2 into HCO3-. 

There are three known bicarbonate transporters systems in the inner membrane, BCT1, 

SbtA and BicA, powered either by ATP (BCT1) or a Na+ gradient (SbtA and BicA). 

Dissolved CO2 and H2CO3 can passively enter the cell wall, possibly via aquaporins (Ding 

et al., 2013; Tchernov et al., 2001). Yet, as internal Ci is present as HCO3-, it can naturally 

be converted to CO2 or leak from the CB. In addition, there are two types of CO2 uptake 

proteins, each functioning only when complexed with Type-1 NAD(P)H dehydrogenase 

complexes (NDH-1) (Figure 2 and 3). These are forms of the NDH-1 complexes known to 

function in respiratory metabolism in bacteria and mitochondria, and in photosynthetic 

cyclic electron flow (CEF) in plant and algal chloroplasts.  

In cyanobacteria, NDH-1 complexes are expressed in several forms (reviewed in 

(Battchikova et al., 2011a; Ma and Ogawa, 2015; Price et al., 2008). Synechocystis sp. PCC 

6803 has four types of NDH-1 complexes (1 NDH-11- NDH-14) where two are involved in 

the CO2 uptake system (Maeda et al., 2002; Shibata et al., 2001). All four have a multi 

protein core, with about 11 proteins homologous to Complex 1 in Escherichia coli 

(Battchikova et al., 2011a). The function of the complexes is dependent on the proteins 

that are attached to the core, with multiple NdhD and NdhF paralogs defining the variants 

(Battchikova et al., 2011a). Two forms, NDH-11 and NDH-12, function in both respiration 
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and photosynthetic CEF. The other two forms, NDH-13 and NDH-14 contain CO2-uptake 

proteins (Cup, or alternatively, CO2-hydration protein, Chp) and may couple energy of 

electron flow to energetically driving the hydration of CO2. This capacity to couple CO2-

hydration to electron flow contributes to the high and far-from equilibrium concentrations 

of cytoplasmic HCO3- (Arteni et al., 2006; Battchikova et al., 2011a; Folea et al., 2008; 

Ohkawa et al., 2000a; Zhang et al., 2004). The ability to enzymatically couple CO2-

hydration to metabolic energy also distinguishes the Cup proteins from typical carbonic 

anhydrases, which operate to accelerate an equilibrium between CO2 and bicarbonate, 

rather than drive the reaction far-from-equilibrium as with the Cup proteins. 

NDH-14 (also known as NDH-1MS’) is a constitutive CO2 uptake system that is composed 

of three proteins, NdhF4, NdhD4 and CupB (or ChpX in Synechococcus sp. PCC 7942). 

NDH-13 (also known as NDH-1MS) is induced under low Ci (LC) conditions, having 

NdhD3, NdhF3, CupA (or ChpY in Synechococcus sp. PCC 7942) and CupS, all expressed 

part of the cupA operon. The CO2 hydration mechanism, typically referred to as the CO2-

uptake or ‘Cup’ system, remains enigmatic and requires further study. The poorly 

understood mechanism may involve a possible special type of carbonic anhydrase CupA 

and CupB and proton transport (involving NdhD3F3 and NdhD4F4) as constituents (Han 

et al., 2017; Price et al., 2002). It is known that the carbonic anhydrase inhibitor 

ethoxyzolamide (EZ) decreases CO2 uptake in cyanobacteria (Price and Badger, 1989a; 

Price and Badger, 1989b; Tyrrell et al., 1996). However, the mechanism of their action 

remains obscure, though the preponderance of evidence suggests that they affect CO2 
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uptake, rather than bicarbonate transport. The dependence upon the core NDH proteins 

(Han et al., 2017) would indicate an energized system utilizing the redox power of NADPH 

or reduced ferredoxin (Fd) (reviewed by (Battchikova et al., 2011a). However, how CO2 

uptake is associated with the photosynthetic electron transport remains unclear. To better 

understand the mechanism of the Cup complexes, we developed a knockout mutant lacking 

genes necessary for the function of NDH-13, 4, referred to as C2. Later we reintroduced the 

genes for NDH-13 (cupA operon) under the regulation of a Rubisco promoter integrated on 

a neutral site (NS), a mutant referred here as C2A. Here we describe the physiological 

effects of cyanobacterial strain with a constitutive expression of the NDH-13 system under 

high Ci (HC) and after depletion of Ci. 

 

4.2 Materials and Methods 

4.2.1 Constructions of mutants 

Synechocystis sp. PCC6803 (here Synechocystis 6803, Genbank GCA_000009725.1), a 

naturally transformable and glucose tolerant cyanobacteria, was used as the wild-type 

(WT) organism of study and the background strain for the mutants’ construction. The 

mutants were constructed sequentially to eliminate the CO2 hydration function based on 

NDH-1 complexes. First, for the C1 mutant, all genes involved on NDH-13 

(NdhF3/D3/CupA/CupS) were deleted. These genes are clustered under an operon in 

Synechocystis 6803, containing five genes (5917 bp). The genetic construct was designed 



 67 

using MacVector software and then synthesized by Blue Heron Biotechnology Inc. Using 

the Blue Heron pUC plasmid (3150 bp, derivative of pUC119), 501 bp upstream region 

and 526 bp downstream region of the native cupA operon were added, between HindIII and 

EcoRI sites forming the pCUPopsap (Blue Heron Biotechnology Inc.). Two SapI/BspQI 

sites were added between the upstream and downstream region. Later, these used to 

introduce the spectinomycin resistance marker cassette from the vector pRL277, also 

containing sacB gene, conferring sucrose sensitivity, by Golden gate assembly (Engler et 

al., 2009), making the pCUPopSS. The plasmid pCUPopSS was used to transform 

Synechocystis 6803 via double homologous recombination, resulting in replacement of 

genes, and full chromosomal segregation was confirmed by PCR. Later, the vector 

pCUPopsap lacking the marker cassette was used for transformation following selection in 

5% sucrose, where the cassette is fully removed (Cai and Wolk, 1990).  

C1 strain was used as a background for the construction of the C2 mutant. The SpR/sacB 

cassette from pRL277 was used for the removal of the cupB gene, where 700 bp of cupB 

upstream region and 631 bp of downstream region were assembled flanking the SpR/sacB 

cassette using Gibson assembly (Gibson et al., 2009). This construct was used to transform 

C1, segregation was confirmed with PCR, originating the C2 mutant. To complement the 

C2 stain by restoring the genes necessary to synthesize a NDH-13 system, an ectopic 

chromosomal integration strategy was employed. For this, the cupA operon region (6032 

bp) was inserted into chromosomal integration vector 5 (pV5) using Gibson assembly. The 

vector pV5 has the rbcL promoter region and sequences for the integration into the neutral, 
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noncoding site between slr1704 and sll1575 (Gonzalez-Esquer and Vermaas, 2013). The 

construct was used to transform C2 and integration into genomic DNA was confirmed by 

PCR, and extracted genomic DNA was used for sequencing cupA operon integrated to 

evaluate proper nucleotide sequence, compared to Synechocystis 6803 database. 

 

4.3 Results 

4.3.1 Genetic systems for studying NDH-1 associated CO2-uptake proteins in 

Synechocystis 6803 

The CO2 concentrating mechanism utilizes a set of Ci acquisition proteins that either 

actively transport bicarbonate from the environment into the cytoplasm or actively hydrate 

CO2 to form bicarbonate within the cytoplasm. The CO2 uptake systems, which are 

specialized forms of NDH-1 type redox proteins, are especially enigmatic since virtually 

nothing is known about their catalytic mechanism. Although NDH-1 complexes have 

ancient origins and have a wide phylogenetic distribution (Efremov and Sazanov, 2012), 

the Cup proteins are unique to and widely distributed within the cyanobacteria and appear 

to be a more recent evolutionary innovation. The goal of this study was to develop and 

characterize a genetic system that would allow detailed structure-function analysis of the 

NDH-13 complex, which is the high affinity variant of the CO2-uptake system containing 

the NdhF3-NdhD3-CupA/S sub-complex. The overall strategy was to construct strains 

deficient in both NDH-13 and NDH-14 in a manner that would then allow facile 
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complementation with engineered forms of the NDH-13 complex. A CupA/B-deficient 

strain, designated C2, was constructed (Figures 8 and 9). The first step involved the 

removal of the native cupA operon (ndhF3-ndhD3-cupA-cupS-sll1734), a total of 5917 bp, 

by replacement with a cassette containing the spectinomycin resistance (SpR) and sacB 

genes by homologous recombination (Figures 8 and 9). This was subsequently converted 

into a marker-less deletion by utilizing the conditional toxicity of sacB in the presence of 

sucrose. For this, mutant cells were transformed with a plasmid containing a DNA fragment 

consisting of upstream and downstream regions flanking the cupA operon and applying 

counter selection in 5% sucrose. As a result, the SpR/sacB cassette was fully removed, 

thereby yielding a marker-less mutant, C1, lacking all the genes specific to high affinity 

CO2 uptake. The removal of the remaining low affinity, high flux CO2-uptake system was 

accomplished by deletion of the cupB gene using the SpR/sacB cassette, although 

elimination of the marker was not performed in this case. It is known that lack of any one 

ndhD, ndhF, or cup genes for each of the two CO2 uptake systems leads to a disruption of 

CO2 uptake for that system (Maeda et al., 2002; Shibata et al., 2001). The C2 strain was 

later used as a recipient of the synthetic construction containing the cupA operon to test for 

restoration of CO2 uptake activity as described below.  

To reintroduce the genes for the NDH-13 complex and to test for restoration of CO2 uptake 

in the C2 deletion strain background, we reintroduced the operon for NDH-13 (cupA 

operon) under the regulation of a Rubisco promoter (PrbcL) using the integration vector 

pV5 (Gonzalez-Esquer and Vermaas, 2013). With this vector, the cupA operon was 
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integrated into a neutral site (NS) of Synechocystis 6803 located in a noncoding region 

between slr1704 and sll1575 of the C2 mutants (Figures 8 and 9) to produce strains having 

an ectopic and constitutive expression of cupA operon, named here as C2A. 

 

Figure 8. Construction of a genetic system to examine structure-function relationships of the 

CO2 uptake dehydrogenases in cyanobacteria. A) Genomic localization of all five Ci transporters 

on Synechocystis 6803 (CCM b-type) in the wild-type strain (WT). B) Deletion by replacement of 

the whole NDH-13, known as the cupA operon (CUP); after sucrose selection for removal of SpR, a 

second deletion by replacement was performed to remove the cupB gene, producing the double 

mutant C2, with no functional CO2 uptake systems. C) C2 was the recipient strain which received the 

integrational vector containing the cupA operon under control of a Rubisco promoter (PrbcL) into a 

neutral site. 
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Figure 9. Schematic design of the construction of a genetic system to examine structure-

function relationships of the CO2 uptake dehydrogenases in cyanobacteria and segregation of 

mutants. A) genomic localization of cupA operon in Synechocystis 6803 WT containing five genes; 

construction of C1 mutant: SpR/sacB cassette was used for the removal of the gene with deletion by 

replacement of the whole NDH-13, now a spectinomycin resistant strain (SpR); after sucrose selection 

for removal of SpR, now a sucrose sensitive strain (SucS); B) genomic localization of cupB in 

Synechocystis 6803 WT; a second deletion by replacement with SpR/sacB cassette was performed to 

remove cupB gene, producing the double mutant C2 (SpR), with no functional CO2 uptake systems. 

C) genomic localization of the neutral, noncoding site between slr1704 and sll1575 in Synechocystis 

6803 WT (NS); C2 was the recipient strain of the integrational vector containing the cupA operon 

under control of a Rubisco promoter (PrbcL) into NS, acquiring chloramphenicol resistance (CmR). 

D) Confirmation of segregation of each mutant and integration of cupA operon into ectopic site as 

determined by PCR amplification. Primers are represented by arrows in panels A, B and C. 
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4.3.2 Immunodetection of CupA shows deletion and constitutive expression 

phenotypes of the C2 and C2A strains 

To evaluate the consequences of the deletion and restoration of the cupA operon in the C2 

and C2A strains, respectively, antibodies were raised against heterologously expressed 

CupA (Figure 5, see Chapter 3) and used to probe immunoblots of whole cell lysates 

(Figure 10). As shown in Figure 10A, a reaction is observed at the expected 47 kD mass of 

CupA in the wild-type grown under LC conditions (LC7), but not in cells grown under HC 

conditions (HC8) consistent with the inducible nature of the cupA operon at its native 

location. In the C2 strain, no reaction was observed, as expected, due to the deletion of the 

entire cupA operon. In C2A, CupA is expressed under both HC and LC growth conditions 

consistent with the fact that the cupA operon is under constitutive transcription expression 

of the rbcL promoter at the ectopic location. Moreover, the level of expression seems even 

higher than the native, induced level in the wild-type, although the 24-hour induction 

period may not allow full induction. However, improvements in the antibody will be 

needed for a more accurate quantitation.  

