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Introductio n 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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Chapterr 1 

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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CO, , 

HCO O 

CO. . 

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 

9 9 



Chapterr 1 

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. 

10 0 



Introduction n 

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. 

12 2 
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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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Introduction n 

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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AA comparison of CO2 uptake 

Abstract t 

Thee ability of the green alga Tetraedron minimum to acquire inorganic carbon 

fromm its environment was investigated and compared with that of 

Chlamydomonass noctigama. Tetraedron minimum showed a higher affinity for 

bicarbonatee ions than C. noctigama regardless whether i t was grown at high or 

loww CO2 concentrations. Furthermore, T. minimum was distinguished by the fact 

thatt it maintained a large intracellular pool of inorganic carbon. These features 

mayy explain why this alga is able to proliferate in alkaline conditions. 

Abbreviations:Abbreviations: CCM = carbon concentrating mechanism; Ci = inorganic carbon ; 
AZZ = acetazolamide ; EZ = ethoxyzolamide; Rubisco = ribulose bisphosphate 
carboxylase;; BTP = solid Bis-Tris-Propane 
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Chapterr 2 

Introductio n n 

Inn aquatic photosynthetic organisms, the rate of photosynthesis may often be 

limitedd by the supply of CO2. The concentration of CO2 in water, when in 

equilibriumm with air, is generally lower than the Km of Rubisco. Moreover, CO2 is 

generallyy in equilibrium with HCO3- and CO32', which implies that even at 

slightlyy alkaline pH most of the dissolved inorganic carbon is in the latter forms, 

especiallyy HCO3" . However, many unicellular algae have developed means to 

optimizee the availability of CO2 for photosynthesis. Essentially this implies the 

activee transport of one of the forms of inorganic carbon into the cell. In addition, 

severall  isoforms of the enzyme carbonic anhydrase, which catalyze the 

interconversionn of COs and HCO,r, present in various cellular compartments, 

mayy play a role. In Chlamydomonas and a number of other algae, these 

adaptations,, collectively designated as the Carbon Concentrating Mechanism 

(CCM),, are induced by low external CO2 concentrations (Sültemeyer et al. 1989, 

1993). . 

Thiss paper describes the results of a study of the CCM in the chlorophyte 

TetraedronTetraedron minimum (Starr, 1954, Kovacik, 1975). It is frequently found in 

alkalinee lacustrine habitats. It has geochemical relevance as sedimentary 13C/12C 

biomarker,, since its fossilized cell walls are often present in oil-containing 

depositss (Gorth et al. 198). However, its use to reconstruct atmospheric CO2 

levelss in the past is restricted by the fact that the ratio of  13C/12C in 

phytoplanktonn is not only dependent on the discriminating action of Rubisco, but 

alsoo on a number of other factors, such as the preferential uptake of bicarbonate 

byy a CCM (Falkowski 1997, Freeman et al. 1990, Hayes 1993). This prompted us 

too study the CCM of T. minimum,. We compared its CCM with that of the related 

speciess Chlamydomonas, which has been described extensively (eg. Palmqvist et 

al.. 1994, Amoroso et al. 1998). The results show that T. minimum is 

distinguishedd by a stronger preference for bicarbonate as a substrate for 

photosynthesis.. This is accompanied by the maintenance of a relatively large 

intracellularr pool of inorganic carbon. Its ability to take up HCO3" efficiently may 

explainn why this alga is able to proliferate in alkaline conditions. 
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Material ss and Methods 

AlgalAlgal strains and culture conditions: Chlamydomonas noctigama (UTEX 220, 

fromm the Culture Collection of Algae, University of Texas at Austin, USA) and 

TetraedronTetraedron minimum (no. 33.72, from the Sammlung von Algenkulturen, 

Universitatt Göttingen, Germany) were grown in batch cultures in Bolds Basal 

Mediumm (Harris, 1989) or in continuous cultures in medium described by Kates 

andd Jones (1964) both at 20° in continuous light of 225 jxmol photons nr2 sec1 

providedd by daylight lamps (HPI/T 400 W, Philips, Eindhoven, The Netherlands). 

Thee cultures were aerated with ambient air (0.035% C02; low-C, cells), or with 

airr enriched with 5% (v/v) C02 (high-Ci cells). The pH of the cultures was 6.3, 

whichh was maintained by periodically adding sodium hydroxide or phosphate 

buffer.. Cell densities were determined by Coulter counting. 

GasGas exchange experiments: Gas exchange experiments were performed in a 

reactionn chamber to a mass spectrometer via a semipermeable membrane inlet 

systemm (Fock and Sultemeyer 1989). For each measurement cells were harvested 

byy centrifugation at 2000 rpm for 5 min, resuspended in fresh medium with 25 

mMM BTH, pH 8.0 at 30°. Each assay contained 5 - 10 \ig of chlorophyll ml1. The 

ratee of photosynthetic oxygen evolution, C02 and HCO3- uptake were determined 

usingg the disequilibrium technique described by Badger et al. (1994). 

UptakeUptake of radioactive inorganic carbon: Cells were harvested, washed three times 

withh tap water, transferred to C02-free tap water and incubated in the light after 

flushingflushing with N2 to deplete their internal Ci content. A sample of 100 ul 

containingg 106 cells was then presented with approximately 105 cpm NaH14CC>3 

(1.966 Gbq mmol1, Amersham, Buckinghamshire, UK). Samples were collected by 

thee silicone-oil filtration method (Badger et al. 198). Acetozolamide (1 mg ml1, 

Sigma)) and 6-ethoxyzolamide (1 mg ml1, Sigma) were added during incubation, if 

necessary,, to inhibit the carbonic anhydrase activity. 

AssayAssay of carbonic anhydrase: Cells were collected by centrifugation and 

resuspendedd in 10 mM Tris buffer, pH 8.0, at a density of 106 cells ml1. Carbonic 

anhydrasee activity was determined using both the method of Wilbur and 

Andersonn (1948) and a spectrometric assay described by Pocker and Stone (1967). 

Bothh methods were normalized by using pure carbonic anhydrase ( lmg ml1, 

5,8000 WA units mg1 protein, Sigma). Actetozolamide and 6-ethoxyzolamide were 

added,, as above, to inhibit the carbonic anhydrase activity. 
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Resultss and Discussion 

T.T. minimum and C. noctigama cells were grown in continuous cultures aerated 

withh ambient air (low-G cells) or air enriched with 5% CO2 (high-Cj cells) in 

continuouss light. Their ability to take up HCO;r and COs was studied using mass 

spectrometryy (Fock and Sültemeyer 1989). The half-maximal photosynthetic 

ratess Km (HCO3) and Km (CO2), which are reciprocal measures of the affinity for 

HCO;rr or CO2, respectively, were determined. Table 1 shows that both 

parameterss were much lower in low-Ci than in high-Ci cells of both species. 

Apparently,, the low availability of CO2 during growth had resulted in the 

activationn of a CCM, facilitating the use of CO2 and HCO3 as a substrate for 

photosynthesis.. However, for both cell types the Km (HCO3) values of T. 

minimumminimum were considerably lower than those of C. noctigama, while the reverse 

wass true for the Km (CO2) values. This indicates that T. minimum is a more 

efficientt HCO3- user than C. noctigama. This was corroborated by the fact that 

thee addition of CA to the cell suspension had a stronger stimulating effect on the 

photosyntheticc rate of C. noctigama than of T. minimum (results not shown). 

Thus,, by comparison, it appears that HCO3" is an efficient substrate for 

photosynthesiss in T. minimum, while C. noctigama is more dependent on the 

availabilityy of CO2. Nonetheless, in both T. minimum and C. noctigama, low-Ci 

cellss showed an increased activity of external carbonic anhydrase over high-Ci 

cellss (Table 2). 

Tablee 1. Km values of net O2 production, net HCO3' transport and gross CO2 transport 
forr their substrates during steady state photosynthesis by intact cells of Tetraedron 
minimumminimum and Chlamydomonas noctigama. The data were obtained by mass 
spectrometry.. Standard deviations are indicated (N = 3). 

Celll  type 

T.T. minimum 
Highh C02 

L0WCO2 2 

C.. noctigama 
Highh C02 

Loww CO2 

Kmm net O2 production 

8688 4 
2988  33 

4177 6 
1033  20 

Kmm HCO3-
uM M 

8411 6 
2799 +129 

3799 1 
75++ 11 

K m C 02 2 

9.44 6 
2.22 6 

8.55 4 
4.22 2 
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Tablee 2. Activity of extracellular carbonic anhydrase in high-Cj and low-Ci cells of 
TetraedronTetraedron minimum and Chlamydomoiias noctigama grown at pH 6.3. The 
specificc activities are expressed in Wilburn & Anderson units. One unit causes 
thee pH of a 0.02 M Tris buffer to drop from pH 8.3 to 7.3 per min at 0°C. The 
standardd deviations are indicated (N = 8). 

Species s 

C.C. noctigama 

T.T. minimum 

Specificc activity 

High-Cii  cells Low-Ci cells 

155 7 59 6 

33 26 8 

Anotherr difference in carbon acquirement between both species was revealed by 

usingg H14C03_ as substrate. Intracellular pools of acid-labile (non-bound) and 

acid-stablee (assimilated) forms of Ci were distinguished using the silicone oil 

techniquee described by Badger et al. (1980). The results, presented in Fig.1, were 

obtainedd in one single, representative experiment. Low-Ci cells of C. noctigama 

exhibitedd a much higher initial uptake rate of the label in comparison with high-

Cii  cells (Fig. la). Approximately twenty percent of the radioactivity taken up by 

Tablee 3. Uptake of NaH14C03 by high-Ci and low-Ci cells of Chlamydomoiias 
noctigamanoctigama and Tetraedron minimum. NaH^CCh (6.101 cpm, 1.96 Gbq mmol1) 
wass administered to a cell suspension (106 cells in 100 |il water with or without 
1000 (Xg AZ and/or EZ). After 5 min, the cells were isolated by centrifugation 
throughh silicone oil according to Badger et al. (1980). Data are expressed as 
percentagee of control values (italics). Standard deviations are indicated (N=4) 

Species s 

T.T. minimum 

C.. noctigama 

Addition n 

AZ Z 
EZ Z 

AZ Z 
EZ Z 

Uptakee of radioactivity (%) 

Total l 

High-Cii  cells Low-Ci cells 

100100 100 
1000  5 96  8 
388  6 36  3 
100100 100 
977 7 69 1 
300 9 24 7 
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thee cells after incubation in the light was acid-labile without a clear difference 

betweenn the two cell types (Fig. lb). A large proportion of the acid-labile label 

(approximatelyy 50%) could be chased away by the addition of cold HCO3- (Fig. lc). 

T.T. minimum cells, on the other hand, showed a high uptake rate which was equal 

forr both high-Ci and low-C, cells (Fig. Id). About 65% of the radioactivity taken 

upp was acid-labile in both cell types, suggesting a much larger internal Cj pool 

underr both conditions than in C. noctigama (Fig. le). Again, most of the acid-

labilee 14C (about 60%) was chasable by the addition of cold HCO3- (Fig. If). The 

estimatedd intracellular pool sizes for inorganic carbon based on data in these 

figuress were 350 and 110 fmol cell'1, respectively. 

Thesee experiments were also done in the presence or absence of the carbonic 

anhydrasee inhibitors acetazolamide (AZ), which inhibits external CA, and 

ethoxyzolamidee (EZ), which also inhibits the internal CAs (Palmqvist et al. 

1994).. Table 3 shows that in C. noctigama AZ inhibited the uptake of NaH] 4C03 

inn low-Ci but not in high-Ci cells, which is consistent with the relatively low level 

off  CA in the latter type cells. However, EZ severely limited the assimilation of 

labell  in both cell types, suggesting a role for internal CA in making CO2 available 

too Rubisco. In T. minimum, AZ had hardly an effect on the uptake of NaH14C03 

inn high- and low-Ci cells, showing that external CA does not play an important 

rolee in Cj uptake. As in C. noctigama, addition by EZ prevented the assimilation 

off  14C considerably. 

Fig.. 1: Uptake of NaH14COs by high-Ci (B)and low-Ci O) cells of T, minimum 

(Figss la, lb, lc) and C noctigama (Figs. Id, 1 e, 10. NaHuCOa (approx. 105 cpm; 

1.966 Gbq mmol1) was administered to a cell suspension (106 cells per 100 ul 

water)) at time 0. The cells were incubated in the light (225 umole photons nr2 s-

')) and at various times samples were taken, from which the cells were isolated 

byy centrifugation through silicone oil (Badger et al., 1980). Al l data were 

obtainedd in one single, representative, experiment. Figs la, Id, total 

radioactivityy taken up; Figs lb, le, samples collected as in Figs la, Id were 

incubatedd for minimal 4h in IN HC1 and aerated before scintillation fluid was 

added.. The difference between total and acid-stable radioactivity is defined as 

acid-labilee Cj, and is expressed as percentage of total radioactivity taken up; 

Figss lc, If, cells incubated as in Figs la, Id; arrows indicate the time of 

additionn of excess non-radioactive NaHC03 (0.5 M final concentration) 
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Takenn together, these results indicate that T. minimum is distinguished by being 

aa relatively efficient user of HCO3" as substrate for photosynthesis, and having 

thee ability to accumulate intracellularly acid-labile Ci to considerable extent. 

Thesee properties may explain why this species is able to sustain alkaline 

conditionss and make T. minimum an interesting model system for studying the 

mechanismm of HCO3* uptake and assimilation. 
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Transportt of Ci in cells and chloroplasts 

Abst ract t 

Usingg a mass spectrometric disequilibrium technique, net uptake of HCO3- and 

CO22 during steady-state photosynthesis was studied in whole cells and 

chloroplastss from the green algae Tetreadron minimum and Chlamydomonas 

fioctigama,fioctigama, grown on air enriched with 5% [v/v] C02 (high C02-cells) or on air 

(3500 ppm CO»; I0W-CO2 cells). High- and I0W-CO2 cells of both species were able 

too transport CO2 and HCO3- with maximum rates being largely unaffected by the 

growthh conditions. High- and I0W-CO2 cells of T. minimum showed a pronounced 

preferencee for HCO3-, while the rates of net HCO3- and C02 uptake were similar 

inn C. noctigama. The most significant differences between high- and I0W-CO2 

cellss from both species were the 5 to 6 fold increase in the apparent affinities of 

nett HCO3- transport and CO2 uptake after acclimation to air. The high affinity 

transportt systems for inorganic carbon were almost completely induced within 4 

hh in both algae. Photosynthetically active chloroplasts isolated from both species 

weree also able to transport CO2 and HCCV. As in whole cells HCO3- was the 

dominantt carbon species taken up by chloroplasts from T. minimum while CO2 

andd HCO3- were taken up with similar rates by plastids from C. noctigama. In 

addition,, high affinity transporters for CO2 and HCO3- were detected in 

chloroplastss preparations after acclimation of the parent cell to air. Isolation of 

Ribulose-l,5-bisphosphatee carboxylase/oxygenase revealed Km-values of 12 and 

144 uM CO2 for the enzyme from T. minimum and C. noctigama, respectively. 

