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ABSTRACT 

 

One of the most abundant proteins on the Earth is ribulose-1,5-biphosphate 

carboxylase/oxygenase (RUBISCO). RUBISCO is a CO2 fixing enzyme in oxygenic 

photosynthetic organisms that it has low affinity for CO2. When CO2 is the limiting factor in the 

environment, RUBISCO works inefficiently due to its oxygenase activity. Some higher plants 

and aquatic photosynthetic organisms, such as the green alga Chlamydomonas reinhardtii; 

therefore, evolved Carbon Concentrating Mechanisms to acquire and to accumulate inorganic 

carbon for RUBISCO, when the CO2 concentration is at or below the air level. Carbonic 

anhydrases are important components of the Carbon Concentrating Mechanisms and they are 

zinc-containing metalloenzymes that catalyze the reversible interconversion of CO2 and HCO3
−
. 

CAH3 is one of the α-Carbonic anhydrases that it is associated with the photosystem II donor 

side in Chlamydomonas reinhardtii. CAH3 supplies CO2 to RUBISCO as primary function by 

speeding up the interconversion of CO2 and HCO3
−
 in the thylakoid lumen. A proposed 

additional function of CAH3 is to regulate photosystem II by providing HCO3
−
 to remove 

protons from the reaction center of photosystem II. In this report, I further test for the first time 

the function of CAH3 by monitoring CO2 and O2 release simultaneously from cia3 and wild type 

thylakoid membranes using Membrane Inlet Mass Spectrometer.  

Abbreviations 

 

BBY – PSII enriched membrane fragments 

CA – carbonic anhydrase 

CAH3 – α-carbonic anhydrase, CAH3 gene product 

CCM – carbon concentrating mechanisms 

Ci – inorganic carbon: CO2, HCO3
-
 or CO3

2-
 

MIMS – membrane inlet mass spectrometer 

PSII – photosystem II 

RUBISCO - ribulose-1,5-biphosphate carboxylase/oxygenase 
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1. INTRODUCTION 

Oxygenic photosynthesis is a process in plants, algae and cyanobacteria where absorbed light 

energy is converted to chemical energy. In this process water is oxidized to produce electrons, 

protons and oxygen (Renger, et al, 2001). The electrons are used to reduce CO2 to organic 

compounds while the protons create a membrane potential that is used to generate chemical 

energy in the form of ATP. Oxygen is released into the surroundings.  

The key enzyme of CO2 fixation in oxygenic photosynthesis is ribulose-1,5-biphosphate 

carboxylase/oxygenase (RUBISCO). RUBISCO is a large multi-subunit enzyme that it catalyzes 

an oxygenation reaction in addition to carboxylation. When CO2 is the substrate, low molecular 

organic compounds are formed in the Calvin cycle. These low molecular organic compounds are 

precursors for the most of higher molecular compounds that they can exist in plants, like lipids, 

carbohydrates and proteins. When oxygenation occurs instead of carboxylation, a metabolic 

pathway, which is named photorespiration, takes place. Photorespiration is considered to be 

negative for production of low molecular organic compounds since no net addition of carbon 

enters the metabolism. RUBISCO has a low affinity for CO2 than O2; however, since the 

concentration of O2 in the air is higher than CO2, there is approximately one oxygenation 

reaction for every 5 carboxylation reactions. RUBISCO therefore works inefficiently at low 

relative concentrations of CO2 due to oxygenase activity (Foyer et al, 2009).  

Some higher plants (CAM, C4 plants), cyanobacteria, most algae and some aquatic plants can 

overcome the poor carboxylation activity of RUBISCO in low CO2 environments (Girdano et al, 

2005). For that reason, they have evolved various forms of Carbon Concentrating Mechanisms 

(CCM), in order to increase the CO2 concentration in the vicinity of RUBISCO. 

1.1 Carbon Concentrating Mechanisms in C4 and CAM Plants 

C4 plants, most of which inhabit tropical areas, have evolved a mechanism that decreases water 

loss and allow photosynthesis in hot and dry environment when stomata are almost completely 

closed (Fig-1A). The characteristic of the plants in this group is that they contain two types of 

chloroplast containing cells; the mesophyll cells with chloroplasts lacking RUBISCO and the 

bundle sheath cells that are buried deep in the leaf tissue and where it is surrounding the vascular 

tissues. In C4 plants, CO2 enters the mesophyll cells where a cytosolic carbonic anhydrase (CA) 
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catalizes CO2 convertion to HCO3
-
. Phosphoenolpyruvate carboxylase (PEPCase) is an enzyme 

with a much higher affinity for CO2 than RUBISCO and it carboxylates HCO3
- 

to form 

oxaloacetate. Malate is then formed from oxaloacetate and this C4-acid is transported to the 

bundle sheath cells where RUBISCO is located and a normal C3 photosynthesis takes place 

(Sage, 2004). This CO2-trapping in the bundle sheath cells creates a higher CO2/O2 ratio around 

RUBISCO and it minimizes thereby the oxygenase activity of RUBISCO. 

CAM (Crassulacean Acid Metabolism) plants have a slightly different mechanism to minimize 

water loss and to increase CO2 concentration around RUBISCO (Fig-1B). At night when the air 

usually is cooler and more humid, CAM plants open their stomata and CO2 enters the cytosol. 

There, HCO3
-
 is formed and converted to oxaloacetate by PEPCase. In a similar way as in C4 

plants, C4 acids are formed, but they are stored in the large central vacuole during the night. 

During the day, when stomata must be closed because of the risk of losing too much water, 

malate is transported out from the vacuole to the cytosol where it becomes decarboxylated to 

form Pyruvate and CO2 in the vicinity of RUBISCO.    