To further explore the physiological state of the cells, the accumulation of the LC inducible 

bicarbonate transporter SbtA was also analyzed. As shown in Figure 10C, a reaction using 

commercial antibody is observed at the expected ~39 kD mass of SbtA in both C2 and 

C2A, independent of Ci availability. This indicates that even under HC conditions the 

mutants are starved for Ci, and therefore must try compensate for the loss of the low affinity 
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high flux NDH-14 complex. No accumulation of SbtA was seen in the WT under HC, and 

only faintly under LC, potentially indicating that the 20 h Ci limitation regime was 

insufficient to induce production of the protein to be visualized in whole cell extracts vs. 

thylakoid membrane samples used in previous studies (Holland et al., 2016).  

 

Figure 10. Immunodetection of CupA and SbtA in WT, C2 and C2A at different Ci availability. 

WT, C2, and C2A strains were grown in BG-11 at HC conditions with pH 8 supplemented of 3% 

CO2 (HC8), later washed with modified LC7 media (BTP, no NaNO3) depleted of Ci (depleted), or 

grown at pH 7 supplemented with 3% CO2 and later switched to 20 h air (LC7). Whole cell extracts 

samples containing 1 µg Chl were loaded on a 12% SDS-PAGE gel and transferred to a PVDF membrane. 

Previous to detection, the membranes were stained with 0.5% Ponceau S to verify equal loading (panel 

B and D). CupA (panel A, ~47 kD) and SbtA (panel C, 37 kD) were detected using a produced and 

a commercial antibody (Agrisera), respectively. A marker was added for molecular weight 

comparisons (lane M) (Precision Plus Protein Kaleidascope, Bio-Rad). 
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4.3.3 Constitutive expression of NDH-13 restores ability of double mutant to grow 

under LC  

Growth phenotype of WT Synechocystis 6803 and the mutants was evaluated using agar 

plate spot assays under different Ci conditions (Figure 11). All strains grow well when cells 

were on standard mineral medium buffered at pH 8 independently of whether they were 

supplemented with 5% CO2 and 20 mM NaHCO3. In contrast, the strains respond 

differently on a modified low Ci media buffered at pH 7 under ambient CO2 levels, even 

with 20 mM NaHCO3. The C2 strain failed to grow under these conditions, even with 

saturating Ci levels due to added NaHCO3, whereas the wild-type and the C1 each grow 

under these low CO2 conditions. Evidently, these conditions force reliance upon the CO2 

uptake enzymes for autotropic growth and show that NDH-14 complexes containing CupB 

are sufficient for this function, yet loss of both CO2 uptake systems renders growth 

impossible. This is consistent with previous findings, where mutants that have a 

combination of deletions of single genes in both NDH-13 and NDH-14 complexes were 

shown to have a severe growth deficiency at ambient CO2 levels at pH 7 (Han et al., 2017; 

Maeda et al., 2002; Ohkawa et al., 2000a; Zhang et al., 2004). To determine whether this 

phenotype could be complemented by the reintroduction of only the high affinity system, 

the C2 strain was the recipient where the entire operon encoding the high affinity low flux 

synthetic NDH-13 into an ectopic chromosomal location under the control of the Rubisco 

promoter was added. The transformation produced the complementation strain, C2A. The 

new C2A strain was able to grow in plates under the severe depletion of CO2 (Figure 11A). 
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This shows that the integration of cupA operon on the neutral site of Synechocystis 6803 

was efficient and removed the high-CO2 requiring phenotype.  

 

Figure 11. Spot assays for autotrophic growth under different pH and CO2 availability 

conditions on agar plates. WT and mutants for the CCM were grown in liquid media modified BG-

11 pH 7, pelleted by centrifugation, washed once and resuspended in BG-11 pH 8 or 7 to OD750 of 1, 

0.1, 0.01 or 0.001 (top to bottom rows, respectively). Five µL cells at each dilution was spotted on 

agar plates with pH 8 or 7, supplemented with 20 mM NaHCO3, and grown for five days. A) 5% 

CO2-enriched air; B and C) ambient air CO2 levels. 

 

4.3.4 Restoration of high affinity inorganic carbon uptake in C2A 

We next evaluated the inorganic carbon uptake capacity of WT Synechocystis 6803 and 

mutants by following photosynthetic oxygen evolution dependent on Ci uptake (Table 1, 

Figure 12). Cells that were grown under HC were then depleted of Ci in modified media 

lacking NaNO3 and Na2CO3 at pH 7 (Benschop et al., 2003). The depletion of Na+ in the 

assay medium diminishes the contribution of the Na+-dependent HCO3- transporters to 

support O2 evolution and the absence of nitrate renders O2 evolution entirely dependent on 



 76 

Ci as the final electron acceptor. The buffering at pH 7 together with addition of carbonic 

anhydrase poises the reaction for increased CO2 compared to the HCO3-, forcing cells to 

utilize primarily CO2 for photosynthesis. The assays were conducted by measuring O2 

evolution, which is dependent on Ci uptake and can be used to estimate the net whole cell 

Ci affinity characteristics. 

 

Table 1: Photosynthetic O2 evolution of HC cells in response to Ci uptake. Vmax and K0.5 values 

were obtained from Figure 12. Potassium bicarbonate (KHCO3) was added as source of Ci, in the 

presence of CA 25 µg mL-1. Values are means and ± indicates standard deviations (SD) with 

corresponding number of experimental replicates, n. 
 

Strain Synechocystis 

6803 

 VMAX  

(µmol O2 mg−1 Chl h−1) 

K0.5 (CI) 

(µM) 

N 

WT  232 ±17 73 ±11 7 

C2  213 ±18 8700 ±418 11 

C2A 

(biphasic) 

Phase 1 93 ±15 8 ±3 
10 

Phase 2 190 ±21 4600 ±970 

 

The WT strain grown under high Ci conditions (HC) exhibited a high Vmax (232 µmol O2 

mg−1 Chl h−1) and moderate K0.5 (73µM) (Figure 12A), as would be expected for cells that 

are mainly dependent on the CO2 hydration activity of NDH-14, which is the constitutive 

high flux, low affinity Ci uptake enzyme systems expressed under these HC conditions. In 
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contrast, the overall Ci affinity of the WT cells grown under LC conditions increases due 

to the additional expression of the high affinity enzyme systems, as observed before 

(Benschop et al., 2003; Wang et al., 2004). The C2 mutant exhibited O2 evolution only 

under saturating concentrations of bicarbonate (>1mM) (Figure 12B) consistent with the 

absence of the genes necessary for the NDH-13 and NDH-14 CO2 hydration activities. Here, 

the curves for C2 (Figure 4B) resemble the results previously obtained for ChpX/ChpY 

knock out mutant in Synechococcus sp. PCC 7942 (Woodger et al., 2005). This was the 

case for both the potassium (Figure 12) and sodium (Figure 13) salts, which might seem 

surprising since it could be anticipated that the addition of NaHCO3 would support at least 

some level of O2 evolution due to the activity of the BicA and SbtA transporters, expressed 

in C2 (Figure 10). However, their Km values are in the mM range with respect to Na+. 

Accordingly, these assays primarily evaluate the affinity of the CO2 uptake enzymes 

because of the pH favoring CO2 over HCO3- and due to low sodium content (approximately 

0.39 µM). From the very high added [Ci] requirement of C2 under these conditions, we 

conclude that the supply of Ci in this mutant primarily depends upon physical diffusion 

into cells, perhaps entering as CO2 through aquaporins (Tchernov et al., 2001). This high 

physiological requirement for Ci –dependent O2 evolution is consistent with the fact that 

high CO2 supplementation rescues growth in C2. The relatively small but measurable 

difference observed between Na+ and K+ bicarbonate sources is presumably due the Na+-

dependent activity of BicA and SbtA. Previous studies showed that WT subjected to LC 

has a maximal peak of sbtA mRNA abundance only 3 h after the HC to LC switch (Wang 
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et al., 2004). In the DccmR mutant, sbtA transcription was only partially de-repressed under 

HC growth (about 40%) and bicA was slightly induced (Klähn et al., 2015). The D4 mutant, 

containing only bicA as part of the CCM, also has an increased bicA transcription under 

HC (Orf et al., 2015). These results suggest that even small changes in the physiological 

state signal the LC condition and would be strong enough to elicit a LC phenotype, and 

Synechocystis 6803 may adapt to this by inducing SbtA and BicA expression. This would 

also explain the expression of SbtA in the C2 and C2A, even under HC (Figure 10). 

Multiple layers of regulation may exist guiding the expression of the CCM components, 

including sensing metabolic changes (Orf et al., 2015).  

 

Figure 12. Assays for Ci affinity measuring photosynthetic O2 evolution rates in Synechocystis 

6803 strains with different CO2 uptake system under low sodium. Cells were grown in BG-11 

pH 8, supplemented with 3% CO2 (HC8) and illumination at 70 µmol (photons) m-2 s-1. Before assay 

cells were washed with modified LC7 media (BTP, no NaNO3) depleted of Ci. KHCO3 was added as 

source of Ci, in the presence of CA 25 µg mL-1. Traces are representative of at least three biological 

replicates, and bars indicate ±SD. A) Wild-type HC cells, in black, containing the constitutive NDH-

14. B) In red, C2 double knockout mutant, with no functional NDH-13,4 CO2 uptake systems. C) C2A, 
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in blue, containing the ectopic constitutive expression of the high CO2 affinity NDH-13 uptake system 

with low flux. 

 

Figure 13. Assays for Ci affinity measuring photosynthetic O2 evolution rates in Synechocystis 

6803 strains with different CO2 uptake systems. Cells were grown in BG-11 pH 8, supplemented 

with 3% CO2 (HC8) and illumination at 70 µmol (photons) m-2 s-1. Before assay cells were washed 

with modified LC7 media (BTP, no NaNO3) depleted of Ci. NaHCO3 was added as source of Ci. 

Traces are representative of at least three biological replicates, and bars indicate ±SD. A) Wild-type 

HC cells, in black, containing the constitutive NDH-14. B) In red, C2 double knockout mutant, with 

no functional NDH-13,4 CO2 uptake systems. C) C2A, in blue, containing the ectopic constitutive 

expression of the high CO2 affinity NDH-13 uptake system with low flux. 

 

The complementation strain C2A presented a biphasic Ci affinity curve, with the first phase 

having a K0.5 of 8 µM (Figure 12C) and saturating with Ci <1 mM, and a second component 

starting with Ci >1 mM similar to that present in C2 (Figure 12B), likely due to the function 

of the bicarbonate transporters, such as BCT1 (dependent of ATP) or diffusion of CO2 now 

at levels sufficient to sustain Rubisco activity. The results show that HC C2A mutant, with 

the constitutive expressed NDH-13, has a low Vmax (93 µmol O2 mg−1 Chl h−1) and K0.5 (8 

µM) for Ci as expected for when this system is active, a low flux and high affinity CO2 
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uptake system. This suggests that the constitutive ectopic expression is functional and 

acting similar to the native cupA operon normally induced in WT under low Ci. 

4.3.5 The carbonic anhydrase inhibitor EZ abolishes NDH-13-dependent Ci uptake 

The carbonic anhydrase inhibitor ethoxyzolamide (EZ) affects the Ci accumulation of cells 

under HC or LC by inhibiting CO2 uptake without disrupting internal carboxysome CA 

(Price and Badger, 1989a; Price and Badger, 1989b; Tyrrell et al., 1996). Although it is 

presumed that EZ inhibits the NDH-13 and/or the NDH-14 uptake system CO2 uptake 

system(s), information on the specific inhibitory target of EZ remains sparse. To test 

whether the NDH-13,4 complex is inhibited by EZ, photosynthetic O2 rates dependent of Ci 

in C2A and WT HC cells were assayed after the addition of 200 µM EZ (Figure 14).  

