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Introduction n 

Photosyntheticc organisms convert inorganic carbon to organic carbon compounds, 

whilee producing oxygen, On a geological time scale, this led to a decrease of the 

erstwhilee high CO2 and low oxygen level of the early atmosphere to the present 

dayy levels of 0.035% CO2 and 21% oxygen. As a side effect, the drop in the CO2 

levell  of the atmosphere caused a diminished green house effect and a global 

temperaturee decrease. 

Thee interest in these processes was until now focussed on the carbon fixation of 

higherr terrestrial plants. Aquatic photosynthetic organisms were considered of no 

greatt importance for carbon fixation. Recent studies, however, showed that CO2 

fixationn in the aquatic environment does contribute considerably to the global 

CO22 fixation. In fact, algae are the dominant C02-fixating species, with an 

estimatedd annual carbon fixation of 43.5 Pg (1011 tonnes; Behrenfeld and 

Falkowskii  1997). Terrestrial photosynthetic organisms have an estimated annual 

carbonn fixation of 60 Pg (Raven 1997). With more than 40% of the annual carbon 

fixation,, the algae thus play an important role in the global carbon cycle. In this 

role,, however, they are confronted with a number of adversities. 

Too begin with, in aquatic environments the amount of dissolved carbon is not 

constantt over the time span of a year (Maberly et al 1996). Changes are due to, 

amongg others, the differences in temperature from summer to winter, the 

availabilityy of light (this is especially true at higher latitudes in winter time), 

depositionn and decomposition of organic material which changes over time and 

finallyy the activity of the aquatic photosynthetic organisms themselves. The 

problem,, however, is that these organisms have to rely on a constant carbon flux 

forr photosynthesis and therefore have to find means to adapt to changing 

conditions. . 

Secondly,, the key enzyme of carbon fixation is Ribulose-bisphosphate-

carboxylase/oxygenase,, or Rubisco (EC 4.1.1.39). This enzyme binds CO2 to 

ribulose-P2ribulose-P2 to produce two molecules of D-glycerate-3-P, which can be used as a 

buildingg block for further organic components in the cell in the different carbon 

cycles.. It is also able to use oxygen to produce one molecule of gycolate-2-P and 

onee molecule of D-glycerate-3-P from ribulose-P2. This reaction results in only 

onee useful molecule for carbon metabolism. Thus photosynthetic organisms are at 

aa disadvantage when the CO2/O2 ratio in the surrounding environment is low. 

Furthermore,, in order for Rubisco to be able to incorporate CO2, it is necessary 

thatt the enzyme is activated (Pierce et al, 1982). For this activation the CO2 

concentrationn near the enzyme has to be higher than its Km for CO2. The [CO2] in 
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thee surrounding aqueous environment is approximately 10 (4.M, which is much 

lowerr than the Km of Rubisco, which is about 200 uM in cyanobacteria (Moroney 

andd Somanchi 1999) and between 15 u.M and 100 nM in eukaryotic algae 

(Chapterr 3; Falkowski 1997). Thus the rate of photosynthesis in aquatic 

photosyntheticc organisms is often limited by the supply of CO2. 

AA final problem is that at alkaline pH, most of the dissolved inorganic carbon 

(Ci)) is in the form of HCO3", while the substrate for Rubisco is CO2, and the non-

catalysedd interconversion of C02and HCO3' is slow. 

Fortunately,, aquatic photosynthetic organisms have developed means to 

optimisee their Ci uptake, resulting in intracellular CO2 concentrations many 

timess higher than the extracellular concentration (Coleman 1991; Rawat and 

Moroneyy 1995; Giordano et al. 1997; Amoroso et al. 1998; Sültemeyer et al 1998). 