Thesee results are consistent with the presence of inducible and energy dependent 

high-affinityy HCO3" and CO2 transporters on the chloroplast envelope indicating 

thatt chloroplasts play an important role in the CO2 concentrating mechanism. 

Abbreviations:Abbreviations: AZA = acetazolamide; BTP = Bis-Tris-Propane; CA = carbonic 

anhydrase;; CCM = CO2 concentrating mechanism; Ci = inorganic carbon (CO2 + 

HCO3-);; K1/2 = concentration required for half-maximal response; MS = mass 

spectrometer r 
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Introduction n 

Unicellularr green algae, including Chlamydomonas reinhardtii and Dunaliella 

tertiolectatertiolecta but also several marine micro-algae possess an inducible CO2 

concentratingg mechanism (CCM) that functions to enhance CO2 levels around the 

CO22 fixing enzyme Ribulose-l,5-bisphospate carboxylase/oxygenase (Rubisco). 

Thiss CCM is highly expressed under I0W-CO2 concentrations (e. g. ambient air = 

3500 ppm CO2; I0W-CO2 cells) compared with cells which were cultivated under 

high-C022 conditions (e. g. 2-5% CO2; high-C02 cells). Generally, it is believed that 

thee algal CCM consists of a very close interaction between inorganic carbon (Ci) 

transportt system(s) on one hand and the compartimentation of Rubisco within 

thee pyrenoid together with carbonic anhydrase (CA) on the other hand (Moroney 

andd Chen 1998; Sultemeyer 1998; Kaplan and Reinhold 1999). However, the 

presencee of a CCM in some pyrenoid-less unicellular micro-algae of the genus 

ChloromonasChloromonas have been reported indicating that the pyrenoid is not essential for 

aa CCM in these species (Moriata et al. 1998, 1999). 

Upp to now five different CAs have been identified on a molecular level in C. 

reinhardtiireinhardtii (Sultemeyer 1998). Three CAs representing cc-type CAs CAH1-3, are 

eitherr located within the periplasmic space (CAH1, CAH2) or within the 

thylakoidd lumen (CAH3). The CO2 concentration during growth strongly 

regulatess the expression of CAHl and CAH2, while the expression of CAH3 is 

consideredd to be constitutive (Fukuzawa et al. 1990; Funke et al. 1997; Karlsson 

ett al. 1998). In addition, two CAs, representing p-type Cas (p-CAl, (3-CA2) are 

locatedd to the mitochondria and their expression is strongly regulated by the 

growthh CO2 (Eriksson et al. 1996, 1998). Besides their biochemical and molecular 

characterizationss the physiological roles of these proteins have not been 

elucidated. . 

Perhapss the most important element of the eukaryotic CCM are the Ci transport 

systems.. For C. reinhardtii and D. tertiolecta it has been demonstrated that 

wholee cells are able to take up both CO2 and HCO3" during steady-state 

photosynthesiss (Badger et al 1994; Palmqvist et al.1994; Amoroso et al. 1998) 

regardlesss of the CO2 concentration provided during growth. The major difference 

betweenn Ci transport in high and I0W-CO2 cells is the presence of high-affinity 

CO22 and HCO:r transporters in the latter cells while the maximum uptake rates 

remainn more or less unaffected. Similarly, photosynthetical active chloroplasts 

isolatedd from high- and low-COa cells of the two species possess low- and high-

affinityy Ci uptake mechanisms, respectively (Amoroso et al. 1998). These 
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observationss are consistent with the hypothesis that the major Ci-transporter 

systemm is located to the chloroplast envelope in these microorganisms (Moroney 

andd Chen 1998; Sültemeyer 1998; Kaplan and Reinhold 1999). However, this 

modell  of the CCM might not be generally true for micro-algae. For instance, 

isolatedd chloroplasts from Chlorella ellipsoidia showed no indications for Ci 

transportt (Rotatore and Colman 1990, 1991). Although no careful studies on CO2 

andd HCO3 uptake during steady-state photosynthesis have been performed with 

thesee organelles, it appears that the major carbon transport system is located in 

thee plasma membrane rather than the chloroplast envelope in Chlorella 

ellipsoidia. ellipsoidia. 

Too the best of our knowledge the above-mentioned species are the only eukaryotic 

micro-algaee from which Ci uptake has been investigated on a chloroplast level. 

Therefore,, the current CCM models may cover the situation in these particular 

speciess but not be representative for all micro-algae. Consequently, more 

investigationss on other organisms are necessary in order to broaden our general 

understandingg of the algal CCM. These studies are complicated by difficulties to 

isolatee photosynthetical active chloroplasts from micro-algae. In this study we 

shalll  describe an easy method for the isolation of plastids from two non-model 

organisms,, Tetraedron minimum and Chlamydomonas noctigama. Both species 

havee been shown to possess a CCM (van Hunnik et al, 2000). We shall present 

evidencee that whole cells and intact plastids contain inducible high affinity net 

HCO3"" and CO2 uptake systems strengthening the important role of chloroplasts 

withinn the CCM in unicellular green algae. 
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Materialss and Methods 

AlgalAlgal strains and culture conditions Chlamydomonas Jioctigama (no. 33.72) 

(formerlyy C. monoica) and Tetraedron minimum (no. 44.81) were obtained from 

thee Sammlung von Algenkulturen, Universitat Göttingen, Germany. Cells were 

grownn in batch cultures in Kates and Jones medium at 20°C under continuous 

lightt of 225 \imo\ photons nr2 s1 (Kates and Jones, 1964). Cultures were bubbled 

withh air (low-Ci cells) or air containing 5% CO2 (high-Ci cells) 

IsolationIsolation of chloroplasts Cells containing 100 to 150 ug chlorophyll were 

harvestedd and washed with 50 ml 15 mM HEPES/KOH, pH 7.8. The pellet was 

incubatedd with 25 ug lysozym (Biomol, Hamburg) in 7% PEG 8000, 5 mM MgCl2, 

0.5%% BSA and 5 mM HEPES/KOH pH 6.8 for 20 minutes at room temperature in 

thee dark. The resulting protoplasts were washed three times with 15 mM 

HEPES/KOH,, pH 7.8. The pellet was resuspended in 7% PEG 8000, 5 mM MgCl2, 

0.5%% BSA and 5 mM HEPES/KOH pH 6.8, Digitonin (Sigma, Saint Louis) was 

addedd to yield a final chlorophyll/digitonin ratio of 5:1. Breakage and isolation on 

aa Percoll step gradient of chloroplasts were performed according to Amoroso et al. 

(1996).. The concentrated chloroplasts were stored on ice before use in mass 

spectrometricc gas exchange measurements. Intactness and purity of the plastids 

weree assayed as described previously (McLill y et al. 1975; Amoroso et al. 1998). 

Mosss spectrometric gas exchange measurements Mass spectrometric gas exchange 

measurementss were performed in a thermostatted reaction chamber connected to 

aa mass spectrometer via a semipermeable membrane inlet system (Fock and 

Sültemeyerr 1989; Siiltemeyer et al. 1993; Amoroso et al. 1998). For each 

measurementt cells were harvested by centrifugation at 2000 rpm for 5min and 

resuspendedd in fresh medium. Each assay contained 5 to 10 fig of Chi ml1. High-

andd low-Ci cells from both species were tested in 25 mM BTP, pH 8.0, at 30°C. 

Isolatedd chloroplasts were diluted into assay medium containing 25 mM KC1, 1 

mMM MgCb, 150 mM Mannitol, 30 mM HEPES/KOH pH 8.0 and preillu mina ted 

att 25°C and 600 p:mol photons nv2 s-1 before measurements of gas exchange 

started.. To all assys 10 \iM AZA-Dextran was added to inhibit ex tra-cellular or 

extra-chloroplasticc CA activities. Rates of net O2 evolution, net HCO;r transport 

andd CO2 uptake during steady-state photosynthesis were estimated from 

simultaneouss measurements of changes in the concentrations of O2 (m/z = 32) 

andd CO2 (m/z = 44) using the equations developed by Badger et al. (1994). 
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IsolationIsolation of Rubisco and Km measurement High Ci cells of T. minimum and C. 

iwctigamaiwctigama were harvested by centrifugation at 2000 rpm for 5min. The pellet was 

resuspendedd in 5 ml of 30 mM HEPES/KOH (pH 8.0) and the cells were broken 

byy potter homogenisation at 4°C. The homogenate was centrifuged at 20000 rpm 

forr 30 minutes, the supernatant was added to a (NH^aSOi gradient from 20 to 80 

%% and centrifuged at 100000 rpm for 16 hours. Fractions were collected and 

checkedd for the presence of Rubisco by Western blot using antibodies raised 

againstt the large subunit of Rubisco from Chlamydomonas reinhardtii. Rubisco 

wass activated by a 30 minute incubation at 30°C in a bicine buffer containing 100 

mMM Na+-Bicine pH 8.0, 20 mM MgCl2, 0.2 mM EDTA, 1 mM dithiothreitol and 1 

Hg/mll  CA and supplemented with 10 mM NaHC03. Rubisco activity was 

performedd at 25°C in 02 free 250 ul Bicine buffer additionally containing 1 mM 

ribulose-Pss solution, 20 mM MgCl2, and various concentrations of NaH^COs 

(1.966 Gbq mmol1, Amersham, Buckinghamshire, UK). With 10 sec intervals 

aliquotss were removed, injected into 200 ul 2 N HC1 and the samples were dried 

overnightt at 80°C. Acid-stable 14C incorporation was analysed by liquid 

scintillationn counting. Rubisco activity was calculated from the linear increase of 
14CC into stable products. The CO2 concentration in the beginning of the assay was 

estimatedd from the initial HCO3- concentration using an equilibrium constant 

value,, pK, of 6.08 (Yokota et al. 1985). 
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Resu l ts s 

Inn a previous study we demonstrated the presence of a CCM in the green algae T. 

minimumminimum and C. noctigama (van Hunnik et al. 2000). To investigate the CCM in 

thesee green algae in more detail we used a mass spectrometric disequilibrium 

techniquee which allows for the differentiation between CO2 and HCO3" uptake 

duringg steady-state photosynthesis (Badger et al. 1994). Both T. mininum and C. 

noctigamanoctigama are able to utilize CO2 and HCO3- simultaneously for photosynthesis 

regardlesss of the CO2 concentration provided during growth (Fig. 1). For highl-

andd low-Ci cells of C. noctigama, photosynthesis is supported by CO2 and HCO3" 

utilizationn to almost similar extent over the entire Ci concentration range. In 

contrast,, high- and low-Ci cells of T. minimum show a preference for HCO;r over 

CO2,, with HCO;r and CO2 contributing to about 80% and 20% of total Ci uptake 

att saturated photosynthesis, respectively. The apparent affinity of net O2 

evolutionn and net HCO3" uptake for external HCCV substantially increased after 

acclimationn to a I0W-CO2 concentration in both algal species (Table I). The K1/2 

(HCO3)) values for net O2 evolution and net HCO3- uptake in high-Ci grown cells 

off  C. noctigama were 417 and 379 uM, respectively, while the corresponding 

valuess for low-Ci cells were 103 and 75 \iM (Fig. 1; Tab. 1). This indicates a 4 to 

5-foldd increase in the apparent affinity for HCO3* for net O2 evolution and net 

HCOs'' uptake. In high-Ci cells of T. minimum, the K1/2 (HCO3) values for net O2 

evolutionn and net HCO3- uptake were 868 and 841 uM, respectively, and the 

correspondingg values for low-Ci Cells were 298 and 279 ^M HCO3" (Fig. 1; Tab. 

1).. Similar to HCO3' transport, the efficiency of CO2 uptake was also found to be 

dependentt on the CO2 supply during growth. In C. noctigama the K1/2 (CO2) for 

CO22 uptake decreased from 8.5 jiM in high-Ci cells to 4.2 nM in low-Ci algae (Fig. 

1;; Tab. 1). The corresponding values in T. minimum were 3 fold higher in low-Ci 

cellss than in high-Ci cells, namely 9.4 versus 2.2 uM CO2 (Fig. 1; Table 1). 

Figg 1A-F: Rates of net O2 evolution (D, A), HC(V transport (O, ) and CO2 

uptakee ) during steady-state photosynthesis in high- (closed symbols) and 

low-- (open symbols) Ci cells of T. minimum (A, C, E) and C. noctigama (B, D, F) 

inn relation to their respective substrates, HCCV and CO2. The experiments 

weree performed in 25 mM BTP, pH 8.0 with 10 \LM AZA-Dextran at 30°C the 

assayy contained 5 to 10 p.g of Chi ml"1 
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Thee results indicate that acclimation to I0W-CO2 concentrations results in the 

inductionn of high affinity HCO3' and CO2 transporters in both algae. To follow the 

inductionn time course we analyzed the changes in substrate affinities for net O2 

evolution,, net HCO3- transport and CO2 uptake in T. minimum after the cells 

weree transferred from high- to I0W-CO2 levels (Fig. 2). In high Ci cells Ki/2-values 

forr CO2 and net HCO3" transport were around 9.5 and 850 uM which decreased to 

approximatelyy 3 and 300 îM after 4 h of acclimation to I0W-CO2. The affinity for 

HC03-- measured as net O2 evolution showed a similar induction time course (Fig. 

2).. After 4 h of acclimation no further significant changes in the Ki/2-values were 

observed.. Similar data were collected for C. noctigama (data nor shown) 

indicatingg that a high affinity CCM is more or less completely induced within 4 h 

inn these green algae. 

Tablee 1: K1/2 values for net O2 production, HCO3- transport and CO2 uptake in 
wholee cells of T. minimum and C. noctigama which were continuously grown on 
5%% CO2 (High-CCh) and ambient air (I0W-CO2). Data were calculated from 
Michaelis-Mentenn kinetics similar to those in Fig. 1 and represent mean values of 
threee to four independent experiments. 