WT cells grown under HC exhibited a moderately diminished Vmax when in the presence 

of EZ (176 vs 232 µmol.mg−1 Chl.h−1, with or without EZ, respectively) (Figure 14A). The 

K0.5 was more significantly affected by the addition of EZ (240 vs 73 µM) increasing more 

than three times, suggesting a significant decrease in the affinity for CO2. Considering that 

WT at HC growth is highly dependent on NDH-14, it is expected that, even at saturating 

levels of bicarbonate (Vmax at approximate 700-1000 µM), the photosynthetic rate 

diminished, similar to that seen previously in Synechococcus (Price and Badger, 1989a; 

Tyrrell et al., 1996). 

The C2A strain had the most pronounced EZ inhibition indicating that NHD-13, the sole 

source of CO2 uptake, is strongly inhibited by EZ (Figure 14B, phase 1). Correspondingly, 
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the C2 strain, lacking NHD-13, was not discernibly affected by the addition of EZ (results 

not shown). These results show that the CO2 activity of the NHD-13 is disrupted by the 

traditional CA inhibitor EZ, consistent with the interpretation that the active site of NHD-

13 shares structural similarities with the known active sites of alpha and beta carbonic 

anhydrases (Menchise et al., 2006; Modak et al., 2016; Price et al., 2002). As discussed 

below, this is interesting since there is no detectable sequence similarity between any of 

the NHD-13 polypeptides and known CAs as noted previously in this context (Maeda et al., 

2002; Price et al., 2002). Interestingly, EZ inhibition is only partial at these concentrations 

in the wild-type, consistent with earlier measurements (Price and Badger, 1989b), 

suggesting that NHD-14 may not be as sensitive to EZ compared to NHD-13.  

 

 

Figure 14. The carbonic anhydrase inhibitor ethoxyzolamide (EZ) inhibits CO2 uptake by 

NHD-13 complexes. Cells were grown in BG-11 pH 8, supplemented with 3% CO2 (HC) with 

illumination at 70 µmol (photons) m-2 s-1. Cells were washed with modified LC7 media (BTP, no 



 82 

NaNO3) depleted of Ci. Potassium bicarbonate (KHCO3) was added as source of Ci in the presence 

of CA 25 µg mL-1 or EZ 200 µM, a carbonic anhydrase inhibitor. Traces are representative of at least 

three biological replicates, and bars indicate ±SD. A) Wild-type HC cells, in black, and in presence 

of EZ, grey. C) HC C2A, in blue, and in the presence of EZ, dark grey. 

 

4.3.6 Chlorophyll fluorescence as a function of Ci availability and ethoxyzolamide 

inhibition. 

Analysis of Chl fluorescence transients provides a non-invasive technique to probe 

photosynthetic electron transport and metabolic processes in intact cells under different 

conditions of Ci-availability (Holland et al., 2015). Cells of the WT, C2 and C2A were 

subjected to Ci depletion, dark adapted, and then exposed to moderate actinic illumination 

(nominally 53 µmol (photons) m-2 s-1), while measuring fluorescence yield using a PAM 

fluorometer (Figure 15A). The most obvious difference among strains is the magnitude of 

the high fluorescence state associated with insufficient cellular supply of Ci (Holland et al., 

2015; Miller et al., 1996; Miller et al., 1988). As expected, all strains developed a high 

fluorescence state after approximately 2 minutes of actinic illumination, with the C2 strain 

(Figure 15A, red trace) exhibiting the most pronounced features of Ci-starvation as 

evidenced by its fluorescence level reaching maximal fluorescence (Fm’), indicating PSII 

can no longer be oxidized by a, presumably, over-reduced PQ pool. The C2A and WT 

strains are also exhibiting signs of Ci starvation, but with the WT (black trace) less so than 

C2A (blue trace). Deviations between maximal fluorescence (Fm’), obtained in the 
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presence of 10 µM DCMU and multiple turnover flashes were not observed for these 

experiments conducted at cell densities corresponding to 5 µg Chl mL-1. 

 

 

Figure 15. Chl fluorescence of cells as a function of Ci: Cells grown in HC were depleted of Ci, 

dark adapted, and measured for variable PAM fluorescence yield with no addition (Panel A), 

following addition of 5mM KHCO3 (Panel B) or NaHCO3 (Panel C). Dark adapted cells of the wild-

type (black traces), C2 (red traces) and C2A (blue traces) were exposed to five min actinic 

illumination (nominally 53 µmol (photons) m-2 s-1). Traces were acquired at a rate of one point per 

millisecond, but curves are presented smoothed with a running average of 300 points. Three high 

intensity, multiple turnover flashes (300 millisecond) were applied in the dark (Fm) and light (Fm’) 

periods to establish maximal variable fluorescence (Campbell et al., 1998). Transient traces are 

representative of at least three biological replicates. 

 

As shown in Figure 15B, the over-reduced pattern due to Ci depletion can be rescued by 

addition of 5 mM bicarbonate (Holland et al., 2015; Miller et al., 1988). When KHCO3 

was added in the presence of CA (to ensure more CO2 in order to evaluate activity of CO2 

uptake systems), WT responded as expected. Upon illumination, Chl fluorescence reached 
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the peak FP (labeled, P) with a brief decrease to FS. Soon after, the Chl fluorescence rises 

reaching a maximum (labeled, M), an indication that the cells entered the state 2 to state 1 

transition, where now the light excitation is also obtained by phycobilisomes (Kana et al., 

2012). Later, the Chl fluorescence declines from M to a steady state level FT, as reductant 

is consumed by the CBB cycle, which is active due to the availability of Ci. However, this 

is not entirely the case for C2A, where after a short steady state level, the Chl fluorescence 

rises slightly, indicating that NDH-13 alone is not sufficient to deliver Ci for full CBB 

activity. This effect is even more pronounced in C2 (Figure 15B), consistent with the 

absence of a CO2 hydration system. Addition of NaHCO3 as a source of Ci (Figure 15C), 

however, allows restoration of a low FT possibly due to the activity of bicarbonate 

transporters. Yet, the PQ pool still is more reduced in C2 and C2A compared to the WT 

(Figure 15C), indicating the importance of NDH-14 on CO2 uptake, presumably due to its 

role in mitigating leakage of CO2 even in the presence of robust bicarbonate uptake (Maeda 

et al., 2002). 

Addition of EZ to C2A HC dark adapted cells induces a quick rise in the Chl fluorescence 

is seen, similar to the rise from Ci depleted cells (Figure 16). This is consistent with NDH-

13 as a target of EZ inhibition (see also Figure 14) and underlines the importance of the 

NDH-13 in the C2A strain, where it is critical for CO2 uptake and mitigation of the CO2 

leakage, even under normal HC growth conditions.  
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Figure 16. Chl fluorescence of HC grown cells: Cells grown in HC were washed with BG-11 pH 

8 gassed with 3% CO2, dark adapted for five minutes, and exposed to five min actinic illumination 

(nominally 53 µmol (photons) m-2 s-1) were measured for variable PAM fluorescence yield. C2A HC 

cells (blue traces), with addition of 5mM NaHCO3 (light grey traces) or 200 µM EZ (dark grey 

traces). Traces were acquired at a rate of one point per millisecond, but curves are presented smoothed 

with a running average of 300 points. Three high intensity, multiple turnover flashes (300 

millisecond) were applied in the dark (Fm) and light (Fm’) periods to establish maximal variable 

fluorescence (Campbell et al., 1998). 

 

4.3.7 Interactions between Ci metabolism and electron transport in the dark 

Fluctuations in Chl fluorescence yield observed after switching off the actinic light (Figure 

15 after 360 sec) are due to redox mechanisms involving the transfer of electrons from 

carriers in the cytoplasm (stroma in chloroplasts) to thylakoid complexes that mediate the 

re-reduction of the PQ pool in the dark including, but not limited to, ferredoxin-mediated 
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CEF (Deng et al., 2003; Holland et al., 2015). These transients can be observed more 

clearly in a slightly different experiment (Figure 17A-C). Here, a shorter actinic 

illumination period and lack of saturating MT pulses makes the post-illumination Chl 

fluorescence more pronounced primarily because CBB cycle activation is incomplete, 

resulting in lowered consumption of photosynthetically generated reductant and a greater 

flux toward the reduction of the PQ pool (Holland et al., 2015). At least two Chl 

fluorescence rises are observed under these conditions. The first rise, FN, occurs 2 to 6 

seconds after the cessation of illumination and is assigned to the oxidation of reduced 

NADPH and/or ferredoxin due to CEF through NDH-1 (Battchikova et al., 2011b; Holland 

et al., 2015). The second rise, FR, occurs 25-50 seconds post-illumination, and is assigned 

to the oxidation of reduced metabolite pools accumulated in the light. Figure 17A shows a 

noticeable difference in the levels of both FN and FR between C2 (red traces) and strains 

that contain at least one of these systems (WT and C2A, black and blues traces, 

respectively). Moreover, the addition of 5 mM KHCO3 (Figure 17B) and especially 

NaHCO3 (Figure 17C), enhances the respiratory peak FR for all strains. Enhancing FR is 

interpreted to reflect great fluxes of reductant into the PQ pool because of the greater 

accumulation of reduced carbon skeletons from the operation of the CBB cycle when a 

functioning CO2-hydration system is present (WT and C2A) or when Ci is made available 

by the addition of bicarbonate. A similar pattern is observed for NADPH transients after 

the AL is switched off (Figure 17D-F), where the rise in fluorescence, NR, is related to re-

reduction of NADP+ pools due to oxidation of photosynthetically derived sugars (Holland 
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et al., 2015). This again indicates greater accumulation of photosynthetic carbon skeletons 

when a functioning CO2-hydration system is present (WT and C2A) or by the addition of 

exogenous Ci. In the case of C2, the observation is largely dependent upon the addition of 

exogenous Ci consistent with acute starvation. 

 

Figure 17. Effects of bicarbonate re-addition on the post-illumination Chl (Panels A-C) and 

NADPH (Panels D-F) fluorescence transients in Ci depleted cells. Dark adapted, Ci-depleted cells 

of WT, C2 and C2A strains were measured after Ci depletion (Panels A&D), with the addition of 5 

mM KHCO3 (Panels B&E), or NaHCO3 (Panels C&F). Actinic illumination was restricted to 60 

seconds (not shown) with time zero corresponding to the termination of actinic illumination. 

Transient traces are representative of at least three biological replicates. 
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Besides the partial restoration of the ability to supply Ci to the CBB cycle by re-introducing 

the cupA operon to the CO2-hydration deficient C2 strain, another shared property of C2 

and C2A is revealed in these experiments. The addition of NaHCO3, dramatically enhances 

the respiratory FR peak. This is not observed in the WT strain and appears to be associated 

with induction of a metabolic state due to chronic Ci limitation as seen previously (Holland 

et al., 2016). This is consistent with the observation that the bicarbonate transporter SbtA 

is induced even under 3% CO2 growth in both C2 and C2A (Figure 10), which is indicative 

of chronic Ci starvation in the absence of a full CO2-hydration mechanism (both NDH-13 

and NDH-14) in Synechocystis 6803. 

4.3.8 LEF and CEF are affected by NDH-13 presence in HC grown cells 

In order to understand more about the energetic status of the strains, CEF and linear 

electron flow (LEF) of the strains were assessed by following changes of PSI (P700) redox 

state (Bernat et al., 2011). Samples with equal Chl concentration (5 µg mL-1) were used so 

relative units of PSI/Chl could be compared (Holland et al., 2016). Upon intense actinic 

illumination, the oxidation state of P700 fluctuates such that its immediate oxidation is 

followed by a transient re-reduction (maximal ~0.5 sec) and then a re-oxidation to an 

oxidation level that is steady until the actinic illumination is turned off (Figure 18A-C). 

This transient re-reduction was shown to be influenced by the pool of metabolic reductants 

present in the cell and can be enhanced by the addition, for example, of glucose, but is also 

dependent upon reduction of the PQ pool by PSII (Holland et al., 2016). It is interesting to 
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note that the transient re-reduction event is slightly more pronounced in C2A than WT and 

C2, independent of Ci availability. This feature most likely reflects the fact that while both 

C2 and C2A have increased metabolic flux towards the thylakoid membranes due to Ci 

limitation (see discussion of Figure 17), C2A has the additional pathway involving NDH-

13 thereby enhancing the re-reduction transient. Nevertheless, the overall characteristics of 

LEF appear largely unaffected over this relatively brief illumination period, consistent with 

little or no alterations in the functioning of the main complexes of electron transport and 

that the over-reduction of the PQ pool evident from the Chl fluorescence analysis occurs 

over the longer time periods associated with the consumption of the electron acceptors 

affiliated with Ci consumption. 

