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The product of the chloroplast ycf10 gene has been
localized in the inner chloroplast envelope membrane
(Sasaki et al., 1993) and found to display sequence
homology with the cyanobacterial CotA product which
is altered in mutants defective in CQ transport and
proton extrusion (Katoh et al, 1996a,b). In Chlamy-
domonas reinhardtij ycf10, located between thepsbl
and atpH genes, encodes a putative hydrophobic protein
of 500 residues, which is considerably larger than its
higher plant homologue because of a long insertion
that separates the conserved N and C termini. Using
biolistic transformation, we have disrupted ycf10 with
the chloroplast aadA expression cassette and examined
the phenotype of the homoplasmic transformants.
These were found to grow both photoheterotrophically
and photoautotrophically under low light, thereby
revealing that the Ycf10 product is not essential for
the photosynthetic reactions. However, under high light
these transformants did not grow photoautotrophically
and barely photoheterotrophically. The increased light
sensitivity of the transformants appears to result from
a limitation in photochemical energy utilization and/or
dissipation which correlates with a greatly diminished
photosynthetic response to exogenous (GO +
HCO3"), especially under conditions where the chloro-
plast inorganic carbon transport system is not induced.
Mass spectrometric measurements with either whole
cells or isolated chloroplasts from the transformants
revealed that the CO, and HCO3;™ uptake systems have
a reduced affinity for their substrates. The results
suggest the existence of acflO-dependent system
within the plastid envelope which promotes efficient
inorganic carbon (Ci) uptake into chloroplasts.
Keywords Chlamydomonas reinhardtii/CQuptake/light
sensitivity/mass-spectrometygf10

Introduction

of many open reading frames of unknown function (for
review, see Reardon and Price, 1995). Those that are
conserved in algae and in higher and lower plants have
been designategcf for ‘hypothetical chloroplast open
reading frame’. Theycfl0 gene codes for a putative
polypeptide of 229-231 amino acids. This ORF was
located upstream gietA(encoding apo-cytochrontg in
tobacco (Shinozaket al, 1986), rice (Hiratsukat al,
1989) andMarchantia (Ohyamaet al, 1986). In pea,
ycfl0 has been shown to be cotranscribed wjbtA
(Willey and Gray, 1990; Nagaret al., 1991). The putative
ycf10 product was first called HBP (for Heme-Binding
Protein) because of a short region of homology, around a
conserved histidine residue, to the heme-binding domain
of two cytochromeb polypeptides (Willey and Gray,
1990). The Ycfl0 product was immuno-localized in the
inner membrane of the pea chloroplast envelope (Sasaki
et al, 1993; Gray, 1996). Accordinglycfl0was renamed
cemA(chloroplast envelope membrane).

Cyanobacterial mutants affected in g@ansport have
been shown to contain mutations within thetA gene
which displays significant sequence identity yofl0
(Katoh et al, 1996a). More recently a role for the
cotA product in light-induced proton extrusion has been
proposed (Katoket al,, 1996b). This raises the possibility
that Ycfl0 may have a role in GOassimilation. To
overcome the low affinity of ribulose 1,5-bisphosphate
carboxylase (Rubisco) for its substrate, £ Qreen algae
like Chlamydomonas reinhardtiiave developed a carbon
concentrating mechanism (CCM) which elevates the, CO
concentration available to Rubisco in order to favour the
carboxylation reaction at the expense of the oxygenase
reaction (Badger and Price, 1994). Perhaps the most
important components of the CCM are carbonic anhydrase
and the transport systems for inorganic carbon (Ci). It has
been shown that wild-type cells @.reinhardtii have the
capacity to utilize both C@and HCQ~ for photosynthesis
(Moroney et al, 1985; Williams and Turpin, 1987,
Sutemeyeret al, 1991; Palmqvistet al, 1994). Peri-
plasmic carbonic anhydrase facilitates £ayuisition as
it rapidly converts HC@ to CO, which in turn is then
taken up by the cells (Badger and Price, 1994). Besides
the presence of external carbonic anhydrase, the presence
of different intracellular isozymes has been demonstrated
in mitochondria and chloroplasts (Badger and Price, 1994;
Husic and Marcus, 1994; Amorost al, 1996; Eriksson
etal, 1996). These enzymes are induced 4- to 10-fold when
cells are cultivated under limiting GOconcentrations.
However, their exact physiological role is unknown. A
cytosolic carbonic anhydrase has been proposed
(Sutemeyeret al, 1991; Badger and Price, 1994) but its
presence has not yet been conclusively demonstrated. In

The complete DNA sequences of a dozen plastid genomesaddition, a Ci transporter in the chloroplast envelope is
have been determined and they have revealed the existencalso induced in cells grown in high-salt-minimum (HSM)
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medium with air, but not in cells grown in Tris-acetate-
phosphate (TAP) medium or in HSM medium with €O
enriched air (Moroneyet al., 1987; Siltemeyeret al,
1988). However, it is not known which Ci species is
transported into the plastid.

To gain further insights into the function @tf1Q we
have disrupted this chloroplast gen&dreinhardtii, using
biolistic transformation. Here we show that the Ycfl0
product is not essential for cell viability and photosynthetic
function, provided cells are grown under low light. How-
ever, theycfl0deficient mutants are very sensitive to high
light, a property which cannot be related to altered
chlorophyll, carotenoid or quinone metabolism. Instead,
it appears to be a consequence of a limitation in photo-
chemical energy utilization and/or dissipation which cor-
relates with a decrease in G@ependent photosynthesis
and a reduced affinity of the GOand HCQ~ uptake
systems for their substrates.

Results

Localization and unusual structure of the ycf10

gene of C.reinhardtii

Using aycfl0tobacco probe, we mappgdf10by Southern
hybridization on the adjacent chloropl&toRI fragments
R7 and R8 ofC.reinhardtii betweenrbcL-atpA-psbland
atpH (cf. Figure 3). While still associated with other
photosynthetic genes, thefl0 gene ofC.reinhardtii is
found in a different region of the chloroplast genome as
compared with higher plants. This result is not surprising,

which domains 2, 3 and 5 (indicated by black boxes in
Figure 2A) are predicted to be transmembrane segments
(Persson and Argos, 1994; Resal.,, 1995). InC.reinhard-
tii and M.polymorphathe CR1 regions (68 amino acids)
are 50% identical and 54% similar and the CR2 regions
(138 amino acids) are 44% identical and 60% similar.
Comparison of 10 known Ycf10 protein sequences reveals
poor conservation: 3% identity (11% similarity) for CR1
and 14% identity (22% similarity) for CR2 (Figure 2B).
Besides the reported homology between Ycfl0 and the
CotA gene product fronBynechocystis sfg803 (37%
sequence identity, 59% sequence similarity; Kagolal,
1996a), we found that another gene fr@gynechocystis
(accession number sll1685) encodes a protein related to
Ycfl0 (23% sequence identity, 48% sequence similarity,
Figure 2B).

The chloroplast ycf10 gene is not required for cell
viability

To investigate the function ofcf10in C.reinhardtii, this
ORF was disrupted independently at two unique sites
(Ndd within the CR1 domain ané&cadRl within the CR2
domain, cf. Figures 1 and 3) with theadA expression
cassette (Goldschmidt-Clermont, 1991). Since this cassette
contains thebcL 3’ end which is known to exert a polar
effect on transcription and/or RNA accumulation of the
downstream region, it was inserted in the antisense direc-
tion at the two sites indicated relative to the transcription
of ycflQ The corresponding constructs were introduced
into a wild-type strain ofC.reinhardtii using biolistic

due to the considerable variation in chloroplast genome transformation and selecting for spectinomycin resistance.

organization inC.reinhardtii compared with land plants
(see Boudreaet al, 1994).
The chloroplast DNA region containingcfl0 was

In transformants 2D and 13A thaadA cassette was
inserted at th&coRl andNdd sites ofycf1Q respectively.
Hybridization of Psi-digested DNA of transformant 2D

sequenced and the deduced amino acid sequence of thaith an aadA probe revealed as expected a 6.8 kbp

Ycfl0 product is shown in Figure 1. Thecf10 open

fragment (Figure 4A). However, further analysis of this

reading frame is oriented in the same direction as the transformant revealed loss afpA psbland part ofycf10

upstreamatpA and psbl genes and the downstreaatpH
gene (cf Figure 3). The putativeycf10 ATG initiation

(Figure 4A and data not shown). This deletion was created
through homologous recombination between thel®L

codon is preceded by a 40 nucleotide sequence which isend of theaadA cassette and the authenti¢ ®cL end

highly AT rich (93%) and which lacks any apparent
ribosome binding site. However, only 40% of chloroplast

which are oriented in the same direction 6 kbp apart
(Figure 3, data not shown). A similar deletion also

genes examined contain a potential Shine—-Dalgarnooccurred in transformant 13A in which additional DNA

seguence within the 15 nucleotides upstream of the initi-
ation codon (Bonham-Smith and Bourque, 1989).

