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Aquatic photosynthetic organisms, including the green alga
Chlamydomonas reinhardtii, induce a set of genes for a carbon-
concentrating mechanism (CCM) to acclimate to CO»-limiting con-
ditions. This acclimation is modulated by some mechanisms in the
cell to sense CO, availability. Previously, a high-CO,-requiring
mutant C16 defective in an induction of the CCM was isolated from
C. reinhardtii by gene tagging. By using this pleiotropic mutant, we
isolated a nuclear regulatory gene, Ccm1, encoding a 699-aa
hydrophilic protein with a putative zinc-finger motif in its N-
terminal region and a GIn repeat characteristic of transcriptional
activators. Introduction of Ccm1 into this mutant restored an active
carbon transport through the CCM, development of a pyrenoid
structure in the chloroplast, and induction of a set of CCM-related
genes. That a 5,128-base Ccm1 transcript and also the translation
product of 76 kDa were detected in both high- and low-CO;
conditions suggests that CCM1 might be modified posttranslation-
ally. These data indicate that Ccm1 is essential to control the
induction of CCM by sensing CO, availability in Chlamydomonas
cells. In addition, complementation assay and identification of the
mutation site of another pleiotropic mutant, cia5, revealed that
His-54 within the putative zinc-finger motif of the CCM1 is crucial
to its regulatory function.
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hotosynthetic organisms sense environmental changes, e.g.,

light, temperature, and various nutrient availabilities, to
modulate and optimize photosynthetic activities. A number of
aquatic photosynthetic organisms are able to concentrate dis-
solved inorganic carbon (DIC) intracellularly, allowing rapid
growth despite low-CO, availability externally (1). This carbon-
concentrating mechanism (CCM) shows acclimation to external
DIC to optimize CO; fixation efficiency (2). During acclimation
these organisms induce the expression of a set of genes required
for various aspects of the CCM. In Chlamydomonas reinhardtii,
several genes have been shown to be regulated in response to
changes in external CO, concentration, including periplasmic
carbonic anhydrase (CA; ref. 3), mitochondrial CA (4), and a
chloroplast envelope protein, LIP-36 (5). A development of
pyrenoid structure in the chloroplasts also is modulated by the
supply of CO; (6). This acclimation to CO»-limiting conditions
suggests the existence of sensory mechanisms by which cells
perceive the shortage of CO, and pathways by which the signal
is transduced into specific gene regulation. However, the regu-
lation of gene expression during this acclimation in eukaryotic
organisms is still poorly understood. One reason is the paucity
of mutants impaired in induction processes. We have isolated
previously one C. reinhardtii mutant (C16) by gene-tagging
mutagenesis, which was high-CO; requiring (7), and we showed
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that C16 exhibited a defect in CCM induction, with a low affinity
for DIC and a low level of DIC accumulation under CO;-limiting
conditions. It has been assumed that C16 had a mutation in a
gene that serves as a regulatory switch to induce a set of genes
for acclimation to low-CO; conditions, and that this gene may
play an important role for a CO; signal-transduction pathway.

In the present study, we have cloned a nuclear regulatory gene,
Ccml, which complements the mutation in C16. In addition, we
show that a similar induction mutant, cia5 (8), also is comple-
mented by the same genomic DNA fragment encoding CcmI. On
the basis of the structure and expression of the Ccml gene, we
discuss the function and importance of the CCM1 in the CO,
signal-transduction pathways in the eukaryotic photosynthetic
organism C. reinhardtii.

Materials and Methods

Strains. C. reinhardtii strain 5D (nitI-305, cwl5), which is the
wild-type (WT) cell for photosynthesis, was kindly provided by
P. A. Lefebvre (Univ. of Minnesota, St. Paul). High-CO»-
requiring mutant C16 was described (7) and another high-CO»-
requiring mutant, cia5, was kindly provided by J. V. Moroney
(Louisiana State Univ., Baton Rouge, LA) (8). Cells were
cultured in tris-acetate-phosphate medium (9) for maintenance
or in a modified high-salt (HS) medium supplemented with 20
mM Mops (pH 7.2) for photosynthetic growth under aeration
with ordinary air containing 0.04% CO, (low-CO,) or air
enriched with 5% CO, (high-CO,).