Use of red saturating light, together with the addition of DCMU, a PSII inhibitor, was used 

to evaluate CEF in the strains (Figure 18D-F). Interestingly, re-reduction of P700+ in the 

dark in C2A was faster than WT and C2 indicating a greater flux of reductant into inter-

system electron transport chain by CEF and other process such as respiratory flux. The 

faster dark re-reduction of P700+ indicates that the C2 and C2A strains are likely to have 

greater flux of cytosolic sources of reductant, including carriers of CEF, such as ferredoxin, 

to the thylakoids than in the wild-type. Our results also indicate that the addition of Ci 

slowed the rate of the reaction about 25% for all strains, possibly due to the partial 

activation of CBB and its increased consumption of NADPH. It is known that NDH-1 has 

a direct effect on CEF including the CO2 uptake systems NDH-13,4 (Bernat et al., 2011). It 

is also worth noting that the approximate levels of PSI, judging from the relative amplitude 
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of the P700 signals, indicates that the similarly loaded samples have similar concentrations 

of PSI relative to the wild-type. 

  

 

Figure 18. Photosystem I oxidation kinetics in dark-adapted cells exposed to saturating 

illumination. P700 absorbance was followed in strains with different forms of CO2 uptake systems 

as a response to Ci absence (A) or presence (5mM KHCO3, B or 5mM NaHCO3, C) or additionally 

with the use of DCMU, a PSII inhibitor, which was added to evaluate CEF in the strains (Figure 18 

D-F) After five min dark adaptation, intense actinic illumination (2050 µmol (photons) m-2 s-1) was given 

for 5 s. Transient traces are representative of at least three biological replicates. 
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4.4 Discussion 

The cyanobacterial CCM is one of several independently evolved physiological solutions 

to the relatively poor affinity and selectivity of the major autotrophic carbon fixing enzyme, 

Rubisco. Plants have evolved mechanisms, most notably C4 metabolism, that concentrate 

CO2 in the proximity of Rubisco, whereas eukaryotic algae have evolved a still poorly 

understood CCM involving pyrenoids and a network of bicarbonate transporters and 

carbonic anhydrases. In contrast to these systems, cyanobacteria have evolved a CCM that 

involves specialized CO2 hydration enzymes that are coupled to NDH-1 membrane 

complexes to drive the conversion of CO2 into bicarbonate (CO2 uptake, CUP). These are 

an integral part of the cyanobacterial CCM yet remain very poorly understood in terms of 

structure and function. Cyanobacterial NDH-1 membrane complexes apparently use 

ferredoxin to deliver electrons to plastoquinone (Ma and Ogawa, 2015), which would be 

consistent with chloroplast NDH-1 function as recently shown (Strand et al., 2017). This 

exergonic electron transfer couples the pumping of protons from the N-side (cytoplasmic) 

to the P-side (lumenal) of the thylakoid membrane, by a still-to-be resolved mechanism 

that is presumably shared by all members of the NDH-1 family (Brandt, 2013). Current 

information suggests that the NdhD and NdhF subunits mediate at least some of the proton 

pumping. How this proton pumping would be adapted to the energy-requiring hydration of 

CO2 in cyanobacterial thylakoids remains a mystery (Ogawa and Mi, 2007). 
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The project described here is a first step in an effort to probe the molecular mechanism 

using a combined molecular genetics and physiological approach to the problem. The 

overall approach involved constructing a system that will enable manipulation (e.g. amino 

acid site-directed mutagenesis) of each of the genes associated with CUP or explore the 

ability to complement these genes using homologs from other species. Although mutants 

lacking both functional NDH-13,4 were available (Maeda et al., 2002; Shibata et al., 2001), 

these involve single gene deletions and a strain lacking all the genes from the cupA operon, 

encoding the high affinity Cup functionality of NDH-13, had not been constructed. Here, a 

strain, designated C1, was developed where all the five genes of the cupA operon were 

removed using a marker-less gene excision strategy (Figure 8 and Figure 9). The 

subsequent removal of the cupB gene, part of the complementary high flux, low affinity 

NDH-14 complex, produced a strain, C2, completely devoid of CO2 hydration systems. 

This is envisioned as the basal strain for the reintroduction of modified Cup genes to study 

structure-function relationships. The C2 strain was then transformed using a synthetic 

molecular construction which integrated the whole cupA operon into a genomic neutral site 

with transcriptional expression under the control of a Rubisco promoter, giving a 

constitutive expression. The resultant C2A construct restored the expression of the high 

affinity NDH-13 complex as evidenced by the accumulation of the CupA protein and the 

restoration of growth at pH 7 under ambient air. As expected, the strain shows a clear high 

affinity for Ci (Figure 12), yet the biphasic affinity profile of the C2A strain graphically 

illustrates that the NDH-13 complex is not able to sustain high CO2 uptake rates, despite 
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(or perhaps as a consequence of) its high affinity characteristics. These findings are fully 

consistent with the previous assignments that NDH-13 and NDH-14 are high affinity, low 

flux and low affinity, high flux CO2 uptake enzymes, respectively. 

Inhibitor studies can provide insight into enzyme reaction mechanisms. It is hypothesized 

that a carbonic anhydrase (CA) activity is at the heart of these enzymes, yet it must be 

structurally organized very differently than typical CAs since the Cup proteins drive the 

formation of high cytoplasmic concentrations of bicarbonate rather than dissipating them, 

as would occur if they were not coupled to an energy source (Price and Badger, 1989c). 

Nevertheless, the canonical CA inhibitor, EZ, is an effective inhibitor. Price and Badger 

tested the effect of EZ on whole cells of Synechococcus 7942 and Synechocystis 6803 under 

HC and LC, with a noteworthy decrease of CO2 uptake, yet no noticeable effect on the 

carboxysomal CA (Price and Badger, 1989a; Price and Badger, 1989b), possibly due to the 

CB select permeability (Chowdhury et al., 2015; Kerfeld et al., 2010). Because both 

complexes are potentially present in the wild-type, it is difficult to make firm conclusions 

about the target of inhibition. The ability to selectively express NDH-13 in C2A presented 

the opportunity to determine whether this complex is specifically inhibited by the 

traditional inhibitor (Figure 14 and 16). As shown, EZ completely inhibits Ci uptake in 

C2A. As shown previously, we observed only incomplete inhibition of Ci uptake in the 

wild-type. Taken together, our results lead to the tentative conclusion that the NDH-13 is 

more sensitive to EZ inhibition than the NDH-14 complex and, thus, may have an active 

site that more closely resembles the canonical CA active site. EZ is a sulfonamide molecule 
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that has a conserved mode of protein interaction and binds to the catalytic metal present in 

the CA active site. There are several known families of CA dispersed throughout multiple 

kingdoms, a, b, g, d, z, h, e, q, with numerous isoforms (DiMario et al., 2017). EZ is known 

to be an inhibitor to a variety of CAs isoforms, in diverse families (Baranauskienė and 

Matulis, 2012). It possesses, however, different affinities to these and is dependent on pH 

and buffer conditions, which is also true for other CA inhibitors (Baranauskienė and 

Matulis, 2012; Price and Badger, 1989b; Supuran, 2008). In all cases studied, the inhibitor 

binds this metal, typically zinc, via a nitrogen atom in the sulfonamide group, thereby 

displacing the substrate water position otherwise located at this metal ligand position 

(Baranauskienė and Matulis, 2012; Lindskog, 1997; Price et al., 2002). That is the water 

that deprotonates and attacks CO2 during the reversible CA hydration reaction. In principal, 

a similar metal-binding sites may exist in NDH-13 (and possibly NDH-14) based upon the 

inhibitor characteristics.  

Another interesting finding apparent from the analysis of the different strains under this 

study was the fact that even under heavy CO2 gassing at pH 8, cells expressing the NDH-

13 complex alone were still starved for Ci as evidenced by the induction of the high affinity 

bicarbonate transporter, SbtA (Figure 10), consistent with earlier results (Maeda et al., 

2002), as well as recent findings from the Mi group (Han et al., 2017). This indicates that 

passive Ci uptake (by diffusion or by aquaporins) is not enough for efficient photosynthesis 

when CO2 hydration systems are not present. These results point to an exceptional 

importance of the NDH-13,4 complexes in supplying Ci and/or avoiding leakage of Ci by 
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recycling CO2 before it leaves the cell. Cyanobacteria internally accumulate Ci in the form 

of HCO3-, which cannot pass easily through the lipoproteic cell membranes (Price and 

Badger, 1989c). The CO2 released by CA inside the carboxysome is likely only partially 

captured by Rubisco, thus requiring the rehydration of CO2 to HCO3-, to contain the 

otherwise easily lost CO2. The NDH-13,4 complexes are predicted to mitigate Ci leakage, 

which would otherwise reach 85% at pH 7 (Espie et al., 1991; Kaplan and Reinhold, 1999; 

Mangan et al., 2016; Price et al., 1998). The observation of the expression of SbtA 

observed in both C2 and C2A, even under 3% CO2 gassing, is consistent with this 

scavenging role to compensate the intense CO2 leakage. Since SbtA is also induced in C2A, 

which contains NDH-13, suggests that a combination of both NDH-13 and NDH-14 must 

work in tandem for effective recapture of leaked CO2 under our pH 8 growth conditions. 

Accordingly, the presence of the high CO2 affinity system under HC is not enough to 

maintain internal HCO3- pool required for an efficient Ci fixation, indicating the importance 

of NDH-14, as previously suggested (Han et al., 2017). However, improvements in the 

tools for quantifying the amounts of assembled and membrane integrated NDH-13 and 

NDH-14 complexes will be required for a quantitative analysis of the role of these crucial 

components of the CCM. Improvements of the present CupA antibody as well as the 

production of antibodies for the other components would expand this capability. This will 

be required for the estimation of the spatial density of NDH-13 that is necessary to evaluate 

its role in the uptake of CO2 and control of its leakage in the cellular system. Such 

information will be of value for mathematical models estimating fluxes (Fridlyand et al., 
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1996; Mangan et al., 2016), where the correct parametrization of these models, including 

the concentrations of the NDH-1 complexes, will allow insights on how they function, 

including the roles of the high and low affinity systems. The development of an antibody 

against CupA is a first step towards this goal and improvements in its quality, along with 

other protein methods to evaluate the assembly state of the complexes, are currently 

underway. 

 

4.5 Conclusions 

The ectopic expression of a synthetic NDH-13 system under the control of a Rubisco 

promoter allows the reintroduction of the genes for NDH-13 involved in CO2 hydration into 

a strain lacking CO2 hydration capacity. This will enable structure-function tests using site 

directed mutagenesis. The synthetic system constructed here will be a powerful tool to 

better study each of the proteins involved in the NDH-13, now independent of LC 

acclimation requirements. At the same time, the analysis revealed that NDH-13 is more 

sensitive to EZ inhibition than NDH-14 indicating that the two CO2 hydration systems 

likely have significant structural differences with respect to their active sites. 



 97 

5 CHAPTER V 

 

 

MUTATIONS ON CONSERVED HISTIDINE AND CYSTEINE OF CUP 

PROTEINS AFFECT CELL UPTAKE OF CO2ǂ 

 

ǂContents from this chapter will be part of a manuscript in preparation: 

Artier, J., Miller, N. T., Zhang, M., Price, D. & Burnap, R. L. Structure-function studies of 
CO2 uptake proteins in cyanobacteria. 

 

 

5.1 Introduction 

Aquatic environments often present growth-limiting concentrations of inorganic carbon 

(Ci), which is the main macronutrient for photosynthetic organisms. This critical growth 

substrate can be present in aqueous solution as hydrated (H2CO3, HCO3-, CO3-2) or 

anhydrate (CO2) forms with relative concentrations dependent on the pH. To cope with 

limiting Ci cyanobacteria have evolved a CO2 concentrating mechanism (CCM), 

responsible to increase internal level of Ci and organize Rubisco, the principal enzyme 

involved in carbon fixation of the Calvin-Benson-Bassham (CBB) cycle, near a carbonic 

anhydrase enclosed in a microcompartment, the carboxysome (CB) (Rae et al., 2013).  
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The CCM efficiently increases cellular level of Ci to about 1000-fold compared to the 

levels of Ci in the external environment (see reviews (Badger and Price, 2003; Kaplan and 

Reinhold, 1999; Ogawa and Kaplan, 2003). Cyanobacteria requires this high Ci 

concentration in the internal pool and maintain it far-from the equilibrium as the ionic form 

HCO3-, a species that is less permeable to the membrane than CO2. Bicarbonate can later 

enter the proteinaceous CB where it is quickly converted to CO2 by a pool of CA (Yeates 

et al., 2008), so it can supply abundantly CO2 to Rubisco in order to decrease 

photorespiration (see reviews by (Burnap et al., 2015; Price, 2011).  

