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Abstract Two  chlorophyll-deficient ~ mutants  of
Chlamydomonas reinhardtii, chll and brs-1, are light
sensitive and, when grown heterotrophically in the dark,
accumulate protoporphyrin IX and exhibit yellow/
orange pigmentation. The lesions in both mutants were
mapped to the gene (CHLH) for the plastid-localized H
subunit of the heterotrimeric magnesium chelatase that
catalyzes the insertion of magnesium into protoporphyrin
IX. The genetic defects in the mutants could be assigned
to +1 frameshift mutations in exon 9 (chll) and exon 10
(brs-1) of the CHLH gene. In both mutants, the H subunit
of magnesium chelatase was undetectable, but, as shown
for chll, the steady-state levels of the I and D subunits
were unaltered in comparison to wild type. The CHLH
gene exhibits marked light inducibility: levels of both the
mRNA and the protein product are strongly increased
when cultures are shifted from from the dark into the
light, suggesting that this protein may play a crucial role
in the light regulation of chlorophyll biosynthesis.
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Introduction

Porphyrins, complexed with iron and magnesium, are
ubiquitous in photosynthetic organisms. The biosynthe-
tic pathway for tetrapyrroles provides the macrocyclic
ring structure of porphyrins, and metal ions are subse-
quently inserted. The whole pathway can be subdivided
into three sections: the synthesis of protoporphyrin IX
(PROTO) from glutamate, the conversion of PROTO
into heme, and the synthesis of chlorophyll from PROTO
(Beale and Weinstein 1990; von Wettstein et al. 1995;
Riidiger 1997). In plants and cyanobacteria, 5-amino
levulinic acid is formed from glutamate in a tRNA-de-
pendent pathway. Eight molecules of 5-amino levulinic
acid are condensed to a linear and then to a cyclic tetra-
pyrrole. The product of the porphyrin-synthesizing
pathway, PROTO, can be chelated with Mg " or Fe? "
cations to form Mg-protoporphyrin IX (MgPROTO) or
protoheme. The latter is the precursor of various types of
hemes which function as cofactors in proteins for electron
and energy transfer, detoxification processes or signaling.
The insertion of Fe** into PROTO is catalyzed by the
monomeric protein ferrochelatase.

The Mg-porphyrin branch leads to the synthesis of
chlorophyll and starts with Mg-chelatase, a heteromul-
timeric complex composed of subunits named D, H and
I (reviewed in Walker and Willows 1997). Insertion of
Mg?* into PROTO may be subdivided into two steps,
activation and Mg chelation. Activation can be achieved
by incubating only subunits D and I with ATP, while
subunit H was required for the chelation step. The H
subunit is thought to bind PROTO and possibly
Mg>" (Gibson et al. 1995; Willows et al. 1996; Walker
and Willows 1997).

Mg-chelatase has been proposed to play a crucial
role in determining how much PROTO is directed into
heme and chlorophyll biosynthesis (Gibson et al. 1996;
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Papenbrock et al. 1999). Diurnal variations in enzyme
activity and/or the concentration of subunit H may
have an important role. The activity of Mg-chelatase in
8-day-old barley seedlings and young tobacco leaves
increases threefold immediately after transfer from
dark to light (Jensen et al. 1996; Papenbrock et al.
1999). The diurnal activity profile of Mg-chelatase does
not entirely correspond to the expression pattern of the
three genes that encode the Mg-chelatase subunits
during the light/dark growth period. While only minor
diurnal variations are observed in the levels of CHLD
and CHLI mRNAs (encoding subunits D and I, re-
spectively), amounts of CHLH mRNA oscillate dras-
tically during a cyclic photoperiod in Arabidopsis,
barley, soybean and tobacco. Transcript levels are very
low during the dark period but show a substantial in-
crease just prior to the start of the light period. The
concentration of CHLH mRNA reaches a maximum in
the first half of the light period, followed by a gradual
decrease during the day (Gibson et al. 1996; Jensen
et al. 1996; Nakayama et al. 1998; Papenbrock et al.
1999). These variations in CHLH expression led
Gibson et al. (1996) to propose a role for the H subunit
in regulating the flux through the tetrapyrrole biosyn-
thesis pathways, primarily the chlorophyll branch.
When abundant, the H subunit, by sequestering
PROTO, may deplete the pool of substrate available
for ferrochelatase. The consequent drop in heme levels
is proposed to stimulate tetrapyrrole biosynthesis, since
heme has been shown to repress the activity
of glutamyl-tRNA reductase (Pontoppidan and
Kannangara 1994), the first enzyme specific for por-
phyrin biosynthesis.

Pigment-deficient mutants have proven to be useful
tools for the genetic and biochemical analysis of the
metabolic pathways of chlorophyll synthesis (Granick
1948a, 1948b; von Wettstein et al. 1995; Suzuki et al.
1997). In Chlamydomonas reinhardtii several mutants
have been identified which are defective in chlorophyll
synthesis, and accumulate PROTO. The non-allelic yel-
lowish-orange and light-sensitive nuclear mutants brs-1
and brs-2 were isolated and described by Wang and
colleagues (Wang et al. 1974; Crawford et al. 1982). The
mutant chll was also isolated as a chlorophyll-deficient
strain (Stolbova 1971) and later it was shown that the
mutation is recessive and affects a single nuclear gene
(Chekunova and Kvitko 1986). It was suggested that the
mutants have lesions at the branch point towards chlo-
rophyll synthesis (Wang et al. 1974).

