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quences of purified proteins (6) or related bacterial genes for
heme andyor bacteriochlorophyll synthesis enzymes (7). However, these strategies are not appropriate for isolation of genes
encoding components for chlorophyll b synthesis because there
is no in vitro assay system for chlorophyll b formation, and the
organisms in which tetrapyrrole biosynthesis is most thoroughly understood do not produce chlorophyll b.
Chlorophyll b appears to be synthesized by oxidation of the
methyl group of chlorophyll a to a formyl group (8). Although
many studies have been done on the biosynthesis of chlorophyll
b, success in elucidating the biosynthetic pathway for chlorophyll b formation or the proteins involved have not been
achieved.
Recently, reliable transformation procedures have been
developed for the nuclear genome of Chlamydomonas (9, 10),
and these provide a powerful experimental tool for studying
the photosynthetic apparatus. In this report, we used molecular
genetics of Chlamydomonas to isolate a gene for chlorophyll b
synthesis. Chlorophyll b-less mutants of Chlamydomonas were
isolated by transformation with plasmid DNA carrying either
nitrate reductase or argininosuccinate lyase genes as selectable
markers, and a gene involved in chlorophyll b synthesis was
isolated. Its deduced amino acid sequence contains binding
domains for a [2Fe-2S] Rieske center and for a mononuclear
iron and shows similarity to methyl monooxygenases.

ABSTRACT
Chlorophyll b is an ubiquitous accessory
pigment in land plants, green algae, and prochlorophytes. Its
biosynthesis plays a key role in the adaptation to various light
environments. We isolated six chlorophyll b-less mutants by
insertional mutagenesis by using the nitrate reductase or
argininosuccinate lyase genes as tags and examined the
rearrangement of mutant genomes. We found that an overlapping region of a nuclear genome was deleted in all mutants
and that this encodes a protein whose sequence is similar to
those of methyl monooxygenases. This coding sequence also
contains putative binding domains for a [2Fe-2S] Rieske
center and for a mononuclear iron. The results demonstrate
that a chlorophyll a oxygenase is involved in chlorophyll b
formation. The reaction mechanism of chlorophyll b formation is discussed.
Chlorophyll’s central role in photosynthesis is harvesting light
energy and its conversion to chemical energy. All land plants,
green algae, and prochlorophytes possess chlorophyll a and
chlorophyll b. Chlorophyll a alone occurs in the core complexes of photosystems whose composition and organization
are highly conserved. On the other hand, chlorophyll a and
chlorophyll b are components of peripheral antenna complexes. Antenna complexes show controlled changes in adapting to various growth conditions, enabling optimal utilization
of available light (1). It is known that the chlorophyll a to b
ratio is higher in high-light growth conditions than in low-light
growth conditions, which is accompanied by larger sizes of
antenna complexes in low-light conditions (2). Thus the regulation of chlorophyll b synthesis is important for understanding the mechanisms of adaptation of plants to various light
intensity.
Prochlorophytes are prokaryotic photosynthetic organisms
that have chlorophyll b as a light-harvesting pigment similar to
chlorophytes. However, molecular sequence data of ribosomal
RNAs and DNA-dependent RNA polymerase indicate a
paraphyletic origin of prochlorophytes and that the prochlorophyte lineage does not include the direct ancestor of the
chloroplast (3, 4). Chlorophyll ayb and chlorophyll ayc binding
proteins of plants and chlorophyte algae form a superfamily of
genetically related proteins; however, chlorophyll ayb binding
proteins of prochlorophytes are closely related to IsiA and to
CP43, the chlorophyll a antenna protein of photosystem II (5).
These observations might suggest that use of chlorophyll b as
a light-harvesting pigment has developed independently several times in the evolution of prochlorophytes and chlorophytes.
Recently, many genes encoding proteins involved in chlorophyll synthesis have been isolated through the use of se-

