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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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Chapterr 3 

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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Chapterr 3 

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 

44 4 
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Discuss ion 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 Chi 1 h 1 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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