T.T. minimum 
High-C02 2 

L0W-CO2 2 

C.C. noctigama 
High-C02 2 

L0W-CO2 2 

O22 production 
CHCO3-) ) 

8688 4 
2988  33 

4177 6 
1033 0 

K1/22 Values 
HCO3-- uptake 

(HCO3) ) 

8411 6 
2799 9 

3799 1 
755 1 

CO22 uptake 
(CO2) ) 

9.44 6 
2.22 6 

8.55 4 
4.22 2 

Previouss studies with C. reinhardtii and D. tertiolecta have indicated that 

chloroplastss play a major role in inorganic carbon acquisition and that they 

possesss inducible CO2 and HCO;r transporters (Sültemeyer et al. 1988; Goyal and 

Tolbertt 1989; Amoroso et al. 1998; Moroney et al.1998). In order to investigate 

thee function of chloroplasts in T. minimum and C. noctigama, plastids were 

isolatedd from high- and I0W-CO2 cells. The intactness and the contamination by 

cytosoll  and mitochondria was found to be higher than 92% and lower than 4%, 
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respectively,, regardless of the CO2 concentration provided during growth (data 

nott shown). Thus, the high intactness and purity are very well comparable with 

chloroplastss preparations from other algae sources (Ramazanov and Cardenas 

1994;; Amoroso et al. 1998). In addition, once the chloroplasts from all cell types 

weree illuminated, they exhibited an extended lag phase of 20-30 min before a 

steady-statee rate of photosynthesis was obtained. A similar observation was 

reportedd for chloroplasts from C. reinhardtii and D. tertiolecta (Amoroso et al. 

1998).. Therefore, we preilluminated the plastids for up to 30 min before 

transferringg them into the MS cuvette. 

1 22 3 4 5 6 

tim ee [hours ] 
22 3 4 5 6 7 

tim ee [hours ] 

Fig.. 2 A, B: (A) Changes in the affinity of net O2 evolution (A) and net HCO.r 

transportt ) during steady-state photosynthesis in relation to external HCO3-

andd (B) changes in the affinity for substrate of CO2 uptake ) during steady-

statee photosynthesis in relation to external CO2 concentrations over time after 

aa shift from high to low CO2. At time = 0 the algae were transferred from high-

too low-COa conditions. The experiments were performed in 25 mM BTP, pH 8.0 

withh 10 \JM AZA-Dextran at 30 °C the assay contained 5 to 10 \ig of Chi ml ' 

Figuree 3 shows a typical set of experiments in which rates of net O2 evolution, net 

HCO3-- transport and CO2 uptake during steady-state photosynthesis were 

estimatedd for chloroplasts from high- and I0W-CO2 cells of T. minimum (Fig. 3 A, 

C;E)) and C. noctigama (Fig. 3 B, D, F). It is obvious that plastids isolated from 

bothh algal species have the capacity to transport both CO2 and HCO3- and this 

abilityy is independent of the Ci concentration provided during growth. However, 

chloroplastss from high- and low-COa cells of T. minimum showed considerable 

higherr capacities for net HCO3- uptake than plastids from C. noctigama. In the 
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Tablee 2: K1/2 values for net O2 production, HCOr transport and CO2 uptake in isolated 
chloroplastss of T. minimum and C. noctigama which were continuously grown on 5% CO2 
(High-C02)) and ambient air (I0W-CO2). Data were calculated from Michaelis-Menten 
kineticss similar to those in Fig. 3 and represent mean values of three to four 
independentt experiments. 

T.T. minimum 
High-COs s 
L0W-CO2 2 

C.C. noctigama 
High-C02 2 

L0W-CO2 2 

O22 production 
(HCO3-) ) 

5666  43 
955 6 

4711 9 
1033  20 

K1/22 Values 
HCO3"" uptake 

(HCO3-) ) 

uM M 

3799  26 
800 5 

5300 9 
755 1 

CO22 uptake 
(CO2) ) 

9.11 6 
2 2 

3.55 5 

0.99 5 

formerr plastids more than 90% of net O2 evolution could be maintained by net 

HCO3**  transport while in the latter chloroplast preparations net HCO3" uptake 

contributedd to only about 40% the net O2 evolution. Nevertheless, values for K1/2 

(HCO3)) for net O2 evolution and net HCO3* uptake by chloroplasts from high-Ci 

grownn cells of T. minimum were 566 and 379 uM, respectively, and the 

correspondingg values for chloroplasts from low-Ci cells were 95 and 80 p.M (Fig. 3 

A,, C; Table 2). Thus, the apparent affinities of net O2 evolution and net HCO3" 

transportt were about 5 to 6-fold higher in I0W-CO2 chloroplasts than in high-CÜ2 

chloroplast.. In C. noctigama, the differences in the KM, (HCO3) for net O2 

evolutionn and net HCO3" uptake between high- and low-Ci plastids were 

comparablee (Fig. 3 B, D; Table 2). In addition, the kinetic characteristics of CO2 

uptakee by chloroplasts from both species were also changed during acclimation to 

Figg 3 A-F: Rates of net O2 evolution (A, A), HCO3- t ransport (O, ) and CO2 

uptakee ) during steady-state photosynthesis in high- (closed symbols) and 

low-- (open symbols) Ci chloroplasts of T. minimum (A, C, E) and C. noctigama 

(B,, D, F) in relation to their respective substrates, HCO3" and CO2. the 

experimentss were performed in 25 mM KC1, 1 mM MgCk, 150 mM Mannitol, 30 

mMM HEPES/KOH pH 8.0 with 10 uM AZA-Dextran at 25°C the assay contained 5 

too lOgo fuXh lmF 
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low-Ci.. While the K% (C02) was 9.1 and 3.9 uM for plastids from high CCVcells of 

T.T. minimum and C. noctigama, it decreased to 3.5 and 0.9 uM in chloroplasts of 

I0W-CO22 cells (Fig. 3 E, F; Table 2). The data collected for Figures 1 and 3 were 

alsoo used to plot net O2 evolution against the CO2 concentration in order to 

comparee apparent photosynthetic affinity for CO2 under in vivo conditions 

comparedd with the KM(CC>2) fixation of isolated Rubisco (in vitro conditions). 

Theree was a marked difference in the KM (CO2) of Rubisco between both species 

withh 13 and 42 uM for T. minimum and C. noctigama, respectively (Table 3). The 

K1/22 (CO2) values for photosynthesis of high CO2 cells and chloroplasts from T. 

minimumminimum were 9.8 and 7.8 pM respectively, and this is in a similar range as the 

KMM (CO2) for Rubisco. In contrast, the photosynthetic affinity for CO2 of I0W-CO2 

cellss of T. minimum and plastids was more then 10 times higher (Tab. 3). With 

Ki/22 (CO2) values of 4.2 and 0.9 uM respectively, high-CC>2 cells and choroplasts 

fromm C. noctigama showed a significant higher apparent affinity for CO2 than 

wouldd be expected from the Rubisco kinetics. This trend was further pronounced 

afterr the cells (and chloroplasts) were acclimated to low-COs concentrations (Tab. 

3) ) 

Tablee 3: Comparison of KM (C02)-values for isolated Rubisco with K1/2 (C02)-values for 

nett photosynthesis of whole high- and I0W-CO2 cells and respective chloroplasts. The Km 

(C02)-valuess for net photosynthesis were obtained from data similar to these shown in 

Figs.. 1, 3 except that O2 evolution was plotted against CO2 content. Data are mean 

valuess of three to four independent experiments. 

T.T. minimum 

C.C. noctigama 

KMM  (CO2) 

Rubisco o 

133 4 

422 6 

Ki **  (C02) 

Cells s 

High-Ci i 

9.88 + 2.1 

5.22  1.3 

Low-Ci i 

MM M 

0.966 1 

0.388 0 

K1/22 (CO2) 

Chloroplasts s 

High-Cii  Low-Ci 

55 7 

11 2 
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Discussion n 

Inn this study we used a mass spectrometric disequilibrium technique (Badger et 

al.. 1994) to estimate net HCO3" and CO2 uptake in cells and chloroplasts from 

twoo green micro-algae T. minimum and C. twctigama. The calculation might be 

underestimatedd because of possible leakage of HCO3- and CO2 in the light as has 

beenn observed in some cyanobacteria (Salon et al 1996 a, b; McGinn et al. 1997; 

Tchernovv et al. 1998; Kaplan and Reinhold 1999), Several lines of evidence 

indicatee that HCO3" and CO2 leakage can be neglected in the green algae and in 

thee related chloroplasts tested in this study. Firstly, as postulated by Salon et al. 

(19966 a, b), leakage of Ci species is primarily a function of the concentration 

gradientt of Ci between inside and outside. However, eukaryotic cells basically do 

nott build up such high Ci pools as cyanobacteria. With low-Ci cells of T. 

minimumminimum and chloroplasts we were unable to measure the pool size by mass 

spectrometry,, according to Sültemeyer et al. (1995), indicating that it is below 10 

mM.. In contrast, pool sizes of about 60 mM Ci have been reported for 

cyanobacteriaa (Sültemeyer et al. 1995; Salon et al. 1996 a, b). Secondly, we also 

measuredd total Ci efflux and CO2 efflux during the initial period of darkness 

(afterr the cells were allowed to photosynthesize) in the presence or absence of CA. 

Byy taking the difference, HCO3- efflux can be estimated (Sültemeyer et al. 1995; 

Salonn et al. 1996 a, b). This approach also failed because in the presence of CA 

totall  Ci efflux in the dark was only marginal, even in the presence of high cell 

densitiess and could have been the result of CO2 efflux alone (data not shown). 

Thirdly,, during illumination of cells and chloroplasts from T. minimum and C. 

noctigamanoctigama the changes in the CO2 and O2 concentrations during illumination 

weree very similar to the ones reported for Chlamydomonas reinhardtii and 

DunaliellaDunaliella tertiolecta (Amoroso et al. 1998). No indications for massive CO2 

leakagee in the light, like in certain marine species (Tchernov et al. 1998) were 

detectedd in these organisms (data not shown). Based upon these observations we 

concludee that the calculated rates of net HCO3" and CO2 uptake are only 

influencedd to a minor extent by leakage of HCO3" and CO2 during illumination. 

Thee MS disequilibrium technique used here allowed us to distinguish between 

thee different carbon species that are taken up by the cells or chloroplasts (Badger 

ett al. 1994). Comparing both high- and I0W-CO2 cells from both species revealed 

veryy similar maximum transport activities of net HCO3' and CO2 uptake (Fig. 1). 

Thee major difference between high- and I0W-CO2 cells appears to be the 

indicationn of a high CO2 and HCO3' transport mechanism (Fig. 1, Tab. 1) which 

aree more or less completely induced within 4 h (Fig. 2). Therefore, these results 
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aree consistent with Ci uptake measurements on whole cells of Chlamydomonas 

reinhardtiireinhardtii and Dunaliella tertiolecta (Badger et al. 1994; Palmqvist et al. 1994; 

Amorosoo et al. 1998). In addition our data also show that species variations occur 

withh respect to the dominance by which CO2 and HCO3" are transported. We 

showedd that intact cells of T. minimum had a stronger preference for HCO3" 

underr both high- and I0W-CO2 conditions, which is in agrement with earlier 

publishedd results (van Hunnik et al. 2000). This is consistent with the fact that 

T.T. minimum is found in alkaline waters where the major part of the Ci species 

availablee is HCO,r (Starr, 1954; Kovacik, 1975). In C. noctigama net O2 

productionn was balanced by more or less similar uptake rates of CO2 and HCO3'. 

Thiss is consistent with earlier results where C. noctigama was shown to be a CO2 

userr (van Hunnik et al. 2000). 

Ourr data on CO2 and HCO,r uptake with intact cells do not permit the 

localizationn of CO2 and HCO3- transport systems. We, therefore, isolated 

photosyntheticallyy active chloroplasts from both high- and low-Ci cells of T. 

minimumminimum and C. noctigama in order to analyze Ci uptake in these organelles 

(Fig.. 3, Tab. 2). In general, maximum rates of photosynthetic O2 evolution were 

foundd to be between 20-30 jxmol mg Chi1 h1 from all chloroplasts, which 

representss about 25-30% of the rate measured with intact cells (Figs. 1, 3). 

Similarr activities of intact chloroplasts have been reported for plastids from other 

sourcess (Moroney et al. 1987; Goyal et al. 1988; Goyal and Tolbert 1989, Moroney 

andd Mason 1991; Ramanazov and Cardenas 1992; Amoroso et al. 1998), The 

measurementss of Ci fluxes during steady-state photosynthesis by isolated 

chloroplastss (Fig. 3; Tab. 2) showed that the organelles from T.minimum and C. 

noctigamanoctigama are able to transport CO2 and HCO3". The major change in transport 

characteristicss which occurs when the cells allowed to acclimate to ambient air is 

ann increase in the apparent affinity for the uptake of both Ci species (Tab. 2), 

ratherr than any dramatic changes in maximum transport activities. Therefore we 

concludee that the Ci transport systems on intact chloroplasts, similar to whole 

celll  can be distinguished between low and high affinity transporters depending 

onn what CO2 level the parent cells have been cultivated on. 

Thee biochemical nature of CO2 and HCO3- uptake during steady-state 

photosynthesiss is unknown, but our data indicate that an energy dependent step 

iss involved. The low K1/2 (CO2) value for CO2 transport of low CO2 cells and 

chloroplastss (Tabs. 1, 2) from T. minimum and C. noctigama indicates that the 

processs is active and not simply driven by CO2 fixation by Rubisco. If the CO2 

consumptionn measured with chloroplasts (Fig. 3; Tab. 2) was attributed to the 
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carboxylationn reaction of Rubisco, one would expect a similar Km (CO2) for CO2 

uptakee and KM (CO2) for CO2 fixation, which was 13 (iM (T. minimum) and 42 

|iMM (C. noctigama; Tab. 3). This is clearly not the case for I0W-CO2 cells and 

chloroplasts.. As a matter of fact this is not even true for high Ci cells and 

chloroplastss from C. noctigama (Tab. 3). In contrast, high Ci cells and 

chloroplastss from T. minimum showed a K1/2 (CO2) for CO2 uptake of around 9 

|iMM (Tab. 1, 2) while the Rubisco of this algae shows a rather high affinity for CO2 

withh KM (CO2) of 13 \*M. The difference, therefore, between the apparent and 

enzymaticc KM values appears to be too small to predict an active mechanism of 

CO22 uptake in high CO2 cells and chloroplasts of this algae. From these data we 

concludee that cells and chloroplasts from C. noctigama posses an active CO2 

pumpp but with a reduced efficiency compared to I0W-CO2 cells and chloroplasts 

whilee an active CO2 uptake only occurs in I0W-CO2 cells and chloroplasts from T. 

minimum.minimum. This conclusion is supported by comparing the apparent CO2 affinity 

forr photosynthesis of cells and chloroplasts with the KM (CO2) of Rubisco (Tab. 3). 