 

 

Fig.1 The photosynthetic pathway in C4 and CAM plants. A) In almost all known C4 plants, photosynthetic CO2 

assimilation requires two distinct types of cells: mesophyll cells and bundle sheet cells. CO2 is captured during the 

day and converted to the C4 compound, malate, and then transported to the bundle sheath cells. CO2 is released by 

decarboxylation of malate and CO2 is fixed by Calvin cycle.  B) In the CAM metabolism, CO2 fixation is temporally 

separated from fixation by Calvin cycle. The uptake of CO2 occurs at night when stomata are open. The reduced 

A 

B 
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oxaloacetate forms malate and then malate is stored in the vacuole. During the day, malate is converted to pyruvate 

inside the chloroplast and CO2 is released to be fixed by the Calvin cycle. (Badger and Price, 1994)     

1.2 Carbon Concentrating Mechanisms in Synechocystis 

CO2(g) is converted to CO2(aq) and H2CO3 in aqueous solutions. With increasing pH, de-

protonation of H2O with CO2(aq) occurs and HCO3
-
 and CO3

2-
 are formed (Eq. 1) (Millero and 

Roy, 1997). In the ocean, the pH is around 8.2, so inorganic carbon is present in the form of 

bicarbonate (HCO3
-
) and low amount of CO2. This amount of CO2 is not enough to saturate 

RUBISCO for cyanobacteria. 

 

H2O + CO2(aq)          H
+
 + HCO3

-
        2H

+
 + CO3

2-
           Eq.1 

 

The cyanobacteria Synechocystis, the most studied cyanobacterial model, has different ways to 

take up inorganic carbon into the cell (Fig.2). Either CO2 or HCO3
-
 is transported either at 

plasmalemma or thylakoid membrane (Kaplan and Reinhold, 1999). HCO3
-
 is actively taken up 

into the cell. In addition, HCO3
-
/Na

+
 symporter and ABC-type uniporter provide HCO3

-
 uptake 

(Omata, 1999; Klughammer et al, 1999; Higgins, 2001). On the other hand, CO2 simply diffuses 

into the cell (Kaplan and Reinhold, 1999). Then, NADH-1 complex, which has NADPH 

dehydrogenase, provides energized conversion of CO2 to HCO3
-
 on the cytosolic part of the 

thylakoid membrane by hydrating CO2 (Price et al., 2002).  

In the cytosol, inorganic carbon stays in HCO3
-
 form due to the pH greater than 7.0. In addition, 

the conversion of HCO3
-
 to CO2 is prevented by absence of Carbonic Anhydrase (CA) in 

Synechocystis cytosol. Otherwise, CO2 would diffuse out of the cell (Price et al, 1989). 

Accumulated HCO3
-
 in the cytosol then is transported into the carboxysome. Carboxysome is a 

compartment that contains RUBISCO and CA, and also prevents CO2 diffusion out of the 

compartment. In the carboxysome, β-CA accelerates the conversion of HCO3
-
 to CO2 so that the 

released high amount of CO2 around RUBISCO inhibits RUBISCO`s oxygenase activity.    

                       pKa 6.3                        pKa 9.0 
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Fig.2 Inorganic carborn (Ci) transport and CO2 accumulation in the cyanobacteria Synechocystis. Ci uptake 

occurs either by diffusion of CO2 or through active transport of HCO3
-
 into the cytosol.  Ci stays as HCO3

-
 in the 

cytosol and is then transported to the carboxysome. CO2 is supplied to RUBISCO by the conversion of HCO3
-
 to 

CO2 by β-Carbonic anhydrase (Giordano et al, 2005). 

1.3 Carbon Concentrating Mechanisms in Chlamydomonas 

Chlamydomonas reinhardtii is a unicellular green algae that it can be found both in wet soil and 

in water. Depending on the CO2 concentration in the surrounding media, Chlamydomonas can 

exist in two physiological states: a low CO2- and a high-CO2 acclimated state. The low CO2 state 

is induced at limiting CO2 concentrations (air CO2 levels) and the high CO2 state usually occurs 

when the concentration of CO2 is increased to 1-5% (Spalding, 1989). At or below the limiting 

concentration of 0.03% CO2, Chlamydomonas cells have half- saturation constant for CO2 in the 

carboxylase activity that it is 10-100 fold lower than needed for RUBISCO to operate at optimal 

rates. Like Synechocystis, Chlamydomonas therefore have evolved a mechanism for an active 

uptake and accumulation of Ci to increase CO2 around RUBISCO (Spalding et al, 2002). When 

cells are grown under elevated CO2 levels, the algal cells have a normal C3 photosynthesis, but 

when the level of CO2 is decreasing under the treshold value, a Carbon Concentrating 

Mechanism (CCM) is induced. This induction can be detected already within 10-20 minutes after 

switching cells to low CO2 by RNA analysis for some of the known inducible proteins. It, 
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however, is not clearly established how Chlamydomonas senses the changes in CO2 

concentration.  

One possible signal for CCM can be the lowering in concentration of CO2 in the environment. 

The cells respond quickly to changes in the external CO2 concentrations in the media and 

therefore the ―low CO2 signal‖, could be sensed at the plasma membrane (Bozzo et al, 2000; 

Giordano et al, 2005). Moreover, the induction of CCM and the expression of low CO2-induced 

genes require light (Fukuzawa et al, 1990; Villarejo et al, 1996). Hence, another possible signal 

for induction of CCM can be the redox potential of the photosynthetic electron transport or a 

photosynthetic metabolite.  

Under limiting CO2 conditions, 51 genes are induced and 32 genes are repressed in 

Chlamydomonas reinhardtii (Miura et al, 2004). The induced genes include photosynthesis 

related genes, some starch synthesis genes, carbonic anhydrase genes, redox signaling genes and 

several protein encoded genes containing different domains for gene regulation. The suppressed 

genes include chlorophyll a/b binding genes, chlorophyll synthesis and assembly genes, nutrient 

related metabolic genes and some genes encode oxygen evolving complex. Among identified 

CO2 responsive genes, one master regulator was found which controls the induction of CCM in 

Chlamydomonas (Fig-3). The UV-induced cia5 mutant that was known to be a slow growing 

mutant completely lacks all low CO2 responses (Moroney et al, 1989). Expression of 47 out of 

51 low CO2 induced genes were significantly reduced in the cia5 mutant (ccm1 mutant) (Fig-3) 

and 23 out of 32 genes showing reduced expression in low CO2 were in normal expression level 

(Miura et al, 2004). Besides, CAH3 which is a thylakoid lumen CA and PMP1 regulating Ci 

uptake are regulated by CCM1. The transcripts of CAH3 and PMP1 are increased two fold in 

limiting CO2 concentration and their mutants require high level of CO2 for growth.   
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Fig.3 Model showing the relationship among CCM1 and low CO2 induced genes. 51 genes are induced in low 

CO2 and 58 genes are regulated by CCM1. 47 genes of both induced in low CO2 and regulated by CCM1 overlapp. 