The C.reinhardtii ycf10open reading frame encodes a
putative polypeptide of 500 amino acids with a molecular
weight of 57 818, which greatly exceeds the size of
its higher plant homologues usually consisting of ~230
residues. The size of Ycfl0 dflarchantia polymorpha
(ORF 434) is closer to that dof.reinhardtii. The Ycf10

rearrangements were observed (Figure 4A). Since the
homoplasmic transformant 2D was still able to grow on
a medium containing acetate (dfigure 5), it can be
concluded that the entire chloroplast DNA region between
rbcL andycfl0is not essential for cell viability.

To avoid chloroplast DNA rearrangements, another
cassette in whictaadAis driven by the promoter and 5
untranslated region opsbD, but lacking a chloroplast

protein can be divided into several domains based on itstermination or processing site, was used for transformation.

seguence conservation@reinhardtii M.polymorpheaand
higher plants. The N-terminal 80 amino acid region (1IS1
in Figure 2) is very basic irC.reinhardtii and followed
by a 45 amino acid region, CRO, partially conserved
betweenC.reinhardtii and M.polymorpha(45% sequence
identity and 60% sequence similarity). This N-terminal
domain is absent from Ycfl0 in higher plants. The two

Transformants T1 and N3-1 were obtained with the cassette
inserted at thé=coRl site in the same orientation §sf10
(Figure 3). Transformants T2 and T3 had the cassette
inserted at théNdd site in the same and opposite orient-
ation asycf1Q respectively (Figure 3). As shown in Figure
4B hybridization of theycf10 probe toHindlll digested
DNA vyields a 1.72 kbp fragment in the wild type. The

conserved regions, CR1 and CR2 are separated by a poorlycorresponding fragments of the transformants are 2.45

conserved domain, 1S2, which is considerably larger in
C.reinhardtii (150 residues, Figure 2). Regions IS1, CR1
and CR2 together contain five hydrophobic domains of
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(T1) and 2.62 kbp (T2 and T3) as expected from a
homologous recombination event at thedRl and Ndd
sites (including the 0.17 kbgcoRI-Hindlll deletion in



ycf10 from Chlamydomonas reinhardtii

AAGCTTGATAACATTTGGCTATATAAATATCCGTGAAGCGCTTAAAAATTATATAATCGAAATCATTAACTTAAAGTTAAGACTAATAAG 90
CTTAGCCACGGGAAACGCCATTTTATAAATAAACCAAATACCCTTTATTTAAACCCGCTTCTTTAAATTTAAATGCATTTTGACAAGGGT 180
CCTAGCATAGTTACTTGTAAGTTTAAAGATTGTGTTGTATCGATTTCGACACATTCATATAACTTTCTTTTTTTTATTTCAAAATTTTTT 270

TTTTCAATTATTTTATGTATACATTCATATATTTTAAAAATCCTAAACATTTTAACTTGTCACAACCAAGTCGATGTACAGCGCAACCCT 360 ycflO

M Yy T F I Y F K N P K H F N L S Q P S R C T A Q P F 26

. . . . . . . . . ISl
TTATTTCAACAAGAAATAGACCATTATCTTGCCCTATACCTACCGTGCAACCAATTTACGTAACTCATGGTATAATTTTACCCATTTTAA 450
I s TRNU RU®PUL S CU®PTIPTV Q®P I Y V T HGTITITIL P I L K 56
AAGGAACTTTAATTTCCCAAAGAGGTGTAAATATTGTTCCATTTGTGAGTAAACGTGATAGTAGTTATTATACAGATAAAGATAAAGTAG | 540
G T L I S Q R GV N I V P F V S K RD S S Y Y T DX DK V V 86

- 0 0 T T - - T ! . CRO
TTTCAATTACTTATGAAGAAATCGGATTATTTCCACGTTCATTTAGCCGTGTCTTAGATCGTTTTTTAAAACAACTTTTTTCAGATGTAG | 630
s I T Y E E I G L F P R S F S 116
ATAATCTTGTTATTCAAGAATATCGTTTTTATCGTTATTTATTT pe, 720
F I B 146

810 NdeI
176
900

S H 8§ H H Q T 206

CTCATCGTGACAGTAAACCGTTACGAGAAAATGGGATTTATTTTCCTGACGGCGAATTTCTAGATAATGCTAATTTGTTATCAACACCTC 990
H R D S K P L R EN G I ¥ F P D G E F L DN AN L L S T P R 236

GTAGTATAAACTCAAATACCTTTCTAAAGCAGAATATAGATATTTCTCTGCGTGAGGAAAAACCATTAACGCTTGTACAAGGTGTAAATC 1080
S I N s N T F L K Q N I D I 8§ L R E E K P L T L V Q G V N L 266

Is2

TCCTGGAAGAGAAAAAAGAGTTAAATATTCCTTTAGCGCAAGAAAATATAGCATATAACAACCAATCAATCCCACAAACTTCCTTTGGAC 1170
L E E K K E L N I P L A Q E N I A Y NN Q S I P Q T S F G Q 296

AAGGGAACTTTAGTAGTTTGTTCACAGGGGATCGCGAAGGTGAAGAAACAGCAAAACAAAATCTTTTATCACAGCGTGTTATTGGTGCAA 1260
G N F §$ § L F T G DR E G E E T AU K Q N L L S Q R V I G A N 326

ACTTGCGACAAATTTATTTACCTTCCGCAGAGGGTGAAATGTTGCCATCAATAAGGGGTTCTTTAGATTCTATCAAAAATAAAGATATTT 1350
L R Q I ¥ L P S A E G E M L P s I R G S L D S I K N K D I s 356

1440
386

1530
416

1620
446

1710 |EcoRI
476

1800
500

\ : , . . @ . =
GTTTCAATAGAAGCTTTTCAAGTTATTTTGACTTATACCATGTATTGACCAACACTTAAATGCATTTCTACAAAGGATATACTTTAAATG 1890

GGAATCCTTTCGGATAAAACATATTATGACCGTATAATGTTTTTCCACCATTGAAACAACCAAAGAATATAATATTCTTTGGTTGTTATC 1980

GATTTTATTGATTCATTAGGAGGAAATACAATGAACCCTATCGTAGCTGCAACTTCTGTTGTATCTGCTGGTCTTGCTGTTGGTTTAGCT 2070 atpH
M N P I V A A T S V V S A G L A V G L A 20

GCTATTGGTCCTGGTATGGGTCAAGGTACTGCTGCTGGTTATGCAGTTGAAGGTATTGCTCGTCAACCTGAAGCTGAAGGTAAAATCCGT 2160

A I G P G M G Q G T AAG Y AV E G I A R Q P E A E G K I R 50
GGTGCGCTTTTATTAAGTTTCGCTTTCATGGAATCTTTAACAATTTACGGTCTAGTTGTTGCTTTAGCACTTCTATTCGCTAACCCATTC 2250
G A L L L §$ F A F M E S L TTI Y G L V V AL ATULTLF A N P F 80
GCTGGTTAATTTTAAATTTACATGTTGTAAA 2281
A G * 82

Fig. 1. Nucleotide sequence of theflOregion of the chloroplast DNA of.reinhardtii Theycfl0andatpH DNA and the deduced amino acid

sequences are shown. For Ycfl0, the amino acids are numbered from the first putative initiating methionine. The two additional in-frame sequences
IS1 and IS2 are indicated as well as the more conserved domains CRO, CR1 and CR2. A 16 nucleotide inverted repe#t Oratipélintergenic

region is marked with arrows. The accession number of this sequence in the DDBJ/EMBL/GenBank nucleotide sequence database is X90559.