We have shown that mutant brs-1 is defective in the
pathway that mediates the light-dependent induction of
nuclear HSP70 chaperone genes. In the mutant, feeding
with MgPROTO and Mg-protoporphyrin IX dimethy-
lester [used instead of the naturally occurring Mg-pro-
toporphyrin IX monomethylester (MgPROTOMe)] in
the dark resulted in induction of these genes, thus cir-
cumventing the mutational block (Kropat et al. 1997).

Here we extend the characterization of the genetic
lesions in these mutants that are impaired in chloro-

phyll synthesis. We confirmed that brs-1 and chll are
allelic and employed both mutants for biochemical
analyses of the early steps in the Mg-porphyrin branch
of chlorophyll synthesis. Western analyses revealed a
lack of the CHLH product, but subunits D and I are
present in normal amounts. The +1 frameshift muta-
tions defined in the CHLH genes of both mutants,
however, do not result in an absence of CHLH mRNA.
Genetic studies with these mutants should help to
define the role of the CHLH protein in regulatory
signaling.

Materials and methods

Strains and cell culture conditions

The wild-type stocks of C. reinhardtii used in this work were de-
rived from strains 137C mt+ and CC-124 mt-. The chll mutant
was isolated following treatment of cells of strain CC-124 with
N-nitroso-N-methyl urea, and selected from among chlorophyll-
deficient mutants (Stolbova 1971). The brs-1 mutant was generated
by UV irradiation of strain 137 C mt¢+, and described by Wang
et al. (1974, 1975), and was kindly provided to us by Dr. Wang
(University of Iowa, lowa City, lowa). The wild-type strains and
the arginine-requiring mutants CC-50 (arg7,mt+) and CC-49
(arg2,mt-) were obtained from the Chlamydomonas Genetics
Center (Duke University, Durham, N.C.).

Chlamydomonas cells were grown in TRIS-acetate-phosphate
(TAP) medium (Harris 1989). Cell cultures were grown photo-
mixotrophically on agar plates or in flasks on a rotary shaker at
24°C under continuous irradiation with white light (30 uM photons
per m?/s) from fluorescent tubes (Osram L36W/25). Light-sensitive
mutants were grown heterotrophically in the dark. For arginine-
requiring mutants the medium was supplemented with arginine
(final concentration 100 pg/ml).

Genetic analysis of mutants

Crosses, maturation of zygotes and analysis of progeny were per-
formed by standard techniques, with some modifications necessi-
tated by the light-sensitive nature of the mutants (Harris 1989). For
the mutants dim light was used for gametogenesis and germination
of zygotes.

Complementation tests were performed as described by
Ebersold (1967). Diploids were identified on the basis of three
characteristics: arginine prototrophy, larger cell volume in com-
parison to haploid cells and mating type (-), since this mating type
is dominant.

For recombination tests the zygotes were germinated and in-
cubated for several days in the dark before scoring for the presence
or absence of green sectors within yellow/orange colonies. When
mutant strains were crossed, the colonies produced by the meiotic
products of the zygotes that exhibited green sectors were identified
as recombinant clones, while those showing only yellow/orange
colors were classified as non-recombinant clones.

Analysis of pigments

Pigment content was determined in cells grown in liquid cultures.
Cells were harvested by centrifugation and sonicated. Porphyrins
were extracted with acetone/methanol/0.1 N NHj (10/9/1, v/v).
HPLC analyses were performed on a RP 18 reverse-phase column
as described by Kruse et al. (1995) with a few modifications. The
column eluate was monitored using a fluorescence detection system



(Zex [Aem = 405 nm/625 nm and 420/595 nm). Porphyrins were
identified and quantified using authentic standards obtained from
Fluka or Porphyrin Products. The chlorophyll content was deter-
mined in alkaline acetone extracts according to Porra et al. (1989).
The extraction of heme was perfomed as described previously
(Schneegurt and Beale 1986). Pigments were first extracted from
Chlamydomonas cells by washing (four times) with cold acetone
(80%, v/v) containing 5% (v/v) concentrated HCI. Extracted heme
was transferred to chloroform:butanol (2/1; v/v), concentrated and
washed on a DEAE-Sepharose column. Absorbance was moni-
tored at 398 nm (E=144 mM ! cm!). The concentration of pro-
toheme and heme standard solutions was determined
spectrophotometrically (Weinstein and Beale 1983).

Determination of 5-amino levulinic acid-synthesizing capacity

The 5-amino levulinic acid-synthesizing capacity was determined
according to Miller et al. (1979) with some modification. Cell
suspensions (100 ml) were centrifuged and resuspended in 10 ml of
fresh TAP medium containing 20 mM levulinate, and incubated for
24 h in the dark. Then cells were centrifuged and resuspended in
0.7 ml of TCA (7.5%), sonicated for 30 s, kept on ice for 30 min
and centrifuged for 20 min at 10,000xg. The supernatants were
adjusted to pH 4.6 by adding 3 M sodium acetate. Three drops of
acetylacetone and 0.1 ml of acetate buffer was added to 500-ul
aliquots of these samples, which were then boiled for 10 min. The
samples were cooled on ice for 5 min, mixed with 1 vol of Ehrlich’s
reagent and, after a 15-min incubation at room temperature, the
S-amino levulinic acid content was determined spectrophotomet-
rically at 555 nm.