Part of the CCM involves constitutive and inducible systems that have different substrate 

affinities and reaction rates, and are tightly regulated (Burnap et al., 2015; Price, 2011). 

This includes three bicarbonate transporters (SbtA, BicA and BCT1) in the inner/plasma 

membrane and two CO2 uptake systems in the thylakoid membranes (Xu et al., 2008; 

Zhang et al., 2004). Bicarbonate transporters are usually coupled to sodium (Na+) gradients 

in a symporter manner or with ATP hydrolysis (Price et al., 2004; Shibata et al., 2002; Xu 

et al., 2008).  

The CO2 uptake systems are specialized NAD(P)H dehydrogenase	 type 1 (NDH-1) 

complexes (Battchikova and Aro, 2007; Ohkawa et al., 2000a). This multiprotein complex 

shares many homologues with respiratory complex 1 from heterotrophic bacteria and those 

found in mitochondria, and has a core of proteins, either embedded in the membrane or 

attached and facing the cytoplasmic side, forming an L shape structure (Battchikova et al., 
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2011a; Friedrich and Scheide, 2000). Bound to this, two membrane proteins NdhF and 

NdhD are required for a functional complex, with multiple cyanobacterial paralogs 

defining the alternative forms of the cyanobacterial NDH-1 complex (see review by 

(Battchikova and Aro, 2007). The four cyanobacterial variants are designated NDH-11-4 

and are identified as NDH-11,2 (or NDH-L, contains NdhF1/D1 and NdhF1/D2) with roles 

in respiration and NDH-13,4 (or NDH-1MS, contains NdhF3/D3 and NdhF4/D4) involved 

in CO2 uptake (Battchikova et al., 2011a). Despite these structural and functional 

differences among the four forms, it was shown that all cyanobacterial NDH-1 are involved 

in photosynthetic cyclic electron transport (Bernat et al., 2011). This is in accordance with 

the main function of NDH-1 complexes, which is to transfer electrons from a donor 

(NADH/Fdred/NADPH) to a plastoquinone, in a reaction coupled with proton transfer, 

generating pmf required for ATP synthesis (Friedrich and Scheide, 2000). In fact, NdhB, 

NdhF and NdhD are homologues of the proton transfer proteins NuoL, NuoM and NuoN 

from E. coli (Battchikova et al., 2011a; Friedrich and Scheide, 2000). Also, these proteins 

were shown to be essential for the CO2 uptake function of NDH-13,4 (Han et al., 2017; 

Ohkawa et al., 2000b), suggesting an energized process utilizing the redox power of 

NADPH or reduced ferredoxin (Fdred). 

Cyanobacterial CO2 uptake complexes have an unique protein that sits on NdhD/F 

subcomplex facing the cytoplasm side giving a U shape to the complex (Folea et al., 2008), 

and is also essential for its function (Maeda et al., 2002; Shibata et al., 2001). These are 

the “CO2-uptake proteins” (Cup, or alternatively, “CO2-hydration protein”, Chp) present in 
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two forms, CupA (ChpY, in NDH-13) or CupB (ChpX, in NDH-14). Although previously 

many studies focused on these systems, the molecular mechanism of the reaction is not 

understood. Kaplan and collaborators initially proposed that presence of an “alkaline 

pocket” due to proton removal in the membrane portion of the complex, which would direct 

a possible nearby CA to hydrates CO2 into HCO3- (Kaplan and Reinhold, 1999). However, 

it was shown that a true CA is not present in the cyanobacterial cytoplasm (Price and 

Badger, 1989c). Price and Badger later proposed that Chp (Cup) proteins may have a CA-

like function with a potential active site of conserved Histidine (His) and Cysteine (Cys) 

possibly linked to a metal cofactor (Price et al., 2002). This idea also included the NdhF/D 

proteins as responsible for the proton removal to direct the hydration of CO2 and suggested 

the coupling with electron transport from Fdred/NADPH to plastoquinone (PQ). Moreover, 

it was shown that traditional carbonic anhydrase inhibitors, particularly ethoxyzolamide 

(EZ), decreases CO2 uptake in cyanobacteria with no interference on HCO3- transport 

(Espie et al., 1991; Price and Badger, 1989a; Price and Badger, 1989b).  

In this chapter, the synthetic system for NDH-13 constitutive expression developed in 

Chapter 4 was utilized for site-directed mutagenesis in an effort to evaluate the roles of 

highly conserved amino acids of Synechocystis 6803 CupA in CO2 uptake. Additionally, a 

plasmid-based mutagenesis system to probe CupB (ChpY) that was developed in the 

laboratory of Professor Dean Price, together with specific mutants produced using the 

system, were analyzed. Our hypothesis, based on the previous proposed ideas, was 

developed that posits CupA (ChpY) and CupB (ChpX) proteins functioning as special 
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carbonic anhydrase (CA) proteins that couple CO2 hydration directly with the proton 

pumping activity of the specialized NDH-13,4 complexes, possibly energized by the 

electron transfer from Fedred/NADPH to PQ (Figure 19). 

 

Figure 19. Hypothetical model of cyanobacterial CO2 uptake by NDH-13,4. Two Type-1 

NAD(P)H dehydrogenase complexes (NDH-1) are known CO2 uptake (CUP) systems present on the 

thylakoid membrane.  

 

We also hypothesize that the CupA and CupB proteins may coordinate a metal ion that, by 

analogy with bona fide carbonic anhydrases (CA), functions to mediate the hydration of 

CO2 to bicarbonate. Our hypothesis suggests that the removal of protons from the CA-like 

active site by the proton pumping activity of the NDH-1 complex drives the reaction far-

from equilibrium. As discussed below, multiple sequence alignment of Cup proteins from 
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100 cyanobacteria strains shows highly conserved amino acids in both CupA and CupB 

proteins. The most likely one to participate in CA activity was targeted for mutagenesis in 

both Synechocystis 6803 and Synechococcus 7942, and analysis of the phenotypic 

consequences of their mutation is presented here. 

 

5.2 Materials and Methods 

5.2.1 Multiple sequence alignments and phylogenetic analysis 

Amino acid sequence for Synechocystis 6803 protein CupA was obtained from Cyanobase. 

Later it was used as the query sequence for Blastp search with E-value cutoff 1e-50 in the 

JGI website (Nordberg et al., 2013). The resulting amino acid sequences from about 100 

phylogenetically diverse cyanobacteria genomes, including both CupA and CupB proteins, 

were aligned with MUSCLE (Edgar, 2004) using MEGA 7 software (Kumar et al., 2016). 

The multiple sequence alignment (MSA) was used to construct a maximum likelihood 

phylogenetic tree, with bootstrap analysis of 100. A second MSA was performed using 

MAFFT 7 (Katoh et al., 2017) (run with interactive G-INS-I, for proteins with global 

homology), used to build a new phylogenetic tree with PhyML 3.1 (Guindon et al., 2010). 

MSA were analyzed using Jalview 2.10 (Waterhouse et al., 2009). Trees were constructed 

with settings considering LG substitution model, NNI tree topology and aBayes algorithm 

was used for branch support when in PhyML. CupA amino acid sequence and/or MSA was 

also analyzed by Swiss-Model workspace (secondary structure prediction) (Arnold et al., 
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2006), PredictProtein (Yachdav et al., 2014), and ConSurf (conserved and functional 

regions) (Ashkenazy et al., 2016; Berezin et al., 2004).  

5.2.2 Cyanobacterial strains and constructions of mutants 

Synechococcus sp. PCC 7942 wild type, a double knockout mutant DchpX/DchpY 

(Woodger et al., 2005) and complementation mutants containing chpX in a shuttle vector 

pSE4, also with point mutations on selected amino acids were provided by our collaborator, 

Professor Dean Price of Australian National University. These were maintained in standard 

BG-11 medium (Allen, 1968), pH 8, supplemented with 10 mM HEPES-NaOH and grown 

in HC conditions as described (see Chapter 2), in the presence of Spec 20 µg mL-1 to 

maintain the plasmid. HC8 cells were Ci depleted and Ci affinity assays following O2 

evolution dependent on Ci uptake were measured (see details in Chapter 2). Spot assays 

were performed as described (see Chapter 2). 

Mutants C2 and C2A used in this study are described on Chapter 3. A new plasmid pV5 

containing a synthetic cupA operon under rbcL promoter was constructed, where unique 

RE sites were inserted between each gene by changing nucleotides sequence on the original 

intergenic sites. The native ribosome binding site (RBS) of each gene was estimated 

following previous work (Mitschke et al., 2011), and were not modified. The new operon 

was synthesized with no codon optimization and inserted into pV5 between NdeI and NotI 

sites (GenScript Biotech, USA).  
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A second construct was developed to complement the C2 stain by restoring the cupB gene 

necessary to synthesize a functional NDH-14 system. For this, the cupB gene (1149 bp) 

was synthesized and inserted into chromosomal integration vector 3 (pV3) (GenScript 

Biotech, USA). The plasmid pV3, sibling of pV5, has the rnpB promoter region, 

Kanamycin cassette and sequences for the integration into the neutral, noncoding site 

between ssr2848 and sll1577. The construct was used to transform C2 and C2A, with 

integration into genomic DNA confirmed by PCR.  

Four amino acids that were found to be highly conserved in both CupA and CupB based 

upon multiple sequence alignments, and estimated to participate on the hypothetical active 

site, were mutated by changing nucleotide of its codon, and the point mutation was 

synthesized into the new cupA operon and cupB constructs (GenScript Biotech, USA). 

Similar and additional point mutation strains were constructed by site direct mutagenesis 

using QuikChange Site Directed Mutagenesis kit (Agilent) accordantly to manufacturer’s 

instructions. The original pV5 with cupA operon plasmid without RE was used for this.  

In order to evaluate if NDH-13 systems are interchangeable among cyanobacteria species, 

the cupA operon from an Arthrospira species was homologously expressed in 

Synechocystis 6803. Similar to described on Chapter 3, the cupA operon region (4710 bp) 

from two strains of Arthrospira (A. India; Genbank KT779290.1, from Soda Lake, Lonar 

Crater, India; and A. maxima CS-328, Genbank GCA_000173555, kindly provided by 

Charles Dismukes, Rutgers University) were each inserted into pV5 using Gibson 
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assembly (Gibson et al., 2009), and construct was transformed into C2, with integration 

into genomic DNA confirmed by PCR. The constructs were transcriptional and 

translational fusions, respectively, with relative to the rbcL promoter present in pV5.  

A triple knockout mutant, C3, was developed using a similar construct as for C1 (Chapter 

3), by removing genes for NDH-14 and BCT1 in the C1 background. In Synechocystis 6803 

ndhD4/ndhF4 genes are in the genomic region following the genes for BCT1, which are 

clustered on an operon, Cmp operon (cmpA, cmpB, porB, cmpC, cmpD). The upstream 

region of cmpA, 500bp, and the downstream region of ndhF4 were inserted in the Blue 

Heron pUC plasmid similar to described before (pCmpopsap) (Blue Heron Biotechnology 

Inc.), with Spec/sacB cassette later added in between by Golden gate assembly (Engler et 

al., 2009), forming the pCmpopSS. After segregation, the vector pCmpopsap without 

Spec/SacB cassette was used to remove the Spec/sacB cassette in the presence of 5% 

sucrose. C3 was also a recipient strain of Synechocystis 6803 pV5 cupA operon and 

Arthrospira pV5 cupA operon. 