Transformation of Chlamydomonas Cells. C. reinhardtii was trans-
formed with 20 pg/ml plasmid DNA by electroporation (10)
with the slight modification that cells were embedded in 0.5%
agar containing HS medium instead of cornstarch. Photosyn-
thetic colonies were selected on an HS agar plate in ordinary air.

cDNA Isolation and Northern Blotting. RNA isolation from Chlamy-
domonas cells and Northern blot hybridization were performed
as described (11). Poly(A)* RNA was isolated with a polyATract
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CCM7 cDNA (A)n

Gene organization of Ccm1. The solid rectangles indicate the position of the protein-coding regions. The insertion site of the Nia7 gene inthe C16 mutant

is depicted by a large open triangle with an arrow. Positions of the oligonucleotide probes (C16-5 and C16-3) are shown by small triangles. Positions of a probe
for the 1.5-kb EcoT221 DNA fragment (P-1) corresponding to the 5’-upstream region of Nia1, and Ccm1-specific probes (P-3 and P-5) are indicated by thick bars.
A 4.8-kb BamHI fragment is between two BamHl sites. A, Apal; B, BamH]I; S, Sacl; X, Xhol; (A)n, poly(A) tail.

kit (Promega). First-strand cDNA was synthesized with oli-
go(dT) nucleotides by using Superscript II (Life Technologies)
in the presence of 0.6 M trehalose at 60°C (12). PCR was
performed with GC buffer by using LA Tag polymerase (Takara
Biomedical, Kyoto). Gene-specific oligonucleotide probes were
generated according to the published sequences, e.g., Cahl
mRNAs (11), Mca (4), Lcil (13), Att1 (14), Cah3 (15), and Cypl
(16). A probe for Ccp2 mRNAs was generated by PCR, as
described (5).

In Vivo Labeling and Immunoprecipitation. Cells grown in HS
medium lacking sulfur in high-CO, conditions were transferred
into two culture bottles and bubbled with 5% CO, or ordinary
air, respectively, then 2 uCi/ml (1 Ci = 37 GBq) of %S-labeled
methionine and cysteine mix (Amersham Pharmacia) was added
to the cultures. After 12-hr incubation with 150 uE'm~2s~! at
28°C (E = einstein, 1 mol of photons), cells were lysed by
sonication in a 50 mM Hepes buffer (pH 7.2) containing 150 mM
NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 0.5% Triton X-100, and
1 mM phenylmethylsulfonyl fluoride. The lysate was used for
immunoprecipitation with rat anti-CCM1 antibody by using
protein G-Sepharose 4FF (Amersham Pharmacia). To obtain
anti-CCM1 antibody, a part of the CCM1 coding region was
subcloned into an expression vector, pET15b (Novagen). A
His-tagged CCM1 protein covering from Met-1 to Gly-499 was
expressed in Escherichia coli BL21(DE3)pLysS and purified with
Ni?*-NTA-agarose (Qiagen, Chatsworth, CA) followed by
SDS/PAGE. This partial CCM1 protein was used for immuni-
zation of a rat.

Physiological Measurements. The rates of photosynthesis were
measured in a Clark-type O; electrode (Chloroview 1, Hansa-
tech Instruments, Pentney King’s Lynn, UK) and the CO,-
compensation concentration was determined by using gas chro-
matography (17). The intracellular DIC concentration and car-
bon fixation were measured by the silicon oil centrifugation
method (7). Chlamydomonas cells were stained with 0.05%
bromophenol blue in 0.1% HgCl, (6) and were observed with an
Axiophot microscope equipped with Nomarski differential in-
terference optics (Zeiss).