Withh the exception of high CO2 of T. minimum all cells showed substantial 

smallerr values for Km (CO2) compared to KM (CO2). In the case of high CO2 cells 

fromm C. noctigama this means that at an external CO2 concentration of 5.2 uM, 

thee CO2 concentration at the side of Rubisco would be around 42 uM (Fig. 3) 

indicatingg an 8 fold accumulation of CO2 in these high CO2 cells. This 

accumulationn is even more pronounced in high CO2 chloroplasts from C. 

noctigamanoctigama and of course I0W-CO2 cells (Fig. 3). 

Inn conclusion our results are consistent with the hypothesis that the 

predominantt Ci transporters reside at the envelope of the chloroplasts, as has 

beenn suggested for Chlamydomonas reinhardtii and Dunaliella tertiolecta 

(Amorosoo et al. 1998; Moroney and Chen 1998; Kaplan and Reinhold 1999). In 

thiss respect, the two green algae used in this study and others (Amoroso et al. 

1998)) differ from Chlorella ellipsoidea because photosynthetically active 

chloroplastss from this species showed no evidence for CO2 uptake and had only a 

veryy limited capacity to use HCO3- (Rotatore and Colman 1990, 1991). Our data 

withh T, minimum and C. noctigama, however, do not rule out the possibility that 

additionall  transporters exist at the plasma membrane. 
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Identificationn and localization of thylakoid CA 

Abs t ract t 

Inn order to broaden our understanding of the CO2 concentrating mechanism in 

eukaryoticc phytoplankton we studied the occurrence and localization of a 

thylakoid-associatedd carbonic anhydrase (EC 4.2.1.1) in the green algae 

TetraedronTetraedron minimum and Chlamydomonas twctigama. Both algae induce a CO2 

concentratingg mechanism when grown under limiting CO2 conditions. Using 

masss spectrometry measurements of  180 exchange from doubly labelled CO2, the 

presencee of a thylakoid-associated carbonic anhydrase was confirmed for both 

species.. From purified thylakoid membranes the photosystem I (PSI), 

photosystemm II (PSII) and light harvesting complex were isolated by mild 

detergentt gel electrophoresis. The protein fractions were identified by 77 K 

fluorescencee spectroscopy and immunological studies. A polypeptide was found to 

immunoreactt with an antibody raised against thylakoid carbonic anhydrase 

(CAH3)) from Chlamydomonas reinhardtii. It was found that this polypeptide was 

mainlyy associated with PSII, although a certain proportion was also connected 

withh the light harvesting complex II . This was confirmed by activity 

measurementss of carbonic anhydrase in isolated bands extracted from the 

electrophoresiss gel. The thylakoid carbonic anhydrase isolated from T. minimum 

hadd an isoeletric point between 5.4 and 4.8. Together the results are consistent 

withh the hypothesis that thylakoid carbonic anhydrase resides within the lumen 

wheree it is associated with the PSII complex. 

Abbreviations:Abbreviations: CA = carbonic anhydrase; CCM = CO2 concentrating mechanism; 

Cii  = inorganic carbon (C02 + HCO3); PSI (II) = photosystem I (II) ; LHC = light 

harvestingg complex; RC = reaction centre 
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Introduction n 

Manyy aquatic photosynthetic micro-organisms, including cyanobacteria and 

eukaryoticc algae, concentrate inorganic carbon (Ci) in response to varying 

externall  Ci levels. This CO2 concentrating mechanism (CCM) has been well 

studiedd both on a molecular and on a physiological level in cyanobacteria and 

eukaryoticc unicellular algae (Badger et al. 1980, 1998; Raven 1997; Kaplan and 

Reinholdd 1999). Its function is to increase the partial CO2 pressure at the CO2 

fixingg site of Rubisco in order to ensure efficient CO2 fixation even when CO2 

concentrationss in the surrounding aquatic environment are low. 

Numerouss evidence indicates that a CCM is the result of a close interaction 

betweenn Ci transport systems and a compartmentation of Rubisco and carbonic 

anhydrasee (CA; Sultemeyer et al. 1993, 1998; Badger and Price 1994; Bonfil et al. 

1998;; Klughammer et al. 1999). The eukaryotic algae and cyanobacteria studied 

soo far have the capacity to take up CO2 and HCO3- simultaneously from the 

surroundingg medium (Sultemeyer et al. 1993; Palmqvist et al. 1994; Matsuda 

andd Colman 1995) and this appears to be also true for isolated chloroplasts 

(Amorosoo et al. 1998), indicating that an important component of the Ci-

transportt system is located at the chloroplast envelope in eukaryotic algae. In 

cyanobacteria,, most, if not all, of the cell's Rubisco is located within the 

carboxysomess and a carboxysomal CA ensures rapid dehydration of accumulated 

HCO3**  to provide Rubisco with CO2 (Price at al. 1998; Kaplan and Reinhold 

1999).. In green algae, a functional homologue of the carboxysomes may be the 

pyrenoidd because it contains major proportion of Rubisco (Morita et al. 1997, 

1999;; Moroney and Chen 1998). However, so far no direct evidence exists for the 

presencee of a CA within the pyrenoid. 

Theree is physiological and molecular evidence for at least one chloroplastic CA in 

thee green alga Chlamydomonas reinhardtii (Karlsson et al. 1995; Amoroso et al. 

1996;; Funke et al. 1997). Its gene was cloned and the protein identified as a 29,5 

kDAA polypeptide (CAH3) which might be attached to the lumen side of the 

thylakoidd membranes. CAH3 was shown to be constitutively expressed with only 

ann 1 . 5 -2 fold increase after acclimation of the cells to low-Ci. Its exact 

physiologicall  role is unknown but is has been speculated that it catalyses the 

formationn of CO2 from HCO3' within the lumen by using the light-depending 

accumulationn of protons (Pronina and Borodin 1993; Raven 1997). The released 

CO22 could diffuse out of the lumen and serve as a substrate for Rubisco. 
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Soo far, detailed investigations of this CAH3 have been restricted to the green 

algaa Chlamydomonas reinhardtii. In order to broaden our knowledge of the CCM 

inn algae, we investigated whether CAH3-like CA also occurs in other green algae 

suchh as Tetraedron minimum and Chlamydomonas noctigama, which were 

shownn previously to possess an inducible CCM (van Hunnik et al. 2000). We 

presentt physiological and immunological data that these species do possess a 

thylakoid-- bound CA which is closely associated with PS II at the lumen side of 

thee thylakoid. 
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Materialss and methods 

AlgalAlgal strains and culture conditions. Chlamydomonas noctigama (no, 33.72), and 

TetraedronTetraedron minimum (no. 44.81, both from the Sammlung von Algenkulturen, 

Universitatt Göttingen, Germany) were grown as described previously (van 

Hunnikk et al. 2000). Cultures were bubbled with air (low-Ci cells) or with air 

enrichedd with 5% CO2 (high-Ci cells). 

IsolationIsolation of thyiakoid membranes. Cells were harvested at the end of the 

exponentiall  growth phase and broken by potter homogenisation in a Tris-glycine 

bufferr (6.2 mM Tris, 48 mM glycine , pH 7.8) containing 0.3 M sucrose until a 

finall  yield of >80% of broken algal cells was obtained. Thyiakoid membranes 

weree prepared as previously described (Sukenik et al. 1987) and the 

photosyntheticc complexes were isolated by mild detergent gel electrophoresis, 

usingg 7.5% PAGE with 0.05% deoxycholic acid, as described by Sukenik et al. 

(1992).. Contamination of the thyiakoid preparation was checked by measuring 

activitiess of a marker enzyme for cytosol (phosphoenol pyruvate carboxylase) and 

mitochondriaa (succinate dehydrogenase) according to Amoroso et al. (1998). In 

addition,, possible contamination by periplasmic CA, which occurs in C. 

noctigama,noctigama, was checked with antibodies raised against CAH1, the periplasmic 

CAA from C. reinhardtii. The marker enzyme measurements revealed less than 

2%% contamination by cytosol and mitochondria while no indications for the 

presencee of periplasmic CA were obtained in isolated thylakoids (data not 

shown). . 

ProteinProtein electrophoresis and immunoblotting. Proteins were separated with SDS-

PAGEE described previously (Leammli 1970). The proteins were detected by 

stainingg the gel with coomassie blue R 350 (Pharmacia). Immunoblotting was 

preformedd as described by the protocol from Bio Rad Laboratories. The antibody 

againstt the thyiakoid CA was a kind gift of Dr. G. Samuelsson (Umeé University, 

Sweden). . 

7777 K Spectrum. The bands of interest were cut out from the mild detergent gel 

andd reduced to small pieces. After extraction with 200 ul 20 mM Hepes (pH 8.0) 

forr 30 min at 4°C, the samples were centrifuged in an Eppendorf centrifuge. From 

thee supernatant were sucked into a clear glass pipette, 2 mm diameter, and 

frozenn in liquid nitrogen. The samples were analyzed using an Anminco-Bowman 

seriess 2 Luminescence spectrometer equipped with a Dewar flask in the light 
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beam.. The samples were illuminated with a laser with a wavelength of 440 nm, 

thee fluorescence emission was recorded from 650 to 770 nm. For excitation and 

emissionn a 4 nm bandwidth was used. The fluorescence emission was corrected 

forr the photomultiplier response according to the instructions of the 

manufacturer. . 

Mono-PMono-P column chromatography. A sample of 0.5 ml of isolated thylakoid 

membraness was loaded on a mono-P column (Pharmacia). The column was 

washed,, and subsequently the proteins were eluted with a flow of 0.5 ml/min as 

describedd in the instructions from Pharmacia. Two runs were performed, from 

pHH 9 to pH 6 and pH 7 to pH 4. Two ml samples were collected and freeze dried. 

Thee samples were resuspended in 50 ul distilled water and dialyzed against 

distilledd water. From the samples 10 ul was used for dot blot analysis using 

thylakoidd CA antibodies. 

MeasurementsMeasurements of CA activity. CA activity was measured by mass spectrometry by 

monitoringg l sO depletion from doubly labeled C02 (13C1802) at 30°C in a buffer 

containingg 25 mM KCL, 1 mM MgCl2) 0.3 M Sucrose, 30 mM HEPES/KOH, 30 

mM,, pH 8.0. No detergent was added. The 180 exchange was analysed with a 

quatroo pole mass spectrometer (MSD 5970, Hewlett Packard, Waldbronn, 

Germany)) as described by Sültemeyer and Rinast 1996. Changes of the signals 

m/zz = 45 (i3Ci602), m/z = 47 ( ^ C ^ C W) and m/z = 49 e c ^ ) were recorded and 

calculatedd as log enrichment = log ((49)*100)/(45+47+49) according to Amoroso et 

al.. 1996. This technique allows the detection of compartimented CA (eg. CA 

withinn thylakoids) without destroying the membrane structure (Silverman et al 

1976;; Silverman 1982) and has been applied to examine internal CA activity in 

intactt cells and chloroplast (Palmqvist et al. 1994; Sültemeyer et al. 1990, 1995; 

Amorosoo et al. 1996) as well as in isolated plasma membranes (Sültemeyer and 

Rinastt 1996). For routine measurements of CA activity from gel slices a 

colormetricc assay according to Pocker and Stone (1967) was used. The bands of 

interestt were cut from the mild detergent gel, homogenized and resuspended in a 

veronall  buffer (10 mM, pH 8.0) including 0.05% deoxycholic acid (Biomol). The 

fragmentss were analyzed spectrophotometrically using p-nitrophenylacetate as a 

dyee (Pocker and Stone, 1967). The method was calibrated using commercial 

carbonicc anhydrase (lmg/ml, 5.800 Wilbur-Anderson-units/mg protein, Sigma). 
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Results s 

Inn Fig. 1 the changes in the log enrichment of  180 before and after the addition of 

isolatedd thylakoids from low-Ci cells of T. minimum and C. noctigama are shown. 

Forr both preparations three phases can be distinguished. In the absence of 

thylakoidss (phase I) the decrease in log enrichment was rather slow. Addition of 

thylakoidd membranes caused an initial rapid decrease (phase II ) which lasted 

onlyy about 30 seconds. It was followed by a slow change nearly comparable with 

thee curve before the addition of thylakoids (phase III) . According to Silverman et 

al.. (1976), phase I is attributed to a non-catalyzed (spontaneous) chemical 

reaction,, phase II is the result of intravesicular CA activity and phase II I is 

causedd by non-catalyzed chemical reactions and extravesicular CA activity. 

Consequently,, these data indicate that CA is closely associated with thylakoid 

membraness of T. minimum and C. noctigama and that most of it is located within 

thee thylakoids. Note that a higher chlorophyll content was used with thylakoids 

fromm C. noctigama than from to T. minimum, indicating lower levels of thylakoid-

associatedd CA in the former cells. 

Too study the localization of the thylakoid-associated CA in more detail, we 

decidedd to separate various components of thylakoid membranes. Gel 

electrophoresiss of thylakoid membranes from high-Ci cells of T. minimum and C. 

noctigamanoctigama under mild denaturing conditions resulted in a number of bands (Fig. 

2A)) consisting of the complexes of the photosynthetic apparatus (Sukenik et al. 

1987).. Staining of the gel with coomassie blue did not reveal more bands, 

indicatingg that we had only isolated the different parts of the photosynthetic 

apparatus.. The second, fourth, fift h and seventh band were cut out of the gel and 

analyzedd by 77 K fluorescence spectra (Fig. 3). The second band showed a 

fluorescencee maximum at 714 nm and another minor peak at 682 nm which is 

typicall  of PSI (Marquadt and Rehm 1995). Band four and five had a maximum at 

aroundd 680 nm and a small shoulder between the range of 690-700 nm which 

weree reported to be characteristic for PSII (Satoh 1980). In addition, 77K 

fluorescencee analysis of band 7 showed spectra typical for LHC (Marquadt and 

Rehmm 1995). Different subunits of the various parts of the photosynthetic 

apparatuss were also identified by antibodies raised against RC I, for PSI, RCII 

forr PSII and a polyclonal antibody against LHCn (data not shown, Sukenik et al. 