Determination of Mg-chelatase and Mg-protoporphyrin
IX methyl transferase activities

For determination of Mg-chelatase and Mg-protoporphyrin IX
metyltransferase activities, the Chlamydomonas cells were grown
in 500 ml of liquid TAP medium to a density of 2-3x10° cells/ml,
harvested by centrifugation and resuspended in homogenization
buffer (0.5 M sorbitol, 0.1 M TRIS-HCI, 1 mM DTT and 0.1%
BSA, pH 7.5). The cells were disrupted by two passages through
an Amicon French press. The cell extracts were centrifuged at
15,000xg for 30 min and the supernatants were used for enzyme
assays. Mg-chelatase was assayed as described by Lee et al.
(1992) with a few modifications. The assay mixture contained
40 mM MgCl, and 20 mM ATP. The reaction, performed at
28°C in individual tubes, was started by adding PROTO dis-
solved in DMSO to a final concentration of 100 pM, and stop-
ped after 15, 30, 45 and 60 min by freezing the tubes in liquid
nitrogen.

Mg-protoporphyrin IX methyl transferase activity was mea-
sured according to Gibson and Hunter (1994). The enzyme activity
was assayed in protein extracts in the presence of 500 uM
S-adenosylmethionine and 20 uM MgPROTO for 0, 10 and 20 min
at 28°C.

Samples from each enzyme assay were extracted twice with
acetone/methanol/0.1 N NH; (10/9/1; v/v) and quantified by
HPLC using authentic porphyrin standards.

Protein extraction and immunoblot analysis

Total Chlamydomonas proteins were extracted as described by
Hofgen et al. (1994). Protein concentrations were determined ac-
cording to Bradford (1976). The SDS-PAGE and immunoblotting
procedures were performed as described by Sambrook et al (1989).
Alkaline phosphatase-conjugated goat anti-rabbit or anti-mouse
serum was used to detect the primary antibodies. The primary
antibodies recognizing the CHLI and the CHLH proteins were
raised against the recombinant N. tabacum proteins, respectively, as
described previously (Papenbrock et al. 2000b).
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Extraction of RNA and Northern hybridization analysis

Total RNA was isolated and processed for RNA blot analysis as
described by von Gromoff et al. (1989). Samples of RNA (10 pg)
were fractionated in formaldehyde-containing agarose gels, blotted
and hybridized following published protocols (von Gromoff et al.
1989).

DNA extraction and Southern hybridization

Total genomic DNA was isolated from Chlamydomonas strains as
described by von Gromoff et al. (1989). Aliquots (about 1 pg) of
total genomic DNA were digested with various restriction
enzymes, fractionated by electrophoresis on 0.8% agarose gels and
transferred onto nylon membranes, which were used for hybrid-
ization with a *’P-labeled fragment of the CHLH gene. Hybrid-
ization was performed as previously described (von Gromoff et al.
1989).

Cloning and sequencing of the CHLH gene

Two conserved regions in the protein sequences (FGYEGDPM
and LEFMPGKQ) deduced for the H subunits of Mg-chelatase
from barley (Xantha-f), Antirrhinum majus (Olive), Synechocystis
PCC6803 (chlH) and Rhodobacter capsulatus (bchH) were selected
for the design of degenerate primers. The upstream primer 5-T
T(CT)GG(ACTG)TA(CT)GAGGG(ATGC)GA(CT)CC(AGCT)
ATG-3" and downstream primer 5-CTGCTT(ACGT)CC(ACGT)
GGCAT(AG)AA(CT)TC-3" were used in a PCR with total DNA
from a C. reinhardtii wild-type strain as template. The reaction was
carried out for 30 cycles of 1 min at 94°C, 2 min at 57°C and
2 min at 72°C. A 162-bp DNA fragment was obtained, cloned into
the TA-cloning vector PCRII (Invitrogen) and sequenced. This
PCR fragment showed homology to part of the Xantha-f gene, and
was used as a probe to screen a ¢cDNA library constructed in
ANM1149 that was generated from mRNA isolated from vegeta-
tive C. reinhardtii cells (kindly provided by J.-D. Rochaix, Uni-
versity of Geneva, Switzerland). Two clones with inserts of 1.4 kb
and 3.1 kb were identified. The cDNA fragments were amplified
by PCR and subcloned into the pGEM-T vector (Promega,
Madison, Wis.) for sequencing. The sequence of the 3.1-kb insert
exhibited a short polyA tail and, in close proximity to it, the
polyadenylation signal TGTAA. About 800 bp upstream of this
signal, an ORF with distinct homology to that of other CHLH
genes was detected. Sequencing of the 1.4-kb insert revealed a 200-
bp overlap with the 3.1-kb fragment (the region of the PCR
product) and 1.2 kb of upstream sequences. However, approxi-
mately 1 kb of coding sequence was still missing. Since rescreening
of the cDNA library did not yield clones harboring the front end
of the gene, we used the 5RACE protocol (Gibco BRL). Using
two specific primers corresponding to the front end of the 1.4-kb
fragment (5-CTCCAGCTTGTCCGAGTTACC-3" and 5-AG-
CAGGTTCTC CAGGTTGTCC-3" and the anchor primer
5-GGCCACGCG  CCGTCGACTAGTACGGGIIGGGIIGG-
GIIG-3’), a 605-bp fragment of upstream coding region was
amplified, subcloned into the pBluescript II SK+ (Stratagene)
vector, and sequenced.