T1), respectively. Although thgcflOandatpH genes are Il and the cytochromé6f complex are not significantly

oriented in the same direction and separated by only 223 affected in these mutants (data not shown).

bp, disruption ofycfl0 did not significantly affect the The growth pattern of the/cfl0 transformants was

level of atpH mRNA (data not shown). compared with several control strains including wild type,
Fud50, a mutant lackingatpB, a control strain (Ct)

The chloroplast ycf10 gene is not essential for the containing theaadAcassette in a region of the chloroplast

photosynthetic reactions genome which does not encode any essential or photosyn-

Fluorescence transients of six independently generatedthetic gene and the transformant 2D with a deletion of
ycfl0::aadAtransformants were undistinguishable from ycflQ psbl and atpA (see above). These strains were
those of wild type, thus indicating that photosystem | and tested under photoheterotrophic conditions (TAP medium),
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and photoautotrophic conditions (HSM medium) under
high (90uE/m?/s) or dim light (3UE/m?/s) in the presence

or absence of spectinomycin (Figure 5). As expected, the
control transformant (Ct) grew under all conditions tested,
and the wild-type and Fud50 strains did not grow on
spectinomycin plates. Fud50 and strain 2D were unable
to grow on HSM medium and their growth was impaired in
high light on TAP medium because of their photosensitivity
(Figure 5), due to the lack of ATP synthase (Woessner
et al, 1982). The transformants T1, T2 and T3 grew as
fast as wild type and the control strain on TAP medium
in dim light. On HSM medium in dim light the growth
patterns of the transformants were the same as for wild
type, although growth was considerably slower than on
TAP medium. Hence no essential photosynthetic function
is affected in the transformants lacking functiogaf1Q

Loss of ycf10 leads to increased light sensitivity

On TAP medium in high light (QQE/m?/s) growth of the
ycfl0 mutants was considerably impaired as compared
with wild type and the control strain Ct in the presence
of spectinomycin (Figure 5). These mutants appeared to
be even more photosensitive than the ATP synthase
lacking mutant Fud50. Growth of thgcf10 mutants was
undetectable on HSM medium in high light (Figure 5).
Interestingly, the ability of the/cf10 mutants to grow in
HSM medium in high light was partially restored in the
presence of spectinomycin.

Since carotenoid deficiency is known to confer light
sensitivity, the carotenoid and chlorophyll content of wild-
type and theycfl0deficient mutants were determined and
compared. No significant difference was detected for wild-
type cells grown in dim light or grown in dim light and
transferred to high light for 24 h (Table ). Furthermore,
we observed no significant difference in carotenoid com-
position between wild-type and mutant cells grown in dim
light. This observation appears to rule out a direct role of

the ycfl0 gene product in the carotenoid biosynthetic
pathway.

However, upon transfer to high light, the carotenoid
composition was markedly modified in tlyef10 mutants
(Table 1). a- and pB-carotene were reduced two-fold and
lutein was increased-2-fold in the mutants. Other pig-
ments were observed in mutant cells that were undetectable
in wild-type cells grown under the same conditions. In
particular one of the major pigments accumulating in high
light was identified as zeaxanthin, a pigment directly
involved in energy dissipation. Evidence has been pre-
sented that one major pathway for zeaxanthin synthesis
occurs through hydroxylation d3-carotene vig3-crypt-
oxanthin (Demmig-Adams, 1990). The 50% reduction of
[B-carotene in the mutant cells (Table 1) could be directly
correlated to the accumulation of zeaxanthin. The latter
was not detectable in wild-type cells grown under the
same conditions. It is an excess of light, and not high
light per se that induces the increased accumulation of
zeaxanthin (for review see Demmig-Adams, 1990). These
results suggest that disruptionyaff10lowers the threshold
level of light perceived as excessive. However, similar
changes in carotenoid composition upon exposure to high
light as observed for thgcflGdeficient strains were also
found in FuD50, a mutant strain that is light-sensitive
because it lacks ATP synthase (data not shown).

The quinone (phylloquinone, plastoquinone and
a-tocopherol) content was not found to be affected in the
mutants when compared with wild-type cells (hot shown),
thus excluding a role for thgcf10product in the biosyn-
thesis or regulation of these compounds.

Loss of ycf10 strongly limits the apparent
photosynthetic affinity for Ci when mutant cells

have reached the CO, compensation point

A significant sequence homology has been noticed between
Ycfl0 and the cyanobacterial CotA protein which has

A Amino acids
100 200
LNLINLINL I L I L
3 - 3
;] i
17 - 1 Hydropathy
PS:’: :‘1’ index
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100 200
200 500
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B
M DKKL* ** R HW*

S2 MLPDKKLGSPNHRFHHWL 18
si M~-D--LTNWWQGATQWF 14
Mp M---KK-NFSYWRIFHHI 14
Co R * SLE*A**SA *I IEK YF GKKI*P*S R* T YF * L KI * *

Cr MYTFIYFKNPKHFNLSQPSRCTAQPFISTRNRP 33
$52 VRQAIAALDNAQVSAQAIESIEKTYFDGGKIAPDSQRG-VNTYNYFKSTLERELLKIKFNLARFNATNLLN- 88

S1 GRSSQKSLEQAFRSALKIKEIEDQYFQGKKIGPENCDYSADTVTYFANQIQRHLRKIEQEIYHLNSDQEFVK 86
Mp FALPYCSLEKAYKASKRIQKIKKDYFLYKNILFSSKRSWQSILFYIDTELNNSVFKIYLSLLEYKLSLWLIQ 86

Co * * * * I * K I * K* *
cr VNIVPFVSKRDSS--- 77
$2 -----NSEDFQITEAEIIVKLDATEKIIAKYR---=—====—=m—=——m=oommmem FSEDLVEVDS-- 123

51 ILSLDPAVKQDPQTEYVLNQLQFIDDILQRYDGELPQVSPPKQIANGGVLDLPAITANKQRQINKKRRDGFQ 158
Mp LFLIFSLFFKRKNSKFDLILPNINEKKKKRKINRKLAWIR---ATLNDLESWRRYYLFSSFLSLDKKEKNNFS 155

co * E pxg * * >, * * * R * * )
Cr YYTDKD--KVVSITYEEIGLFPRSFSRVLDRFLKQLFS---DVDNLVIQEYRFYRYLFLTTIKTIFILFFVP 144
S2 ———mmmmm—— QSSAEINNISPK-RSN-FFNIQRDLSAQ--D-EQKILONLRNLRLQRRIATRFLIVLIFIP 179

S1 YIRREDTQQKVDTATQKSGVLPRSFLRTIDRLKREMDPQSSDTEQKVLKQYRNSRYKTALSIKFVLTLIIVP 230
Mp FLOMKSS-RLTAIAYESIGLVPRSITRTFSRFKAELTNQSS---SLVLKEFRLAKYQALASLQYIGCLFFIP 223
Pp MKYWNLKRTNQSTFEKVGPIPRSITNTFEKFRKELDPN-GES--EATEEFRLSRHQTITSVKYIFLLLISP 68

Pt MDPIPHSITRTLSRFRTELTS- - -ESGSLATHELEVSEYKASASLRYLACLVVLE 52
Zm A MKKRKALPSFLYLVFIVLLP 20
Ps MAKKKAFIPLLCLTSIVFLP 20
sb MTKKKTFIPLLYLTSIVFLP 20
Nt MAKKKAFTPLFYLASIVFLP 20
co *x EE *x

Cr FLVNFAAKNYIVKPITEYFWNTSHPEIFLNSYEQ--KRAFVELAKFEEKIYFETLVESHSHHQTHRDSKPLR 214
S2 LTVQILTKNLVFAPLVQHFRVDIVAWEKIHYQEETIEHYFEEFARYKETLEIKQLLSENQP--LNQEKIHQE 249
S1 LLAHQLTKTFFLLPSVESFFERNSEVVFINQSME--TEAYEELSHFEESLRFRELLGFGEK--LSPEAKEEK 298
Mp LGVSFFFQKCFLEPWIQNWWNIYQSQIFLTSFQE--EKALKKLQEIEELFWLDKVMTYSSNK-IQLODLTKE 292
Pp VLVNQASKFFDFGPCIDYLWNQEQPKIFINSSQE--ERAFAELQRFEEKTHFEVLLNPSGN~-ISYEIIEKR 136
Pt WVIPISLRKG-LEPWVTNWWNTVKSQKIFDYLQE--QNALGRFEKIEELFLLERMVEDSLG--THSQSIRIE 119
Zm WGVSFSFNKC-LELWIKNWWNTRQSETFLTDIQE--KRILEGFIELEELFLLDEMIKEKPK--THVQKLPIG 87
Ps WCISFTFKKS-LESWITHWYNTKESEIFLNTIQE--KSILKKFLEFEELFLLDEMLKEYPE--TRLONLRIE 87
Sb  WCISFTFKKS-LESWFIDWWNTRQSEIFLNDIKE--KSILKKFIEFEELFFLDDMLKECPE--THLQNLRTG 87
Nt WWISFSVNKC-LESWVTNWWNTGQSEIFLNNIQE--KSLLEKFIELEELLFLDEMIKEYSE--THLEEFGIG 87