The overlapping genes are classified as carbonic anhydrase (CA), inorganic carbon uptake (Ci uptake), 

photorespiration cycle (PR cycle), pyrenoid genes and two novel genes LCI1 and LCI5 which are thought to be Ci 

transporters. PMP1 bicarbonate transporter and CAH3 chloroplast carbonic anhydrase genes are also indicated in the 

model (Miura et al, 2004).    

 

The acclimation to low CO2 does not occur only on gene level but also occurs via structural 

changes on sub cellular levels. One example is the increment of starch in the sheet around the 

chloroplast pyrenoid (Kuchitsu et al, 1988; Ramazanov et al, 1994; Thyssen et al, 2001). It was 

proposed that the starch on pyrenoid shell could be a barrier to prevent CO2 diffusion to the 

stroma from the pyrenoid (Badger and Price, 1994). Another example of subcellular changes is 

the distribution of mitochondria in the cell. Mitochondria change their position from the central 

of the cell to the peripheral between the chloroplast and the plasma membrane during induction 

of CCM (Geraghty and Spalding, 1996). This might happen to scavenge photorespiratory 

glycolate produced in the chloroplast or to optimize energy supply to transport Ci into the cell 

(Huertas et al, 2002).      

1.4 Carbonic Anhydrases (CAs) in Chlamydomonas   

The rate of un-catalyzed HCO3
-
 and CO2 interconversion is about 0.5 x 10

-3
 mM s

-1
 which is 10

4
 

times slower than the rate of CO2 fixation by RUBISCO (Badger and Price, 1994). Hence, a 

specific enzyme, Carbonic Anhydrase, is required to speed up this process which is important not 
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only for CCM but also for pH regulation, ion transport, respiration and photosynthesis (Badger 

and Price, 1994). Carbonic anhydrase accelerates the turnover rate of HCO3
- 

- CO2 

interconversion to 10
6
 s

-1
 (Khalifah, 1971) so that it is enough to saturate RUBISCO with CO2. 

CAs can be classified in three families that are evolutionarily unrelated in Chlamydomonas: α-

CA, β-CA and γ-CA. There are no significant sequence homologies between the families 

(Hewett and Emmet, 1996). However, the active sites of all CAs are functionally conserved. 

They have all Zn
2+

 at the active site and the mechanism of catalysis is similar (Eq. 2). First, the 

OH
- 
activated Zn

2+
 by doing a nucleophilic attack on CO2. Then, HCO3

-
 is exchanged with H2O. 

H
+
 is released by regenerating the E-Zn

2+
- OH

-
 form of the enzyme.  

 

 

E-Zn
2+

-OH
-
 + CO2        E-Zn

2+
-HCO3

-
       E-Zn

2+
-H2O        E-Zn

2+
- OH

-
 +H

+
             Eq.2 

  

 

There are at least three isoforms of α-CAs in Chlamydomonas; CAH1, CAH2 and CAH3. CAH1 

is a periplasmic CA (Fig-4) and it is expressed under limiting CO2 conditions (Fujiwara et al, 

1990). The suggested function of CAH1 is that it facilitates both the Ci diffusion into the cell and 

the CO2 uptake by conversion of HCO3
-
 to CO2 in alkaline conditions (Giordano et al, 2005). In 

contrast to CAH1, CAH2 is expressed under high CO2 conditions. It is also located in the 

periplasm like CAH1 but its function is not clearly known (Rawatt and Moroney, 1991).  CAH3 

is located in the thylakoid lumen (Fig-4) and has an essential function in CCM (Karlsson et al, 

1995). The CAH3 mutant cannot grow under limiting CO2 conditions. One of its functions is to 

provide RUBISCO with CO2 by dehydration of accumulated HCO3
-
 in the thylakoid lumen 

(Karlsson et al, 1998; Hansson et al, 2003) (see section 1.5 for detailed information). 

The β-CA family has six isoforms: CAH4, CAH5, CAH6, CAH7 and CAH8. CAH4 and CAH5 

are mitochondrial CAs (Ericsson et al, 1996) and they seem to be only expressed during limiting 

CO2 conditions. Although their functions are not clearly known, it was proposed that they 

H2O           HCO3
-
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neutralize ammonia formed during photorespiration by pH buffering (Ericsson et al, 1996) or 

hydrolyze respiratory CO2 to HCO3
-
 which is then transported to the chloroplast (Giordano et al, 

2003). Another β-CA, CAH6, is localized at the chloroplast stroma near the pyrenoid (Fig-4) and 

is expressed under both limiting and high CO2 conditions (Mitra et al, 2004). CAH6 was 

suggested to trap CO2 that escaped from the pyrenoid by converting it to HCO3
- 
(Rawat et al, 

1996; Borkhsenious et al, 1998). CAH8 is localized in the periplasm close to the plasma 

membrane (Fig-4) and it is expressed under both limiting and high CO2 conditions and its 

function is thought to be to convert escaped CO2 from cytosol to HCO3
-
 (Mitra et al, 2005). The 

locations and the functions of both CAH9 and CAH7 remain unknown (Ynalvez et al, 2008).  

Finally there are three members of the γ-CA family in Chlamydomonas: CAG1, CAG2 and 

CAG3. They are all located in mitochondria and associated with Complex I of the mitochondrial 

electron transport chain (Cardol et al, 2005).  Their function includes pH regulation, supplying 

CO2 and HCO3
-
 for mitochondrial reactions and CO2 retention (Braun and Zabatela, 2007).  

 

Fig.4 A model showing the location of different CA isoforms in the CCM of Chlamydomonas. CAH1 and 

CAH2 are located in periplasmic space, while CAH8 is located in periplasmic space but close to the plasma 

membrane. CAH4 and CAH5 are located in the mitochondria. CAH6 is located in the chloroplast stroma. CAH3 is 

located in the thylakoid. Black dots show bicarbonate transporters. PM-plasma membrane, CE-chloroplast envelope, 

Mit-mitochondrion, TM-thylakoid membrane (Moroney et al, 2011). 