In order to test whether the 5" end of this fragment represented
the beginning of the gene, we screened a Chlamydomonas genomic
DNA library constructed in ZEMBL3 (Goldschmidt-Clermont
1986) using the 605-bp 5’RACE product as a probe. Phage DNA
from three positive clones was digested with either Sa/l/Pstl or
Sall/Smal, transferred onto a nylon membrane and hybridized
with the 5’RACE fragment. After stripping, the membranes were
rehybridized with a probe derived from the 3" end of the 3.1-kb
cDNA fragment. One DNA fragment (1.75 kb) which hybridized
only with the 5RACE product was eluted from the agarose gel
using the JETsorb kit (Genomed) and subcloned into pBluescript
11 SK + (Stratagene) for sequencing. The sequence of this fragment
revealed ORFs with homology to the CHL H subunit, interrupted
by multiple introns. Exons and introns in this fragment were
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assigned by comparison with a 445-bp EST fragment from an EST
database (Asamizu et al. 1999; Accession No. AV394213) which
overlapped with the SRACE fragment. Based on the EST frag-
ment the beginning of the coding region as well as the potential
start site of transcription could be localized. The combined se-
quence data could be arranged to form a full-length cDNA of the
CHLH gene (5054 bp). The sequence of the 3’ end is identical to
that deposited in GenBank by Willows and Beale (Accession No.
AF069768). The genomic sequence of the Chlamydomonas CHLH
gene was amplified in fragments from genomic DNA (strain CC-
124) by PCR with a thermostable proofreading DNA polymerase
(PfuTurbo DNA polymerase, Stratagene) using the reaction con-
ditions: 5 min at 95°C, followed by 35 cycles of 1 min at 95°C,
2 min at 65°C, and 3 min at 72°C, with a final extension step for
10 min at 72°C. The primer pairs used to obtain six overlapping
fragments constituting of the entire CHLH gene were designed on
the basis of the CHLH cDNA sequence. The upstream (A) and
downstream (B) primers were: 1A (2?AACTAGGGAGGGGCA
ACA °) and 1B (T*ATGAAGATGTTGGCAGAGGCC *4%);
2A  ("**GCCAACATCT TCATCGGCTCGC**”) and 2B
(T IBSTGTTGACGGGGTCGGAGAA T 1%), 34 (+UBTCCG
ACCCCGTCAACAAGT "' and 3B (T 1¥3GGCTGCACGCC
GATGAAGACG " ""13); 4A (T 1393CGTCTTCATCGGCGTGCA
GCC*113) and 4B ("39¥GC GGCCTGAGTGCCAATC *30%6);
5A (T3929ACGGACGCCCTG GACCCTCAGT "3%) and 5B
(+4226CAACCACAACCCGCCAACT " and 6A (T47°CGT
GGAGGACAAGATTG %% and 6B (T%SITCCGAGGGA
GCCGTGAG " *%7). The numbers refer to the sequence of the
CHLH cDNA with +1 representing the start of the ORF. Frag-
ments generated with these primers were subcloned into the
pGEM-T vector and sequenced. In this manner, the sequence of
the entire CHLH gene was obtained.

The genomic sequence was used to define the intron/exon
structure and, later, for the identification of the chll and brs-1
mutations.

Screening of libraries by plaque hybridization, isolation of
positive clones, cloning and subcloning procedures were performed
according to standard protocols (Sambrook et al. 1989). Sequenc-
ing was carried out by the dideoxynucleotide chain-termination
method (Sanger et al. 1977) using the ALF DNA analyzing system
(Pharmacia Biotech), and the sequences presented were deposited
in the EMBL database under the Accession Nos. AJ307054
(CHLH cDNA) and AJ307055 (CHLH gene).

The analysis of DNA sequences and the analysis of putative
ORFs and restriction sites were performed with the programs BCM
Search Launcher and ExPASy Tools.

Fig. 1 Growth phenotypes and
pigmentation of the mutant
strains brs-1 and chll after
incubation in the dark and in
the light. Strains were incubated
on TAP-containing plates for
4 days. The photosensitivity of
the mutants prevents growth in
the light

chll

Dark

Transformation

Nuclear transformation of the Chlamydomonas mutants was done
using the method described by Kindle (1990). The light-sensitive
mutants chll and brs-1 were transformed with a genomic DNA
clone (approximately 20 kb long) which includes the entire CHLH
gene. Transformants were either selected by their ability to grow in
the light or the genomic DNA was co-transformed with a selection
plasmid containing the paromomycin resistance gene aphVIII
(kindly provided by Dr. I. Sizova and Dr. P. Hegemann, University
of Regensburg, Germany). Paromomycin-resistant transformants
were selected in the dark on plates of TAP medium containing
paromomycin sulfate (Sigma) at 12 pg/ml. These transformants
were screened for colonies that exhibited a green colour, indicating
successful complementation.

Statistical evaluation

The biochemical analyses of enzyme activities and determinations
of pigments were performed at least in triplicate on each inde-
pendent sample. The results from different measurements were
combined.