CO * * L ‘kv * K * * % * E * L D* K‘kF I*L TD

Cr YQEKTIELATYYNNHSIEAITNFFADLLSLFTLLYLLITLEIQINITKSFLLEVFFGLDDSKKSLLILLITD 430
S2 LKKKAEELIRQAATNSQQGIVNLLADIAGLVAFVVLIIVFRGKSIITQQYLSQSFLALNDITKVFIFILLTD 321
S1 LAEKAKEISESYRRVSTNAIANIFADIFSLVAFSLVLVNSQREIEVLKEFIDEIVYGLSDSAKAFLIILFTD 370
Mp IHQQTIELVQIYNNDSIKIVLHLLTDLIWFITLSCLFILGKERLVILNSWAQELFYSLSDTMKAFFILLLTD 364
Pp VQLKARELCEYYANESANAVKNILSDILSIAVFILLMITGQRQISIVKSFLNEIIYGLSDTAKAFLIILFTD 208
Pt IHKETIQLVEMYNEDCIQIISHLLTNLIGFAFISAYIILGKNKLAITINSWIQEFFYSLSDTMKAFLILLATD 191
7Zm THKEIIQLAKIDNEDHLHIILHFSTNIICLAILSGSFFLGKEELVILNSWVQEFFYNLNDSIKAFFILLVTD 159
Ps IYKETIQLIQTNNQDHIHTILHFCTNIICFLILSVYSIRGNQELIILNSWVQEFLYNLSDTIKAFSILFLIE 159
Sb  IYKETIQLIKTHNEDRMNTILHFSTNIICFFILSGYSILGNQELVLINSLVREFIYNLSDTIKAFSILLLTD 1592
Nt TIHKETIQLIKIQNENRIHTILHFSTNIICFIILSGYSILGNEKLVILNSWAQEFLYNLSDTVKAFSILLLTD 159

Co *G*HS* GWE*** G **% py*LD** KY IF N Sp*V Y *

Cr LLVGYHSSNLWELFFEFIFNHYGIPESQTGIFLLVATLPVLLDVLFKYLIFRHLNRSSPATVATYQAIIE-- 500
S2 MFVGFHSAHGWEVVLENLTSHFGLPENRHAVYIFIATVPVFLDSLFKLLIFNYFTRQSPTSVAILEKMQQ-- 391
S1 MFVGFHSPHGWEVILASIARHFGLPENQDFNFLFIATFPVILDTVFKYWIFRYLNSISPSAVATYRNMNE-~- 440
Mp LCIGFHSPHGWEIVISSCLEHFGFVHNKHVISCFVSTFPVILDTVFKYLIFRHLNRISPSIVATYHTMNE-- 434
Pp MFVGFHSPHGWEVIIEVILRHLGLPESRDFIFLFISTFPVILDTIFKYWIFRYLNQVSPSAVATYHNMNE-- 278
Pt LCIGFHSPHGWELMIDSISESYGFAHNERIISGLVSTFPVILDTILKYWIFRRFNRISPSLVVIYHSMNE-- 261

7Zm FFVGFHSTRGWELLIRWVYNNLGWAPNELIFTIFVCSFPVILDTCLKFWVFFCLNRLSPSLVVIYHSISEA- 230
Ps FCVGYHSTCGWELMIGSVYKDFGFIPNDHIISFLVSILPAILDTIFKYWIFRYLNRVSPSLVLIYDSIPFQE 231

Sb  LCIGFHSTHGWELVIGFVYKDFGFAQNDQIISGLVSTFPVILDTILKYWIFRYLNRVSPSLVVIYHSMND-- 229
Nt LCTIGFHSPHGWELMIGSIYKDFGFVHNDQIISGLVSTFPVILDTIFKYWIFRYLNRLSPSLVVIYHSMND-- 229
———

Fig. 2. Comparative analysis of the structure of Ycfl0@feinhardtii cyanobacteria and plants. @, reinhardtii; S1 (slr1596) CotASynechocystis
sp.PCC 6803 (Katotet al,, 1996a); S2 (sll1168pynechocystis sfpCC 6803; MpM.polymorpha(Ohyamaet al., 1986); Pp,Porphyra purpurea

(Reith and Munholland, 1995); PRinus thunbergiiWakasugiet al, 1994); Zm,Zea maygMaier et al, 1995); Sb, soybean (N.Nielsen, 1995,

Swissprot P49160); NfNlicotiana tabacun{Shinozakiet al,, 1986); OsOryza sativum(Hiratsukaet al, 1989) and PsPisum sativun{Willey and

Gray, 1990). A) Diagram displaying the regions of homology between @heeinhardtii and plant proteins. Gray regions (CRO, CRI and CR2)

represent conserved domains. White regions are less conserved (IS1 and 1S2). Black boxes correspond to hypothetical membrane-associated helices
(Persson and Argos, 1994; Radtal, 1995), open boxes correspond to hydrophobic domains. Hydropathy plots (Kyte and Doolittle, 1982) are
shown for pea (Willey and Gray, 1990) a@reinhardtii (span-length of nine amino acidsB)(Sequence comparison of the Ycfl10 proteins. Letters

or asterisks on the consensus line (CO) indicate identical or functionally similar amino acids with one possible mismatch according to the following
grouping: ILMV; ASPTG; NQ; DE; KRH; FYW and C. Dashes represent gaps introduced to maximize similarity. Numbers refer to the last amino
acid of the regions shown. The putative membrane associated helices are underlined. The open wedge indicates the non-conserved his residue
proposed to be involved in heme binding (Willey and Gray, 1990). The position of the initiator met of CotA (S1) proposed bgtkati¢h996a)

is indicated by a closed wedge.
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Fig. 3. Disruptions of theycfl0gene ofC.reinhardtii. The map of the region of the chloroplast genome contaiaipdf, ycf1Q psbl atpAandrbcL

is shown. Except forbcL transcription of the other genes proceeds from right to left. Thea®a@A cassettes used fecf10disruption,

5’ atpA-aadA 3'rbcL and 8 psbD-aadA were inserted in the orientations shown. The transformants obtained with the corresponding constructs are
indicated in the legend of Figure 4.

been shown to be required for GQ@ptake and proton
extrusion (Katoket al,, 1996a,b) thus raising the question
whether Ycf10 may may be involved in G@ssimilation.
Several mutants of.reinhardtii affected in this process
have been shown to be light-sensitive (Spreitzer and Mets
1981; Spreitzer and Ogren, 1983a).

wild type. Figure 6B shows the results obtained when the
cells were pregrown in TAP medium in the dark. Under
these conditions, the efficiency for inorganic carbon trans-
port was diminished and the wild-type cells had a lower

,photosynthetic affinity for Ci. While the rate of light-

induced Q evolution in wild-type cells increased as Ci

To test whether the apparent photosynthetic affinity for was added, no corresponding increase was observed in
CO, is affected in theycflGdeficient mutants, cells the T1 mutant cells even when the concentration of the
from wild type and the T1 mutant were grown either in exogenous Ci exceeded 100 times the normal level of Ci
HSM medium in dim light or in TAP medium in the dark.  (Figure 6B). It should be noted that while, @volution
Cells were then collected and resuspended in 10 mM remained unchanged in the mutant cells after addition of
HEPES pH 7.15 in an illuminated £&lectrode chamber  exogenous Ci, the photosynthetic and respiratory systems
(872 uE/n?/s) for 1.5 h to deplete their internal Ci pool were still functional. Upon addition of 3-(3,4-dichloro-
(‘low Ci’ cells). At this stage cells had reached their CO phenyl)-1,1-dimethylurea (DCMU) the respiration rate of
compensation point (i.e. the concentration of &®which wild-type cells was biphasic with a high initial rate
the CQ fixed by photosynthesis is equal to the £O followed by a slower phase (Figure 6A and B). Only the
released by respiration) which is near zeroGarinhardtii latter was observed with the mutant cells.

(Spaldinget al., 1983b and Figure 6, as deduced from the

O, evolution curves). C@dependent photosynthetic,O  Loss of Ycf10 increases the sensitivity of mutant
evolution of the cells was measured after addition of cells to inhibitors of carbonic anhydrase

increasing amounts of Ci. To test for photoinhibition under The data described above suggest that loss of Ycfl0
these conditions, Fv/Fm fluorescence measurements weraffects the photosynthetic affinity for GOTo further
performed. The T1 mutant was found to be slightly more confirm these observationsC.reinhardtii cells were
photoinhibited than wild type as th&/F,, value decreased treated with ethoxyzolamide (EZ), a membrane-permeable
from 0.77 = 0.02 before, and to 0.3% 0.02 after the inhibitor of extracellular and intracellular carbonic anhyd-
light treatment whereas the corresponding wild-type values rases shown to reduce the apparent photosynthetic affinity
were 0.78* 0.03 and 0.56+ 0.05, respectively. for Ci in C.reinhardtii (Moroneyet al,, 1985).