Thiss adaptation to low Ci levels is referred to as the Carbon Concentrating 

Mechanismm (CCM). Different parts of the CCM have been well studied. In 

ChlamydomonasChlamydomonas and many other algae this mechanism implies the synthesis of 

ann extracellular carbonic anhydrase (EC 4.2.1.1), by which the interconversion 

betweenn CO2 and HCO3" is accelerated (Moroney et al. 1985; Coleman 1991). This 

mayy avoid depletion of CO2 and/or HCO3" (depending on which carbon species is 

takenn up by the cell) in the unstirred boundary layer surrounding the cells. The 

locall  concentration of CO2 around Rubisco is increased by active transport of Ci 

intoo the cell. This may result in a CO2 concentration around Rubisco that is much 

higherr than in the surrounding aquatic environment, and thus in a large 

diffusionn gradient. To overcome this potential problem, the local CO2 

concentrationn in each cellular compartment surrounding Rubisco is strictly 

controlledd in order to limi t diffusion of CO2 out of the cells, For example, in 

cyanobacteriaa Rubisco is located in the carboxysomes (Fig. 1). Ci is pumped into 

thee carboxysomes both as CO2 and as HCO3". A carboxysomal CA then may 

providee a rapid but regulated dehydration of accumulated HCO3", and the CO2 so 

eneratedd can the be effectively used by Rubisco (Fig. 2). 

Photosyntheticc eukaryotic aquatic organisms do not have a carboxysome, and 

thee Rubisco is located on the stroma side of the thylakoids in the chloroplasts. 

Theree are studies which show that most of the Rubisco is located within a special 

structuree called the pyrenoid (Moroney and Chen 1998; Morita et al. 1999). Since 

thee stroma has an alkaline pH (pH 8), most of the Ci present there is in the form 

off  HCO3". This can not be used directly by Rubisco and this indicates the need for 

aa CA near Rubisco (Fig 3). So far no direct evidence for the presence of such a CA 

exists. . 
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Fig.. 1: Model of the CO2 concentrating mechanism in cyanobact* 
(Pricee e ta l. 1998) 

Duee to the specific location of Rubisco, Ci transport has to take place takes 

placee via both the plasma membrane and the chloroplast membrane. Al l 

componentss of the CCM, which are found at the plasma membrane (an active 

transportt mechanism for both HCO3- and CO2 together with a CA), seem also to 

bee present at the chloroplast membrane, suggesting that the chloroplast plays an 

importantt role in the transport of Ci (Amoroso et al 1998; Chapter 3). This makes 

ann exact co-ordination between the different parts of the Ci transport system 

necessaryy for optimal functioning. 

Inn the thylakoid membranes the photosystems are located. During 

photosyntheticc electron transport a proton gradient is created over the thylakoid 

membraness by two processes: at the start of the electron transport oxygen is 

producedd from water at the luminal side of the thylakoids by photosystem II 
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Fig.. 2: Detailed model of the various transport mechanisms for the different 
typess of inorganic carbon in cyanobacteria according to Kaplan and Reinhold 
(1999) ) 

(PSII),, resulting in the production of protons in that compartment. Secondly, the 

electronn transport via the cytochrome b6f complex is coupled by the import of 

protonss into the lumen of the thylakoids. The proton gradient thus created can 

thenn be used by an ATP-ase to create ATP. Now we are confronted with a 

seeminglyy paradoxal situation: in the lumen a CA is located, while Rubisco is 

locatedd in the stroma. The gene for this CA, CAH3, has been cloned from C. 

reinhardtiireinhardtii and studied (Karlsson et al 1995). No major increase in activity or 

amountt of this CA was shown after acclimation of C. reinhardtii to low CO2 

conditions.. So the function of this CA is obscure. In this thesis, we speculate that 

luminall  CA is involved in controlling electron transport and ATP synthesis 

(Chapterr 4, 5, Raven 1997; Kaplan and Reinhold 1999; Moroney and Somanchi 

1999).. This would imply a direct link of the CCM with the activity of the different 

componentss of the photosynthetic apparatus. In this way the need of the 

photosyntheticc apparatus for Ci taken up by the cell might be regulated. 
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Thee Ci species which are taken up by the cell, are of course important for 