Results

Isolation of a DNA Fragment That Complements the C16 Phenotype. It
was shown previously that the high-CO,-requiring mutant, C16,
is defective in the ability to induce various aspects of the CCM,
including induction of the periplasmic CA gene, Cahl. The
mutant was also shown to contain the Nial gene (formerly
named NITI) as a single-copy tag in its genome (7). After
crossing this C16 mutant with a nit~ strain, the high-CO,-
requiring phenotype cosegregated with nit* (data not shown),
suggesting that the pleiotropic mutation, named as ccm! in C16,
was tagged by the inserted Nial coding sequence. To isolate the
Cceml gene, we determined the nucleotide sequences of the
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flanking regions from the Nial coding region. Four genomic
clones were isolated from a genomic library of WT strain C9 by
using specific oligonucleotide probes, C16-5 and C16-3, gen-
erated from the flanking sequences (Fig. 1). Transformation of
one of the genomic clones, pKI4 (harboring a 38-kb insert of
DNA), successfully restored the growth of the Chlamydomonas
cells under low-CO;, (Fig. 24). One of the transformants, named
C16::pKlI4, recovered inducibility of the Cahl under low-CO,
conditions (Fig. 2B). Southern blot analysis of DNA samples
isolated from WT, C16, and the transformant C16::pKI4 indi-
cated that C16::pKI4 contains both the 4.8-kb BamHI fragment
detected in WT genomic DNA and the 9.4-kb BamHI fragment,
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Fig.2. Complementation of C16 by transformation. (A) Relative positions of
a genomic clone, pKl4, and its derivatives. Transformants of C16 cells, which
photoautotrophically grew in ordinary air, are indicated by a +. (B) Northern
blot analyses of Cah7 expression. Ten micrograms of total RNA from cells
grown under high-CO; (HC) or low-CO; (LC) conditions were hybridized by a
32p-|labeled Cah1-specific oligonucleotide probe. (C) Southern blot analysis of
BamHI-digested total genomic DNA from WT, C16, and C16::pKl4 cells. The
blot was hybridized with a 32P-labeled Ccm1-specific probe, P-5.
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Fig. 3. Photosynthetic characteristics of a transformant C16::pKI4XA. (A)
Relative rate of photosynthesis at various carbon concentrations of low-CO,-
grown cells (pH 7.8) at 25°C. The maximum rates of O, evolution were 90, 92,
and 106 umol-mg~"' of Chl-h~" for WT, C16, and C16::pKI4XA, respectively. (B)
Intracellularly accumulated DIC concentration measured by silicone-oil cen-
trifugation method (7). (C) Carbon fixation. The results are the average of
three determinations, with standard deviations represented by bars. SIS,
sorbitol-impermeable space.
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Fig. 4.

which was generated by an insertion of Nial (Fig. 2C). Subse-
quent subcloning and transformation into C16 delimited the
complementation region to a 5.1-kb Xhol-Apal DNA fragment
in pKI4XA (Fig. 2A4). Therefore, the transformant,
C16::pKI4XA harboring this 5.1-kb Xhol-Apal fragment, was
characterized physiologically.

A 5.1-kb Genomic DNA Fragment Complements the C16 Characteris-
tics. The transgenic strain C16::pKI4XA grown under low-CO,
conditions showed a high affinity against DIC for photosynthesis
with K,,(HCO3') value of 122 uM, which is comparable to 145
uM of the WT (Fig. 34). In addition, although the C16 mutant
was defective in DIC accumulation and carbon fixation,
C16::pKI4XA accumulated DIC and fixed carbon similarly to
WT cells (Fig. 3 B and C). Moreover, C16::pKI4XA developed
its pyrenoid structure in the chloroplast under low-CO; condi-
tions, as did the WT, whereas C16 failed to do so (Fig. 4). These
results demonstrate that a single nuclear mutation at the ccml
locus resulted in multiple deficiencies in components of the
CCM that are needed to acclimate to CO,-limiting conditions.
Induction of the CCM under low-CO stress is accompanied
by an activation of the expression of a set of CCM-related genes,
e.g., Cahl (3), Mca encoding a mitochondrial CA (4), Ccp2
encoding the chloroplast envelope protein LIP-36 (5), Lcil (13),
and Att] encoding the alanine a-ketoglutarate aminotransferase
(14). Northern blot analyses using gene-specific probes indicated
that activation of these five genes in low-CO, conditions was
recovered in C16::pKI4XA (Fig. 5). Because RNA transcripts for
these five genes were not detected in high-light (1,000
pE-m~2s71) and high-CO; conditions, it is obvious that these
genes are regulated preferentially by changes of CO; availability.
In addition, the mRNA transcripts of Cah3 encoding a chloro-
plastic CA (15) and CypI encoding the cyclophilin (16), which
are reported to be up-regulated under low-CO, conditions in
WT cells, were not detected in C16 but were detected in the
C16::pKI4XA under low-CO; conditions. These results strongly
suggest that the 5.1-kb genomic DNA fragment in pKI4XA
encodes a key regulatory gene, which controls the expression of
at least seven genes and modulates physiological properties and
pyrenoid-development in response to CO, availability.