Figure 6A shows the results obtained with ‘low Ci’ Figure 6D shows the results obtained with cells pre-
cells from wild type and the T1 mutant pregrown in TAP grown in TAP medium in the dark. After reaching the
medium in the dark and transferred for 36 h in HSM in CO,-compensation point, cells were transferred to the
dim light. It can be seen that while the photosynthetic dark. Respiration was active in both wild-type and mutant
affinity for Ci was unaffected in the mutant, G@epend- cells, indicating that the cells did apparently not suffer
ent photosynthetic ©evolution at saturation was signific-  from the previous light regime. Upon return to the light,
atively reduced (by 20%) in the mutant as compared with wild-type cells photosynthesized and quickly reached the
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Fig. 4. Southern analysis of thgcfl0::aadAtransformants.

(A) Transformants 2D and 13A were obtained with tHeafpA

-aadA3' rbcL cassette inserted at thfigeoR]l and Ndd sites,

respectively. Ct is a control transformant in which telA cassette

was inserted neaatpB. Total DNA was digested witfPst and
hybridized with the probeaadA (0.7 kbpNcd-SpH fragment,
corresponding to the coding sequencesadA), ycf10(0.7 kbp
Xba—EcaRI fragment of R7 corresponding to part of thef10coding
regions, residues 226-453) aatpA (1 kbp Pst—EcadRl fragment of

R7 corresponding to an internal portion apA). (B) Transformants

T1, T2 and T3 were obtained with thé psbD-aadAcassette. Total
DNA was digested witiHindlll and hybridized with theycf10 probe.
The 1.7 kbp band corresponds to the wild-type DNA and the 2.5 and
2.6 kbp bands correspond to the transformant DNA after integration of
the aadA cassette in th&coRl (T1 same orientation agcfl0( and

Ndd site (T2, T3, same and opposite orientationya&lQ

respectively).

original CO,-compensation point (Figure 6D). Under the
same conditions, mutant cells were also able to photo-

synthesize although a longer time was needed to reach

the compensation point (Figure 6D). This shows that the
low O, evolution in the T1 mutant observed in Figure 6B
is not due to an inhibition of the primary photosynthetic
reactions. Addition of EZ (Figure 6D) to wild-type cells
altered neither the Cgrompensation point nor the
response to addition of exogenous Ci. In contrast, addition
of EZ to mutant cells (Figure 6D) led to an immediate
reduction of photosynthetic activity that was not relieved
by addition of exogenous Ci.

Similar patterns were obtained with cells pregrown in
HSM medium under dim light (Figure 6C). In this case

ycf10 from Chlamydomonas reinhardtii

WT  Ct FuD50 20 TI T2 T3
wi 0 0 @08
TAP SPEC DL &) ® . . D
TAP SL . . QO @ @
TAP SPEC SL . i . @D M G
HSM DL & A
HSM SPEC DL
HSM SL . .
HSM SPEC SL

[
&
L4

Fig. 5. Growth patterns of thgcflGdeficient transformants.

Equal number of cells were plated either on TAP medium
(photoheterotrophic growth) or on HSM medium (photoautotrophic
growth in the presence or absence of 1&fml spectinomycin; spec).
Plates were photographed after 10 days of growth under strong light
(SL; 90 puE/n/s) or dim light (DL; 3uE/m?/s). HSM plates exposed

to dim light were photographed after 18 days. Controls included cells
from wild type (WT); Ct;T FuD50 lacking ATP synthase and
transformant 2D.

Table I. Pigment composition of wild-type angtfl0-deficient mutant
cells

Wild-type Mutants  Wild-type Mutants

DL DL SL24h SL24h
Chla/Chlb 2.44 2.59 2.42 2.31
Car/Chlatb 0.27 0.26 0.20 0.22
Carotenoid composition (% of total carotenoids):
a- andp-carotene 40.5 42.1 36.5 20.4
Lutein 18.6 15.8 20.0 35.6
Violaxanthin 12.6 11.0 10.0 8.7
Loroxanthin 15.3 13.6 8.4 4.8
Neoxanthin 8.9 10.1 21.0 13.0
Zeaxanthin/Cryptoxant.  n.d. n.d. n.d. 10.0
Others 4.6 4.5 4.2 6.9

Chla/b, chlorophyll a, b; Car, carotenoids. The values presented for the
mutants correspond to the average obtained from the gufd®::aadA
transformants (T1, T2 and T3). The cultures (400 ml) were grown in
dim light (DL; 2 pE/n?/s) until the mid-log phase 210P cells/ml).

Half of the culture was kept in dim light and the other half was
transferred to high light (SL: 9QE/m?/s) for 24 h. n.d., not detected.
Chlorophyll content per ®cells was 4.13.g for wild type and

3.7 + 0.3 g for the three mutants. Carotenoid content pet dells
was 1.01ug for wild type and 1.03+ 0.1 pg for the mutants. Light
treatment did not affect these values significantly.

Mass spectrometric measurements of CO, and
HCOj3™ uptake in intact cells and isolated
chloroplasts

the effect of the carbonic anhydrase inhibitor EZ was The experiments described above show that Ci-dependent
even more pronounced since under these conditions theoxygen evolution in intact cells is severely reduced in the
mutant cells still had the capacity to photosynthesize when ycf10deficient strains grown in TAP medium once cells
exogenous Ci was added in the absence of EZ (Figurehave reached the GQcompensation point (Figure 6B).
6A). After addition of EZ, photosynthesis was almost These measurements provide only an indirect estimate of
completely abolished, and even addition of large amounts Ci uptake. To obtain more insights into this process we used
of exogenous Ci could not relieve this inhibition (Figure a recently developed mass spectrometric disequilibrium
6C). technigue which allows the quantitative determination of
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Fig. 6. Upper part: scheme of inorganic carbon fluxes in the wild-type angdfid deficient T1 mutant ofC.reinhardtii grown on HSM or TAP
medium. Under the former growth conditions, a bicarbonate transporter is induced in the chloroplast envelope. The periplasmic, putative cytosolic
and chloroplast carbonic anhydrases (CA) are indicated (Morehay, 1987; Husicet al,, 1989). Chloro, chloroplast; Mito, mitochondria; Cyto,
cytosol. Lower part: response of photosynthesis to externah [E®ICO] in the wild-type (WT) andycflOdeficient mutant (T1) cells pregrown in
HSM in dim light (3 uE/m?/s, left panels) or TAP in the dark (right panels). Prior to all measurements, cells were transferred into 10 mM HEPES
pH 7.15 for 90 min in high light (872E/m?/s) until cessation of @evolution. In panels A-D photosynthetic oxygen evolution was measured
continuously with increasing amounts of Ci which was added in the form of NaH&(0.25 nmol; b, 2.5 nmol; ¢, 12.5 nmol; d, 25 nmol;

e, 62.5 nmol; f, 187.5 nmol;'g187.5 nmol; §, 1.25umol; h, 2.5umol). (A) Cells pregrown in HSM medium. The chlorophyll concentration for
wild-type and T1 cells was 4.5 andp/ml, respectively. DCMU was added to a final concentration Vb (B) Same as (A), except that the cells
were pregrown in TAP medium. The chlorophyll concentration for the wild-type and T1 cells was 5.7 apg/®l4 respectively. €) Effect of EZ:

cells pregrown in HSM medium. After cessation of Evolution, the cells were transferred to the dark and later to the light as indicated. EZ (at a
final concentration of 10@qM), HCO 3 (2.5 mM) and DCMU (5uM) were added as shown. The chlorophyll concentration for the wild-type and T1
cells was 5 and 4.4g/ml, respectively.@) Same as in C for cells pregrown in TAP medium. The chlorophyll concentration for the wild-type and
T1 cells was 5 and fig/ml, respectively. The vertical scale represents 20 nmpol(B and F) Estimation of the affinitiesKy,,) for HCO;~ and CQ

from mass-spectrometric measurements of HCand CQ uptake in cells grown in HSM (E) or TAP (F) medium. TKg/, values were determined
from response curves similar to those shown in Figure 7.
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Table II. Values forKy,(Ci) (uM) for O, evolution, HCQ™ and CQ uptake in cells and chloroplasts from wild-type and jeélGdeficient mutant

Cells
Wild-type Mutant
TAP HSM HSM TAP TAP? HSM HSM?
0, evolution Ky/2 (Ci) 230 =37 211 =25 738 =80 628 =6.1 1642+ 192 1512+ 211 3300 =+ 382 48.6+ 5.2
HCO5; uptake  Kyp (HCOg) 168 =21 179 =* 17 48 +*6.0 66.1 *8.2 1133+ 186 1089* 153 1970 = 232 62.6* 6.8
CO, uptake Ky2 (COy) 3.8+0.2 45+ 0.3 25+ 0.3 0.43=+ 0.05 32+ 3.9 28+ 4 37452 45+06
Chloroplasts
Wild-type Mutant
TAP TAP
O, evolution K12 (Ci) 457 *= 71 3731 =+ 839
HCO5 uptake Ky (HCO3) 453 = 64 2481 * 771
CO, uptake K12 (COy) 6.7+ 0.8 343+ 53

aRefers to cells preilluminated for 90 min at 8E&/m?/s to deplete their internal Ci pool (‘low Ci’ cells, cf. text).