 

http://www.springerlink.com/content/qq3651h829469780/fulltext.html#CR78
http://www.springerlink.com/content/qq3651h829469780/fulltext.html#CR8
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1.5 CAH3: Features, Location, Mutants and Function 

CAH3 is a 29.5 kDa CA and it shares 30 to 40 % similarity with other α-CAs and 90% similarity 

within the conserved domains (Karlsson et al, 1995). Like other CAs, it has three histidine 

residues ligated to Zn in its active site. Moreover, CAH3 has a pre-sequence formed by 72 amino 

acids that provides the protein to target into the thylakoid lumen (Karlsson et al, 1998). This pre-

sequence is bipartite transit signal that contains stroma targeting domain and lumen targeting 

domain (Franzen et al, 1990). 

Immunoblot analysis revealed that CAH3 is located only in chloroplast thylakoid fractions. A 

comparative western blot analysis between thylakoids, PSII enriched particles (BBY) and total 

cells showed that there is an enrichment of CAH3 in BBY (Villarejo et al 2002). In contrast to in 

BBY, CAH3 was not detected in PSI fractions and also photo-induced damage caused by excess 

light showed that CAH3 is located on the donor site of PSII (Villarejo et al, 2002). Besides 

western blot analysis, immunocytochemical analysis by immunoelectron microscopy was used to 

determine the CAH3 localization in the chloroplast. Analyses of immunogold samples showed 

that thylakoid CAH3 is mostly localized in pyrenoid thylakoids where is supposed to co-localize 

with RUBISCO (Fig-5) (Markelova et al, 2009). 

 

Fig-5 Localization of CAH3 on a C.reinhardtii cell section. Immunocytochmical analysis showed that CAH3 is 

located majorly in the intrapyrenoid thylakoid membrane and also in chloroplast thylakoids. Line arrow shows gold 

colloid particles bound to the pyrenoid thylakoids. The arrow ―^‖ marks gold colloid particles associated with the 

chloroplast thylakoids. CS-chloroplast stroma, P-pyrenoid, SS-starch sheath, PT-pyrenoid thylakoids, CT-

chloroplast thylakoids, CE-chloroplast envelope, CW-cell wall, Mc-mitochondrion, TE-extensions of chloroplast 

thylakoids into the pyrenoid (Markelova et al, 2009). 



13 

 

The ca-1-12-1C mutant is the first described mutant of CAH3. It is an acetate requiring mutant 

that only can grow photoautotrophically at elevated CO2 levels (Spalding et al, 1983). Later other 

allelic mutants were obtained; cia1, cia2 and cia3 (Moroney et al, 1986). The most distinctive 

characteristic of cia mutants is that they are not able to grow under limiting CO2. However, they 

have the ability to grow photoautotrophically under high CO2 conditions (Spalding et al, 1983; 

Moroney et al, 1986; Karlsson et al, 1998).  

The cia3 mutant has two point mutations in the transit peptide, a T to G change at position 137 

and a C to A change at position 139. These mutations results in the replacement of Leucine pair 

by Arginine and Methionine, respectively (Karlsson et al, 1998). The changes occur in the 

hydrophobic region close to two arginine residues important for the ΔpH-dependent thylakoid 

protein translocase (Chaddock et al, 1995). Because of that, expressed CAH3 protein cannot 

enter the chloroplast. 

In high CO2 concentration, cia3 and wild type grow approximately at a similar rate. Under this 

condition, the mutant overproduces PSII. The mutant has both a higher PSII/PSI ratio and a 

higher Chl a/b ratio than the wild type (Villarejo et al, 2002). In low CO2 concentration, cia3 

does not grow at all. In addition, the thylakoid membranes from high Ci grown cia3 mutant 

produce approximately the same amount of O2 per reaction center as thylakoid membranes from 

high Ci grown wild type, if enough bicarbonate is available (Karlsson et al, 1998). When 

bicarbonate is removed, the mutant PSII oxygen evolution is almost half of wild type. This is 

recovered by adding back HCO3
-
 and even more efficient by adding back HCO3

-
 together with 

over produced CAH3 (Karlsson et al, 1998; Shutova et al, 2008). Furthermore, the cia3 mutant is 

more sensitive to photo-induced damage when it is exposed to high light (Villarejo et al, 2002).  

Overall, two different models were proposed to answer why absence of CAH3 causes poor 

growth under limiting CO2. One proposal claims that transported HCO3
-
 into the intrapyrenoid 

thylakoid lumen from stroma is converted to CO2 by CAH3. Then, converted CO2 in the lumen 

diffuses into the pyrenoid where RUBISCO captures CO2 molecules (Raven, 1997; Karlsson et 

al, 1998; Rojdestvenski et al, 2000). In addition, Cah6 is located outside of the pyrenoid in the 

stroma to capture CO2 diffusing out from the pyrenoid and converts CO2 to HCO3
-
. Re-obtained 

HCO3
-
 is transported either into the pyrenoid or into the thylakoid lumen (Fig-6). An additional 

model suggests that CAH3 helps to stabilize PSII by delivering HCO3
-
 ions to the donor side of 
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PSII that reacts with H
+
 ions and forms CO2. Hence, the proton removal stabilizes the Mn cluster 

and increases the efficiency of electron transport from the water oxidizing complex to the 

reaction center (Shutova et al, 2008; Villerjo et al, 2002; Park et al, 1999).  

 

Fig-6 Plausible mechanisms of CAH3 in thylakoid lumen of C.reinhardtii. The left side describes the alternative 

model that CAH3 is associated with PSII and it provides proton transfer by converting HCO3
-
 to CO2.  The right side 

of the figure describes how CAH3 converts HCO3
-
 to CO2 and then CO2 diffuses into the pyrenoid. (Markelova et al, 

2009).       

The hypothesis I put forward in this report is that the thylakoid α-CA, CAH3, produces HCO3
-
 as 

a proton acceptor so that the produced protons are removed from the water splitting center in the 

PSII. This hypothesis is tested by measuring single labeled C
18

O
16

O release in Membrane Inlet 

Mass Spectrometer using thylakoid membranes from both the cia3 mutant and wild type at pH 

6.3 and pH 5.5. The wild type releases more single labeled C
18

O
16

O at both pH 6.3 and pH 5.5 

than cia3 which has no CA. That result supports the hypothesis that carbonic anhydrase produces 

HCO3
-
 and then it captures protons which are released during water splitting in the PSII.    
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2. RESULTS AND DISCUSSION 

2.1 The cia3 mutant has CAH3 protein in neither intact cells nor thylakoid 

membranes 

To prove that the cia3 mutant had no CAH3 protein, total proteins from both intact cells and 

thylakoid membranes were extracted from both high CO2 grown mutant and wild type cells. 