Structure and Expression of Ccm1. Based on the nucleotide se-
quence of the 5,148-bp Xhol-Apal genomic DNA fragment,
which complements the ccml mutant phenotype, oligonucleo-
tide primers were generated and used for reverse transcription—
PCR to isolate corresponding cDNA. A 5,128-bp cDNA was
isolated by using poly(A)* RNA from 2-hr low-CO;-grown cells

C16::pKI4XA
(HC)

C16::pKI4XA
(LC)

Pyrenoid structures in WT, C16, and C16::pKI4XA. To visualize pyrenoids and nuclei, high-CO; (HC)- and low-CO; (LC)-grown cells were stained with

bromophenol blue. Red arrowheads indicate positions of pyrenoids. (Bars = 10 um.)
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Fig.5. RNADblot analyses of total RNA. Ten micrograms of total RNA isolated
from WT, C16, or C16::pKI4XA cells grown under high-CO; (HC) or low-CO; (LC)
was loaded. Cells were illuminated at 1,000 wE-m~2-s~" (HL) or 150 wE-m~2s~'
(ML). RNA blots were hybridized with probes for Cah1 coding for a periplasmic
CA, Mca for a mitochondrial CA, Ccp2 for the chloroplastic envelope protein
LIP-36, LciT for a low-CO; inducible protein, Att1 for the alanine a-ketoglu-
tarate aminotransferase, Cah3 for a chloroplastic CA, and Cyp1 for the cyclo-
philin. A 32P-labeled ¢cDNA probe for Cblp encoding the G-protein g-subunit
(29), which is expressed constitutively, was used as a loading control.

of the 5D strain. This cDNA consists of a 2,097-bp ORF
encoding a 699-aa hydrophilic protein, a 176-bp 5’ untranslated
region, and a 2,855-bp 3’ untranslated region (Fig. 1). Although
the genomic clone complements the mutant phenotype, it lacks
the 1,845-bp 3’ terminus of the cDNA. Because the sequence of
the 502-bp 5’ upstream region did not contain any large ORF,
the gene encoding this cDNA was assigned to be responsible to
the complementation and was named CcmI. To elucidate the
entire structure of Ccml, we determined the nucleotide se-
quence of the 8,474-bp region in the 12-kb Xhol genomic DNA
cloned in pKI4Xh, which complements the C16 mutation (Fig.
2A). The Ccml mRNA is encoded by a 6,491-bp region in the
12-kb Xhol genomic region (Fig. 1). Sequence comparison of the
flanking region around the Nial insertional site in C16 with the
corresponding region in the WT revealed that the Nial was
inserted into the coding region of the fourth exon of Ccm1 (Fig.
1). That Ccml-specific probe P-5 hybridized with a 4.8-kb
BamHI DNA fragment (Fig. 2C), a 12-kb Xhol fragment, and a
7.2-kb Sacl fragment (data not shown) in the genomic Southern
blot analyses, revealed that Ccml was a single-copy gene in C.
reinhardltii.

In Northern blots using Ccml-specific probes, P-5 and P-3
(Fig. 1), 5.1-kb mRNA was detected in high- and low-CO,
conditions in WT (lanes 1 and 2 in Fig. 64). On the other hand,
the mutant C16 did not accumulate the mRNA (lane 3 in Fig.
6A). These results indicate that Ccm1 is expressed constitutively
in WT but the mature Ccml mRNA is not accumulated in C16
because of the Nial insertion.

The 5,128-bp Ccm1 cDNA encodes a 699-aa polypeptide with
no apparent transmembrane domains. To identify the CCM1
protein in the cell, total protein in WT and C16 cells was labeled
with [*S]-methionine and [**S]-cysteine in vivo and was immu-
noprecipitated with anti-CCM1 antibody. After SDS /polyacryl-
amide gel separation, a single band with a molecular mass of 76
kDa was detected in WT cells by autoradiogram in high- and
low-CO; conditions (lanes 1 and 2 in Fig. 6B), indicating that the
CCML1 protein abundance was not affected by a change of CO,
level, as was the case with the mRNA transcripts. In the C16
mutant, a single band with a molecular mass of 80 kDa was
detected (lane 3 in Fig. 6B). Considering that a 2.2-kb mRNA
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Fig. 6. Expression of Ccm1 gene. (A) Ten micrograms of poly(A)™ RNA from