The numberst SD represent mean values from three separate experiments. Similar valkgs foere obtained for the wild-type walled and cell-
wall-deficient cw-15 strains with intact cells. Similar values Koy, were also obtained for thgcflGdeficient walled T1 and T3 and the cell-wall-
andycfl0deficient N3-1 mutant strains with intact cells. Chloroplasts were isolated from cw-15 and N3-1 cells grown in TAP medium.

chloroplasts

b Oz evolution

0, and HCQ" uptake in suspensions of aquatic micro- cells
organisms or isolated chloroplasts (Badgeral., 1994). 802 5 tvortion
When cells grown in HSM were used, the values for .
K12(HCO5") were similar in wild type and T1 indicating
that the mutant has the ability to fully induce the high-
affinity HCO;™ transporter (Figure 6E). There is also a
significant induction of CQ@ uptake in phototrophically
grown mutant cells although the affinity for G@ 10-
fold lower than in wild type (Figure 6E and F, and Table
II). This induction of CCM in the mutant is not caused
directly by the preillumination since no increase in affinity
was observed when the preillumination was performed
with cells in TAP- rather than in acetate-free medium
(data not shown). The substrate affinities were reduced so
for cells grown under mixotrophic conditions. However, 40
this decrease was considerably more pronounced in the

4
Ci (mM)
iE HCO:': uptake l

@ cw-15

1 1 O N3
0 1 2 3 4 5 0 2 4 6 8
HCOa' {miM) HC03' (mM)

T T T T
(o] CO2 uptake F (:Oz uptake

(umol mg ChI' h™)

mutant (Figure 6F). It is noteworthy to mention that 10 Aowts g o owts
similar uptake characteristics were observed with other Y S S I Lo AN
0 20 40 60 80 100 O 20 40 60 80 100

ycflGdeficient mutants such as T3 and N3-1.
Figures 7 and 8 show the estimated uptake of @ad
HCO;™ concomitantly with Q evolution as a function of  Fig. 7. Substrate dependence of @volution, HCQ™ and CG uptake
external Ci concentration for whole cells and isolated in intact cells and chloroplasts. The cell wall-deficient strain and the
chloroplasts (for details see Materials and methods). Cell #':Elm”““‘fr; (CnW1r5IVfva1|(i)“ﬁadzA were User‘]’- Cre'rLSfV"frre goanin
Wa”'dEfICIent_ strains  containing either the wild-type for 12 r?.dlgor r%eiiurcémegtst 6V|t?1 v</ho/lse) (?ellds,t caellssew:rc(ja tge;tﬁfgged
(cwl5) or disruptedycflO gene (N3-1) were used tO  and resuspended in 25 mM 1,3-bis]tris(hydroxymethyl)methylamino]-
facilitate the isolation of intact chloroplasts. Cells were propane (BTB)-HCI, pH 8.0 at 25°C under strong light (§880/m?/s).
grown in TAP medium under low light (2RE/m?/s) and Chlorophyll concentrations ranged between 8 andudénl. For
transferred to the dark for 12 h before the measurememsmeasurements with chloroplasts, plastids were resuspen_ded in assay
i . . buffer containing 25uM BTP—HCI, pH 8.0, 300 mM mannitol, 2 mM
(‘high Ci" cells). It can be seen that wild-type cells \gci, 0.2 mM KH,PO, 25 mM KCI and 2 mM PGA. lllumination
(cw15) have the ability to take up both Ci species, but was 850uE/m?/s and chlorophyll concentration ranged between
predominantly HC@ (Figures 7 and 8). In contrast, 15 and 30ug/ml.
HCO;™ transport activity is markedly reduced in the mutant
N3-1 and CQ is the major Ci species taken up. The £CO et al, 1988), suggesting that GQ@iptake in the mutant is
uptake and @ evolution curves from the mutant can be driven by Rubisco acting as a sink. A striking feature is
nearly superimposed (Figure 8). Although the mutant cells that the CQ uptake in the mutant is lower than in wild
are able to transport HGQ it appears that all of the GO  type at low concentrations of GObut exceeds that of
fixed by photosynthesis can be accounted for by the CO wild type at CQ concentrations above 30M (Figure
taken up. This uptake system has a low affinity forCO 7C). These Ciresponse curves from ‘high Ci’ cells indicate
which is similar to that of RubiscoK{, ~29 uM, Chen that the affinities for HC@ and CQ are reduced 7- to

CO, (M) €O, (uM)
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Fig. 8. Comparison of @ evolution with Ci uptake with intact cells
and chloroplasts. The data of Figure 7 have been redrawn for
comparing @ evolution with inorganic carbon uptake. PanélsB, C
andD refer to whole cells, paneB, F, G andH refer to isolated

chloroplasts.

also be overcome by growing the mutant cells in high
CO,. However, contrary to this expectation, the mutant
remained light-sensitive even when aerated with 5%
COy-air.

Discussion

Unusual size of ycf10 from C.reinhardtii

The ycfl0 gene has been identified in all chloroplast
genomes examined, with exception Bliglena(Hallick

et al, 1993). Its sequence is considerably less conserved
than the sequences of chloroplast genes encoding subunits
of photosynthetic complexes. This suggests that Ycfl0
has been subjected to lower evolutionary constraints. The
C-terminal 140 residues of Ycf10 are the most conserved
and could form two to three transmembrane domains
(CR2 in Figures 1 and 2a). I@.reinhardtii the other less
conserved regions CRO and CR1 are flanked by two
segments IS1 and 1S2 of 80 and 165 amino acids respect-
ively, that are poorly conserved or absent from the other
ycf10 sequences, and that form a continuous open reading
frame with the more conserved regions. Together IS1 and
IS2 comprise 46% of the residues of Ycf10. They do not
appear to be introns, since the size of ylelOtranscript
corresponds to the entingcf10 coding region (data not
shown). Further, these additional sequences do not include
any typical group | or group Il intron motifs. No significant
sequence similarity between these sequences and other
known protein sequences could be detected. However, the
motif YNN X S| (11X)SLFT was found in both 1S2 (aa
278-304) and CR2 (amino acids 369-390) Ffure 1).

It is therefore possible that some parts of IS2 were created
through sequence duplication. The chloroplgstC2 and

clpP genes ofC.reinhardtii also contain large additional
translated regions that form a contiguous ORF with the
conserved upstream and downstream domains (Fong and
Surzycki, 1992; Huanget al, 1994). Inspection of the

8-fold in the ycflOdeficient mutant as compared with
wild type (Table I1). Table Il shows that while, as expected,
there is an induction of the HGOtransport activity and,
to a lesser extent, of the GQ@ptake system in wild-type
‘high Ci’ cells grown in HSM, no increase in Ci affinity
occurs in the mutant cells grown under the same conditions Ye¢f10 is not essential for cell viability
in marked contrast to ‘low Ci’ mutant cells (compare The Ycfl0 protein has been previously localized in the
TAPJHSM? in Table II). inner membrane of the chloroplast envelope, a unique
Efficient Ci-dependent oxygen evolution was observed feature amongst chloroplast-encoded polypeptides (Sasaki
with isolated chloroplasts from wild-type and, to a lesser et al, 1993; Gray, 1996). It could therefore be suspected
degree, from mutant cells (Figure 7D). HgGand CQ to be involved in subcellular communication, and thus
uptake were very similar to those obtained with intact vital for the cell. However, we have shown here that
cells except that the measured fluxes were reduced ~2-homoplasmic transformants with disruptgdf10 can be
fold and that the contributions of HGOand CQ were obtained readily indicating that this chloroplast gene is
more balanced for wild-type chloroplasts. An important not essential for cell viability, even under conditions
finding is the significant decrease in affinity for €@ where photosynthesis is required. Four chloroplast encoded
the mutant as compared with wild type (Figure 7F and polypeptides of 61, 54, 30 and 25 kDa were found to be
Table Il). This points to the existence of an additional associated with the chloroplast envelopeCfeinhardtii
component of C® uptake in wild-type chloroplasts that (Clemetsoret al,, 1992). The latter two were found to be
cannot be explained by simple diffusion. located within the outer envelope membrane. It remains
Mutants of C.reinhardtii affected in one of the com- to be seen whether any of the two larger polypeptides
ponents of the CCM can be rescued on HSM medium by corresponds to the Ycf10 protein.
aeration with C@-enriched air (Spaldingt al, 1983a,b; The putativeycfl0gene product was previously identi-
Moroney et al, 1989). If Ycfl0 is involved directly in fied in pea chloroplasts as HBP (for Heme-Binding Protein,
the Ci concentrating process one would expect that the Willey and Gray, 1990) based on sequence conservation
high light sensitivity of theycfl0deficient mutant would  around a conserved histidine residue shared with two

Ycfl0 sequence reveals that the next putative initiation
codons, GTG, are at positions 41 and 71 (@Qure 1).