thee build-up of the intracellular Ci concentration. When mainly CO2 is taken up, 

theree is littl e need for a CA activity, while when HCO;r is also taken up in 

significantt amounts, this has to be dehydrated to CO2 before it can be used by 

Rubisco.. Of the eukaryotic algae studied so far, no species seems to be an 

exclusivee bicarbonate or CO2 user, they all rather seem to use and take up CO2 

andd HCCV simultaneously (Palmqvist and Badger 1994; Matsuda and Colman 

1995;; Chapter 2). This implies a complex functioning of the CCM to facilitate the 

usee of these different Ci species. 

T.T. minimum used in this study is of interest since its fossil remains in 

lacustrinee sediments, as represented by its highly resistant aliphatic wall (Gorth 

ett al. 1988), show a ratio of  13C/12C that is significantly different from those of 

fossilizedd lipids of other algae (Freeman et al. 1990). In plant biomass the ratio 

betweenn 13C and 12C is to a large extent determined by isotope discrimination 

whichh occurs during carbon fixation. In turn, this discrimination may be 

dependentt on the supply of Ci to Rubisco, which is partially determined by the 

operationn of a CCM. Therefore, the CCM might play a role in establishing the 

13Q/12QQ ratio of the resulting biomass. If an organism takes up mainly HCO3-, a 

discriminationn may also occur at the site of active transport. Since this transport 

takess place over several different membranes, a multiplication of the 

discriminationn of the active transport mechanism may result. If the organism 

alsoo creates a pool of Ci, there are several possibilities. Firstly, the pool may 

consistt of CO2 in a relatively acid compartment, and the accumulated Ci can then 

partiallyy diffuse out of the cell and has to be pumped back in. If this acid 

compartmentt is located within a different, alkaline, compartment, all the CO2, 

whichh diffuses out, wil l be hydrated to HCO3- and then be trapped within the 

alkalinee compartment. An active transport mechanism may then transport the 

HCO3-- back into the acid compartment (Fig. 3). Both the recycling of CO2 and 

HCO3'' results in additional isotope discrimination. Secondly, the pool may be in 

thee form of HCO3- in an alkaline compartment. Then no Ci is lost, but also no Ci 

iss available for Rubisco. A transport out of this compartment into a less alkaline 

compartmentt may then be necessary, possibly coupled to a CA again, affecting 

thee 13C/12C ratio (Fig. 4). 

Basedd on the considerations elaborated above, we embarked on a study of the 

CCMM in T. minimum, and were fortunate to be able to apply mass spectrometry 

(MS)) for most of the assays. With this apparatus it is possible to measure 

simultaneouslyy the different isotope masses in an algal suspension during 

variouss treatments. The reaction cuvette is connected to the MS via a semi-
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Fig.. 3: Model of the various transport mechanisms for the different types of 
inorganicc carbon in the green alga Chlamydomonas reinhardtii (Sültemeyer et 
al,, 1998) 

permeablee membrane inlet system which allows gasses to diffuse from the 

suspensionn into the analyser of the MS (Fig. 5). After calibration, changes in 

concentrationn of either oxygen or carbon dioxide can be detected. Since 

bicarbonatee cannot be measured directly by a mass spectrometer in the set-up we 

usedd (Fig. 5) we had to use a disequilibrium model developed by Badger et al 

(1994).. This model uses the equilibrium constants for CO2 and HCO3- at a certain 

pHH to determine the amount of HCO3" which has been taken up by the cells. With 

thiss constant it is possible to calculate from the measured [CO2], the percentage 

off  total Ci which is either CO2 or HCO3- at a certain pH and ionic strength. For 

thiss we measured the changes in [O2] and [CO2] in the dark and during 

illuminationn and the rapid efflux of CO2 at the beginning of the dark period (Fig. 