Immunoblot analysis using an antibody against CAH3 showed that neither mutant intact cells nor 

mutant thylakoid membranes contained CAH3 (Fig.7, 1-2). On the other hand, CAH3 was 

present in both intact cells and thylakoid membranes from the wild type (Fig.7, 3-4).  Although 

the amount of the protein seemed similar in both intact cells and thylakoid membranes from the 

wild type, measurements done with the Fujifilm LAS-3000 Luminescent Image Analyzer 

showed that wild type thylakoid membranes had nearly 13% more CAH3 than intact cells. 

 

 

 

 

 

 

 

Fig.7 Existence of CAH3 in wt and cia3. Immunoblot analysis by CAH3 antibody against to10µg of total protein 

extracts from 1) cia3 intact cells 2) cia3 thylakoids 3) wt intact cells 4) wt thylakoids proved the existence of CAH3 

only in wt extracts.  

 

2.2 Isolation of PSII enriched particles (BBY) and thylakoid membranes from C. 

reinhardtii 

In intact cells, it is difficult to resolve why the mutant cannot grow under limiting CO2 

conditions. Since it is known that CAH3 is located at, or close to the PSII reaction center, it was 

reasonable to compare PSII activity between mutant and wt in thylakoid membranes or BBY 

30 
kDa 

  1      2      3      4 
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particles. The first aim was to use BBY; however, several attempts to isolate BBY from both 

wild type and the cia3 mutant of Chlamydomonas cells, turned out to be unsuccessful in that the 

yield was in general low, and the activity was not stable between the different experiment.  

First isolations were performed according to the protocol of Shutova et al, 2008. The obtained 

BBY produced O2 only for a few seconds before the production stopped. The next attempt was 

performed using a protocol of Zoee Gokhale1 and Richard T. Sayre (Biophysics Department, 

Ohio State University, Colombus, USA). Similar to the first isolations, the obtained BBY 

produced O2 only for a few seconds. These unsuccessful results obtained from performing two 

different protocols infer that the isolated BBY somehow were impaired.  

BBY isolation consists of two main parts. The first part is to extract thylakoid membranes from 

intact cells that have been passed through a French press. The second part is to isolate BBY by 

fractioning thylakoid membranes with Triton X-100. In order to find in which part of the 

isolation procedure the problem occurred, the O2 production of thylakoid membranes, which 

were obtained during BBY isolation, was measured. It turned out that the thylakoid membranes 

exhibited similar low PSII activity as did BBY. These results indicated that the problem occurred 

in the first part of the isolation; the thylakoid membrane isolation part. 

After the high speed centrifugation (>10 000xg), the precipitated starch fractions with either 

thylakoid membranes or BBY consist of some metal ions; Fe
3+

, Mn
2+

, Cu
2+

 and nuclear 

contaminants (Arellano et al, 1994). The metal ions can be problematic for BBY measurements 

in that Fe
3+

 and Mn
2+

 give background in EPR or XAFS measurements (Schiller and Dau, 2000). 

In addition, Cu
2+

 interferes with PSII and inhibits PSII electron transport (Arellano et al, 1994; 

Renger et al, 1993; Baron et al, 1995). In thylakoid isolations therefore, only the green part of the 

pellet was resolved. The extracted thylakoid membranes without starch contamination produced 

O2 efficiently (Table-I). This result agrees well with previous studies that the starch fractions 

including Cu
2+

 ion inhibit PSII activity. 

The next step was to isolate BBY from active thylakoid membranes. The isolated BBY produced 

O2; however, this production was only at the level of isolated thylakoids although one expects an 

almost double rate of O2 production based on chlorophyll. To improve O2 production in BBY, 

sucrose, which is used as an osmolite in the incubation buffer during PSII and PSI separation, 
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was replaced by glycinebetaine (Schiller and Dau, 2000). The replacement of sucrose by 

glycinebetaine did not change the O2 production rate. With this result, it was necessary to rethink 

one of the critical steps of BBY isolation: Triton X-100 treatment. Triton X-100 solubilizes the 

PSII membrane fragments from fragments that mainly containing PSI and other protein 

complexes in the thylakoid membranes (Triton X-100 for molecular biology T8787, 

www.sigmaaldrich.com). The concentration of Triton X-100 and the time of treatment can affect 

the PSII activity; therefore, different Triton X-100:chlorophyll (v/w) ratios were tested. The 

obtained BBY after 25:1 ratio for 25 minutes (Gokhalel Z. and Sayre R.T., Biophysics 

Department, Ohio State University, Colombus, USA), 20:1 for 20 minutes (Shutova et al, 2008), 

15:1 for 15 minutes, 10:1 for 10 minutes (Schiller and Dau, 2000) and 5:1 for 5 minutes 

treatments produced O2 at the level of thylakoid membranes, as described above. This inefficient 

O2 production could indicate that most of the PSII could be solubilized by Triton X-100. To 

determine whether BBY still contained enriched PSII polypeptides, the samples were taken 

before and after 5:1 and run on SDS-PAGE followed by a western blot (Triton X-100: 

chlorophyll (v/w)) for 5 minutes Triton X-100 treatment. Immunoblot analysis using antibodies 

against both PSII-D (PsbD-D2) protein subunit and PSI-D (PsaD) showed that after triton 

application 17% of the PSI and 77% of the PSII remained in BBY (Fig.8). These results indicate 

that the reason for the failure cannot be explained by degradation of PSII or its polypeptides.     

 

Fig.8 Western blot analysis of PSII and PSI in the samples taken during BBY isolation. 1 µg of chlorophyll 

from each sample was loaded into 12% acrylamide gel. PsbD-D2 antibody (A) was used to determine the amount of 

PSII. PsaD antibody (B) was used to determine the amount of PSI. The samples were taken from 1) after 2
nd

 wash of 

thylakoids 2) thylakoids before Triton X-100 treatment 3) the pellet obtained after Triton X-100 4) the supernatant 

obtained after Triton X-100 5) BBY.  

http://www.sigmaaldrich.com/
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2.3 Thylakoid membranes from the cia3 mutant have less chlorophyll per reaction 

center 

After realizing the effect of the starch granules, the thylakoid membranes were extracted without 

starch contamination. Thylakoid membranes from the cia3 mutant produced 52% more O2 in the 

1
st
 repeat of isolation and 75% more O2 in the 2

nd
 repeat of isolation than the wild type when 

they had the same amount of total chlorophyll (Table-I). This result could indicate that there is 

less chlorophyll per reaction center in the cia3 mutant.  