It is not yet known at which of the three putative initiation
codons translation of Ycfl0 starts.
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cytochromesb. Since this residue is not conserved in
the primary sequence of Ycfl0 fro@.reinhardtii this

ycf10 from Chlamydomonas reinhardtii

mutant cells were slightly more photoinhibited than wild-
type cells after this preillumination, the effect on photosyn-

possibility appears less likely. Further, no cytochrome thetic activity of HSM-grown cells appears to be minimal

could be detected in purified chloroplast envelope mem-

branes from higher plants @er-Votteroet al., 1997).

In all species studiedjcf10is included in a cluster of
genes functionally related to photosynthesis.Qrrein-
hardtii, ycf10is flanked byatpA psblandatpH. In higher
plants,ycf10is in close vicinity topetAand the two genes

(Figure 6A and E) and photosynthetic activity is clearly
maintained in TAP-grown mutant cells (Figure 6D). How-
ever, significant differences between TAP-grown ‘low Ci’
mutant and wild-type cells were observed. Thef10
deficient cells lack efficient Ci transport and appear to be
limited in assimillation of CQ supplied exogenously

have been shown to be cotranscribed in pea (Willey and (Figure 6B and F). In contrast phototrophically grown

Gray, 1990; Naganet al., 1991).

Loss of ycf10 leads to increased light sensivity
The ycfl0deficient C.reinhardtii strain obtained in this

ycflQdeficient cells are able to induce a CCM with an
affinity for HCO;~ similar to that of wild-type cells
although the maximum photosynthetic rate obtained is
20-30% lower than in wild type (Figure 6A and E).

study has a functional photosynthetic apparatus as it is Remarkably, there is a 17-fold increase in affinity for

still capable of photoautotrophic growth in dim light.
However, a striking feature of the transformants is
their light sensitivity. Several light-sensitive mutants of

HCO;™ in mutant cells grown in HSM as compared with
cells grown in TAP medium (Figure 6E and F, and Table
I1). The apparent affinity of photosynthesis for exogenous

C.reinhardtii have been described. They include mutants Ci is strongly affected in mutant cells when EZ, blocking

defective in the photosynthetic complexes PSI, ATP syn-

the carbonic anhydrase activity, is used (Figure 6C and

thase and in the dark reactions of photosynthesis (SpreitzeD). In contrast, this inhibitor does not markedly affect
and Mets, 1981; Spreitzer and Ogren, 1983a). All of these the photosynthetic activity of wild-type cells under the
mutants are acetate-requiring. Some non-acetate-requiringconditions used. Hence the photosynthetic activity in the
pigment mutants have also been shown to be light- mutant is fully dependent on the activity of carbonic
sensitive (Spreitzer and Ogren, 1983b). Finally, carotenoid anhydrase whereas the wild type promotes Ci uptake
deficiency in higher plants induced either through herbicide into the chloroplast through a differegtfl0dependent

treatment or mutation is known to confer sensitivity to
high light irradiation. The carotenoid composition of the

mechanism which is insensitive to EZ.
In the case of ‘high Ci' cells, the mass spectrometric

ycflGdeficient strains was found to be the same as for measurements with intact cells and isolated chloroplasts

wild type in cells grown under low light, but not under

reveal a considerable decrease of HCQptake in the

high light. The differences observed under these conditions ycf10-deficient mutant both with regard to affinity and the

are also seen, however, in ATP synthase-deficient light-

maximal rate of uptake (Figures 7 and 8, and Table II).

sensitive mutants and are therefore not directly linked to These measurements also show that in contrast to ‘low

the ycf10deficiency.

The ycflQ:aadA transformants are significantly more
light-sensitive than strain 2D, which lacks$pA psbland
ycflQ Lack of psbl has been shown to reduce the level
of PSIl to 15% as compared with wild type (Kstner
et al, 1995) and thus to limit the overall PSII activity, a

Ci’ mutant cells, ‘high Ci’ cells are unable to induce
either the HC@ or CO, uptake systems when grown in
HSM (Table Il). Taken together these observations suggest
that Ycfl0 may also be involved in the regulation of the
induction process of the carbon concentrating system.
The nature of the C®uptake system in cells and

condition which can be considered advantageous whenchloroplasts remains unknown. However, the sniglh

light intensity is excessive, or when dissipation or utiliz-
ation of photochemical energy is limited. Restoration of

(CO,) estimated for ‘low Ci’ wild-type cells (0.431M)
indicates that this process is active. If uptake from external

photoautotrophic growth in the presence of spectinomycin medium is due to passive diffusion, thg, (CO,) should
is most likely also due to the reduced level of PSII complex be determined to a large extent by thg,(CO,) of
under these conditions. Although the transformants with Rubisco which is 29uM for green algae (Cheet al,

the chloroplastaadA cassette are resistant to the drug,

1988). A similar value foK,,(CO,) was indeed found in

synthesis of chloroplast proteins is diminished and leads ‘high Ci’ cells and chloroplasts from thecflGdeficient

to a drop in PSIl content (Monodt al., 1994). Taken
together, these observations suggest yotOis involved

mutant even after growth on HSM medium in dim light
(Table 11). These results can be explained by the existence

in a process essential for adaptation of the cells to high of a ycfl0dependent active CQuptake mechanism. In

photosynthetic growth rate. Thysf10function is essential
only when the chloroplast electron transfer chain is
highly active.

Loss of Ycf10 affects CO,-dependent
photosynthesis and inorganic carbon uptake in
C.reinhardtii

Our results show that the loss wéf10greatly affects the

this respect, it is noteworthy that a correlation exists
between the lack ofcfl0in the chloroplast genome of
Euglena (Hallick et al, 1993) and the absence of a
CO, concentrating mechanism in this organism (Yokota
et al, 1989).

The deficiency of CQ@ uptake, but not of HC®
transport, is overcome in the mutant at higher concentra-
tions of exogenous CQO(Figure 7). CQ uptake in the

response of the photosynthetic activity to external Ci and mutant even exceeds that of wild type at very high
that this response varies depending on whether the cellsconcentrations of C&(>30—-40uM) and can account for

have reached the G@ompensation point after preillumin-
ation with high light in acetate-free medium (‘low CV’
cells) or not (‘high Ci’ cells). Although the ‘low Ci’

most of the photosynthetic rate (Figure 7C and F). These
observations are compatible with a limitation in €0
diffusion through the chloroplast envelope in thef10
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deficient mutants at low levels of G@nd with the idea
that the active component of HGOand CQ uptake is
abolished. Under these conditions gdfusion is mainly
governed by the activity of Rubisco so that the important
passive CQuptake observed at very high G@oncentra-

tions in the mutant can only be observed because the
active component of Ci transport has been lost. It is also

possible that the loss of Ycf1l0 from the inner envelope

(Rochaix et al, 1988) and on TAP medium containing 15®/ml
spectinomycin to test for resistance to the drug. The mutant strain Fud50
(Woessneret al, 1984) was used. The Ct strain used is a wild-type
strain in which theaadAcassette was inserted downstreanatpB This
strain has wild-type photosynthetic activity and is spectinomycin
resistant.

Cloning of the chloroplast ycf10 gene from C.reinhardtii
The plasmid pTB22 of the tobacco clone bank, containing yiti0
gene in a 4.8 kkEcaRI chloroplast DNA fragment, was provided by

membrane could alter the response of this membrane atv.Sugiura. The 690 bp DNA fragment corresponding to the coding

high levels of CQ.