MATERIALS AND METHODS
Strains and Growth Conditions. Strain 5D (nit1–305, cw15)
and cc1931 (arg7) of Chlamydomonas reinhardtii were provided
by the Chlamydomonas Genetic Center (Duke University,
Durham, NC). Both strains were grown in constant light at
20°C on TAP medium (1 mlyliter acetate, 2.42 gyliter Tris, 0.75
gyliter KNO 3 , 0.1 gyliter MgSO 4 z7H 2 O, 0.05 gyliter
CaCl2z2H2O, and micronutrients) supplemented when appropriate with 200 mM arginine.
Transformation and Screening of the Mutant. Strains 5D
and cc1931 were used as recipients for 2 mg of pMN24, a
plasmid containing the cloned wild-type nitrate reductase
gene, and p389, a plasmid containing the cloned argininosuccinate lyase gene, respectively (9, 10). Cells were transformed
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by the glass beads method (9) and spread on TAP agar plates.
Pale-green or small-size transformant colonies were selected
by visual observation. For the first screening about one
chlorophyll b-less mutant was obtained per 1,000 transformants. Their chlorophyll was extracted with a 80% acetone and
analyzed by HPLC as described below. Six chlorophyll b-less
mutants (cbs1–cbs6) were obtained (see Fig. 1).
Preparation of Genomic DNA and Poly(A)1 RNA. Total
DNA was extracted from Chlamydomonas and purified on
CsCl gradient (11). Total RNA was extracted by the phenoly
SDS method, and poly(A)1 RNA was isolated by chromatography on oligo(dT)-cellulose (12).
Construction of cDNA and Genomic Library. A cDNA
library was constructed from poly(A)1 mRNA by using the
Lambda Zap cDNA synthesis kit (Stratagene) according to the
manufacturer’s instructions. A genomic library was constructed by using the Lambda DashIIyBamHI vector Kit
(Stratagene) according to the manufacturer’s instructions.
Southern and Northern Blot Analyses. Genomic DNA (2
mg) was digested with restriction enzymes, separated on agarose gels, transferred onto Hybond-N1 nylon membrane, and
hybridized in 0.25 M sodium phosphate, 7% SDS, and 1 mM
EDTA at 65°C. Two micrograms of poly(A)1 RNA were
electrophoresed on a 1% agaroseyformamide gel and blotted
onto Hybond-N nylon membrane. Hybridization with 32Plabeled probe were performed as described (13).
Screening of DNA Fragments Derived from the NIT1Integrated Regions and Genomic Clone. Genomic DNA from
strain 5D and transformant cbs3 (see Fig. 3) were digested by
SacI and subjected to Southern blot analysis by using a NIT1
gene as a probe. DNA from cbs3 has additional two bands

FIG. 1. HPLC analysis of chlorophyll from the transformant mutants. Chlorophylls of transformants colonies were extracted with 80%
acetone and were determined by HPLC. Four chlorophyll b-less
mutants (cbs1–cbs4) and two mutants (cbs5 and cbs6) were isolated by
using pMN24 and p389, respectively.
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compared with that from strain 5D. These additional bands
may represent DNA located at the junctions between integrated NIT1 gene and host genomic DNA. By using the entire
gene or a portion of NIT1 gene as probes, we cloned the bands
from a cbs3 SacI genomic library. By using these clones as
hybridization probes, we cloned the DNA fragments from a
wild-type genomic library.
Isolation of cDNA. The cDNA library was screened with the
genomic DNA fragment a in Fig. 3. Because full-length cDNA
was not obtained by screening the library, we designed oligonucleotide primers according to the genome DNA sequence
and amplified the 59 part of the cDNA. Poly(A)1 mRNA was
used to synthesize first-strand cDNA at 70°C with rTth DNA
polymerase. PCR amplification was performed with the oligonucleotide primers complementary to the genomic DNA
upstream of the sequence corresponding to that part of the
cDNA isolated by screening.
Sequencing. DNA fragments were subcloned into the pBluescript II plasmid vector (Stratagene) and sequenced by using
the Dye Terminator DNA Sequence kit (Applied Biosystems).
Complementation. The DNA fragment containing 4 kb of
the protein coding sequence and 1 kb of untranslated sequence
on the 59 end, and 3 kb of untranslated sequence on the 39 end
was subcloned into pSP109, which carries the ble gene as a
selectable marker (14). The plasmid (pSP109-E8) was linear-