1987). . 
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Fig.. 1 Changes in the log enrichment , 80 in absence and presence of isolated 
thylakoidss from low-Ci cells of T. minimum and C. noctigama. Chlorophyll 
contentt was 20 ug/ml, T. minimum, and 30 ug/ml, C. noctigama. For a better 
comparisonn the spontaneous decline in the log enrichment has been 
extrapolated d 

Eachh isolated band from the mild detergent gel was tested for CA activity. 

Whenn the activities in total thylakoid extracts were compared, CA activity was 

foundd to be generally lower in C. noctigama than in T. minimum (Tab. 1) which is 

consistentt with the data obtained from Fig. 1. The results showed that for both 

speciess CA activity was mainly associated with the PSII fraction where 55% (T. 

minimum)minimum) and 40% (C. noctigama) could be detected. For both species less than 

20%% of the total CA activity was recovered in the LHC fraction while PSI and free 

pigments,, which consist of pigments not bound to any of the photosynthesis 

complexess but which are attached to proteins dissociated from the photosynthesis 

complexes,, retained only minor proportions of CA activity. The dominant 

associationn of CAH3 with PSII was also confirmed by Western Blot analysis of 

thee mild detergent gel using a CAH3 antibody (Fig. 4). CAH3 binding was 

confinedd to the PSII region of T. minimum while of C. noctigama both PSII and 

59 9 



Chapterr 4 

A A B B 
11 -

33 l 

4 4 

66 -

77 -
88 -

— * ~ ~ 

— * --

—+*--

9*-9*-

>* >* 
>

c c 

Fig.. 2 A-C Mil d detergent gel obtained from thylakoid membranes of high-Ci 
cellss from Tetraedron minimum (A), Chlamydomonas noctigama (B) and 
Coomassiee stained mild detergent gel from high-Ci cells of Chlamydomonas 
noctigamanoctigama (C). The bands are labeled from the top to the bottom by increasing 
numbers s 

Fig.. 3 Fluorescence spectra at 77K obtained of various bands extracted from 
thee mild detergent from both high-Ci cells from Tetraedron minimum and 
ChlamydomonasChlamydomonas noctigama. The bands 2, 5 and 7 corresponds to PSI, PSII and 
LHCC as indicated in parentheses, respectively. Labeling of the bands is 
equivalentt to Fig. 2 
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Fig.. 4 A,B Imrauno blot of a mild detergent gel from T.minimum (A) and 
C.noctigamaC.noctigama (B). Thylakoid preparations were separated on a mild detergent 
gell  as shown in Fig. 2 and polypeptides were subsequently transferred on a 
nitrocellulosee membrane. The immuno signals were obtained by probing the 
membranee with anti CAH3. Note that the top band showing the most intense 
signall  corresponds to PSII in both algae. For a better comparison the 
identifiedd protein complexes (Figs. 2, 3) are indicated on the right 

LHCC exhibited an immuno reaction. The total signal obtained in T. minimum 

wass stronger than the signal obtained in C. noctigama. The various bands from 

thee mild detergent gel (Fig. 2) were cut out and analyzed by 7.5% SDS-PAGE 

electrophoresiss and Western Blot analysis (Fig. 5). As shown for T. minimum, 

thee CAH3 antibody showed an immuno signal in the lane obtained from the PSII 

bandd (no. 5), while the antibody showed no cross reaction with polypeptides from 

thee other bands (data not shown). When using the thylakoid preparation directly 

forr Western blot analysis, a much stronger reaction, in the same part of the gel, 

couldd be seen in both algae (data not shown). This can be explained by assuming 

thatt during each step of the isolation procedure for thylakoids protein is lost. 
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B B 

Figg 5 A,B SDS-PAGE obtained from the bands of the mild detergent gel from 
TetraedronTetraedron minimum (A). The bands were cut out of the mild detergent gel, 
incubatedd with 10% SDS heated to 70°C and put on top of a 7.5% SDS gel. Lane 
MW,, molecular weight markers in kDa. Lane 1-8 are numbered corresponding 
too the bands from Fig. 2. (B) Western blot obtained from a 7.5% SDS-PAGE from 
thee PSII fraction obtained from a mild detergent gel from Tetraedron minimum 
incubatedd with antibodies against CAH3. The arrow indicates the labeled band 

Tablee 1 Activit y measurements of CA in total thylakoid preparations and excised 
bandss 2, 5, 7 and 8 from high-Ci cells of Tetraedron minimum and 
ChlamydomonasChlamydomonas noctigama. For each fraction the absolute activities are shown, 
thee numbers in parentheses represent the relative activities as compared to the 
totall  extract which was applied to the gel. The activity of the total extract was 
measuredd in the same detergent concentrations as the bands. The results are the 
meann values of at least 3 separate measurements with SD smaller than 12%. The 
photosyntheticc components to which the bands correspond are indicated (see also 
Fig.. 2). 

/ / 

Total l 

Bandd 2 (PSI) 

Bandd 5 (PSII) 

Bandd 7 (LHC) 
Bandd 8 (Free pigments) 

CAA activity (units/fraction) 

TetraedronTetraedron minimum Chlamydomonas noctigama 

1588 (100) 

3.5(2.2) ) 

86.88 (55) 

30.11 (19) 
3.7(2.3) ) 

866 (100) 

9.5(11) ) 

34.22 (40) 

16.0(18.6) ) 

2.66 (3.0) 
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Too determine the isoelectric point of the CA, thylakoid membrane extracts of T. 

minimumminimum were analyzed on a mono-P anion exchange column. The column was 

washedd and proteins were eluted by applying a pH gradient, from pH 7.0 to pH 

4.00 (Fig. 6A). Fractions were freeze dried, resuspended in 50 \d HaO and 

subjectedd to dot blotting (Fig. 6B). Fractions 27 to 32 gave positive immuno 

signalss with anti CAH3, indicating an isoelectric point between pH 5.4 to 4.8. 

Similarr results were obtained with C. noctigama (data not shown). 

Fig.. 6 A,B Elution profile from pH 7.0 to pH 4.0 (upper curve) of a mono-P 

columnn which was loaded with isolated thylakoid membrane from high-Ci cells 

off  Tetraedron minimum (A). The protein content was measured 

photometricallyy at 280 nm (lower curve in relative absorbance units (AU)). 

Indicatedd are the fractions collected which gave a positive signal with the 

CAH33 antibody in a dot blot. (B) Dot blot from the fractions obtained from the 

mono-PP column incubated with antibodies against the thylakoid CA. The 

numberss indicate the fractions indicated in Fig. 6A 
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Discussion n 

Thee results obtained from the 77 K fluorescence spectra of the fractions obtained 

byy gel electrophoresis under mild-detergent conditions, and SDS-PAGE of these 

fractions,, clearly indicated that this method resulted in the separation of the two 

photosystemss and LHC. The isolation and subsequent electrophoresis of the 

thylakoidss apparently did not destroy the complexes, allowing detailed study of 

theirr composition. SDS-PAGE of the fractions showed that all the different parts 

off  the complexes were present. There were some minor bands in the mild-

denaturingg gel, which consisted of components from both photosystems, 

indicatingg a contamination in these bands. We could demonstrate that there were 

somee slight differences in the composition of each of the complexes of the 

photosyntheticc apparatus between T. minimum and C. noctigama (Fig. 2) which 

couldd be due to species variations. 

Inn this study the localization of the thylakoid CA was investigated by activity 

measurementss and by using a specific antibody, CAH3 (Tab. 1; Figs. 2, 4). The 

thylakoidd CA did not react with antibodies against periplasmic, mitochondrial or 

bovinee CA (data not shown). Using soluble proteins only we could not detect any 

cross-reactionn with CAH3, neither did we see any cross-re actions when using 

isolatedd cell membrane (data not shown). Both facts indicate to specific binding of 

thee CAH3 to thylakoid CA in both algae used in this study. Both approaches 

revealedd that most of the CAH3 was located in the PSII complex in both T. 

minimumminimum and C. noctigama. The fact that C. noctigama contained relatively less 

CAA activity within PSII may indicate either species variations with respect to the 

distributionn of CAH3, or a different chemical association with PSII resulting in a 

differentt release from PSII during the extraction procedure. The dominant 

localizationn of the CAH3 in PSII in T. minimum and C. noctigama is consistent 

withh earlier studies from C. reinhardtii (Park et al. 1999). In addition to PSII 

associationn of CAH3 we presented evidence that CAH3 is located to the lumen 

sidee of PSII (Fig. 1). 

Masss spectrometric measurements of thylakoid CA activity show a biphasic 

decreasee in log enrichment after the addition of thylakoids. Similar slopes have 

beenn obtained with red blood cells (Silverman et al. 1976, Silverman 1982), cells 

andd protoplasts from eukaryotic algae (Tu et al. 1986; Sültemeyer et al. 1990, 

1995;; Palmqvist et al. 1994; Amoroso et al. 1996), isolated chloroplast from green 

algaee (Amoroso et al. 1996) and CA-loaded plasma membranes from C. 
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reinhardtiireinhardtii (Sültemeyer and Rinast 1996). The rapid decline in log enrichment 

duringg phase II (Fig. 1) is caused by the loss of label from dissolved C02 which 

diffusess into the lumen space where its 180 label is exchanged to 160 due to CA 

locatedd within the lumen. Interestingly, the slope of phase II I is very similar to 

thee spontaneous decline of log enrichment (phase I) indicating that basically no 

CAA activity occurs at the surface of the thylakoids from both T. minimum and C. 

noetigama.noetigama. Consequently, the mass spectrometric measurement of CA activity in 

thylakoidd preparations are the most direct evidence for the almost exclusive 

presencee of CA activity in the lumen. This conclusion is supported by the 

publishedd sequence of CAH3 from C. reinhardtii which contains signal domains 

thatt would target the protein to the thylakoid lumen side (Karlsson et al. 1998). 

AA possible localization within the lumen may also be inferred from the rather 

acidd isoelectrical point of the thylakoid CA from T. minimum and C. noetigama 

(Fig.. 6), because thylakoids may reach pH values of around 5 during 

illumination.. However, the latter conclusion should be taken with care because 

fromm the predicted amino acid sequence an isoelectric point of 9.05 is calculated 

forr CAH3 from C. reinhardtii (Karlsson et al. 1998). 

Thee physiological function of the luminal CA within the CCM remains 

unknown.. The possibility that it catalyses the formation of CO2 from HCO3- using 

lightt accumulated protons has been suggested earlier (Pronina and Borodin 1993) 

andd was theoretically supported recently (Raven 1997). According to these 

models,, HCCV is transported into the lumen during illumination and converted 

too CO2 which diffuses out of the lumen where it serves as the substrate for 

Rubisco,, thus making the luminal CA the final and most important step within 

thee CCM of micro-algae. Studies using fluorescence techniques on whole cells 

appearr to support this model (Park et al. 1998; Park et al 1999). In contrast, we 

weree unable to detect the predicted light dependent HCO3- uptake and CO2 

evolutionn by mass spectrometric analysis of thylakoid preparations from C. 

reinhardtiireinhardtii although the thylakoids exhibited high rates of coupled (to ATP 

formation)) electron flow (van Hunnik and Sültemeyer, unpublished results). This 

couldd indicate that CAH3 might be involved in the eukaryotic CCM in other ways 

thann predicted by the models of Pronina (Pronina & Borodin 1993) and Raven 

(1997), , 
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Thee close association of CAH3 with PSII may also allow speculation about an 

alternativee function of this enzyme. The protein may be involved in the 

regulationn of electron flow either by controlling PSII activity, protonation of 

plastoquinonee or adjusting a H+ gradient (Stemler 1997; Moskovin et al. 2000). 

Supportt for this hypothesis comes from the observation that even high-Ci-grown 

cellss of C. reinhardtii possess luminal CA, although the CCM in these cells is 

completelyy suppressed (Badger et al. 1980; Karlsson et al. 1995; Sültemeyer et al. 

1995;; Amoroso et al. 1996). In addition, luminal CA activity has also been 

reportedd for higher C3 plants like pea (Vaklinova et al. 1982; Moskovin et al. 

2000),, which also lack a CCM. These facts indicate that luminal CA may be 

involvedd in other processes than CCM. 
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Abst ract t 

Inn order to understand the function of the lumen carbonic anhydrase which is 

boundd to photosystem II at the luminal side of the thylakoids in chloroplasts of 

eukaryoticc algae, thylakoids were isolated from chloroplasts of Tetraedron 

minimum,minimum, Chlamydomonas noctigama, the cell-wall less mutant C. reinhardtii 

CW155 and a C. reinhardtii CW 15/CIA3 which lacks the lumen CA. The isolated 

thylakoidss produced oxygen on illumination and exhibited electron flow between 

PSIII  and PSI, indicating that the thylakoids were intact, and the photosynthetic 

apparatuss were functional. We could not detect any uptake of HCO:r nor efflux of 

CO22 from the thylakoids upon illumination, making it improbable that the CA 

presentt in the lumen of the thylakoids would play a role in furnishing CO2 for 

Rubisco.. We were able to determine ATP production upon illumination in isolated 

thylakoids.. Under high-Ci (5 mM), all species showed significant amounts of ATP 

beingg produced. Under low-Ci (200 uM), we could not detect ATP from C. 

reinhardtiireinhardtii CW15/CIA3 upon illumination. This mutant was not able to survive 

moree then 4 hours of low-Ci in culture. We therefore suggest that the lumen CA 

iss not involved in the CCM but might play a role in the formation of a proton 

gradientt across the thylakoid membranes. 

Abbreviations:Abbreviations: AZA = acetazolamide, CA = carbonic anhydrase, CCM = CO2 

Concentratingg Mechanism, Ci = inorganic carbon (CO2 + HCO3), PSI = 

photosystemm (I), PSII = photosystem (II) , PSI = photosystem (I), ATP = adenosine 

tri-phosphate e 
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Introduction n 

Aquaticc photosynthetic micro-organisms have developed means to optimise their 

Cii  uptake, in response to varying external Ci levels. This results in intracellular 

CO22 concentrations many times higher than the extracellular concentration. In 

thee chloroplast the concentration of CO2 might be as high as 3-10 mM (Coleman 

1991;; Sültemeyer et al 1998; Rawat and Moroney 1995; Giordano et al. 1997; 

Amorosoo et al. 1998). The function of this CO2 Concentrating Mechanism (CCM) 

iss to ensure that the CO2 binding site of Rubisco is supplied with sufficient CO2 to 

alloww efficient CO2 fixation even at low CO2 concentrations in the surrounding 

aquaticc environment (Badger et al. 1980; Badger et al. 1998; Kaplan and 

Reinholdd 1999; Raven 1997). To regulate CO2 uptake, a close interaction between 

Cii  transport systems, both in the cell membrane and in the chloroplast 

membrane,, and carbonic anhydrases (CA) is required (Badger and Price 1994; 

Bonfill  et al. 1998; Klughammer et al. 1999; Sültemeyer et al. 1993; Sültemeyer et 

al.. 1998). A final step of the CCM is to supply Rubisco with CO2. Rubisco is, 

however,, located on the stroma side of the thylakoids in an alkaline surrounding 

wheree the equilibrium between CO2 and HCO3' is at the bicarbonate side. 