The results obtained with intact cells and isolated
chloroplasts show unambiguously the occurrence of
HCO;~ and CQ uptake even in TAP-grown wild-type
cells (Figure 7). In particular, the demonstration of a
HCO;™ transporter in the chloroplast envelope under
mixotrophic growth conditions was surprising as it was
concluded previously that HGO transport is induced
only during acclimation to low C& concentrations
(Moroneyet al, 1987). Our data with wild-type cells and
chloroplasts are more consistent with a constitutive FCO

transporter which undergoes quantitative rather than qualit-

ative changes during adaptation to low Ci (Palmqvist
et al, 1994).

The observation that thgcf10 deficiency affects both
CO, and HCQ™ uptake raises several possibilities. Ycfl0

sequence of thgcfl0gene was amplified from the pTB22 plasmid by
PCR, using two oligonucleotide primers {6 CATGGCAAAAAAGAA-
AGCATTCACTCC and 5GCATGCGGATCCTTTATCAGTC) flanking

the coding sequence. The amplified fragment was used as a probe
for identifying the EcoRI chloroplast DNA restriction fragment from
C.reinhardtii containing theycfl0gene. Conditions for DNA restriction

and Southern analysis were as described below, except that hybridization
was performed at 42°C.

Sequencing of the chloroplast DNA region containing ycf10

and atpH

The B and 3 regions ofycfl0 are located on the chloroplaBicoRl
fragments R7 (3.5 kbp) and R8 (3.6 kbp) ©freinhardtii, respectively.
Various regions of these fragments were subcloned ang/dfi0 and

atpH regions were sequenced on both strands using the sequenase
version 2.0 kit from United States Biochemical (Cleveland, OH).

Plasmid construction
Recombinant plasmids were prepared as described by Sambtadk

could be associated with a system in the chloroplast (1989). Two different disruptions ofcfl0were performed. In the first,

envelope involved in uptake of both HGCGand CQ into
the chloroplast. In this respect it is of interest that in
Synechocystis sfi803 two genesgotA and sll1685 (cf.
Figure 2B), homologous tgcfl0 have been identified.
Mutants affected incotA are deficient in C@ uptake,
presumably through an indirect effect (Katat al,
1996a,b). In contrast, HGOuptake appears to be unaf-
fected in these mutants. An intriguing possibility is that
the secondycflGlike gene is involved in active HCO
uptake. InC.reinhardtii ycf10nould combine the functions
of both genes.

Another possibility is that the effect observed on Ci
uptake in theycflOdeficient mutant is indirect. Ycf10
might be involved in pH regulation and could be associated
with the recently proposed redox chain in the chloroplast
(Jaer-\otteroet al, 1997). This chain may be involved
in the export of photosynthetic reducing power to the
cytosol and in particular in proton extrusion. Ycf10 could
therefore play a role in such a process in a similar way
as proposed for cyanobacteria (Kateth al, 1996b).

the R7 chloroplast DNA fragment, subcloned in pBluescript Ki8as
digested withNdd, blunted with Klenow fragment and used to insert
anaadAexpression cassette conferring spectinomycin resistance in either
orientation. In the second, the 0.7 kipa—EcaRI fragment of R7 was
subcloned in pBluescript KSThe 2.5 kbpHindlll fragment of R8 was
then inserted in the correct orientation at thiedlll site of this plasmid,
resulting in the loss of the 0.17 kbHindlll-EcaRI fragment of R8
encoding the last 50 amino acids of §yf10product. The uniqu&carl

site of this new plasmid present withyitflOwas used for inserting an
aadAexpression cassette in both orientations.

Two aadAcassettes were used (Efigure 3). In one construction, the
aadA cassette was excised from the plasmid pUC-atpX-AADgpA-
aadA3’ rbcL; Goldschmidt-Clermont, 1991) by digesting wittma
and EcaRV. In the other construct, theadA cassette was excised from
the plasmid patp-intcg1l (Nickelsen al, 1994) withClal and Pst and
blunted with Klenow fragment. In this case tl&dA sequence was
fused to thepsbD promoter and 5Suntranslated region and it lacked any
specific 3 untranslated region. Restriction analysis confirmed that these
aadAcassettes were inserted in both orientations at the different insertion
sites. The chloroplast DNA region flanking tla@dA cassette inserted
at theEcoRIl and Ndd sites were 2.5 and 0.7 kbp, and 2.7 and 1 kbp,
respectively, in the plasmids used for transformation.

Chloroplast transformation
Recombinant plasmids with theadA cassette in both orientations were

Proton extrusion may cause a local acidification near the ysed to transform wild-type.reinhardtii cells with a particle gun as
intermembrane space of the chloroplast envelope anddescribed (Zumbrunet al, 1989; Goldschmidt-Clermont, 1991) using

thereby stimulate conversion of HGOinto CO, which
could readily diffuse into the chloroplast. This mechanism
could explain why HC@ uptake is also reduced in the
mutant. The observation that the high light sensitivity of
the ycfl0deficient mutant cannot be rescued by aeration
of the cells with CG-enriched air also suggests that Ycf10
may not be involved directly in the Ci uptake system but
rather that it plays a role in a primary process which could
regulate the Ci transport system.

Materials and methods
Strains, media and growth conditions

The wild-type and mutant strains were grown on TAP medium (Gorman
and Levine, 1965), and they were tested for growth on HSM medium
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resistance to spectinomycin for selection.

Hybridizations

The DNA used for Southern analysis of the transformants was prepared
from cells grown in TAP medium and dim light, according to the
procedure described by Weedisal. (1986). DNA from the transformants
was digested with various restriction enzymes, according to Sambrook
et al. (1989). Southern analysis was performed with Amersham Hybond-
N+ membrane according to the manufacturer’s instructions. Prehybridiz-
ations and hybridizations were performed i 68SC, 5< Denhardt's
solution, 0.5% SDS and 0.1 mg/ml salmon sperm DNA at 65°C. The
final wash was at 65°C in 036 SSC and 0.1% SDS.

Determination of pigment and quinone content

Pigment content of wild type and transformants was determined according
to Krinsky and Levine (1964) with the correction of Franas al.
(1973). Phylloguinone, plastoquinone aoetocopherol contents were
determined according to Barr and Crane (1971).
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were continuously and simultaneously measured in the dark and during

Table lll. Photosynthetic properties of isolated chloroplasts from ilumination (850E/m#s). The rates of net Devolution, HCQ" and
cw-15 and N3-1 CO, uptake were calculated from these measurements using the equations
described in detail by Badget al. (1994). For the calculations, the rate
cw-15 N3-1 constants for the spontaneous hydration and dehydration ¢f 0@
HCOs, k; and k,, were experimentally determined as 2.0 and 0.042
Buffer A 15.8 16.9 min~L, respectively. The efflux of COwas estimated from the rate of
Buffer A + 2 mM PGA 32.8 24.8 CO, increase in the incubation medium in the dark immediately following
Buffer A + 2 mM PGA, 2 mM OAA 60.1 50.7 the illumination according to Badget al. (1994) and added to the net
Buffer A + 10 mM R 0 0 CO, uptake measured in the light to estimate the gross GQlake.
Standard test medium consists of buffer A, containing 0.1% BSA and  Ac¢cession number
7 mM HCO;™. Photosynthetic rates are givenjimol O/(mg Chl)/h; The sequence data has appeared in the DDBJ/EMBL/GenBank Sequence
PGA, 3-phosphoglycerate; OAA, oxaloacetic acid. Data Library under accession number X90559.

Photosynthetic measurements
Fluorescence transients were recorded as described (Maradd 1994) Acknowledgements

and Q evolution activity was measured with a Clark-type oxygen We thank M.Sugiura for the pTB22 plasmid, K.Pallett for helpful

electrode or by mass spectrometry (see below). discussions during the determination of carotenoid and quinone composi-
For measurements of photosynthetic activity, cells were prepared as tions. M GoIdsch%idt-Clermont M.Hiooler. K.Reddin qand W.Zer pes
described by Badgeet al. (1980). The cell cultures were centrifuged at ey + M.Hippler, K. 9 2819
for critical comments. N.R. was supported by a long-term EMBO

1000g for 5 min. The cells were washed and the isolated pellet was fellowship. G.A. was supported by a grant from the Deutsche Forschungs-
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on ice in the dark, for the duration of the experiment. This treatment . .
does not alter the photosynthetic performance of the cells (Baxiggr 31.34014.92 _from _the Swiss National Fund and by a grant from the
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1980). Prior to incubation of the cells with NaHGOan aliquot of
concentrated cell suspension was diluted into 1 ml of 50 mM HEPES
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m?/s), with a final chlorophyll concentration of 4&/ml. The chamber
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Chlamydomonas reinhard{iDangerad) in relation to inorganic carbon
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(25 UE/nT3s) at room temperature on a rotary shaker until the cell Badger,M.R. and Price,G.D. (1994) The role of carbonic anhydrase in
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