WT in high-CO; (lanes 1), WT in low-CO; (lanes 2) and C16 in low-CO; (lanes 3)
were electrophoresed and hybridized with 32P-labeled Ccm1-specific probes
P-5 (A a) and P-3 (A c). The same blot was reprobed by a 32P-labeled DNA
fragment designated P-1 in Fig. 1 (A b) and by a Cblp cDNA (A d). (B)
High-COz-grown WT cells (lane 1), low-CO,-grown WT cells (lane 2), and
low-CO,-grown C16 cells (lane 3) were labeled with [33S]-methionine and
[35S]-cysteine, and immunoprecipitated with anti-CCM1 antibody. As a con-
trol, low-CO,-grown WT cells were labeled and immunoprecipitated with rat
normal serum (lane 4).

transcript was detected by a 3?P-labeled probe, P-5 (lane a3 in
Fig. 6A4), as well as probe P-1 corresponding to the 5’ part of the
inserted-tag DNA containing the Nial gene (lane b in Fig. 64
and see also Fig. 1), and that no hybridization signal was detected
by probe P-3 (lane c3 in Fig. 64) in the C16 mutant, this 80-kDa
protein in C16 could be generated from a 2.2-kb fusion-mRNA
transcript made from a 5’ part of Ceml and the 5’ part of the
inserted-tag DNA.

CCM1 Shares Significant Sequence Similarity to Zinc-Finger Domains.
When the deduced amino acid sequence of CCM1 was used for
a similarity search against the nonredundant protein databases,
no sequences showing high levels of similarity overall were
detected. However, three characteristic sequence stretches were
identified (Fig. 74). First, a 27-aa sequence stretch, FxCxxxx-
CxRxFxxxxxLxxHxxxxxD (from Phe-34 to Asp-60), showing sig-
nificant similarities with those of C;H»-type zinc-finger motifs in
other organisms, which function in protein-DNA or protein—
protein interactions (ref. 18; Fig. 7B); e.g., ZNF76 from Homo
sapiens, TFIIIa-2 from Xenopus laevis, ZFH2 and Kriippel from
Drosophila melanogaster, EPF1-1 from Petunia hybrida, and
WZF1 from Triticum aestivum. Second, a Gln-repeat in the
middle of the protein spanning from GIn-317 to GIn-330. Third,
a Gly-rich domain at the C-terminal region spanning from
Gly-555 to Gly-628.

Identification of a Mutation Site of Ccm1 in the High-CO,-Requiring
Mutant, cia5. Because the pleiotropic phenotype of C16 was
similar to that of another high-CO,-requiring mutant, cia5 (7),
it was necessary to know whether Ccm! could complement the
cia5 mutation. When the pKI4XA plasmid was transformed into
the cia5 mutant cells, many colonies appeared on HS agar plates
in low-CO, condition. One of the transformants, named
cia5::pKI4XA, restored the inducibility of Cahl expression

Fukuzawa et al.
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IBHNFYCPYPG CNRSFAELWR LKVHYRAPPD

MEALDAQDSL QLDVVSPSAR PAAAGGDKRD TRGSGKERGH 70
GTELTHCPKC GKTLKPGKHH VGCSGGKSAP RQTASKRNRT GADDADEAVP GSPHSKHVRG TDMDGDPHKS 140
WODFALTHAG YAIGAPAMLA PLKQEHPEWP PTVPQGVFVG HGDRVSWLPG QVNGFVPQLQ PQRYQQPQFP 210
PELAQAFAAA GTHAPHVYAQ QVPFASIPGY PGQPGVATLQ VTTESGQVLS IPANMAGMPP GMAGLPGTLV 280
YHQQPPPHDA AASYLAQAQA HAQHAAAMHA VNSAHAQQQQ 0000000000 PGVPAAPPAV PGVHDGMPPG 350
TVAAAAAAAA AAAAVGGSAP SALQTDVGGR PGAALPPQAA PGTGAGQGAG APAGAADGGA APAAGDAAAS 420
GGAKPVADED NLGTVFDDVE EFTRDFGRIP SPPPLPPDFH TAATGGNGML FNFSQFGQKL PRTQSHTRLD 490
RSLSAVGLGH LDVGVDGDVM YDHTDDGDLM QLLFGVPDEL PTMATIHLHK WSNEEDEDDD AAEPGGGGAA 560
AAGGGGGAAA GAGGEGGGGA GAGGGGAGAG AGEANAAAGR GGAGPGPGLE AGGGGGGGGA GEGGPGAGQQ 630
PPHHQQSVGG HDQRPLNGKT LHGHDASLAV LPAPGGKSLM NGGAGHAGEE HHRDHLLDAE TFRLLQSCD* 700
B chl comi
Hom ZNF76
Xen TFIIIa-2
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Pet EPF1l-1
Tri WZF1
Fig. 7. Amino acid sequence of CCM1 protein. (A) Predicted amino acid sequence of CCM1 is shown as one-letter symbols. A putative zinc-finger motif is