Inn a previous study we showed that there is a CA located in the lumen side of 

thee thylakoids, associated with photosystem II (van Hunnik et al 2000). A model 

suggestedd by Pronina & Borodin (1993) shows a HCO3" transporter located near 

PSII,, pumping the bicarbonate into the lumen were the CA would dehydrate it to 

CO2.. This CO2 would diffuse out of the thylakoids, supplying Rubisco with 

enoughh CO2 to keep it activated and to allow the fixation of CO2 (Pierce 1982). 

Otherr authors envisage another role for the lumen CA. They suggest that it is 

necessaryy to supply PSII with bicarbonate to either activate it by binding in 

HCO3"" pockets inside PSII, or to assist in the generation of the proton gradient 

overr the thylakoid membrane (van Rensen et al. 1999; Jursinic and Stemler 

1992). . 

I nn this study we try to elucidate the function of this lumen CA. The green alga 

TetraedronTetraedron minimum was found to have a high affinity for HCO3" (van Hunnik et 

all  2000), while Chlamydomonas spp. have a preference to CO2 (eg. Amoroso et al. 

1998).. We studied the potential difference in lumen CA function between these 

species.. We supply evidence showing that the lumen CA is not involved in the 

CCM.. No CO2 efflux out of the lumen could be detected, nor could we detect the 

activee uptake of HCO3". Rather we show an involvement of the lumen CA in 

oxygenn evolution and ATP synthesis. We suggest this CA is involved in 

generatingg the proton gradient over the thylakoid membrane. 
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Materialss and methods 

AlgalAlgal strains and culture conditions. Chlamydomonas noctigama (no. 33.72) 

(formerlyy C. monoica) and Tetraedron minimum (no. 44.81) were obtained from 

thee Sammlung von Algenkulturen, Universitat Góttingen, Germany. Cells were 

grownn in batch cultures in Kates and Jones medium at 20°C under continuous 

lightt of 225 umol photons nv2 s1 (Kates and Jones 1964). Cultures were bubbled 

withh air (low-Ci cells) or air containing 5% COa (high-Ci cells) Chlamydomonas 

reinhardtiireinhardtii CW 15 and CW15 CIA3 were grown in HSM medium at 20°C and 225 

uEE (Sueoka 1960). 

IsolationIsolation of thylakoid membranes. Cells were harvested at the end of the 

exponentiall  growth phase and broken by potter homogenisation in a Tris-glycine 

bufferr (6.2 mM Tris, 48 mM glycine, pH 7.8) containing 0.3 M sucrose until a 

finalfinal yield of >80% of broken to unbroken algal cells was obtained. Thylakoid 

membraness were prepared as previously described (Sukenik et al. 1987) and the 

photosyntheticc complexes were isolated as described by Sukenik et al. (1992). 

Contaminationn of the thylakoid preparation was checked by measuring activities 

off  a marker enzyme for cytosol (phosphoenol pyruvate carboxylase) and 

mitochondriaa (succinate dehydrogenase) according to Amoroso et al. (1998). In 

addition,, possible contamination by periplasmic CA, which occurs in C. 

rwctigama,rwctigama, was checked with antibodies raised against this CA, CAHl.The 

markerr enzyme measurements revealed less than 2% contamination by cytosol 

andd mitochondria while no indications for the presence of periplasmic CA were 

obtainedd in isolated thylakoids (data not shown). 

MeasurementsMeasurements of CA activity. CA activity was measured by mass spectrometry by 

monitoringg l sO depletion from doubly labeled CO2 (13C180s) at 30°C in a buffer 

containingg 25 mM KCL, 1 mM MgCl2, 0.3 M Sucrose, 30 mM HEPES/KOH, 30 

mM,, pH 8.0. No detergent was added. The 180 exchange was analysed with a 

quartoo pole mass spectrometer (MSD 5970, Hewlett Packard, Waldbronn, 

Germany)) as described by Sültemeyer and Rinast 1996. Changes of the signals 

m/zz = 45 03Ci6O2), m/z = 47 (i^C^O^O) and m/z = 49 PC*802) were recorded and 

calculatedd as log enrichment = log ((49)*100)/(45+47+49) according to Amoroso et 

al.. 1996. This technique allows the detection of compartimented CA (eg. CA 

withinn thylakoids) without destroying the membrane structure (Silverman et al. 

1976;; Silverman 1982) and has been applied to examine internal CA activity in 

intactt cells and chloroplasts (Palmqvist et al. 1994; Sültemeyer et al. 1990, 1995; 
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Amorosoo et al. 1996) as well as in isolated plasma membranes (Sültemeyer and 

Rinastt 1996). 

MassMass spectrometric gas exchange measurements. Gas exchange measurements 

weree performed in a thermostatted reaction chamber connected to a mass 

spectrometerr via a semipermeable membrane inlet system (Fock and Sültemeyer 

1989;; Sültemeyer et al. 1993; Amoroso et al. 1998). Isolated thylakoids were 

dilutedd to a final concentration of 30 to 50 |i.g of Chi ml1 in assay medium 

containingg 25 mM KCL, 1 mM MgCl2) 150 mM Mannitol, 30 mM HEPES/KOH, 

300 mM, pH 8.0. Before each measurement isolated thylakoids were kept in the 

darkk at 30°C for 15 min. To all assys 10 uM AZA-Dextran was added to inhibit 

extra-thylakoidd CA Rates of net O2 evolution, net HCO3" and CO2 uptake during 

steady-statee photosynthesis were estimated from simultaneous measurements of 

changess in the concentrations of O2 (m/z = 32) and CO2 (m/z = 44) using the 

equationss developed by Badger et al. (1994). Rates of linear electron flow were 

estimatedd from the simultaneous measurements of changes in the concentrations 

off  18Os (m/z = 36), mÖ2 (m/z = 32) and CO2 (m/z = 44) as described by Sültemeyer 

andd Rinast (1996). 

ATPATP measurements. Isolated thylakoids were incubated in a 10ml cuvette various 

amountss of Ci, illuminated with 500 uE cnr2 sec1 for 30 min. at 25°C. After 

illumination,, a 1 ml. aliquot was taken from the cuvette and checked for ATP 

synthesis.. ATP was measured with NADPH as product as described by 

Passonneauu and Lowry, 1993. 

ProteinProtein electrophoresis and immunoblotting. Proteins were separated with SDS-

PAGEE described previously (Leammli 1970). The proteins were detected by 

stainingg the gel with coomassie blue R 350 (Pharmacia). Immunoblotting was 

preformedd as described by the protocol from Bio Rad Laboratories. The antibody 

againstt the large subunit of Rubisco was a kind gift of Dr. A. Livne (The National 

Institutee of Oceanography, Haifa, Israel). 
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Resul ts s 

Isolatedd thylakoids of T. minimum, C. noctigama, C. reinhardtii CW15 and C. 

reinhardtiireinhardtii CW15/CIA3 were tested for the ability to produce oxygen in the 

presencee and absence of Ci. Two different Ci concentrations were tested, 200 uM 

andd 5 mM Ci (Fig. 1). With both Ci concentrations the isolated thylakoids were 

ablee to produce oxygen in the light, the oxygen production being slightly higher 

whenn the thylakoids were supplied with 5 mM Ci. In C. reinhardtii CW15/CIA3 

thee production of O2 was somewhat lower than in the other species after addition 

off  5 mM Ci (Table 1). In this mutant, however, addition of only 200 uM Ci 

resultedd in an oxygen production which was more then 50% lower as compared 

withh thylakoids incubated with 5 mM Ci, suggesting that CA plays a role in 

regulatingg photosynthetic electron transport. In all isolated thylakoids oxygen 

productionn was stimulated by adding the electron acceptors of PSI, NADP+ and 

l,l-dimethyl-4,4-dipyridinium-chloridee (methylviologen). No oxygen production 

couldd be observed when 1,5-diphenylcarbazide, an electron donor of PSII was 

added.. The addition of 6-ethoxyzolamid (EZA), an inhibitor of the internal CA, 

T.T. minimum 

U U 

C.C. noctigama C. reinhardtii C. reinhardtii 
CWW 15 CW 15 CIA3 

== § 
IT,IT, <N 

.__ u 

ir)) r^ 

.__ u 

IT)) C-l 

.__ u 

Fig.. 1: Oxygen production in isolated thylakoids from Tetraedron minimum, 
ChlamydomonasChlamydomonas noctigama, Chlamydomonas reinhardtii CW15 and 
ChlamydomonasChlamydomonas reinhardtii CW 15/CIA3, supplied with both 5 mM- and 200 LlM 
inorganicc carbon 
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Tablee 1: O2 production in isolated thylakoids of different algal species supplied with 200 
HMM and 5 mM Ci with or without addition of carbonic anydrase (CA), 6-ethoxyzolamide 
(EZA),, NADP+, m ethyl viologen (MV) and diphenylcarbazide (DPC) 

noo Ci 

2000 nM Ci 

200uMCii  + lOuMCA 

2000 uM Ci + 5 uM EZA 

2000 uM Ci + 20 nM NADP+ 

2000 uM Ci + 20 uM MV 

2000 uM Ci + 20 uM DPC 

5 m M Ci i 

5 m M Cii  + 10uMCA 

55 mM Ci + 5 uM EZA 

55 mM Ci + 20 uM NADP+ 

55 mM Ci + 20 uM MV 

55 mM Ci + 20 uM DPC 

C.C. reiiihardtii 
CW15 5 

2.94 4 

3.02 2 

3.37 7 

2.13 3 

3.50 0 

3.46 6 

0 0 

3.98 8 

4.05 5 

3.68 8 

4.41 1 

4.27 7 

0 0 

C.C. reiiihardtii 
CW15/CIA3 3 

C.C. iwctigama 

nmoll  (Vug Chl/min 

0.89 9 

1.09 9 

1.24 4 

0.87 7 

1.29 9 

1.41 1 

0 0 

3.10 0 

3.16 6 

2.33 3 

3.67 7 

3.58 8 

0 0 

3.05 5 

3.18 8 

3.31 1 

2.27 7 

4.02 2 

3.87 7 

0 0 

3.71 1 

3.90 0 

3.32 2 

4.08 8 

4.01 1 

0 0 

T.T. minimum 

3.06 6 

3.29 9 

3.33 3 

2.15 5 

3.48 8 

3.46 6 

0 0 

4.08 8 

4.24 4 

3.56 6 

4.51 1 

4.36 6 

0 0 

showedd a minor decrease in O2 production, especially when using 200 ^M Ci 

(Tablee 1). No detectable efflux of CO2 from the thylakoids of any of the species 

testedd could be observed (Fig. 2), either with 200 |iM or 5 mM Ci. Neither did 

additionn of methylviologen (MV) or NADP+ result in CO2 efflux. No uptake of 

HCO3"" into the isolated thylakoids could be detected, either in the dark or upon 

illuminationn (Fig. 3). Addition of external CA had no effect on either uptake of 

HCO3'' or efflux of CO2 although a minor increase of oxygen production could be 

observedd (Table 1). 

Usingg antibody studies of Western blots from SDS-PAGE preparations of the 

isolatedd thylakoids, we could not detect the presence of Rubisco (data not shown), 

whichh is in line with the fact that no CO2 was taken up. 

Thee ability of the isolated thylakoids to produce ATP was investigated by 
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0.255 \iM O. 

100 minutes 

Fig.. 2: Photosynthetic oxygen evolut ion and CO2 uptake in isolated thylakoids 
fromm low-Ci cells of Tetraedron minimum. Thylakoids were kept in the dark, 
thee samples was flushed with N2 to el iminate all 16C>2, the light was turned on as 
indicatedd by the arrow. Indicated are the changes of 1 60 and CO2 

Tablee 2: ATP production in isolated thylakoids of different algal species supplied with no, 
2000 uM and 5 mM Ci 

noo Ci 

2000 uM Ci 

55 mM Ci 

C.C. reinhardtii 
CW15 5 

3.32 2 

4.12 2 

6.65 5 

C.C. reinhardtii C. noctigama 
CW15/CIA3 3 

nMM ATP/^ig Chi/ min 

0.000 2.37 

0.0011 3.35 

7.999 7.91 

T.T. minimum 

3.72 2 

4.53 3 

7.83 3 
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Fig.. 2: Changes in the log enrichment 180 in absence and presence of isolated 

thylakoidss from low-Ci cells of T. minimum. After addition the thylakoids were 

keptt in the dark. The light was turned on as indicated by the arrow 

incubationn without Ci. After illumination, a 1 ml aliquot was checked for ATP 

synthesis.. Subsequently 200 fiM Ci was added and the thylakoids were 

illuminatedd again and another 1ml sample was taken. Then, the Ci concentration 

wass increased to 5 mM followed by illumination. To see whether 200 (iM Ci 

treatmentt had resulted in the induction of CA, isolated thylakoids were supplied 

withh 5 mM without the pretreatment with 200 pJVI Ci. No significant difference 

couldd be seen in the amount of ATP produced with thylakoids which did not 

receivee this pretreatment. All species showed roughly the same amount of ATP 

synthesiss when supplied with 5 mM Ci, and between 40 and 60% of this amount 

whenn supplied with 200 (iM. The great exception, however, was C. reinhardtii 

CWW 15/CIA3. In this strain no ATP could be detected when incubated with 200 

|iMM Ci. (Table 2). All species, with the exception of C. reinhardtii CW15/CIA3, 

weree also able to produce ATP, although less, even in the absence of Ci (Table 2). 

Sincee C. reinhardtii CW15/CIA3 also produced less oxygen, it seems that this 

strainn is defective in the control of photosynthetic electron transport, and that 

thee availability of Ci is essential for proper functioning of this process. 
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Discussion n 

Isolatedd thylakoids from all algal species tested were able to show normal 

electronn flow between PSII and PSI. They were also able to produce oxygen, both 

att 200 jxM and 5 raM Ci. This latter concentration is in the range of C02 

concentrationss in the chloroplast estimated from whole cell pool measurements in 

ChlamydomonasChlamydomonas spp. (Coleman 1991; Sültemeyer et al 1998; Rawat and Moroney 

1995;; Giordano et al. 1997; Amoroso et al 1998). Addition of both NADP+ and 

methylviologenn showed that PSI was able to donate the electrons to an electron 

acceptor,, both endogenous (NADP+) and artificial (methylviologen). Addition of 

1,5-diphenylcarbazide,, an artificial electron donor of PSII, eliminated all oxygen 

evolutionn at PSII, showing that the oxygen being produced by the isolated 

thylakoidss came from the water splitting complex of PSII. 