Table I.  O2 evolution rates (µmol O2/mg chl/h) in thylakoid preparations isolated from wild type and cia3 mutant 

C.reinhardtii cells 

Isolaton Wild type cia3 

1st repeat 123 ± 4.1 187 ± 13.5 

2nd repeat 133 ± 8.9 231 ± 9.7 

The O2 evolution in isolated thylakoid preparations from wild type and cia3 mutant C.reinhardtii cells was 

measured in a buffer containing 20mM HEPES pH 7.0, 2mM MgCl2 and 350mM sucrose, in the presence of 20µg 

chl/ml, 1mM DCBQ and 0.5mM K3Fe(CN)6. Results are the means ± SE of three independent experiments. 

 

To find both the ratio and the number of total chlorophyll per reaction center in the thylakoid 

membranes from both cia3 and wild type that were obtained from the 2
nd

 repeat of isolation, the 

flash induced O2 evolution experiment was performed using MIMS. The pre-treated cia3 

thylakoids with 100 flashes (0.5 Hz) containing 30µg total chlorophyll/ml, 2mM K3Fe(CN)6 as 

electron acceptor and 30% of double-labeled H2
18

O produced 64% more O2 than wild type. 

According to the calculations, cia3 had 1166.4 total chlorophyll per reaction center, while the 

wild type had 1914.4 total chlorophyll per reaction center. The mutant therefore had 1.64 times 

more reaction centers per chlorophyll than the wild type. Previously, measurements of photo-

induced absorbance changes related to the photo-reduction of pheophytin and photo-oxidation of 

P700 revealed that the thylakoid membranes from wild type had 1.65 times more total 

chlorophyll per reaction center than cia3 (Villarejo et al, 2002). These results were supported by 

those obtained using MIMS in this study. 
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2.4 The cia3 mutant exhibits no CAH3 activity 

To determine whether there was carbonic anhydrase activity in the cia3 mutant, Membrane Inlet 

Mass Spectrometer (MIMS) was performed. The measurement of CA activity was done with 

2mM K3Fe(CN)6 as electron acceptor and 30% double-labeled H2
18

O. The experiment conducted 

with the same numbers of reaction center and at pH 6.3 showed that the cia3 mutant had no CA 

activity since the decay kinetics was similar to that of the pure buffer. On the other hand, wild 

type showed the existence of Carbonic anhydrase activity (Fig.9). The conversion of double 

labeled C
18

O2 in the wild type was faster than in the mutant and the buffer. At the 50 second time 

point, the normalized ratio of double-labeled CO2 to total CO2 in the wild type was 0.28, while 

the ratio in cia3 and the buffer was 0.68. That result shows that the conversion in the wild type 

thylakoids was 2.4 times faster than in cia3 thylakoids. In addition, the conversion in cia3 

exhibited similar kinetics with the buffer. I therefore conclude that there is CA activity only in 

the thylakoid membranes from wild type. 

 

 

 

 

 

 

 

 

 

Fig.9  CA activity of the CAH3. MIMS measurement of the change in C
18

O2 concentration as function of time after 

injection of labeled H2
18

O at pH 6.3 and at 20ºC. Average of 3 repeats of normalized [C
18

O2]/[ CO2]total ratio are 

presented. Red line shows wt; black line shows cia3 and blue line shows buffer. 

The activity of CAH3 in thylakoids of Chlamydomonas has been measured electrochemically by 

monitoring the rate of pH change (Villarejo et al, 2002) or via the isotope experiment measuring 

pD in the presence of D2O with a Hansatech Clark-type O2 electrode (Shutova et al, 2008). Both 

wt 

Buffer 

Cia3 
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approaches gave similar results that the cia3 mutant did not exhibit any CA activity. This MIMS 

approach not only supports previous results, but also presents the results in a different way using 

high resolution by monitoring labeled CO2 conversion. 

2.5 Wild type thylakoids at pH 6.3 and pH 5.5 releases more CO2 than cia3 

To determine the function of  CAH3 protein, C
18

O
16

O2 release and 
18

O
16

O2 production by wild 

type and cia3 thylakoids were monitored by MIMS after 20 seconds illumination in the presence 

of 2mM K3Fe(CN)6 as electron acceptor and 20% double-labeled H2
18

O. The experiment 

conducted at the same amount of reaction center and at pH 6.3 showed that wild type releases 2.3 

times more CO2 than the cia3 mutant (Fig.10A). In order to test the effect at lower pH and 

therefore at lower HCO3
-
 concentrations on the CO2 release, experiments were conducted under 

the same conditions but at pH 5.5. The result showed that wild type releases 5.2 times more CO2 

than the cia3 mutant (Fig.10B). Meanwhile, both wild type and cia3 produced similar amount of 

single labeled O2 at both pH 6.3 and pH 5.5, but O2 production at pH 5.5 was 1.17 times more 

than at pH 6.3 (Fig.10A-10B).  

 

Fig.10 CO2 release and O2 production in the cia3 and wild type thylakoid membranes. MIMS measurement of 

the change in C
18

O
16

O concentration versus 
18

O
16

O concentration in cia3 and wild type thylakoid membranes as the 

function of time after 20 seconds illumination. The experiment is conducted in the presence labeled H2
18

O, 

K3Fe(CN)6 electron acceptor and equal amount of reaction center at 20ºC, pH 6.3 (A) and pH 5.5 (B). Average of 3 

repeats is presented. Black line shows O2 production in the cia3 thylakoid membrane; blue line shows O2 production 

in the wild type thylakoid membrane; red line shows CO2 release in the cia3 thylakoid membrane and pink line 

shows CO2 production in the wild type thylakoid membrane. 