5.2.3 Isolation of thylakoid membranes 

Four flasks containing 800 mL each of HC grown cells with OD750nm of 0.4-0.6 were used 

for TM extraction, as previous published protocol with small modifications (Burnap et al., 

1989; Dilbeck et al., 2012). Synechocystis 6803 cells were harvested by centrifugation for 

10 min at 10000 x g, 4 °C and washed in 120 mL of HN buffer (10 mM HEPES, 30 mM 

NaCl, pH 7.3). Solution was kept on ice, at low light (from now on), and centrifuged at 
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10000 x g, 13 min, 4°C, then resuspended in 120 mL of thylakoid membrane breaking 

buffer (TBB, 50 mM MES-NaOH, 10% glycerol v/v, 1.2 M betaine, 5 mM MgCl2 and 5 

mM CaCl2, pH 6.0). This was centrifuged at 10000 x g, 10 min, 4°C, and pellet was 

resuspended to ~14 ml with TBB up to a concentration of 0.4-1 mg of Chl mL-1. The 

solution was incubated in darkness and on ice for at least one hour. The cell breakage was 

performed in a 4° C room under a dim green light. The cell suspension was transferred to 

a homogenizer 20 mL BeadBeater chamber and added 25 grams of pre-cooled 0.1 mm 

diameter zirconium/silica beads. Prior to cell breakage, benzamidine, ε-amino-η-caproic 

acid, and phenylmethanesufonyl fluoride (PMSF) were added to the cell suspension to a 

concentration of 1 mM each, together with 1.5 mg of DNase I (powder, Sigma). The small 

homogenizer chamber was set inside a polycarbonate chamber filled with crushed ice/water 

mix to keep sample cold. Cells were broken by 4 cycles (5 s on, 5 min off in ice/water) in 

a BeadBeater (BioSpec Products) inside a water-ice jacket. After breakage and settling of 

beads, the supernatant was obtained and the beads were washed 3 to 5 times with TBB up 

to 60 mL, final volume. Unbroken cells and remaining zirconium/silica beads were further 

separated from the supernatant by centrifugation at 3600 x g for 10 min at 4°C. The 

supernatant was obtained and centrifuged at 22000 rpm (approximately 60000 x g) for 40 

min at 4°C. The pelleted thylakoid membranes were resuspended with approximately 400 

µL of TSB (50 mM MES-NaOH, 10% glycerol v/v, 1.2 M betaine, 20 mM CaCl2 and 5 

mM MgCl2, pH 6.0) to 0.9-1.5 mg mL-1 Chl, aliquoted, flash-frozen in liquid nitrogen, kept 



 107 

in dark stored at -80°C. O2 evolution activity of TM was verified after frozen following 

previous protocols of polarographic O2 measurements (Dilbeck et al., 2012).  

5.2.4 Analysis of proteins from thylakoid membrane using PAGE 

Proteins from TM preparation were treated before separation in a (BN) PAGE (Schägger 

and von Jagow, 1991). Samples with 1mg mL-1 Chl were solubilized in TSB with 1% n-

dodecyl b-D-maltoside with stir at 4°C for 30 min, at darkness or low green light, and 

centrifuged 10000 x g for 10 min, 4°C, aliquoted and snap frozen, stored at -80°C. Treated 

samples containing 3µg mL-1 Chl, supplemented with BN sample buffer (5% Serva Blue 

G, 200 mM BisTris-HCl, pH 7.0, 500 mM e-amino-n-caproic acid) were separated in a 1 

mm, 4–12.5% acrylamide gradient blue native (BN) PAGE (Schägger and von Jagow, 

1991). Electrophoresis was performed at 4 °C with increasing voltage (gradually from 50 

to 200 V) for 6 h. BN-PAGE containing separated proteins were used for western blot and 

evaluation of carbonic anhydrase activity assay following previous described protocol (De 

Luca et al., 2015). 

 

5.3 Results  

5.3.1 Multiple sequence alignments show conserved amino acids that are Cup potential 

active site residues 

CO2 uptake proteins (Cup/Chp) have been the focus of diverse studies, including some 

small multiple sequence analysis with the available cyanobacteria genomic data of the time 
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(Price et al., 2002). Here we performed a Blast search using Synechocystis 6803 amino 

acid sequence as probe and obtained 168 amino acid sequences of both CupA and CupB 

from 100 phylogenetically diverse cyanobacteria strains using Joint Genome Institute (JGI) 

online tools. These were analyzed by performing multiple sequence alignments, to evaluate 

conserved sites that could be theoretically part of the Cup active site.  

Our Blast search showed that Cup/Chp proteins seems to be only present in cyanobacteria, 

as previously mentioned in the literature (Price et al., 2002). Also, although hypothesized 

as a possible type of CA, there were not hits with any of the numerous CA isoforms from 

any of the 8 CA families (α, β, γ, δ, ζ, η, ε, θ) present on NCBI, even when a distant 

evolutionary relationship analysis was performed using Psi-Blast (results not shown). This 

expands an earlier bioinformatic investigation by Price and Badger, who analyzed 10 

amino acids sequences and suggested conserved Histidine and Cysteine, that may be the 

ligands for a putative metal in the active site of Cup/Chp proteins (Price et al., 2002). Our 

results confirmed this and showed that Cup/Chp proteins have highly conserved (>89%) 

amino acids previously described. A simplified amino acid alignment is represented in 

Figure 20, with both CupA/B proteins from five cyanobacterial strains, where Histidine 

(His, H) are in blue and Cysteine (Cys, C) is shown in red. Among the 100 cyanobacterial 

strains, these amino acids were shown to be more than 89% conserved by analysis with 

Jalview (Waterhouse et al., 2009) and ConSurf (conserved and functional regions) 

(Ashkenazy et al., 2016; Berezin et al., 2004). 
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Figure 20. Cyanobacterial CO2 uptake proteins multiple sequence alignment. Alignment of 

Cup/Chp amino acid sequence from 100 cyanobacteria strains shows highly conserved His (H, blue) 

and Cys (C, red). Only five strains of cyanobacterial Cup proteins are displayed, for easier 

visualization using MacVector software protein alignment tool. 

 

5.3.2 Phylogenetic studies suggest separation of Cup proteins in two clades 

Synechocystis 6803 CupA and CupB are only 46% identical in their amino acid sequence, 

with CupA having an extra amino acid, presumably an additional domain that may bind 

CupS, only present on NDH-13 (Korste et al., 2015). Amino acid sequence of CupA/B 

from 100 cyanobacterial strains was analyzed by MSA using both MUSCLE (Edgar, 2004) 

in MEGA 7 software (Kumar et al., 2016) and MAFFT 7 (Katoh et al., 2017). These were 

each used to construct a maximum likelihood phylogenetic tree, either in MEGA 7 or 

PhyML 3.1 (Guindon et al., 2010). Although the trees have some differences, the general 

unrooted pattern shows that CupA/ChpY and CupB/ChpX are clearly separated in two 

subgroups (“clades”). An unrooted representative tree is present on Figure 21, with 

CupB/ChpX in the left and CupA/ChpY on the right.  
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Figure 21. Unrooted maximum likelihood phylogenetic tree. Two clades are clearly distinct, 

CupB/ChpX in the left, CupA/ChpY in the right. The tree with the highest log likelihood is shown. 

Initial tree(s) for the heuristic search were obtained automatically by applying Neighbour-Join and 

BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting 

the topology with superior log likelihood value using MEGA7. The analysis involved 168 amino acid 

sequences from 100 cyanobacteria strains, obtained from JGI using protein Blast against 

Synechocystis 6803 CupA. 

 

5.3.3 Point mutations on Chp/Cup proteins affect cell CO2 uptake  

In order to investigate the possible role of highly conserved His and Cys in the CO2 

hydration function of Cup/Chp proteins, we introduced point mutations on cupA using the 

neutral site integration genetic system developed described in Chapter 4. Also, 
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Synechococcus 7942 strains containing only the ChpX (CupB) protein being expressed 

(chpX in a shuttle vector, background is double knockout mutant DchpX/DchpY), with 

amino acids substitution were obtained from Dean Price. The amino acid substitutions 

studied here are represented on Table 2. The Histidine (H) was replaced by a Glutamine 

(Q), an uncharged amino acid of similar size. Cysteine (C) was substituted with a Serine 

(S) that has similar size but lacks the thiol group, or with an Alanine (A), a small 

hydrophobic amino acid. 

 

Table 2. Mutations of conserved sites in CupA (ChpY) and ChpX (CupB) used in this work, 

identified by multiple sequence alignment. Correspondence between rows in the CupA and ChpX 

indicate homology based upon the multiple sequence alignments. 

 

 Mutants 

Site conservation Syn6803 CupA Syn7942 ChpX 

79% H15Q  

48% H126Q  

89% H127Q H86Q 

95% H130Q H89Q 

96% C141A/C141S C100S 

100% H148Q H107Q 

39% C263A/C263S  

50% C356S  
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Growth phenotype of Synechococcus 7942 and mutants was evaluated using spot assays 

with growth in agar under different Ci availability (Figure 22). All strains grew well at pH 

8 or supplemented with 20 mM NaHCO3, independent of CO2 supplementation (results not 

shown). The strains responded differently when grown on modified pH 7 BG-11 media 

under air conditions. The strains containing ChpX, such as wild type (WT) and 

complementation strain with only ChpX both grew well, while the double knockout strain 

DchpX/DchpY failed to grow. This is consistent with previous findings for Synechocystis 

6803 shown in Chapter 4. Most mutants with single or double mutation on highly 

conserved amino acids highlighted in Figure 20 have an intermediate growth, with some 

very similar to the complementation strain with ChpX. Yet, the His 86 failed to grow, 

similar to DchpX/DchpY mutant. This suggests an essential role for this His 86 in CO2 

hydration activity of Synechococcus 7942 ChpX (CupB). 
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Figure 22. Spot assays for autotrophic growth under pH7 with different CO2 availability 

conditions on agar plates. WT and ChpX point mutants were grown in liquid media modified BG-

11 pH 7, pelleted by centrifugation, washed once and resuspended in BG-11 7 to OD750 of 1, 0.1, 

0.01 or 0.001 (top to bottom rows, respectively). Five µL cells at each dilution was spotted on agar 

plates with pH 7 and grown for five days. Upper panel: 5% CO2-enriched air; Lower panel: ambient 

air CO2 level. 

 

We also evaluated the Ci uptake capacity of Synechococcus 7942 ChpX mutants by 

following photosynthetic oxygen evolution dependent on Ci uptake (Table 3, Figure 23).  

In this assay O2 evolution is entirely dependent on Ci as the electron acceptor, under 

conditions that poises the reaction for increased CO2 compared to the HCO3−, forcing cells 

to utilize primarily CO2 for photosynthesis (modified media lacking nitrate, with pH 7, and 
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presence of carbonic anhydrase) and can be used to estimate the net whole cell Ci affinity 

characteristics.  

The mutation H86Q again showed the most extreme response, with similar Vmax of the 

ChpX complement, but with K0.5 in the mM range, comparable to the double mutant 

knockout DchpX/DchpY. This reinforces the importance of H86 in the CO2 hydration, 

which absence completely obliterates ChpX function. Mutation on the other two highly 

conserved His (H89Q and H1007Q) and Cys (C100S) slightly affected the Ci affinity of 

the ChpX. 

 

Table 3. Photosynthetic O2 evolution of HC cells of Synechococcus 7942 ChpX mutants in 

response to Ci uptake. Vmax and K0.5 values were obtained from data shown in Figures 23. Potassium 

bicarbonate (KHCO3) was added as source of Ci, in the presence of CA 25 µg mL-1. Values are means 

and ± indicates standard deviations (SD) with experimental replicates, n=4. 

Strain  

Synechococcus 7942 

VMAX 

(µmol O2 mg−1 Chl h−1) 

K0.5 (CI) 

(µm) 

DchpXDchpY 130 ±3 7600 ±1200 

ChpX 142 ±29 27 ±8 

H86Q 166 ±9 4600 ±300 

H89Q 126 ±22 89 ±15 

C100S 150 ±16 68 ±12 

H107Q 131 ±9 80 ±15 
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Figure 23. Assays for Ci affinity measuring photosynthetic O2 evolution rates in Synechococcus 

7942 strains with different CO2 uptake system under low sodium. Cells were grown in BG-11 

pH 8, supplemented with 3% CO2 (HC8) and illumination at 70 µmol (photons) m-2 s-1. Before assay 

cells were washed with modified LC7 media (BTP, no NaNO3) depleted of Ci. KHCO3 was added as 

source of Ci, in the presence of CA 25 µg mL-1. Traces are representative of at least two biological 

replicates (n=4), and bars indicate ±SD. The double knockout strain DchpXDchpY (DXY, red) and 

complementation with ChpX (blue) strains are shown as references. A) H86Q (dark green); B) H89Q 

(orange); C) C100S (purple); D) H107Q (brown).  

 

Similar mutations were constructed in Synechocystis 6803 CupA using the constitutive 

expression system described in Chapter 4. Additional amino acids with lower conservation 
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scores were also substituted as represented in Table 2. Here we present the result for two 

Cys mutations, the highly conserved C141A, and a less conserved (39%) C263S. O2 

evolution assays were used similar to described in the above section, which can be used to 

estimate the net whole cell Ci affinity characteristics and results are presented in Table 4 

and Figure 24. The mutation on CupA:C141A, had no significant effect on the CO2 

hydration, even less than seen in ChpX (Table 3, Figure 23). Yet, the strain with 

CupA:C263S, a less conserved amino acid, decreased the reaction flux (58±4 μmol O2 

mg−1 Chl h−1) compared to C2A (93 ±15	μmol O2 mg−1 Chl h−1).  