FIG. 2. Southern blot analysis of genomic DNA from the chlorophyll b-less mutants. DNA from the mutants were digested by SacI and
hybridized with radioactive probe for DNA fragment b as indicated in
Fig. 3.
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ized by ScaI and introduced into the genome of strain cbs3.
Strain cbs3 was transformed with the 2 mg of the linearized
plasmids and grown on plates containing 2 mgyml phleomycin.
Analysis of Chlorophyll by HPLC. Chlorophylls were extracted from colonies with 80% acetone and subjected to
HPLC on an octadecyl silica column (6 mm, inner diameter 3
150 mm) by using methanol as the eluent at a flow rate of 1.5
mlymin at 40°C. Chlorophylls were monitored by their absorbance at 650 nm.

RESULTS
Isolation of Chlorophyll b-Less Mutants. Because insertion
of a DNA fragment is accompanied by a large deletion of
genomic DNA upon transformation in Chlamydomonas (15),
we obtained many chlorophyll b-less mutants and analyzed
their genomic DNA rearrangements. To obtain tagged mutants that have a defect in chlorophyll b biosynthesis, we
transformed ammonium or arginine requiring Chlamydomonas cells with plasmid DNA carrying either nitrate reductase
(NIT1) or argininosuccinate lyase (ARG7) gene as a selectable
marker, respectively. We isolated four chlorophyll b-less mutants (cbs1, cbs2, cbs3, cbs4) by using NIT1 and two (cbs5, cbs6)
by using ARG7. In these mutants, no chlorophyll b was
detected by HPLC (Fig. 1). Chlorophyll b-less mutants of cbs1,
cbs2, cbs3, and cbs4 accumulate chlorophyll a to the wild-type
level; however, cbs5 and cbs6 were pale green on a plate.
DNA Rearrangement in the Chlorophyll b-Less Transformants. By using the NIT1 gene as a probe, we isolated two
DNA clones from a cbs3 SacI genomic library. We determined
the nucleotide sequences of these clones and found that they
contained sequences other than that of NIT1 gene, and that
these were presumed to be a part of the genomic DNA where
NIT1 gene had inserted. By using these parts of the cloned
fragments as probes, we isolated different overlapping clones
from a wild-type library that covered the deleted region of
strain cbs3. We examined the rearrangement of the other
mutant genomes by Southern blot hybridization with 13 dif-
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ferent fragments from these overlapping clones. Some probes
did not hybridize to the genomic DNAs from the mutants (Fig.
2), indicating that the DNA insertion was accompanied by the
deletion of genomic DNA. As shown in the physical map in Fig.
3, all of the mutants had a large deletion in a common region
of the genomic DNA. The genomic DNA region indicated by
arrows was deleted in all of the mutants (cbs1–cbs6). These
results strongly suggest that the deleted genomic DNA includes
a gene for chlorophyll b synthesis.
Complementation of Chlorophyll b-Less Phenotype. Next,
we attempted to rescue the chlorophyll b-less phenotype of
cbs3 (Fig. 4) by transformation with an 8-kb genomic DNA
fragment (fragment c in Fig. 3) subcloned into pSP109, which
has the ble gene as a selectable marker (14). The DNA
fragment contained the region that was deleted in all the
mutants (Fig. 3). The plasmid (pSP109-E8) was linearized by
ScaI and introduced into the genome of cbs3. Transformants
that accumulated chlorophyll b had integrated both ble and the
genomic DNA fragments as determined by PCR (data not
shown).
cDNA Cloning and Sequence Analysis. Comparison of
cDNA and genomic DNA sequences revealed three introns
(data not shown). The splice junctions of these introns agree
with the consensus motifs for other Chlamydomonas genes
(16). The sequence analysis of the DNA fragment used for
complementation indicates that the DNA fragment contained
4 kb of protein-coding sequence, flanked by 1 kb of untranslated sequence on the 59 end and 3 kb of untranslated sequence
on the 39 end. The cDNA is 2,885 bp in length and has a single
ORF. The corresponding cDNA has a coding capacity for 463
amino acids, giving a calculated molecular weight of 51341
(Fig. 5A). Analysis of the deduced amino acid sequence
revealed two conserved motifs, a consensus sequence for
coordinating a Rieske-type [2Fe-2S] cluster, and a conserved
mononuclear nonheme Fe-binding site (Fig. 5B). This finding
indicates that the gene encodes an oxygenase (17), in agreement with observations from mass spectrometry that oxygen in
the formyl group of chlorophyll b is incorporated from O2 (18,