A B 
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In this study, I provide evidence that CAH3, which is associated with PSII in C.reinhardtii, 

supplies bicarbonate to the PSII in order to remove protons from reaction center. A new 

approach using MIMS to monitor labeled CO2 release from both wild type and cia3 thylakoid 

membranes is used to characterize the function of CAH3. At pH 6.3, CO2 and HCO3
-
 are 

available in equal amount (CO2:HCO3
-
 ratio, 1.0:1.0) (Stumm and Morgan, 1995). The available 

HCO3
-
 is insufficient to remove protons from PSII during water splitting reaction. In the absence 

of CA, the conversion reaction is slow to form HCO3
-
. Since the formation of CO2 from HCO3

-
 + 

H
+
 is also slow in the absence of CA activity, CO2 release therefore is less in the cia3 mutant. At 

pH 5.5, which is similar to the pH of thylakoid lumen in vivo, CO2:HCO3
-
 ratio is more than 1 

(CO2:HCO3
-
 ratio, 7.6:1.0) (Stumm and Morgan, 1995). The more CO2 release by wild type at 

pH 5.5 suggests that CAH3 is prone to catalyze HCO3
- 

formation more efficiently at pH 5.5, 

since there is less amount of HCO3
-
. On the other hand, the more O2 production at pH 5.5 

indicates that rate of photosynthesis is bigger at pH 5.5 than pH 6.3. The reason for more O2 

production can be due to K3Fe(CN)6 electron acceptor that it works more efficiently at pH 5.5. 

Hence, the increased photosynthesis rate might require more HCO3
-
 to remove more protons 

from the reaction center. 

During water oxidation, protons are released into the thylakoids. Under illumination during 

extended periods, this proton release increases and causes local acidification (Kramer et al, 

1999). This acidification can lead damage in the reaction center (Virgin et al, 1998). In this 

study, the detection of O2 production indicates that there is no damage in the reaction center due 

to 20 seconds illumination.  

The function of CAH3 as a proton acceptor/carrier has been suggested before (Villarejo et al, 

2002; Shutova et al, 2008). The photo-induced damaged of cia3 thylakoid membranes caused a 

reduction in O2 production (Villarejo et al, 2002). This reduction however was compensated by 

adding HCO3
-
. The suggestion of the function on CAH3 has been also supported using the 

amphiphilic pH indicator/buffer neutral red to remove protons from the surface of the cia3 

thylakoid membrane. Providing the neutral red buffer exhibited similar compensation as did 

HCO3
-
 addition after photo-induced damage of the cia3 thylakoid membranes (Shutova et al, 

2008). Delayed Chlorophyll Fluorescence after laser-flash excitation has further supported the 



22 

 

role of CAH3 and HCO3
-
 in proton removal from reaction center by restoring the proton removal 

rate after HCO3
- 
addition (Shutova et al, 2008). 

According to the results of previous studies and those obtained in this report, I propose a model 

for the function of CAH3 in PSII (Fig.11). CO2, which is available in the thylakoid lumen, is 

converted to HCO3
-
 by CAH3. HCO3

-
 captures H

+
 ions which are produced during the water 

splitting in PSII and the captured H
+
 ions is converted to CO2 and H2O by CAH3. This newly 

formed CO2 can diffuse into either the pyrenoid or the stroma. CAH6 captures the diffused CO2 

into the stroma and converts it to HCO3
-
 which is then transported back into the thylakoid lumen. 

On the other hand, CO2 can stay in the thylakoid and is used to form HCO3
-
.    

 

 

Fig.11 The proposed model according to results from previous studies and this report. Blue arrows show 

previously suggested pathways. Red arrows show newly added pathways. 
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3. CONCLUSION 

 

While an additional role of CAH3 has been suggested, the specific mechanism is poorly 

understood. Most of the studies concentrated on observing any change in O2 production by 

adding HCO3
-
 to the cia3 mutant thylakoids or BBY lacking α-CA activity. The aim of this study 

is to provide better understanding of the function of CAH3 and its relation with CCM. For this 

purpose, a new method was developed. The O2 production and CO2 release from both cia3 and 

wild type thylakoid membranes were monitored by MIMS. The wild type released more CO2 

than cia3 after illumination at pH 6.3, while both cia3 and wild type produced similar amount of 

O2. I therefore concluded that while CAH3 is supplying CO2 to the RUBISCO during CCM, 

additionally CAH3 provides HCO3
-
 to the PSII in order to remove protons which are produced 

during water splitting. This proton removal keeps the reaction center stable and working 

efficiently. Future studies should examine CO2 release in acidic pH which has low HCO3
-
 :CO2 

ratio and examine also CO2 release in Ci-free solution by adding HCO3
-
.  
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4. MATERIALS AND METHODS 

4.1 Algal strains and culture conditions 

Wild type C. reinhardtii cw92 and the mutant cia-3 were pre-grown in TAP liquid culture at 

room temperature under a continuous light of 350 µmol photons/m
2
/s. After reaching mid-log 

growth phase (1-5x 10
6
 cells), they were autothrophically grown in High Salt Medium (Sueoka, 

1960) and were intensively bubbled with air containing 5% CO2.  

4.2 Isolation of thylakoid membranes and BBY 

Thylakoid membranes were prepared from 10L algal cultures of strains cw92 and cia3. All 

experiments were conducted at 4°C under green light. The centrifuged culture at 3 500 x g for 10 

min (Rotor JA-8.1000, BECKMAN Coulter Avanti J-26 XP) was washed once with phosphate 

buffer (50mM, pH:6.5). After disrupting cells in a French press at 400 bar, unbroken cells were 

removed by centrifugation at 1 200 x g for 30 seconds (Rotor JA-25.50, BECKMAN Coulter 

Avanti J-20 XP). The supernatant was centrifuged at 10 000 x g for 20 min (Rotor JA-25.50). 

The obtained pellet was washed twice and kept in breaking buffer containing 20mM HEPES pH 

7.5, 0.35M sucrose, 2mM MgCl2. For isolation of thylakoids, the isolate was frozen in liquid N2 

and stored at -80C. 