Inn a previously published model, CO2 is generated for Rubisco by pumping 

HCO3'' into the lumen of the thylakoids where it is dehydrated to CO2, which in 

turnn diffuses out into the stroma where it could serve as a substrate for Rubisco 

(Proninaa and Borodin 1993; Raven 1997). This model was supported by studies 

onn whole cells using fluorescence techniques (Park et al. 1998, 1999). However, 

noo efflux of CO2 could be seen in our studies using isolated thylakoids. Neither 

couldd we see any active uptake of bicarbonate by the thylakoids upon 

illumination.. Because we could not detect any Rubisco connected to the 

thylakoidss we ruled out the possibility that CO2 was fixed by this enzyme and so 

avoidedd being detected by the mass spectrometer. These results indicate that the 

lumenn CA is not involved in supplying Rubisco with CO2 for carbon fixation. This 

iss in accordance with the fact that cells of T. minimum, C. noctigama, and C. 

reinhardtiireinhardtii that have been grown on 5% CO2 possess luminal CA, although the 

CCMM in these cells is completely suppressed (Badger et al 1980; Karlsson et al 

1995;; van Hunnik et al. 2000). Luminal CA activity has also been found in higher 

C33 plants which do not posses a CCM (Vaklinova et al. 1982; Moskovin et al. 

2000),, also indicating that this CA is not involved with the CCM. 

Inn C. reinhardtii CW15/CIA3, which does not posses CA activity in the lumen, 

thee amount of oxygen produced by thylakoids was reduced remarkably when they 

weree incubated with only 200 uM Ci, while normal levels were produce, when 

incubatedd with 5 mM Ci. C. reinhardtii CW15/CIA3 dies in liquid cultures which 

aree not continuously supplied with 5% CO2. After a 4 hour incubation under 

normall  air levels of CO2 in the light, a transfer to 5% CO2 was not able to rescue 

thiss species. This could point to irreparable photodamage to the photosynthetic 

apparatus. . 
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Isolatedd thylakoids of all algae studied were able to produce ATP at 5 mM Ci. 

Theyy showed lower in ATP synthesis when supplied with only 200 uM Ci. In C. 

reinhardtiireinhardtii CW15/CIA3, however, we were not able to detect any ATP at this 

concentration.. This reinforces our idea that there is a problem with the electron 

transportt and/or proton gradient build-up in this mutant at low concentrations of 

Ci. . 

Sincee the luminal CA is closely connected to PSII (Chapter 4) an alternative 

functionn of this enzyme has to be found. The protein may be involved in the 

regulationn of electron flow either by controlling PSII activity, protonation of 

plastochinonee or adjusting the H+ gradient (Stemler 1997; Moskovin et al. 2000). 

PSIII  does have two binding sites for bicarbonate, one on the stroma site and one 

onn the lumen site. The latter one needs to bind bicarbonate in order to fully 

activatee PSII (van Rensen et al. 1999). Since the pH on the lumen side of the 

thylakoidss is about pH = 5 upon illumination, the equilibrium for CO2/HCO3- is 

almostt completely on the CO2 side. The lumen CA might be located near the 

bicarbonatee binding site at PSII, to supply it with HCO;r. An increase of pH (due 

too ATP synthesis) would yield additional HCO3- (catalyzed by the luminal CA) to 

activatee PSII. In this way, electron transport, ATP synthesis and CO2/HCO3-

inter-conversionn can be envisaged as coupled processes, C. reinhardtii 

CW15/CIA33 lacks this lumen CA, and might not be able to supply PSII with 

bicarbonatee under I0W-CO2 conditions. This would then lead to an inability of 

PSIII  to be fully functional, and consequently in its overreduction, and 

photooxidationn and degradation of the Dl protein. 
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Thee uptake of CO2 from the atmosphere is a process that is vital for 

autotrophicc photosynthetic organisms, since this molecule is their only source of 

carbon.. However, the key enzyme in the carbon fixation process, ribulose 

bisphosphatee carboxylase, Rubisco in short, has a low affinity for CO2. This 

enzymee binds CO2 to ribulose-Ps resulting in two molecules of D-glycerate-3-P, 

whichh are used as building blocks for other organic components in the cell. The 

enzymee also has oxygenase activity which becomes predominant when the CO2 

concentrationn is low. I t then binds oxygen instead of CO2 so that net fixation of 

CO22 no longer takes place. Aquatic photosynthetic organisms have an additional 

problemm when compared to terrestrial plants, namely the slow diffusion of CO2 in 

waterr and its hydration to HCCV in alkaline conditions. This limit s the supply of 

CO22 to the cell. 

I tt is presumed that since the time photosynthetic organisms evolved, the CO2 

levell  in the atmosphere gradually decreased to its present level of 0.035%. This 

implicatess that these organisms had to adapt to this lower level of CO2. One of 

thee outcomes of this evolutionary process could be the mechanism, found in 

aquaticc phy top lank ton, to concentrate the CO2 near Rubisco, the so called Carbon 

Concentratingg Mechanism (CCM). It is composed of transporters for the 

inorganicc carbon species C02 and HCO3- (Ci) in the different cellular membranes, 

togetherr with the presence of carbonic anhydrases (CA) which catalyze the 

interconversionn between C02 and HCO3-. The characterization of this CCM is the 

focuss of this thesis. 

Twoo distinct fresh-water algae were used, Tetraedron minimum, an alga which 

livess under slightly alkaline conditions, and a species of Chlamydomonas which 

livess under neutral or weak-acidic conditions, and in which several components of 

thee CCM have already been well studied. Both algal species have a CCM which is 

activatedd after shifting the cells from high (5% CO2 in air) to low (0,035% CO2 in 

air)) Ci levels, and which is turned on in a similar time span of about 4 hours 

(Chapterr 2). This implicates the induced synthesis of an external carbonic 

anhydrasee and high affinity transport systems for both CO2 and HCO3-. 

I tt was found that T. minimum has a preference for bicarbonate, which 

constitutess roughly 70% of the total inorganic carbon taken up. C. noctigama on 

thee other hand, has a higher preference for CO2 which amounts to about 60% of 

thee Ci (Chapter 2). This preference is reflected by the active transport 

mechanismss on both the plasma membrane and the chloroplast membrane level 
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(Chapterr 3). The maximum rate of Ci transport is lower over the chloroplast 

membranee then over the plasma membrane, while the affinity for the different Ci 

speciess is roughly the same, suggesting that the uptake of Ci by the chloroplast is 

thee rate limiting and carbon species determining step in the CCM. This 

preferencee for bicarbonate in the chloroplast, taken together with the presence of 

ann active transport mechanism for both bicarbonate and CO2, may also be the 

reasonn for the high level of non-bound Ci found in T. minimum (Chapter 2). The 

bicarbonatee might be transported into the chloroplast at a higher rate than it is 

metabolized,, so that a reservoir of inorganic carbon is formed. 

Rubiscoo is located on the stroma side of the thylakoids. The pH of the stroma is 

aroundd 8, which would put the equilibrium of CCVHCGr to the bicarbonate side, 

whichh is not the carbon species which Rubisco is able to use. To rationalize this, 

previouss models showed an active pumping of HCO;r into the lumen of the 

thylakoidss by means of a putative HCO3- transporter near photosystem II (PSII). 

Thiss transporter would be coupled to either the electron or proton gradient to 

energizee this transport. The lumen side of the thylakoids is around pH 5 upon 

illumination,, so all the bicarbonate which enters the lumen is dehydrated to CO2 

withh the help of a thylakoid-bound CA. This CO2 would then diffuse out of the 

lumenn into the stroma were Rubisco could use it for carbon fixation. In Chapter 4 

wee show the presence of such a thylakoid-bound CA in both T. minimum and C. 

noctigama,noctigama, closely associated with PSII. This is in accordance with the model. In 

Chapterr 5, however, we show that in isolated thylakoid membranes no CO2 efflux 

norr bicarbonate influx occurs upon illumination. These membranes were found to 

bee intact and able to produce both oxygen and ATP. Since in the models 

formulatedd so far the lumen CA generates the CO2 for Rubisco, one would expect 

ann efflux of CO2 out of the lumen when the thylakoids are Uluminated. There 

was,, however, in isolated thylakoids a correlation between the presence of a 

lumenn CA with the ability to generate ATP. In isolated thylakoids of a C. 

reinhardtiireinhardtii CW15 mutant, which lacks the lumen CA, less oxygen was produced 

comparedd to wild type, and no ATP was generated when supplied with a low 

amountt of Ci. Taken together with the fact that this mutant is not able to grow 

underr low CO2 conditions, this strongly suggests that the lumen CA is involved in 

regulatingg photosynthetic activity, and may not be part of the CCM. PSII has 

bicarbonatee binding sites on both the lumen and the stroma side and it is 

suggestedd that both must be occupied for a fully functional PSII. Since the pH on 

thee lumen site is relatively low, there would be very littl e HCO3" present, if any, 

forr binding to PSII, resulting in a partially active PSII. An increase of pH (due to 
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ATPP synthesis) would yield additional HCO3- (catalyzed by the luminal CA) to 

activatee PSII. In this way electron transport, ATP synthesis and CO2 availability 

cann be envisaged as coupled processes, with the luminal CA playing a central 

role. . 

Thee CO2 concentrating mechanism seems not to be very different in T. minimum 

andd C. iioctigama. Both species have the same components of this mechanism, 

activee transport of inorganic carbon species over both the cell and the chloroplast 

membrane,, coupled with the presence of various carbonic anhydrases, both inside 

andd outside the cells. They all seem to be closely regulated by the amount of Ci 

whichh is available to the cells. Some variations on the common theme were 

observedd between the two species, concerning the type of carbon which is taken 

upp and the speed by which this is done. T. minimum has an active pumping 

mechanismm for bicarbonate, it also has a relatively efficient Rubisco. Under high-

CO22 conditions the active transport of Ci has roughly the same affinity for CO2 as 

Rubiscoo (Chapter 3). So activation of a CCM would not be necessary. However T. 

minimumminimum mainly takes up HCO3", even under high [CO2]. This would result in a 

higherr concentration of Ci around Rubisco than is necessary at high-C02 levels. 

Thiss might result in an increased discrimination of the enzyme for 12C over ,3C, 

resultingg in a change of the 13C/12C ratio. Also under low-Ci conditions, when the 

CCMM in this species is activated including high affinity bicarbonate and CO2 

uptakee mechanisms, the availability of CO2 for Rubisco might be high. I t is 

reasonablee to assume, therefore, that this species has a 13C/12C ratio which is 

quitee different from that of a species which absorbs mainly CO2 and has a less 

efficientt Rubisco, and which at least under high-CC>2 conditions has a more 

limitin gg availability of substrate for Rubisco. This thesis provides a general 

picturee of the CCM in both species, showing all the major components. The 

carbonn uptake seems to be closely associated with the activity of the 

photosyntheticc processes, relating the need for Ci with the energy produced. In 

thiss way it seems likely that the availability of Ci is of great importance, direct or 

indirect,, for other uptake and metabolic processes in the cells. Further studies 

aree necessary to determine the exact regulation of the carbon uptake, and 

especiallyy the way the cell sense the availability of Ci. 
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Inn this thesis we investigated the presence, and role of the CO2 Concentrating 

Mechanismm in two green algae, Tetraedron minimum and Chlamydomonas 

noctigama.noctigama. We started by looking at the uptake of inorganic carbon as a whole by 

intactt cells (Chapter 2). It was found that T. minimum takes up bicarbonate 

preferably,, while C. noctigama has a slight preference for CO2. The bicarbonate 

takenn up by T, minimum is partially used to form a pool of non-bound inorganic 

carbon. . 

Inn Chapter 3 we studied in more detail the different molecular species which are 

takenn up by both intact cells and isolated chloroplasts. We found that the 

preferencee for the different Ci species by the different algae is reflected by the 

naturee of the active transport mechanisms for Ci, both at the cell membrane and 

att the chloroplast membrane level. 

Inn Chapter 4 we show the presence of a carbonic anhydrase which might be 

essentiall  for the final step of the CCM, the supply of CO2 to Rubisco. This enzyme 

iss located in the chloroplast, on the lumen side of the thylakoids. The pH there is 

aroundd 8, resulting in the equilibrium between CO2 and HCO3- being almost 

completelyy at the bicarbonate side. Rubisco, however, can only use CO2 and needs 

aa relatively high concentration of CO2 to be active. Thus active pumping of HCO3-

intoo the thylakoid is required for a lumen CA to convert HCO3- to CO2 which 

mightt diffuse back to Rubisco. In this chapter we report the finding of such a 

lumenn CA closely associated with photosytem II . 

I nn Chapter 5, however, we show that this lumen CA does not play a role in the 

supplyy of CO2 to Rubisco, but appears to play a role in the regulation of 

photosyntheticc electron transport and ATP synthesis. Apparently, the lumen of 

thee thylakoids is not involved in the Ci metabolism. 
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Dee opname van CO2 vanuit de atmosfeer is een proces dat van vitaal 

belangg is voor autotrofe groei van fotosynthetische organismen, aangezien dit 

molecuull  de enige bron van koolstof voor deze organismen is. Het sleutel enzym 

inn de koolstoffixatie, ribulose bisfosfaat carboxylase, oftewel Rubisco, heeft 

echterr een lage affiniteit voor CO2. Dit enzym bindt de CO2 aan ribulose-Pa wat 

resulteertt in twee moleculen D-glyceraat-3-P, die weer gebruikt worden als 

bouwstenenn voor alle organische componenten in de cel. Dit enzym kan echter 

ookk voornamelijk zuurstof binden als de concentratie aan CO2 te laag is, 

waardoorr de netto fixatie van CO2 niet meer plaatsvindt. Fotosynthetische 

organismenn die in het water leven hebben nog een bijkomstig probleem, namelijk 

dee langzame diffusie van CO2 in water, en de omvorming van dit CO2 tot HCO3-

onderr alkalische condities. Dit limiteert de CO2 voorziening van de cel. 

