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AA possible role for lumen carbonic anhydrase 

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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Chapterr 5 

Introductio n 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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AA possible role for lumen carbonic anhydrase 

Material ss 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: Photosynthet ic oxygen evolut ion and CO2 uptake in isolated thylakoid s 
fro mm low-Ci cells of Tetraedron minimum. Thylakoid s were kept in the dark , 
th ee samples was f lushed wi t h N2 to el iminate all  16C>2, the l ight 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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