highlighted and a GIn-repeat region is italicized. The His residue at position 54, which is changed into Tyr in the cia5 mutant, is depicted as His-54. Asp-183 and
Arg-184 and a Gly-rich region are underlined. (B) Sequence comparison of the putative zinc-finger motif of CCM1 with zinc-finger motifs in other organisms:
Homo sapiens (Hom) ZNF76 (NM_003427), Xenopus laevis (Xen) TFllla2 (K02938), Drosophila melanogaster (Dro) ZFH2 (P28167), Dro Kruppel (X03414), Petunia
hybrida (Pet) EPF1-1 (X60700), and Triticum aestivum (Tri) WZF1 (D16415). Filled circles denote zinc-liganding amino acids. Conserved amino acids are

highlighted.

under low-CO; conditions (Fig. 2B). In addition, induction of
other CCM-related genes and pyrenoid development under
low-CO, conditions also were recovered, as was the case for C16
(data not shown). To identify the cia5 mutation site, we isolated
a genomic clone containing a 12-kb Xhol fragment from cia$
cells by using the Ccml-specific probe P-3 (Fig. 1) and deter-
mined the nucleotide sequence of the 8,474-bp cia5 genomic
region corresponding to that of Ccml. This determination
revealed that the cia5 mutant had a single point mutation from
T to Cin the second exon of Ccm1. As a consequence of this base
substitution, His-54 in the putative zinc-finger motif of the
CCM1 protein was replaced by Tyr in the cia5 mutant (Fig. 7).
These findings of functional complementation of the cia5 mutant
and the mutation site in cia5 strongly suggest that this His-54 in
the CCM1 plays a critical role in the regulation of CCM,
including the induction of a set of CCM-related genes and
pyrenoid development.

Discussion

In this article we have identified a Ccml gene encoding a
hydrophilic protein, which is shown to be essential to regulate
CCM induction in the eukaryote C. reinhardtii by sensing CO,
availability. The gene product, CCM1, appears to control the
expression of at least seven CCM-related genes—Cahl, Mca,
Ccep2, Lcil, Attl, Cah3, and Cypl—as well as the induction of
CCM functions, including active DIC transport and the devel-
opment of pyrenoid structure in the chloroplast during acclima-
tion processes in CO,-limiting stress conditions. It is shown that
the mutant cia5 forms the pyrenoid starch sheath and suggested
that the starch sheath is not involved in the operation of CCM
(19). Therefore, it is most likely that Ccml does not regulate
genes controlling the formation of the pyrenoid starch sheath but
those for the development of the pyrenoid structure. Because
Ccml seems to be at a higher position in gene hierarchy and

Fukuzawa et al.

2,665 low-CO»-specific expressed sequence tag groups have been
described in this organism (20), it is possible that some of other
unidentified low-CO,-inducible genes also are regulated by
Cceml. In those genes controlled by Cem 1, there should be genes
that encode CCM components such as CO, or bicarbonate
transporters as well as enzymes for the development of the
pyrenoid structure. Because a pleiotropic mutant, which does
accumulate DIC by constitutively active CCM even in a high-
CO; condition, has been isolated from Chlorella elipsoidia (17),
Ccml orthologues might also operate in other aquatic photo-
synthetic organisms.

Candidates for the nature of the signal that induces response
to ambient CO, level are proposed to be the total inorganic
carbon level, the ratio [CO5]/[O;], or [COx.q)] (reviewed in ref.
1). Itis possible that this CO; signal is transduced through kinase
cascades, because the CCM1 protein with 14 putative phosphor-
ylation sites is essential to the low-CO, signal transduction.
Because it is reported that CCM and the Cahl expression are
affected by light regime and also the phase of the cell cycle (21),
Ccml transcription and modification of the CCM1 protein may
depend on light regime or the phase of the cell cycle.