BBY were obtained by re-suspending thylakoid membranes in incubation buffer (25mM MES-

KOH pH:6.9, 1M glycinebetaine, 50mM NaCl, 5mM MgCl2), after washing thylakoid 

membranes. When thylakoids intended for BBY were isolated thylakoids were broken in a 

French press at 700 bar. 20% Triton X-100 containing incubation buffer (w/v) was added 

dropwise over 1 minute to test chlorophyll:Triton X-100 ratios of 1:5, 1:10, 1:15, 1:20 or 1:25 

(g/g) at a final chlorophyll concentration of 1mg/ml. The suspension was stirred slowly on ice 

and in dark for 10 minutes. BBY were harvested by centrifugation at 1 000xg 3 min+ 40 000xg 

for 37 minutes (Rotor JA-25.50). The resulted pellet was washed twice with incubation buffer at 

1 000xg for 3 min + 30 000xg for 17 min (Rotor JA-25.50). BBY were frozen in liquid N2 in 

storage buffer (20mM MES pH:6.5, 35mM NaCl, 400mM Sucrose) + 10% glycerol and stored at 

-80°C. 
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4.3 Chlorophyll concentration and PSII activity measurements 

Chlorophyll concentration was determined according to Porra et al, (1989) using a HITACHI U-

5100 UV/VIS spectrophotometer.  

PSII activity measured as O2 evolution of thylakoids and BBY was measured with a Hansatech 

Clark-type O2 electrode (CB1D; Hansatech, Norfolk, UK). O2 evolution of thylakoids was 

measured in a medium containing 20mM HEPES-KOH (pH 7.0), 0.35M sucrose, 2mM MgCl2. 

BBY first were washed with buffer containing 20mM MES pH:6.5, 35mM NaCl, 400mM 

Sucrose in order to remove glycerol. Then O2 evolution of BBY was measured in media 

containing 20mM MES pH:6.5, 35mM NaCl, 400mM Sucrose. The Chlorophyll concentration 

was 20µg/ml during the measurements. The measurement was conducted at 25°C in the presence 

of electron acceptors; 1mM 2.b-dichloro-p-benzequinone (DCBQ) and 0.5mM K3Fe(CN)6. 

4.4 Preparation of protein extracts and Western Blot 

Intact cells and isolated thylakoid membranes from either wt or cia3 were dissolved in 1x 

Laemmli Buffer (125mM TRIS pH: 6.8, 4% SDS, 20% glycerol, 0.004% bromophenol blue, 

10% 2-mercaptoethanol) and heated at 90°C for 5 minutes. The samples were centrifuged at 10 

000xg for 2 minutes (Eppendorf MiniSpin). The protein concentration of obtained supernatant 

was measured at 595nm using Bio-Rad Protein Assay (BIO-RAD). 

10µg of isolated proteins was loaded at 12% acrylamide gel. Proteins were separated by SDS-

PAGE at 20 milli-Amper and were transferred onto a nitrocellulose membrane at 200mA for 3h 

at 0 ºC. Anti-CAH3 antibody (AgriSera) at 1/1 000 dilution was used as primary antibody and 

horseradish peroxidase-conjugated secondary antibody (Donkey anti-Rabbit Ig, ECL) was used 

at 1/20 000 dilution. The membrane was detected by Fujifilm LAS-3000 Luminescent Image 

Analyzer (Fuji Photo Film Co. Ltd, Tokyo, Japan) using ECL Advance (Amersham ECL 

Western Blotting Detection Kit, GE Healthcare, Buckinghamshire, UK) by exposing 10 minutes.  

4.5 Flash Induced O2 evolution to determine number of reaction centers in PSII of 

wt and cia3 thylakoids by Membrane Inlet Mass Spectrometer (MIMS) 

The number of reaction centers in PSII of wt and cia3 thylakoids was determined by monitoring 

the change in 
16

O
18

O concentration (m/z 34) as a function of time, after the O2 evolution was 

induced by 100 (0.5 Hz) flashes. An isotope ratio mass spectrometer (Thermo FinniganPlus XP) 
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was connected via a cooling trap (dry ice +EtOH) to a home-built membrane-inlet cell 

(Messinger et al, 1995) with a 600µl volume. The sample in the cell was separated from the high 

vacuum (3x10
-8

 bar) of the mass spectrometer via a 150 µm thick metallic mesh silicon 

membrane (Franatech GmbH, Germany) resting on a porous Teflon support (Small Parts Inc., 

USA). The reaction mixture was kept at 20°C and stirred constantly during measurements with a 

magnetic stirrer. 

The experiment was conducted in the media (15mM MES pH 6.3, 25mM NaCl, 0.2M Sucrose) 

in the presence of 30µg chlorophyll/ml, 2mM K3Fe(CN)6  as an electron acceptor and 30% 

H2
18

O. O2 evolution was detected online as single labeled O2 (
16

O
18

O) at m/z = 34. The 

calibration was done by bubbling H2O with N2.  The calibrated H2O contains 284 µM O2 of 

which 0.4% is 
16

O
18

O.  Detected m/z 34 was divided by the percentage of 
16

O
18

O in labeled 

water. One O2 molecule is produced by PSII in every 4 flushes, so after 100 flushes 25 O2 

molecules was expected to be produced. The produced O2 molecules per cycle were calculated. 

This gave the concentration of RC (µM).  The number of total chlorophyll per reaction center 

was calculated using formula chlorophylltotal(µM)/RC(µM).  

4.6 MIMS measurements of CAH3 activity and CO2 release    

The MIMS measurements of CA activity of 0.5 mg chlorophyll/ml wt thylakoid and 0.3 mg 

chlorophyll/ml of cia3 thylakoid samples were performed in the media containing (1mM MES 

pH 6.3, 15mM NaCl) by monitoring the change in 
12

C
18

O
18

O concentration (m/z =48) as a 

function of time after the injection of 20µl of H2
18

O (97% labeled) (Buren et al, 2011). The 

membrane Inlet Mass Spectrometer was set up as described above. The blank measurement was 

done by adding 20µl of H2
18

O (97% labeled) into the buffer. CO2 was detected online as the non-

labeled (
12

C
16

O
16

O), single labeled (
12

C
16

O
18

O), and double-labeled (
12

C
18

O
18

O) species at m/z 

= 44, 46 and 48 for CA activity. 

The CO2 release experiment by MIMS was set up as described before. The filled syringed with 

the buffer (1mM MES pH 6.3), 0.5 mg chlorophyll/ml of wt or 0.3 mg chlorophyll/ml of the  

cia3 thylakoid and 20% H2
18

O (97% labeled) was illuminated for 20 seconds. It was immediately 

injected into the cell containing the media (1mM MES pH 6.3 and 15mM NaCl).The blank 
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measurement was perfomed in the same way but without illumination. The double-labeled CO2 

(
12

C
18

O
18

O) and double-labeled (
18

O
18

O) O2 was detected online.  
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