Results
Genetic analysis of the mutants

The two mutants brs-1 and chll, which are apparently
defective in chlorophyll synthesis, can only be grown in
the dark or at very low fluence rates (<125 nmol per
m?/s) (Stolbova 1971; Wang et al. 1974). At moderate or
high fluence rates the cells were killed within 24 h. The
mutants exhibit a yellow/orange color, their phenotypes
in the dark and in light are documented in Fig. 1.
Prior to molecular characterization of these pheno-
typically similar mutants, we tested whether they were
affected in the same locus. To assay for their ability to
complement each other we generated gametes from
haploid mutant strains of opposite mating types that
carried additional selective markers (arg7.8 in the chll

Light

chll

br.-1

137(+)
I '8




mutant and arg?2 in the brs-1 mutant). Diploid vegeta-
tive cells were subsequently selected for their ability to
grow in the absence of arginine (Ebersold 1967). All 50
diploid clones tested exhibited the mutant phenotype
and did not produce chlorophyll (data not shown). This
lack of complementation suggests that the mutations are
allelic. In the recombination test, zygotes were generated
from a cross between the chll and brs-1 mutants to
confirm and extend this result. After zygote germina-
tion, the spores released were assayed for their pheno-
type. Among more than 10,000 clones assayed none
exhibited a green color, indicating that the defect was
not repaired by recombination and that the mutations
must be closely linked.

Biochemical characterization of mutants

To elucidate the physiological and genetic lesions in these
mutants their intracellular levels of chlorophyll, heme,
and of three intermediates of chlorophyll biosynthesis
were compared with those in wild-type cells. Only resid-
ual amounts of chlorophyll (<1% of the wild-type con-
tent) were found in the mutants. Levels of the chlorophyll
precursors MgPROTO and MgPROTOMe were drasti-
cally reduced (Table 1). However, both mutants showed
a huge increase in the steady-state levels of PROTO. This
accumulation of PROTO is the reason for the yellow/
orange pigmentation observed (Fig. 1). The heme con-
centration in these mutants was elevated by about 5-fold,
relative to that in wild-type cells grown in the dark. These
results suggested an enzymatic impairment of chloro-
phyll biosynthesis in these mutants and preferential di-
rection of tetrapyrrolic metabolites into heme synthesis.

We next assayed the activity of Mg-chelatase and
MgPROTO methyl transferase, the first two enzymes in
the chlorophyll-specific branch of the pathway
(Table 2). In mutant chll, the activity of Mg-chelatase
was reduced to about one-third of the wild type level,
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while the methyl transferase activities were similar in
mutant and control. The mutant also exhibited an un-
altered capacity to synthesize 5-amino levulinic acid,
indicating that the initial and rate-limiting steps of tet-
rapyrrole biosynthesis were not affected. The combined
results from the porphyrin measurements and the en-
zyme assays suggested that both mutants are perturbed
in the first step of the chlorophyll biosynthetic branch.

Characterization of the mutants by Western analysis

The reduction in Mg-chelatase activity observed in the
mutant chll could most easily be explained by an im-
pairment in the synthesis of this enzyme or by a defect in
the assembly of the active enzyme complex. Mg-chela-
tase in photosynthetic bacteria and higher plants is
composed of three non-identical subunits termed CHL
D, H and I for plants and BchD, H and I for bacteria
(Gibson et al. 1995; Walker and Willows 1997). The
mutant chll was assayed for the presence of the three
subunits using antibodies raised against the corre-
sponding polypeptides from tobacco. Antibodies di-
rected against the I subunit, which also crossreact with
the D subunit, detected the corresponding proteins in
wild-type C. reinhardtii and in the chll mutant extracts
(Fig. 2). The antibody raised against the H subunit
recognized a protein of about 154 kDa in wild-type
C. reinhardtii cells. No specific immune reaction was
detectable in either of the mutant strains (Fig. 2). These
results suggested that the CHL H subunit is either
missing or present at non-detectable levels in the mu-
tants chll and brs-1.

Cloning and sequence analysis of the gene
for the H subunit

Combining sequence data from cDNA clones, 5RACE
experiments and an EST library (Asamizu et al. 1999),

Table 1 Levels of tetrapyrrole

pools in wild-type and mutants Strains and assay

Levels of pigments (nmol/10° cells)*

conditions

PROTO MgPROTO MgPROTOMe Heme Chlorophyll
CC-124 (light) 0.31 0.17 0.14 23 3800
CC-124 (dark) 0.17 0.09 0.09 50 2400
chll (dark) 30 n.d. n.d. 270 15
brs-1 (dark) 50 n.d. n.d. 210 20

“n.d., not detectable

Table 2 Activity of various

enzymes involved in chlorophyll Strains and

Enzymes assayed

Relative levels of

synthesis in the wild type and conditions tested

mutants

Mg-chelatase
(pkat/g protein)

5-amino levulinic acid
Mg-proto-methyl
transferase (pkat/g protein)

CC-124 (light) 144
CC-124 (dark) 90
chll (dark) 27

3.5 100
2.7 56
2.7 63
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A WT chll
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B WT chil brs-1