Based on sequence similarities, CCM1 is possibly one of the
C,H,-type zinc-finger transcription factors, although the Asp-60
in CCM1, corresponding to the second His in the C,H; motif, is
not conserved (Fig. 7B). Because Asp serves as a zinc ligand in
other cellular components such as adenylate kinase from Bacillus
subtilis (22) and ferredoxin from Sulfolobus (23), it is possible
that Asp ligands to zinc to form a finger-like secondary structure
as predicted in other transcriptional factors with C,H,-type
zinc-finger motifs (24). Moreover, other amino acid residues
such as Phe-34, Arg-43, Phe-45, and Leu-51, and B-sheet struc-
tures in this domain of CCM1 are highly conserved with other
zinc-containing transcription factors (24). It is also possible that
His or Cys around the motif could serve as a zinc ligand.
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Identification of a mutation site in cia5 revealed that His-54 in
the putative zinc-finger motif in CCM1 is essential to transduce
a low-CO; signal into regulatory systems for CCM-related genes
(Fig. 7). Taken with the fact that CCM1 also contains a
Gln-repeat stretch, which is reported to be necessary for the
regulatory functions of several eukaryotic transcription factors
(25), CCM1 may interact directly with DNA or regulatory
proteins through putative zinc-finger domain(s) and activate the
transcription of CCM-related genes under low-CO, conditions.
Although the coding region for this putative zinc-finger domain
of CCM1 is expressed in the mutant C16, the CO,-responsive
regulation of CCM is impaired. Therefore, it is obvious that the
C-terminal region of CCM1 is essential to transduce low-CO,
signal in addition to the putative zinc-finger domain.

The molecular mass of the CCM1 was estimated to be 76 kDa
by anin vivo labeling experiment (Fig. 6B), which is slightly larger
than that of 70 kDa deduced from the cDNA nucleotide
sequence. In addition, CCM1 has 14 putative phosphorylation
sites, three putative glycosylation sites, and putative myristyla-
tion sites. The level of CCM1 protein accumulation does not
change during acclimation to low-CO,. These findings suggest
that modifications of CCM1 protein under specific conditions,
such as high- or low-CO; stress conditions, might occur post-
translationally in response to CO; availability. Further biochem-
ical characterization of CCM1 protein may reveal the structure—
function relationships of the CCM1 protein, concerning its
regulatory roles in CCM induction processes.

During the course of the isolation of cDNA for CCM1, namely
CCM1-A, a 3-bp shorter cDNA of 5,125 bp encoding another
CCM1 protein, named CCM1-B, also was isolated from Chlamy-
domonas cells. Sequence comparison between two kinds of
cDNAs and Cem I revealed that the shorter cDNA was generated
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by alternative splicing between the third and fourth exons,
causing a 3-nt deletion. This shorter cDNA encodes a 698-aa
CCM1-B, which has a substitution of Glu-183 instead of Asp-183
in CCM1-A and a deletion of Arg-184 present in CCM1-A (see
Fig. 74). It is possible that heterologous CCM1 proteins are
translated simultaneously from the alternatively spliced mRNA
transcripts in the cells. The influence of this heterogeneity in the
CCML1 proteins on their regulatory functions remains to be
elucidated. Recently, Cia5 was deposited in the GenBank data-
base (accession no. AF317732) by Y. Xiang, J. Zang, and D. P.
Weeks. Its gene product has an amino acid sequence identical to
that of CCM1-B.

In Chlamydomonas, several regulatory genes have been iden-
tified, e.g., Sacl (26), Psr1 (27), and CrdI (28), which control the
acclimation to limitation of sulfur, phosphorus, and copper ion,
respectively. Although nuclear localization of the Psrl gene
product has been reported, no nuclear localization signal has
been elucidated so far in Chlamydomonas. Therefore, there may
be Chlamydomonas-specific nuclear localization signals in these
regulatory proteins as well as in CCM1. Biochemical character-
ization of Chlamydomonas CCM1 protein would lead to a better
understanding of CO; sensing and regulatory control of the
CCM in eukaryotic photosynthetic organisms. This discovery
also may open the door to a greater understanding of crosstalk
between signal transduction cascades that are involved in accli-
mation of eukaryotic photosynthetic organisms to environmen-
tal stresses such as nutrient shortage.
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