FIG. 3. Restriction map of wild-type genomic DNA and deletion maps for mutants. Different genomic DNA clones were isolated that covered
the deleted region of cbs3. Deletions in each of the mutants, indicated by heavy lines, were determined with probes consisting of 13 different genomic
DNA fragments clones from wild type. In some cases, the ends of the deletions were not determined (shown by dotted lines). Open and closed
boxes represent the cDNA sequence and exons in the gene, respectively. The location of a TATA box (TATAAAT), an initiation codon (ATG),
a termination codon (TAG), and a polyadenylation signal sequence (TGTAA) are marked by the vertical arrows. E, EcoRI; H, HindIII; N, NotI;
S, SacI; A(n), a poly(A) tail; a, DNA fragment for the isolation of cDNA; b, DNA fragment for the Southern blot analysis in this figure; c, DNA
fragment for the complementation of Fig. 4.
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19). The protein has sequence similarity to vanillate demethylase (20) and r-toluenesulfonate monooxygenase (21), which
catalyze oxygenation at the methyl side chain of an aromatic
ring and convert a methyl group to a hydroxymethyl group.
The catalytic pathway is consistent with that proposed for
chlorophyll b formation from chlorophyll a by Beale and
Weinstein (22), whose hypothesis was based on the chemical
properties of the substrate.
Northern hybridization of wild-type RNA with the cDNA
clone detected a single band of 3.3 kb in accordance with the
sequence of the cDNA plus addition of a poly(A)1 tail to the
mRNA. No hybridization was detected with RNA extracted
from the mutants (Fig. 6).

DISCUSSION
From the results presented above, we conclude that we have
identified a gene encoding an enzyme for chlorophyll b
formation by the oxygenation of chlorophyll a. We designate
the gene as CAO (chlorophyll a oxygenase).
For the reaction pathway of the enzyme, it is likely that an
electron would be transferred from the Rieske center to the
mononuclear iron with subsequent activation of molecular
oxygen for oxygenation of the chlorophyll a methyl group.
Each of the known oxygenase systems uses an electron transfer
system from NADH to ferrous via specific reductases with
similarities to ferredoxin-NADPH oxidoreductase (23). Because CAO is chloroplast-localized, we speculate that it could
accept electrons from ferredoxin-NADPH oxidoreductase or
perhaps ferredoxin by itself. However, we cannot rule out the
possibility that there are other, more specific, reducing systems
for CAO as in the case for other oxygenase.
For the conversion of r-toluenesulfonate to r-sulfobenzaldehyde, methyl monooxygenase, and alcohol dehydrogenase are required (21). It is likely that the conversion of a
methyl group to a formyl group in chlorophyll b formation
proceeds in successive steps catalyzed by CAO and a dehydrogenase. However, it was reported with Chlamydomonas
(24) and barley (25) that chlorophyll b-deficient and chlorophyll b-less mutants belong to a single complementation group.
In our mutant collection, a genomic DNA deletion is found at
the same locus (Fig. 3). If two enzymes (CAO and dehydrogenase) are needed for chlorophyll b formation (Fig. 7), more
than one copy of the gene for 7-hydroxymethyl chlorophyll