<@ CHLH

Fig. 2A, B Western analysis of whole cell extracts from the wild
type (WT) and the mutants chll and brs-1. A Aliquots (10 pg) of
total protein from wild type (WT) and the chll mutant, grown in
the dark, were fractionated by PAGE and analyzed with a
polyclonal antiserum raised in mouse against the recombinant
CHL I protein of Mg-chelatase from Nicotiana tabacum. This
antibody also crossreacts with the D subunit of Mg-chelatase.
B Cells of the wild type and both mutant strains were grown in the
dark for 3 days and then transferred into the light for 2 h. Total
protein extracts were analyzed by the Western blot technique using
a polyclonal antiserum raised in rabbit against the recombinant
CHL H protein of Mg-chelatase from N. tabacum

we obtained the complete cDNA for CHLH, which
comprises 5050 bp. This cDNA had a short polyA tail,
and nearby is the polyadenylation signal TGTAA,
which is typical for C. reinhardtii protein-encoding
genes. This cDNA contains an ORF that encodes a
protein of 1399 amino acids. At the N-terminal end
a potential chloroplast targeting sequence of 36 amino
acids was predicted by the chloro P program
(Emanuelson et al. 1999). The sequence surrounding
the postulated ATG start codon (AGAAATGCAG)
closely resembles the Chlamydomonas consensus
sequence which is (A/C)A(A/C)A/C)ATG(G/C) C(G/
C) (Silflow 1998). The structure of the genomic DNA
was elucidated using PCR techniques. A schematic
diagram of the CHLH gene of C. reinhardtii, with 11
introns and 12 exons, is presented in Fig. 3. It exhibits
a rather short SUTR of 25 bp and a rather long
3’UTR of 829 bp. The GC content of the coding region
is 60.4%, typical for C. reinhardtii genes.

Fig. 3 Structure of the CHLH gene. The filled boxes represent the
exons, open boxes the introns. The 5UTR and 3'UTR are shown as
narrow open boxes. The start of the protein coding sequence (ATG)
as well the translational stop signal (TAA) and the polyadenylation
signal typical for C. reinhardtii (TGTAA) are indicated. The
positions of the + 1 frameshift mutations in the two mutants chll
and brs-1, as well as the bases inserted, are also indicated

123 4 5 6 1 8 9 chi)

ATG +C' 2661

The H subunit is encoded by a single-copy gene

Southern analysis was employed to determine how many
copies of the gene encoding the H subunit of
Mg-chelatase are present in the C. reinhardtii genome.
Hybridization of genomic DNA, digested individually
with four different restriction enzymes that either do not
cut within the gene or only at its very ends revealed one
unique fragment in each case (data not shown). This
result argues that CHLH is a single-copy gene.

Complementation of the mutant phenotypes

The mutations brs-1 and chll have been shown to affect
the synthesis of the H subunit of Mg-chelatase. The
mutations could lie within the CHLH sequence or affect
a gene that controls the expression of CHLH. To dis-
tinguish between these possibilities, we performed com-
plementation tests. For the complementation analyses
genomic DNA containing the complete CHLH gene was
introduced by transformation into both mutants. We
first screened for colonies in which chlorophyll synthesis
was restored and which could grow in the light. In a
second approach we used cotransformation of the ge-
nomic DNA together with the aphVIII gene and selected
for paromomycin-resistant clones in the dark. Since
spontaneous revertants of the mutants were never de-
tected, all green colonies that turned up were assumed to
be the result of successful complementation. From both
mutants transformants were recovered that had the
ability to grow in the light. Their chlorophyll content
corresponded to that of the wild-type strain (data not
shown). In the cotransformation experiment 2% of the
paromomycin-resistant transformants recovered in the
dark were green in color and contained normal levels of
chlorophyll. We conclude that the genomic clone
complements both mutants; providing evidence that in
mutants chll and brs-1 the CHLH gene is affected.

Identification of the alteration in CHLH
in the mutants brs-1 and chll

A PCR-based strategy was chosen for the identification
of the mutational defects in the CHLH genes of both
mutants. Six pairs of primers were designed from regions
of the cDNA sequence that are unlikely to represent
exon/intron borders. Amplified fragments ranged in size
from 0.7 kb to 1.6 kb and covered the complete coding
region of CHLH. Comparison of the genomic sequence
with that of the cDNA allowed the identification of 11
introns (Fig. 3). The absence of an intron within the
3’UTR was also confirmed by PCR.

(brs-1) 10 1 12 0.5 1w

T l +T' 3151 TAAT TGTAAT



Analysis of the CHLH sequence from the mutant chll
revealed a 1-bp insertion (C) at position 2661 within exon
9 (Fig. 3). This frameshift mutation leads to a stop codon
after 22 triplets. The mutant would code for a truncated
protein of approximately 52 kDa. The absence of a de-
tectable polypeptide of this size on Western blots probed
with the H-subunit-specific antibodies (Fig. 2) may be
explained by the instability of the truncated protein.

Since no recombinants were observed among the
progeny of crosses between the chll and brs-1 mutants
(see above) we initially speculated that the two muta-
tions must be closely linked. Partial sequencing of the
genomic DNA of the brs-1 mutant indeed revealed a
mutation in exon 10 (position 3151), at a site 490 bp
downstream from the chll mutation. Again a frameshift
mutation, resulting from the insertion of one nucleotide
(T) was discovered (Fig. 3). The altered reading frame in
this mutant ends with a stop codon after 164 triplets.

Besides the two frameshift mutations that prevent
synthesis of the complete full-length H subunit, we dis-
covered seven polymorphisms within exons 10, 11 and
12 of CHLH when ¢cDNA and genomic DNA sequences
were compared (data not shown). In five cases, these
polymorphisms do not alter the amino acid sequence of
the predicted gene product. However, in two cases, dif-
ferent amino acids appear to be present in the H subunit
proteins. Thus, a change from T to C at position 1050 of
the cDNA sequence leads to the incorporation of proline
instead of leucine and a change from G to C at position
1226 results in a change from serine to threonine. Since
the strain from which the cDNA library (137¢ mt+) was
derived and the parental strain of chll (CC-124) do not
exhibit a lack of chlorophyll or a light-sensitive pheno-
type we conclude that these alterations in the amino acid
sequence do not crucially affect the function of the H
subunit.