 

Table 4: Photosynthetic O2 evolution of HC cells with point mutation in Cysteine of NDH-

13/CupA in response to Ci uptake. Vmax and K0.5 values were obtained from data shown in Figure 

24. Potassium bicarbonate (KHCO3) was added as source of Ci, in the presence of CA 25 µg mL-1. 

Values are means and ± indicates standard deviations (SD) with corresponding number of 

experimental replicates, n. 

Strain  

Synechocystis 6803 

VMAX 

(µmol O2 mg−1 Chl h−1) 

K0.5 (CI) 

(µm) 
N 

C2A 93 ±15 8 ±3 10 

C141A 93 ±3 8 ±4 4 

C263S 58 ±4 5 ±1 4 

 



 117 

 

Figure 24. Assays for Ci affinity measuring photosynthetic O2 evolution rates in Synechocystis 

6803 strains with point mutation in CupA CO2 uptake protein under low sodium. Cells were 

grown in BG-11 pH 8, supplemented with 3% CO2 (HC8) and illumination at 70 µmol (photons) m-

2 s-1. Before assay cells were washed with modified LC7 media (BTP, no NaNO3) depleted of Ci. 

KHCO3 was added as source of Ci, in the presence of CA 25 µg mL-1. Traces are representative of at 

least two biological replicates (total: n=4), and bars indicate ±SD. C2A, in blue, containing the 

ectopic constitutive expression of the high CO2 affinity NDH-13 uptake system with low flux was 

used as reference. A) In purple, C2A:C141A point mutation strain. B) In strawberry, C263S point 

mutation strain. 

 

The effect of the liposoluble traditional CA inhibitor EZ was evaluated under similar 

conditions described in the above section. This was used to test whether the point mutations 

altered the structure/function of the CupA active site, disrupting the CupA inhibition by 

EZ, described in Chapter 4. Photosynthetic O2 rates dependent of Ci in C2A:C141A and 

C2A:C141A, HC cells, were assayed after the addition of 200 μM EZ. The mutation of 
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CupA:C141A, had decreased inhibition by EZ (49±4 μmol O2 mg−1 Chl h−1) compared to 

C2A (32 ±6	μmol O2 mg−1 Chl h−1). It is possible that this mutation caused a change of the 

structure of the active site, due to its proximity, and binding of EZ is slightly weakened. 

 

Table 5: Photosynthetic O2 evolution of HC cells with point mutation in Cysteine of NDH-

13/CupA in response to Ci uptake. Vmax and K0.5 values were obtained from data shown in Figure 

25. Potassium bicarbonate (KHCO3) was added as source of Ci, in the presence of EZ 200 µM. Values 

are means and ± indicates standard deviations (SD) with corresponding number of experimental 

replicates, n. 

Strain  

Synechocystis 6803 

VMAX 

(µmol O2 mg−1 Chl h−1) 

K0.5 (CI) 

(µM) 
N 

C2A 32 ±6 6 ±3 10 

C141A 49 ±5 6 ±2 4 

C263S 17 ±7 7 ±3 4 
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Figure 25. Assays for Ci affinity measuring photosynthetic O2 evolution rates in Synechocystis 

6803 strains with point mutation in CupA CO2 uptake protein under low sodium. Cells were 

grown in BG-11 pH 8, supplemented with 3% CO2 (HC8) and illumination at 70 µmol (photons) m-

2 s-1. Before assay cells were washed with modified LC7 media (BTP, no NaNO3) depleted of Ci. 

KHCO3 was added as source of Ci, in the presence of EZ 200µM. Traces are representative of at least 

two biological replicates (n=4), and bars indicate ±SD. C2A, in dark grey, containing the ectopic 

constitutive expression of the high CO2 affinity NDH-13 uptake system with low flux was used as 

reference. A) In purple, C2A:C141A point mutation strain. B) In strawberry, C263S point mutation 

strain. 

 

5.3.4 CupA constitutively expressed is bound to NDH-13 in C2A strains 

In order to evaluate if the constitutively expressed NDH-13 in C2A, beside functional, has 

the correct colocalization in the thylakoid membrane (TM), immunoblot assays were 

performed. Figure 26A shows a clear reaction at the expected 47 kD mass of CupA in the 

extracted TM of both C2A grown in HC and the wild type (WT) grown under LC 
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conditions (LC7) for 36 h. The reaction is stronger than in the total cell extracts proteins 

(T) samples, probably since it is in higher concentration in the TM extracts. However, the 

reason for the higher concentration in the membrane sample is not clear since equal 

amounts of Chl (µg) were loaded and the amount of CupA protein should be directly 

proportional to the amount of Chl. One possibility is that the total cell extracts have a 

residual protease activity that was not inhibited by the added protease inhibitor cocktail. 

The result shows that in both C2A and WT under HC conditions, CupA is attached to 

NDH-13 complex, present in the TM, although a small amount is also detectable in the 

supernatant (Sup) fraction. Sup was obtained after pelleting the TM and contains 

cytoplasmic proteins. These results combined with the finding that all of the SbtA reaction 

is confined to the membrane fraction indicate that a fraction of CupA was either never 

bound to the membrane, or more likely, lost during the membrane purification process, 

even in the wild type. SbtA presence was also evaluated using commercial antibody, and a 

reaction is seen at the expected ~39 kD mass (Figure 26C). This protein is a LC inducible 

bicarbonate transporter, and as shown in Chapter 4, is detectable in both C2 and C2A, 

independent of Ci availability. A reaction is visible in the total protein as well as in 

thylakoid membrane extract, even stronger in WT LC7, suggesting contamination of TM 

with inner/plasma membrane. Further purification of TM proteins using a sucrose gradient 

fractioning would be necessary to remove inner/plasma membrane, as described formerly 

(Zhang et al., 2004). Yet, this assay will be useful to evaluate if the CupA mutants with 
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amino acids substitution cause a severe damage in the structure of CupA that would 

displace it from the NDH-13 complex. 

 

Figure 26. Immunodetection of CupA and SbtA in WT and C2A at different Ci availability. 

C2A was grown in BG-11 at HC conditions with pH 8 supplemented of 3% CO2 (HC8). WT was 

grown at modified BG-11 pH 7 supplemented with 3% CO2 and later switched to 36 h air (LC7). 

Total cell extracts (T) and thylakoid (TM) samples containing 3 µg Chl were loaded on a 12% SDS-PAGE 

gel and transferred to a PVDF membrane. Previous to detection, the PVDF membranes were stained with 

0.5% Ponceau S to verify equal loading (panel B and D). CupA (panel A, ~47 kD) and SbtA (panel 

C, 37 kD) were detected using a produced and a commercial antibody (Agrisera), respectively. A 

marker was added for molecular weight comparisons (lane M) (Precision Plus Protein Kaleidoscope, 

Bio-Rad). T, total cell protein; TM, proteins from thylakoid membrane extraction; Sup, supernatant 

obtained after TM precipitation, containing cytoplasmic proteins. 
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5.3.5 Functional heterologous expression of an Arthrospira sp. NDH-13 in 

Synechocystis 6803. 

Studies of cyanobacterial NDH-13,4 complexes are restricted to model organisms such as 

Synechocystis 6803 and Synechococcus 7942, among a few others. In order to test if the 

system developed on Chapter 4 could be used for heterologous expression of diverse 

cyanobacterial cupA operons, we constructed a similar plasmid to the one described in 

Chapter 4, using pV5, yet containing the cupA operon from two strains of Arthrospira (A. 

India and A. maxima CS-328). This project was performed in collaboration with a group 

from India who characterized a new Arthrospira strain (Zawar et al., 2016), so we named 

the construct C2AInd (India). O2 evolution dependent on Ci uptake were used to evaluate 

complex function and results are presented in Figure 27. The C2AInd strain grown under 

high Ci conditions (HC8) exhibited a medium Vmax (144 μmol O2 mg−1 Chl h−1) and 

moderate K0.5 (73 μM). Comparatively to C2A, C2AInd presented a higher reaction flux, 

and lower substrate affinity. Besides, 200 μM	EZ	completely	inhibited	Ci	uptake	(Figure	

27B),	 suggesting	a	 similar	active	 site	as	 for	Synechocystis	 6803	and	Synechococcus	

7942. 
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Figure 27. Assays for Ci affinity measuring photosynthetic O2 evolution rates in Synechocystis 

6803 strains with an Arthrospira sp. (India) cupA operon. Cells were grown in BG-11 pH 8, 

supplemented with 3% CO2 (HC8) and illumination at 70 µmol (photons) m-2 s-1. Before assay cells 

were washed with modified LC7 media (BTP, no NaNO3) depleted of Ci. KHCO3 was added as 

source of Ci, in the presence of CA 25 µg mL-1 (only Panel A). Traces are representative of at least 

three biological replicates (n=6), and bars indicate ±SD. A) C2A, in blue, containing the ectopic 

constitutive expression of the high CO2 affinity NDH-13 uptake system with low flux. In dark brown, 

C2AInd strain expressing Arthrospira sp. cupA operon. Note: Only the first phase in shown in the no 

inhibitor test (A). In B) EZ, a carbonic anhydrase inhibitor, was added at 200 µM. 

 

5.4 Discussion 

CO2 uptake is an essential process for cyanobacteria living under ambient air level. In 

previous studies, researchers suggested that Cup/Chp are the proteins involved in the CO2 

hydration reactions (Price et al., 2002). Results shown in here and Chapter 4 together with 

previous data described in the literature, demonstrate that in absence of both CupA and 
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CupB, cyanobacteria cells acquire a high-CO2 requiring phenotype, losing its ability to 

grown under pH 7 and air level of CO2 (Ohkawa et al., 2000a). Besides, data suggests that 

each CO2 complex containing either CupA or CupB have different affinity for the Ci 

substrate and reaction flux rate (Maeda et al., 2002; Shibata et al., 2001). Here, we 

investigated the structure-function of Cup/Chp proteins as a potential CA-like enzyme, by 

mutating highly conserved amino acids, as found in the bioinformatic analysis (Figure 22), 

as a potential metal coordinating ligands of the active site. The mutation C141A, with 

substitution of Cys for alanine (A), presented no apparent effect on CO2 hydration activity, 

yet the inhibition by EZ was reduced. It is possible that C141 is important for maintenance 

of the active site structure in a manner affecting the coordination of the inhibitor, but is not 

an amino acid directly required for the putative metal coordination. This would also explain 

the decrease in the efficiency of inhibition by EZ, possibly due to a problematic active site 

environment. We also tested a second Cys, with low to average conservation among Cup 

variants was also mutated. The strain containing C263S, with substitution of Cys for serine 

(S), showed decreased flux rate (Vmax, first phase), with no effect on affinity or EZ 

inhibition. It is known that some CA have Cys forming disulfide bonds, necessary for the 

whole protein structure conservation (Waheed et al., 1996), a possible role for C263.  

Analysis of highly conserved (>89%) His through point mutations in Synechococcus 7942 

ChpX (CupB) suggests that His86 is essential for CO2 hydration activity (Figures 22 and 

23). It is possible that this mutation disrupts the binding of a potential metal cofactor. The 

human a CA II has three His (H94, H96, H119) forming the catalytic metal binding site 
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with these His residues serving as Zn ligands. This may resemble highly conserved amino 

acid region of Cup/Chp shown in Figure 20 (H86, H89, H107). Studies using X-ray crystal 

structure determination of human CA II with mutations on H94 and H119 (including H to 

Q replacements) showed that substitution of H94 led to displacement of zinc (Zn), and both 

change of H94 and H119 coordination geometry and a highly impaired Zn affinity and CO2 

hydration function of the enzyme (Alexander et al., 1993; Lesburg et al., 1997). The 

authors suggested that this was possibly due to disturbing the metal from its native position 

or even producing minor conformational changes of metal ligands and neighboring 

residues since H-bonding and proton transfer is strongly sensitive to distance and angle 

variations between donor-acceptor. It is plausible that ChpX/CupB H86 is a metal ligand 

analogous to CAII H94, and its substitutions displaces the metal cofactor. Also, decreased 

CO2 hydration activity was seen on mutants with substitution of H89 and H107, suggesting 

these may be the other His required for binding the metal cofactor. However, since the 

replacement of ChpX (CupB) H87 completely impaired CO2 hydration, we cannot discard 

the alternative possibility of this His being involved with proton transfer, such as the 

essential H64 from CAII. If so, H87 would be part of the proton “wire”, with this 

subsequently transported to the NdhF/D proteins. In this case, it would also be possible that 

a third amino acid Histidine (or Cys or Gln) required for proper metal cofactor arrangement 

be located in one of the NdhF/D proteins, similar to the active site of gCas, where the metal 

cofactor is coordinated by His between two subunits (see reviews by (Lindskog, 1997; 

Supuran, 2016). We separated thylakoid membranes from WT LC7, C2 and C2A HC8 
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using blue-native gradient gel and attempted to tested carbonic anhydrase activity using a 

“in-gel” assay following previous described protocol (De Luca et al., 2015). Although we 

got successful repetition of aCA activity as a control, no activity was observed in the 

Synechocystis 6803 thylakoid membrane extracts (results not shown). Additionally, CupA 

by itself does not seem to have a carbonic anhydrase activity, as indicated by studies with 

the heterologous expressed protein (Chapter 3). This suggests the possibility that Cup needs 

to be attached to its NDH-13,4, and possibly requires to be energized by the electron-proton 

transfer coupled reactions, the main function of NDH-1 complexes and related forms such 

as respiratory complex I in E. coli (Friedrich and Scheide, 2000). This would support the 

idea of formation of an “alkaline pocket” (Kaplan and Reinhold, 1999), necessary to drive 

the reaction, together with Cup being a special type of CA (Price et al., 2002). 