FIG. 4. Rescue of the chlorophyll b-less phenotype by transformation of wild-type CAO gene. An 8-kb genomic DNA fragment was
subcloned into plasmid pSP109 and the resultant plasmid (pSP109-E8)
was linearized with ScaI. Strain cbs3 was transformed with the 2 mg of
linearized plasmids and selected on plates containing 2 mgyml phleomycin. Pigments were extracted from the transformant (b3-8E), cbs3,
and 5D with 80% acetone and determined by HPLC.

FIG. 5. (A) Predicted amino acid sequence of the chlorophyll a
oxygenase protein with specific binding sites underlined and expanded
in B. (B) Amino acid sequence alignments of the Rieske [2Fe-2S]
center and mononuclear iron-binding regions of CAO, toluenesulfonate methyl monooxygenase (TsaM), and vanillate demethylase (VanA).
Residues for the binding domain are shaded.

dehydrogenase must exist to be consistent with these results.
Another possibility is that there is a multifunctional dehydrogenase that catalyzes the last step of chlorophyll b synthesis,
but mutations affecting this enzyme are lethal because of its
role(s) in other pathways. At present, it could not be excluded
that CAO converts chlorophyll a to chlorophyll b without
dehydrogenase. Enzymatic studies of CAO are needed to
clarify the mechanism of chlorophyll b formation.
When chlorophyll a is oxygenated by CAO, the converted
molecule should be 7-hydroxymethyl chlorophyll, which we
reported to be the intermediate molecule in chlorophyll b to

FIG. 6. Northern blot analysis of CAO transcripts. Poly(A)1 RNA
isolated from wild-type and mutant cells were examined by RNA gel
blot analysis with radioactive CAO probe.
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FIG. 7. Proposed chlorophyll cycle, whereby interconversion of
chlorophyll a and chlorophyll b levels could be regulated via 7-hydroxymethyl chlorophyll.

chlorophyll a conversion (26). Thus chlorophyll a and chlorophyll b could be interconvertable through 7-hydroxymethyl
chlorophyll by the chlorophyll cycle (Fig. 7). Regulation of the
metabolism of the 7-hydroxymethyl chlorophyll could be important for the adjustment of chlorophyll ayb ratios. Regulating photosynthetic antenna by interconversion of chlorophyll
a and chlorophyll b would be more efficient than their degradation and synthesis, and it would be a great advantage to
chlorophyll ayb organisms.
In this report, we show that an oxygenase is involved in
chlorophyll b formation. To determine the origin of CAO
would be important to understand how the photosynthetic
organisms obtained chlorophyll b as a photosynthetic pigment.
Further investigations on CAO genes from algae to higher
plants should give additional information about their control
of expression and evolution. Chlorophyll b is present in
prochlorophytes as well as chlorophytes. One hypothesis is that
chlorophyll b has arisen several times during evolution (3, 4).
Alternatively, it has been suggested that a progenitor to both
groups possessed chlorophyll a, chlorophyll b, and phycobilins
but that the phycobilins were lost during evolution of higher
plants (27). Sequence analysis of chlorophyll b binding proteins
indicated that these proteins in prochlorophytes and chlorophytes are likely to be the result of convergent evolution (5).
Sequence comparison of genes for chlorophyll b synthesis
would help to resolve events in the evolution of photosynthetic
organisms.
The conversion of a methyl group on ring B to a formyl
group is also needed for the formation of chlorophyll c3,
chlorophyll ccs-170 and bacteriochlorophyll e (28). Evolutionarily related enzymes to CAO might be responsible for the
formation of these chlorophylls. Thus modification of CAO
genes might partially account for the diversity of chlorophyll
molecules among various photosynthetic organisms.
The investigation of CAO gene would be a great help for the
studies on adaptation, evolution, and diversity of chlorophylls.
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