6).. This efflux is due to a certain amount of HCO3- which is inside the cells, and is 

nott yet fixed when the light is turned off. From the oxygen uptake in the dark we 

cann determine the amount of CO2 which the cells produce both in the dark and in 

thee light. When we take this together with the concentration of CO2 at the 

beginningg and at the end of the light period, we are able to calculate the amount 

off  HCO:r used by the cells. By this method we were able to estimate changes in 

HCO3-- concentrations and rates of HCO3" uptake. We kept the algal suspension at 

thee relative high pH = 8 to be sure that the major part of Ci available was HCO3-

andd to minimize passive uptake of CO2 through a pH gradient. 
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Fig.. 4: P roposed model of t he t r a n s p o rt of i no rgan ic c a r b on over t he thy lako id 
m e m b r a nee (Raven, 1997) 

CAA activity was measu red mass spectrometr ical ly according to Si lverman 

(1982)) by measur ing '«0 exchange from doubly label led C 02 (13C 1 80 1 80). Doubly 

labelledd HCO3" was added to the buffer to a final concentrat ion of 1 mM. When 

chemicall  equi l ibr ium was reached al iquots of cells or thy lako ids were added and 

changess in the s ignals of  13C 1802 (molecular mass = 49), , ; iC 1 80 l 6 0 (molecular 

masss = 47) and 13C 1602 (molecular mass = 45) were recorded and subsequent ly 

calculatedd as log enr i chment Gog (49/(45+47+49)) * 100). To calculate CA activi ty 

thee ra te of decrease of  13C 1802 was compared wi t h the non-catalysed ra te of 

deplet ionn of  1 80 from label led CO2, and one unit of enzyme activi ty was defined 

ass a 100% s t imu la t ion of the non-catalysed deplet ion ra te (Badger and Price 

1989). . 

Finally,, we could measu re the electron flow in the thy lakoid membranes by 

firstt removing all the oxygen from the algal suspens ion and then adding 18Ü2 

(molecularr mass of 36). When an active electron t ransport was present, the 

evolutionn of normal  1602 (molecular mass of 32), occurred due to wa ter spl i t t ing. 

Ass the water oxidase is the only mechanism known to evolve O2, measuremen ts 

off  the O2 evolution is a direct measure of l ight-generated electrons. Because of 

thee total lack of  1602 at the beginning of the exper iments, th is is a very sensi t ive 

wayy to detect the act ivi ty of the photosystems. 
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Fig.. 5: Schematic depiction of a mass spectrometer and its function as was 
usedd during the work for this thesis 
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Fig.6:: Typical time course of changes in the CO2 and O2 concentrations in the 
darkk and upon illumination measured by mass spectrometer 
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Thee scope of this thesis is to determine the different components of the CCM 

inn both Tetraedron minimum and Chlamydomonas noctigama, alias C. monoica. 

T.T. minimum typically occurs in alkaline lacustrine habitats (Starr 1954; Kovacik 

1975).. This already suggests that this alga can take up Ci in the form of HC03-

efficiently.. We wil l speculate about the role of the identified components of the 

CCMM in stabile carbon isotope discrimination. Chlamydomonas was chosen for 

comparisonn because it has an inducible CCM, which has been described 

extensivelyy (eg. Amoroso et al. 1998). 

Inn Chapter 2 we show that both algae have an inducible CCM. We also 

demonstratee that T. minimum mainly takes up HCO3- and makes a large 

internall  pool of Ci, which is in contrast with C. noctigama, which mainly absorbs 

CO2. . 

Inn Chapter 3 we show that the active transport of Ci in these algae is not only 

limitedd to the plasma membrane, but that also the chloroplast plays an 

importantt role in the regulation of the uptake of Ci. 

Inn Chapter 4 we describe the identification and localization of a CA in the 

thylakoidd lumen of the chloroplast which is associated with photosystem II . 

Inn Chapter five we describe the possible function of this CA. 

Finallyy we provide a summary about what is now known about the CCM in 

bothh T. minimum and C. noctigama and wil l discuss the mode of action of the 

CCMM and the possible regulatory effects. 
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