Interestingly, the phylogenetic analysis shows that CupA (ChpY) and CupB (ChpX) had 

apparently evolved into two separated subgroups (Figure 21), in spite of both functioning 

in cyanobacterial CO2 hydration activity, and be inhibited by carbonic anhydrase EZ, 

which suggest a similar CA site. Together, the data indicates that CupA (ChpY) and CupB 

(ChpX) may had convergent evolution of CA like active site, yet may have diverged later. 

It would explain the presence of only one version in some cyanobacteria, while 

Prochlorococcus marinus has none (Badger and Price, 2003). In addition, we expressed 

only CupA using a similar constitutive expression system described in Chapter 4 in the C2 

background strain, where cupB is deleted, while ndhD4/F4 are still part of the genome. 

Yet, no CO2 hydration activity measured by O2 evolution dependent on Ci was seen (results 
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not shown), indicating that CupA and CupB are not interchangeable, but can only be active 

within their own NDH-1 compartment. This is another piece of evidence that CupA (ChpY) 

and CupB (ChpX) have similar yet unique function, and helps explain their contrasting 

substrate affinity and reaction flow rates. 

Overall, we also show here that the NDH-13 proteins are extremely conserved in 

cyanobacteria based on the phylogenetic analysis. Hence, the successful heterologous 

expression of the Arthrospira cupA operon functional in the model organism Synechocystis 

6803 opens wide perspectives for studying CO2 hydration systems from many 

cyanobacteria strains, well beyond the model organisms.  

Interesting, no affinity for CO2 was observed when NDH-13 was expressed in a strain 

lacking the ATP dependent HCO3- transporter BCT1 (C3, results not shown). This is 

puzzling and requires furthers studies. It raises the question of dependency between these 

Ci systems.  

 

5.5 Conclusion 

The analysis of mutations on conserved amino acids has long been used in diverse proteins 

structure-function studies. The results presented on this Chapter 5 shows that this is also a 

prospective way to investigate the still puzzling Cup proteins and NDH-13,4 CO2 hydration 

activity. 
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6 CHAPTER VI 

 

 

CONCLUSION 

 

 

 

Photosynthesis is an essential process, essentially divided in two main stages, formerly 

known as the light and dark reactions. In the first step, energy of light is captured and 

transformed into chemical energy, stored as ATP and NADPH. These will be used in the 

second step for fixation of CO2 and biomass production. This is an essential and basic 

biological reaction, that most of us learn in the young phases of education. Yet, this process 

is so much detailed and complex, where many questions are still open. One of them is how 

cyanobacterial CO2 “pumps” work.  

Cyanobacterial CCM, used by the organism to increase the internal level of inorganic 

carbon, has been the focus of intense research (see reviews by (Kaplan, 2017; Price et al., 

2008). As these organisms have an important role in the global Net Primary Productivity, 

it is vital to well understand the CCM and its components. Yet, two out the five CCM 

systems are not well understood and their proper mechanism remains obscure. 
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This dissertation focus was to investigate the molecular mechanism of the CO2 uptake 

activity found in cyanobacteria, involving specialized NDH-1 complexes. It was previously 

shown that two out of the four cyanobacterial NDH-1 are CO2 uptake systems. NDH-13,4 

are comprised by the complex core proteins together with three essential proteins for proper 

activity, NdhF3/4, NdhD3/4 and CupA/CupB (CupS is part of the NDH-13, but not 

essential for the CO2 activity) (Ohkawa et al., 2000a; Ohkawa et al., 2000b). The two have 

some differences, where NDH-14 is constitutive, and its kinetic characteristics exhibit a 

comparatively low affinity for CO2, but a higher flux (Vmax) as evaluated via whole cell 

studies. On the other hand, NDH-13 is inducible under low Ci conditions, has a high affinity 

but low flux kinetic profile (Maeda et al., 2002; Shibata et al., 2001). Two hypotheses were 

previously suggested regarding the system mechanism: 1) an “alkaline pocket” formed due 

to proton pumping across the membrane directs a carbonic anhydrase to hydrate CO2 

(Kaplan and Reinhold, 1999), 2) Cup/Chp proteins are CA-like enzymes that sits on 

NdhF/NdhD, where hydration of CO2 is dependent on the NDH-1 electron transfer coupled 

with proton transport (Price et al., 2002).  

Here, we started our research by investigating CupA protein using a heterologous 

expression in Escherichia coli. In Chapter 3 I present the results obtained after intense 

efforts with one final important achievement, in the effort of characterizing CupA 

structure-function. Chapter 3 present the results of several attempts on heterologous 

expressing Synechocystis 6803 CO2 uptake protein CupA in E. coli. The protein was only 

soluble when stabilized by fusion to a second protein, here maltose binding protein. Yet, 
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studies with the purified CupA fusion were not sufficient to show CO2 hydration activity 

or metal detection, besides the CD data was also not conclusive. This suggests that the 

protein may only be functional and/or structured when attached to the NDH-13. Yet, this 

work allowed the production of a highly specific antibody against a cyanobacterial Cup 

protein (CupA). Due to challenges faced after several attempts to further characterize the 

expressed CupA, the focus was turned to in vivo studies. 

In this project I developed a strategy to carefully pursue some of the open questions 

mentioned in Chapter 1, considering difficulties found by other groups (Price et al., 2002; 

Zhang et al., 2005). On chapter 4, we detail the design, construction and characterization 

of a new DNA exchange system that allows the ectopic and constitutive expression of the 

high affinity NDH-13 system. Mutants lacking two out of the five CCM systems, the CO2 

uptake systems, were developed after serial deletion of the cupA operon and cupB gene, in 

a mutant named C2. Later, only one complex, the high affinity low flux NDH-13 system 

was reintroduced under the translational regulation of a rubisco promoter. The effect on 

physiological characteristics, related to oxygenic photosynthesis and CO2 uptake, was 

analyzed. The resultant construct, named C2A, restored the expression of the high affinity 

NDH-13 complex as evidenced by the accumulation of the CupA protein, restoration of 

growth at pH 7 under ambient air, and high affinity for CO2 seeing on the O2 evolution 

curves dependent on Ci uptake. Yet, the strain still seems to be starved of Ci, since other 

CCM components were expressed even under HC growth. This suggests the importance of 

having both NDH-13,4 under LC and also their role in mitigating CO2 leakage.  
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I also examined the previous described effect of the traditional carbonic anhydrase inhibitor 

EZ (Espie et al., 1991; Price and Badger, 1989b), and results showed that it strongly 

inhibits Ci uptake in C2A, yet it only displayed incomplete inhibition of Ci uptake in the 

Synechocystis 6803 wild type, containing only NDH-14. The results found in chapter 4 

suggests that NDH-13 is even more sensitive to EZ inhibition than the NDH-14 complex. 

In conclusion, we developed a new and robust tool to study the high affinity cyanobacterial 

CO2 uptake system. Besides, our results show that tandem operation of both NDH-13 and 

NDH-14 are required for efficient cyanobacterial photosynthesis. Also, we were able to 

confirm previous studies, and give further evidence that NDH-13 has a light-dependent 

carbonic anhydrase-like activity highly sensitive to ethoxyzolamide. 

The inhibition of CO2 hydration activity by the traditional carbonic anhydrase 

ethoxyzolamide suggests an active site similar to present in CA, and also raises the 

possibility that a metal-binding site may exist in NDH-13 (and possibly NDH-14). Yet, there 

are no clear similarity between Cup (Chp) and any of the carbonic anhydrase known 

families, and these proteins seems to be confined (and well conserved) in the cyanobacteria 

group. Multiple sequence alignment with both CupA and CupB amino acids sequences 

from 100 cyanobacteria show a highly conserved region that resembles the Histidine and 

Cysteine amino acids usually found in CA active site. In chapter 5, the role of Cup (Chp) 

proteins is further explored using the molecular construct system developed on chapter 4, 

where the whole cupA operon under the control of a strong promoter was the recipient of 

site direct mutagenesis on conserved amino acids. The effect of mutations replacing these 
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Histidine and Cysteine in ChpX (CupB) in Synechococcus 7942 was also explored. The 

results show a decrease in the CO2 hydration by H89 and H107, completely impairment in 

H86, and only a small effect on C100 mutant. The data supports the hypothesis of Chp 

(Cup) having a CA-like active site, possibly due to convergent evolution. The fact that 

ethoxyzolamide inhibits the reaction is consistent with this. In principal, a similar metal-

binding site may exist in NDH-13 (and possibly NDH-14) based upon the inhibitor 

characteristics, as suggested by Price and colleagues (Baranauskienė and Matulis, 2012; 

Lindskog, 1997; Price et al., 2002). In the earlier models, plastoquinone was suggested as 

a sink for protons arising from the hydrolysis of water on the hypothesized metal site, 

whereas recent information regarding the localization of CupA (Birungi et al., 2010) 

suggest the possibility of a less direct involvement of plastoquinone according current 

models of proton pumping by NDH-1 complexes (Kaila et al., 2014; Zickermann et al., 

2015). Nevertheless, the principal remains the same and also fits the ‘alkaline pocket’ 

model suggested by Kaplan and collaborators (Kaplan and Reinhold, 1999).  
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APPENDICES 

 

 

Cyclic electron flow on different carbon sink mutants 

 

Additional to the study discussed in this dissertation, during my time as a PhD and research 

assistant I collaborated in several side projects. A fruitful one was related to understanding 

the impacts of carbon sink mutations in Synechocystis 6803 photosynthetic performance. 

Specifically, my efforts were in evaluating changes in cyclic electron transport in the 

mutants under HC and LC growth conditions, an area of great interest by poorly 

understood. The results can be found on the published manuscript (Holland et al., 2016). 

Furthermore, the collaborative study also helped to understand basic metabolic responses, 

as the importance of glycogen in balancing energetic metabolism in cyanobacteria (Cano 

et al., 2018). In conclusion, these studies showed that although there is a great potential of 

manipulating cyanobacteria in an effort of increasing photosynthetic yield, later to be 

redirected into high-value products and CO2 mitigation projects, it is important to consider 

the energetic burden on the cell in search of optimum rates. Summaries of these works are 

presented here. 
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Abstract (Holland et al., 2016): 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 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 

appears instead to be the result of an un- defined dissipative mechanism to spill excess 

energy. 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.  
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Abstract (Cano et al., 2018): There is a lack of systematic study on the regulation of high 

energy metabolites such as ATP levels that drive the metabolism in living organisms. Using 

light as the energy input, we found that the energy charge (ratio of ATP over ADP+ATP) 

in the cyanobacterium Synechocystis 6803 vary through different growth stages, with a 

peak upon entry into the rapid growth phase, as well as a positive correlation with light 

intensity. In contrast, a mutant that can no longer synthesize the main carbon storage 

compound glycogen showed higher energy charge. The overflow of organic acids in this 

mutant under nitrogen depletion could also be triggered under high light in nitrogen-replete 

conditions, with an energy-input level dependency. These findings suggest that energy 

charge in cyanobacteria is tightly linked to growth and carbon partition, and that energy 

management is of key significance for their application as photosynthetic carbon dioxide 

assimilating cell factories. 
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