Hett wordt verondersteld dat het percentage aan CO2 in de atmosfeer langzaam 

aann gezonken is tot het huidige niveau van 0,035%, sinds het ontstaan van de 

fotosynthetiserendee organismen. Als gevolg hiervan moesten deze organismen 

zichh aanpassen aan de lagere CO2 concentratie. Een van de gevolgen van deze 

evolutionairee druk is het ontstaan van een mechanisme, in aquatisch 

fytoplankton,fytoplankton, om het aanwezige CO2 in de buurt van Rubisco te concentreren, het 

zogenaamdee Koolstof Concentrerende Mechanisme (CCM). Dit is opgebouwd uit 

transportt mechanismen in de verschillende cellulaire membranen voor de 

verschillendee inorganische koolstof soorten CO2 en HCCV (Ci), samen met 

carbonicc anhydrases (CA) die de interconversie tussen CO2 en HCCV 

katalyseren.. De karakterisering van dit CCM is de focus van dit proefschrift. 

Tweee verschillende zoet water algen zijn voor deze studie gebruikt, Tetraedron 

minimum,minimum, een alg die voornamelijk voorkomt in licht alkalisch water, en 

verschillendee soorten van Chlamydomorias die normaal in licht zure wateren 

voorkomen.. Van deze laatste soort zijn al verschillende componenten van het 

CCMM bestudeerd. Ze hebben een CCM die in een zelfde tijdspanne van 4 uur 

geactiveerdd wordt nadat de cellen omgezet zijn van een hoog (5% CO2 in lucht) 

naarr laag (0,035% C02 in lucht) Ci niveau (Hoofdstuk 3). Als gevolg hiervan 

wordenn externe carbonic anhydrases en transporters met een hoge affiniteit voor 

CO22 en HCO,r aangemaakt. 
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Inn Tetraedron minimum wordt ongeveer 70% van het totaal opgenomen 

inorganischee koolstof opgenomen in de vorm van bicarbonaat. C. noctigama 

neemtt daarentegen het liefst CO2 op, namelijk ongeveer 60% van het totaal 

opgenomenn koolstof (Hoofdstuk 2). Deze voorkeur kan zowel gezien worden op 

hett niveau van de plasma membraan als op het niveau van de chloroplast 

membraann (Hoofdstuk 3). De maximumsnelheid van het transport van Ci is 

kleinerr bij de chloroplast membraan dan bij de plasma membraan. De affiniteit 

voorr Ci is echter ongeveer gelijk. Dit suggereert dat de opname van het Ci in de 

chloroplastt is de limiterende stap is in de opname van Ci. Tevens kan deze 

opnamee bepalend zijn voor het type Ci dat opgenomen wordt door de hele cel 

gedefinieerdd wordt. De voorkeur voor bicarbonaat door de chloroplast samen met 

dee aanwezigheid van een actief opname mechanisme voor zowel bicarbonaat als 

CO22 kan tevens de oorzaak zijn voor de grote hoeveelheid niet gebonden Ci dat 

gevondenn wordt in T. minimum (Hoofdstuk 2). Kennelijk wordt dit bicarbonaat 

snellerr door de chloroplast opgenomen worden dan dat het gefixeerd wordt. Op 

dezee manier ontstaat dan een reservoir van inorganisch koolstof in de cel. 

Rubiscoo is in het stroma van de chloroplast gesitueerd. De pH in het stroma is 

ongeveerr 8, waardoor het evenwicht van CO2/HCO3" aan de bicarbonaat kant ligt. 

Rubiscoo kan echter deze koolstof soort niet opnemen. Om deze schijnbare 

paradoxx te verklaren zijn er modellen geformuleerd waarin bicarbonaat actief in 

hett lumen van de thylakoiden gepompt wordt door een HCO3' transport 

mechanismee dat gekoppeld is aan het fotosysteem II (PSII). Dit transport 

mechanismee kan dan gekoppeld worden aan het elektronen transport of de 

protonenn gradiënt die de energie leveren voor de actieve opname van bicarbonaat 

inn het lumen. De pH aan de lumen kant van de thylakoiden kan bij belichten pH 

55 bedragen, dus alle bicarbonaat dat de lumen binnenkomt wordt omgezet in 

CO2,, gekatalyseerd door een thylakoid gebonden CA. Het zo geproduceerde CO2 

kann dan uit het lumen naar het stroma diffunderen waar Rubisco het zo 

gegenereerdee CO2 kan benutten voor de koolstof fixatie. In Hoofdstuk 4 wordt de 

aanwezigheidd van zo'n thylakoid gebonden CA, geassocieerd met PSII, inderdaad 

aangetoondd in zowel T. minimum als C. noctigama. In Hoofdstuk 5 laten we 

echterr zien dat er geen efflux van CO2 uit geïsoleerde thylakoiden of een opname 

vann bicarbonaat door intacte thylakoiden plaatsvindt, die staat waren om zowel 

zuurstoff  als ATP te produceren. Aangezien in alle tot nu toe gepostuleerde 

modellenn de lumen CA de CO2 voor Rubisco maken, verwacht men een efflux van 

CO22 uit de lumen zodra deze belicht worden. We vonden echter een correlatie 

tussenn de aanwezigheid van de lumen CA en de mogelijkheid voor de productie 
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vann ATP in geïsoleerde thylakoiden. Door thylakoiden geïsoleerd uit de C. 

reinhardtiireinhardtii CW 15 mutant, die geen lumen CA bezit, werd minder zuurstof 

gemaaktt en geen ATP bij lage hoeveelheden van inorganisch koolstof in het 

medium.. Samen met het feit dat de mutant niet onder normale, atmosferische, 

COss concentratie groeien kan, ligt de conclusie voor de hand dat het lumen CA 

betrokkenn is bij de regulatie van de fotosynthese en niet betrokken is bij het 

functionerenn van het CCM. PSII heeft zowel een bindingsplaats voor bicarbonaat 

aann de stroma kant en aan de lumen kant van de thylakoiden, en er wordt 

verondersteldd dat beide plaatsen gevuld moeten zijn om PSII volledig te 

activeren.. Als de pH in het lumen relatief laag is, is er heel weinig, of geen, 

HC03-aanwezig,, dat resulteert in een gedeeltelijk actief PSII. Een stijging van de 

pHH (door ATP synthese) leidt ertoe dat extra HCO3- wordt gevormd (versneld 

doorr de werking van het lumen CA), om PSII volledig te activeren. Op deze 

manierr kan het gehele proces van elektronen transport, ATP synthese en 

aanwezigheidd van CO2 gezien worden als een gekoppeld proces, waarbij de lumen 

CAA een centrale rol speelt. 

Dee opbouw van het Koolstof Concentrerende Mechanisme schijnt niet anders te 

zijnn in T. minimum als in C.noctigama. Beide soorten hebben dezelfde 

onderdelenn van dit mechanisme, een actief opname mechanisme voor de 

inorganischee koolstof soorten over zowel de cel- als over de chloroplast 

membraan,, gekoppeld aan de aanwezigheid, zowel binnen als buiten de cel, van 

carbonicc anhydrases. Deze verschillende onderdelen lijken nauw gereguleerd te 

zijnn met de beschikbaarheid van de hoeveelheid Ci voor de cellen. Er is wat 

variatiee mogelijk met betrekking tot de soort van koolstof die opgenomen wordt 

enn de snelheid waarmee dit gedaan wordt. 

Inn dit proefschrift wordt een algemeen beeld van het CCM bij de verschillende 

soortenn gegeven, waarin alle componenten beschreven worden. De opname van Ci 

iss gekoppeld met de vorming van energie door de cel. Op deze manier is de 

beschikbaarheidd van Ci van zeer groot belang, direct of indirect, voor de 

metabolischee processen in de cel. Verder onderzoek is noodzakelijk om de 

preciezee regulatie van koolstof opname, en dan met name de manier waarop de 

cellenn de beschikbaarheid van Ci voelen, te ontrafelen. 

103 3 



104 4 

-••-..•«daBSEsa. . 



Chapterr 9 

Nawoord d 

105 5 



106 6 



Nawoor d d 

Hett is nooit makkelijk om aan het einde al de mensen te bedanken die hebben 
meegeholpenn aan het tot stand komen van een publicatie en in dit geval een 
proefschrift.. Werken in een lab is nooit iets wat je alleen doet, het is altijd een 
samenwerking. . 

Laatt ik maar bij het begin beginnen. Ik ben direct na de middelbare school op de 

universiteitt terechtgekomen, na een mislukt jaar natuurkunde ben ik dan maar 

biologiee gaan studeren aan de Vrije Universiteit. Op de middelbare school had ik al 

gemerktt dat ik een affiniteit had met biologie. Hetzelfde op de universiteit, ik vroeg 

mee alleen de hele tijd af waarom we steeds met dat groene spul moesten werken. 

Tijdenss mijn laatste stage ben ik dan bij de afdeling Plantenfysiologie aan de VU 

terechtgekomen,, ik heb daar met de heer Korthout samengewerkt, koffie gedronken, 

FPLCC verplaatst, nog meer koffie gedronken, GTP-bio gemaakt, koffie gedronken en 

uiteindelijkk iedere woensdag in de Stelling beland. Ik moet zeggen dat ik in deze tijd 

tochh iets geleerd heb voor de rest van mijn "lableven", koffie drinken. Bedankt Henrie. 

Tijdenss het werk van dit proefschrift ben ik weer eens bij, nu, Dr. Korthout beland, en 

ondankss het gebrek aan koffie bij TNO heb je me toch weer goed geholpen. Hierna 

kreegg ik een baan in Vila Real, Portugal. Het was een hele omschakeiing, maar ik 

hebb er veel van geleerd. Na iets meer dan een jaar wijn en Portugese koffie drinken, 

heerlijkk eten en lekker weer (in de zomer) kwam ik weer terug in Nederland. Daar 

kreegg ik niet direct een baan in de wetenschap. 

Ditt proefschrift was er nooit gekomen zonder Anneke Wagner. Ik was als vrijwilliger 

aann het werk met wilde dieren opvang, toen jij zei dat ik Herman van den Ende maar 

eenss op moest bellen. Dat heb ik gedaan en een week of twee later was ik dan OIO 

geworden,, een hele verassing. Dit brengt mij dan ook direct naar Herman. Bedankt 

voorr het vertrouwen dat je in mij had om mij aan te nemen. Ik was al een tijdje niet 

meerr actief in een lab aan het werk geweest en toch kreeg ik de baan. Natuurlijk 

moett ik daar ook Jan de Leeuw voor bedanken, aangezien het een project van jullie 

tweee was. Verder moet ik Herman bedanken voor de mogelijkheden die je mij 

gegevenn had om de contacten die ik opgedaan had verder uit te breiden, en mij de 

mogelijkheid,, onder andere finacieel, te geven om in andere labs te werken, of dat nu 

inn Texel, Groningen, Madrid, Kaiserslautern of Roeterseiland was. 

Ikk wil tevens de mensen van Plantenfysiologie van de UvA bedanken voor de tijd 

diee ik daar met jullie heb doorgebracht. Speciaal Alan Musgrave voor het 

doorsprekenn van al de films die in de bioscoop waren en het vertellen van, soms toch 

heell Engelse, moppen. En natuurlijk John "next slide, please focus!" van Himbergen, 

alss hoofd van het RA lab zag je toe dat ik daar toch een paar vreemde experimenten 
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konn uitvoeren. Verder natuurlijk Piet van Egmond, altijd weer leuk om over 

ruimtevaart,, astronomie en Star trek spellen te praten. En voor al je hulp met de 

fiets(en),, zonder deze hulp ging ik nu iedere keer met de bus. En natuurlijk al de 

anderee mensen van de Anna's Hoeve met wie ik contact had wil hierbij bedanken. 

Dann kom ik denk ik toch ai snel bij Elly Spijkerman. Je sleurde me mee naar 

Roeterseilandd {waar veel interessant werk gedaan is o.a. in de Roeter!), naar de 

molenn {alhoewel je daar toch niet zo hard hoefde te sleuren) en naar het veld {waar 

jee me, heel naïef van je, een bijl gaf, de gevlogen zijn bekent!). Verder was het altijd 

interessantt met je in het lab. 

Ikk heb net al Roeterseiland genoemd, en dan kom ik onmiddellijk bij Ernesto Garcia 

Mendoza.. Well what can I say, you gave me some interesting ideas, and always a 

reasonn to conduct some experiments, like eating the Mario burger. Thanks, I hope 

thatt we will continue to do some work together. Verder natuurlijk de andere mensen 

vann de afdeling microbiologie. 

Voordatt ik nu verder ga naar Duitsland moet ik eerst Alex Livne en Susana 

bedanken.. Well Alex it was very nice to have you around in the lab. You showed me 

quitee some things which helped me to continue my work. I also would like to thank 

youu for the discussions we had, in the end they always helped. Thanks. 

Hett laatste gedeelte van mijn promotie heb ik in het lab van Dieter Sültemeyer in 

Kaiserslauternn uitgevoerd. Ich bedanke mich dann auch für deine einiadung urn am 

Masss spec zwei Monate etwas zu messen. Aus zwei sind jetzt bereits schon 14 

geworden.. Ohne deine Hilfe war ich Heute nicht so weit, danke Bruce! Und ich hoffe 

dasss wir im Zukunft nocht ofter zusammen arbeiten werden. 

Hierbeii moechte ich auch Herr Prof. Fock bedanken um mich zu helfen urn im 

Kaiserslauternn zu bleiben. Und auch Gaby, ich weiss dass es nicht einfach war um 

deinn schreibtisch neben meiner zu haben, danke für alles. Und dann den Rest von 

Laborr Fock, danke es war schoen! 

Undd dann der Rest von Bau 22, wass kan mann da noch etwas zu schreiben. Ein 

Hollanderr der standig herum rennt, ich denke dass war ganz schoen hard! Aber 

dankee für alles. Carmen und Christoph, etwas war immer eine herausforderung im 

Saariander/Pfalzerinn koflikt! Nicole, es hat mich ser viel spass gemacht um mit dir an 

dasss ATP-bio zu arbeiten. Es wird Funktionieren! Und dann ist da noch der Luxi. 

Dankee Marc, dass herumschleppen vom Zip hat mich am Ende doch noch etwas 

gebracht!! Und an al die ich hier nicht mit Namen gênant habe, ein Buch zu drucken 

istt verdammt teuer, dass ist ein Grund dass ich euch nicht mit Namen ganant habe 

(undd weill ich ganz slecht Deutsch schreibe!). 

Alss afsluiting wil ik iedereen bedanken die ik niet genoemd heb en die het wel 

verdientt hebben. Het was een interesante tijd, maar alles heeft zo zijn einde. 
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