Regulation of Mg-chelatase expression by light

The level of CHLH mRNA was very low in dark-grown
wild-type cells but distinctly higher when cells were
grown under continuous illumination (Fig. 4). CHLH
mRNA accumulation, assayed in wild-type cells during
a shift from dark to light, begins within the first hour of
illumination, has increased by 10-fold after 3 h and re-
mains at elevated levels thereafter (Fig. 4).

Northern analysis revealed that CHLH mRNA was
present in both mutant strains (Fig. 4). Accumulation of
CHLH mRNA in the light was also observed in the
mutants. The size of the mRNA species appeared to be
unaltered in comparison to that in the wild type RNA.
This result indicates that the frameshift mutations and
subsequent stops in translation appear to have no pro-
nounced effect on the expression of CHLH at the RNA
level, nor on the stability of the mRNA.

We also assayed the response of CHLH to light at the
protein level. A nine-fold increase in the amount of the
H subunit was evident after 2 h of exposure to light
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Fig. 4 Expression of CHLH at the RNA level. Aliquots (10 pg) of
total RNA from wild type (WT) and the chll and brs-1 mutants
were assayed by Northern analysis using the 1.4-kb and 3.1-kb
CHLH cDNA fragments as probes. Transcript levels were
determined from cells grown either in continuous light (CL), or
first continuous darkness (CD) and then transferred to light for 1,
2, 3 and 4 h. As a loading control, the membranes were hybridized
with an RBCS?2 probe

light
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Fig. 5 Expression of CHLH at the protein level. Aliquots (20 pg)
of total protein isolated from wild-type Chlamydomonas cells
grown in the dark (D) and after transfer into the light for 2, 4, 6
and 7 h were assayed by Western analysis using antisera raised
against the Mg-chelatase H subunit from N. tabacum

(Fig. 5). Mg-chelatase activity also increased by 60% in
a cell culture grown in the light in comparison to the
activity of a dark-grown culture (Table 2). In parallel, a
significantly enhanced rate of synthesis of chlorophyll
and its precursors has to be postulated in the light, since
the chlorophyll content of light-grown cells is about
35% higher than that of cells grown in the dark
(Table 1). A higher rate of chlorophyll biosynthesis in
light-grown cells is certainly required because they grow
faster by a factor of about 1.4 in comparison to cells that
grow heterotrophically in the dark (data not shown).

Discussion

At the branchpoint of tetrapyrrole biosynthesis towards
chlorophyll and heme, Mg-chelatase catalyzes the
insertion of Mg?>" into the tetrapyrrole ring and it is
likely that a finely tuned mechanism controls the relative
amounts of PROTO assigned to Mg-chelatase and
ferrochelatase. Here we report on the molecular and
genetic characterization of two allelic mutants (brs-1
and chll) that are defective in the H subunit of Mg-
chelatase. In both mutants the chlorophyll levels were
below 1% of wild-type levels, and MgPROTO, as well
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as MgPROTOMe, was undetectable. In contrast, the
concentration of PROTO in the mutants was elevated
by a factor of more than 100 (Table 1). Therefore,
continuous growth of the mutants in the light is not
expected, since the accumulation of PROTO is ex-
tremely deleterious to light-grown Chlamydomonas cells,
leading to photodynamic damage and cell death (Fig. 1).
In contrast to the chlorophyll deficiency, heme levels
were higher in the mutants than in wild type, reflecting a
redirection of the excess PROTO that would normally
be assigned to chlorophyll synthesis towards protoheme
biosynthesis.

It was demonstrated in previous work that the
PROTO-accumulating Chlamydomonas mutant brs-1,
transgenic tobacco plants with Mg-chelatase deficiency
and the Arabidopsis mutant gun5, which has a mutation
in the CHLH gene, showed modified expression of a
subset of nucleus-encoded genes (Kropat et al. 1997;
Papenbrock et al. 2000a; Mochizuki et al. 2001). The
newly identified mutant locus in the Chlamydomonas
mutant brs-1 codes for CHLH. The genetic lesion in brs-
1 is due to a +1 frameshift mutation in exon 10 of
CHLH, and results in a defect in the light induction of
the chaperone genes HSP704 and HSP70B (von
Gromoff et al. 1989; Kropat et al. 1997, 1999). Feeding
of MgPROTO to this mutant and to wild-type cells in
the dark was shown to substitute for the light signal in
activating the HSP70 genes (Kropat et al. 1997). These
results implicated the chlorophyll intermediate
MgPROTO, which is not detectable in the brs-1 strain
(Table 1) as a plastid molecule involved in the regulation
of a specific set of nuclear genes. We suggested in this
context a role for the porphyrin-binding H subunit of
Mg-chelatase in making MgPROTO accessible to
downstream signaling components in cytoplasm/nucleus
(Kropat et al. 2000). The brs-1 mutant was also shown
to be affected in the light regulation of an LHC gene
(Johanningmeier and Howell 1984; Johanningmeier
1988).

A regulatory role for the active Mg-chelatase com-
plex or single subunits thereof was deduced from an
analysis of transgenic tobacco plants expressing anti-
sense RNA for CHLH. In the transformants, Mg-
chelatase activity was reduced to various extents, leading
to lower steady-state levels of MgPROTO, MgPRO-
TOMe, and chlorophyll, Surprisingly, however, they did
not accumulate the Mg-chelatase substrate PROTO
(Papenbrock et al. 2000a, 2000b). This lack of PROTO
accumulation was attributable to reduced levels of the
enzyme activities that catalyze the early steps in tetra-
pyrrole synthesis. As shown by mRNA analyses, the
drop in the concentration of the H subunit resulted in
reduced expression of the nuclear genes encoding glut-
amyl-tRNA, 5-amino levulinic acid dehydratase and
LHCP (Papenbrock et al. 2000a). This contrasts with the
situation in Chlamydomonas where we observed an ac-
cumulation of PROTO in the Mg-chelatase mutants but
no reduction in 5-amino levulinic acid-synthezising ca-
pacity (Table 2).

These differences between plants and algae must re-
flect differences in the mechanism that regulates tetra-
pyrrole biosynthesis. Accumulation of PROTO as a
result of Mg-chelatase deficiency indicates that the green
alga Chlamydomonas did not evolve a feedback control
system similar to that of angiosperms that prevents the
accumulation of PROTO. We speculate that the lack of
such a control system may be a consequence of the
ability of these algal cells to synthesize chlorophyll in
the dark. In angiosperms, dark incubation interrupts the
light-dependent reduction of protochlorophyllide to
chlorophyllide by protochlorophyllide oxidoreductase.
This results in an accumulation of protochlorophyllide
in dark-grown plants, which in turn may cause inhibi-
tion of the synthesis of early non-photosensitizing me-
tabolites by a feedback mechanism (Dérnemann et al.
1989). In Chlamydomonas, chlorophyll synthesis may
continue in the dark due to the presence of an enzymatic
machinery that converts protochlorophyllide to chloro-
phyllide in the dark. The evolution of regulatory
mechanisms that prevent an accumulation of interme-
diates like PROTO that are highly toxic upon irradiation
may provide a selective advantage for plants that in a
diurnal manner periodically turn off chlorophyll syn-
thesis.

An involvement of the H subunit in plastid-to-nu-
cleus signaling has been strongly suggested based on an
analysis of Arabidopsis mutants with point mutations in
the CHLH gene (gun5 and cch). In these mutants, the
expression of a subset of nuclear genes that encode
chloroplast-localized proteins was found to be uncou-
pled from the physiological state of the plastid (Susek
et al. 1993). Surprisingly, in the gun5 mutant, the chlo-
rophyll content was reduced by only 30% relative to
wild-type levels and the MgPROTO pools in this mutant
were not significantly reduced, while the PROTO
concentration was somewhat less than in wild-type
(Mochizuki et al. 2001). These minor influences of the
gun5 mutation on the synthesis of chlorophyll and its
clear-cut effect on nuclear gene expression suggested a
special role for the H subunit in signaling from chlo-
roplast to nucleus. This special role of the H subunit was
corroborated by the observation that mutants with de-
fects in a different Mg-chelatase subunit (CHLI) were
unaffected in the regulation of these nuclear genes
(Mochizuki et al. 2001).

Although in all of the cases presented above the na-
ture of the regulatory function of Mg-chelatase, and in
particular that of subunit H, are still open, there is now
increasing evidence that at least one regulatory circuit
that links nuclear gene expression to the physiological
state of the chloroplast involves the enzyme and/or its
substrate/product that make up the first step specific for
chlorophyll synthesis (Beck 2001).

During growth in the light, Chlamydomonas cells
have a higher demand for chlorophyll than in the dark.
Light treatment of dark-adapted cells indeed causes a
pronounced increase in CHLH mRNA within 2 h
(Fig. 4). This increase in mRNA is followed by an
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accumulation of subunit H within 4 h after transfer
from dark to light (Fig. 5). However, Mg-chelatase
activity in light-grown cultures was only 60% higher
than that in cells grown in the dark (Table 2). This
discrepancy between the modest increase in enzyme ac-
tivity and the marked accumulation of H subunit protein
suggests either a modified stoichiometry of the H sub-
unit in the active Mg-chelatase complex of light-grown
cultures in comparison to the enzyme complex of dark-
incubated cells or the availability of free H subunits that
may engage in the regulatory functions discussed above.
It should, however, be stressed that more work is needed
to elucidate the role of the H subunit in regulation.
Comparison of the Chlamydomonas H subunit with
seven H subunits of Mg-chelatases from bacteria and
higher plants revealed extensive homologies (Fig. 6).
Since the function of the H subunit is thought to involve
both the binding of PROTO (Gibson et al. 1995;
Willows et al. 1996) and the binding of Mg®" used for
chelation, some of the conserved regions must be

ko

involved in porphyrin and Mg>* binding and possibly in
catalysis (Walker and Willows 1997). It has been
suggested that the biological insertion of Mg?" into
PROTO requires the formation of a nitrogenous base-
Mg? " -porphyrin complex. The most likely candidate for
the nitrogenous base is a histidine residue. Candidates
for partners in this reaction are three conserved histidine
residues (H®”?, H®®®, and H%%; Fig. 6). The degree of
sequence identity between the C. reinhardtii protein and
the others ranges from 37% (for the Rhodobacter
capsulatus protein) to 65% for the homologs from
Antirrhinum majus, Arabidopsis thaliana, and Glycine
max. The overall sequence of the C. reinhardtii subunit
H is thus closely related to those of its homologs from
higher plants.
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