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We have isolated and sequenced a cDNA from Arabidopsis thali-
ana cv C24 that encodes a putative Mg chelatase subunit. The
deduced amino acid sequence shows a very high level of identity to
a gene previously characterized from Antirrhinum majus (olive) and
also high similarity to bchH, a bacterial gene involved in the Mg
chelatase reaction of bacteriochlorophyll biosynthesis. We suggest
that this gene be called CHL H. Northern blot analyses were used to
investigate the expression of CHL H, another putative Mg chelatase
gene, ch-42, and ferrochelatase. The CHL H transcript was observed
to undergo a dramatic diurnal variation, rising almost to its maxi-
mum level by the end of the dark period, then increasing slightly at
the onset of the light and declining steadily to a minimum by the end
of the light period; in contrast, transcripts for ch-42 and ferroche-
latase remained constant. A model is proposed in which the CHL H
protein plays a role in regulating the levels of chlorophyll during
this cycle. In situ hybridization revealed that the transcripts are
located over the surface of the chloroplasts, a feature in common
with transcripts for the ch-42 gene. The CHL H protein was im-
ported into the stromal compartment of the chloroplast and pro-
cessed in an in vitro assay. Immunoblotting showed that the distri-
bution of CHL H protein between the stroma and chloroplast
membranes varies depending on the concentration of Mg**. in situ
immunofluorescence was used to establish that the CHL H and
CH-42 proteins are localized within the chloroplast in vivo.
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Chlorophyll pigments harvest light energy, which is
used to drive the reductive fixation of carbon dioxide.
These pigments are the most abundant on earth, yet rela-
tively little is known about the enzymology of the commit-
ted steps of chlorophyll biosynthesis. Still less is known
about the genetic control of this pathway. One important
enzyme in this pathway is Mg-protoporphyrin chelatase,
the enzyme that catalyzes the insertion of Mg into proto-
porphyrin IX. This lies at the branch point of the chloro-
phyll and heme biosynthetic pathways and is considered to
be the first committed step of chlorophyll synthesis (see
Fig. 1). Accordingly, this enzyme has been the subject of
much study in plants (Fuesler et al, 1981; Walker and
Weinstein 1991a, 1991b; Walker and Weinstein, 1994), al-
though purification of the enzyme has proved difficult. At
present, it has been possible to establish a continuous assay
for the enzyme and to show that two components probably
participate in the chelation reaction (Walker and Wein-
stein, 1991b; Walker and Weinstein, 1995). It is also known
that there is an ATP requirement for the activation of these
components (Walker and Weinstein, 1994). However, the
identities of these components and the genes that encode
them have not been established.

The purple photosynthetic bacteria Rhodobacter capsulatus
and Rhodobacter sphaeroides have been used to study the
molecular genetics of bacteriochlorophyll biosynthesis,
which has many intermediates in common with the chlo-
rophyll biosynthetic pathway (Bauer et al., 1993). These
bacteria provide a convenient model system for the study
of these pathways partly because the bacteriochlorophyll
biosynthesis genes are clustered on a small region of the
chromosome, 45 kb in length (Marrs, 1981; Coomber and
Hunter, 1989). Production of bacteriochlorophyll-minus
mutants has allowed the correlation of mutant phenotypes
with lesions in specific genes (Marrs, 1981; Zsebo and

Abbreviation: FITC, fluorescein isothiocyanate.
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Figure 1. The branch point of chlorophyll and heme biosynthesis.
The steps leading to protoporphyrin are common to both pathways,

whereupon Mg is inserted to form chlorophyll or iron is chelated to
form heme.

Hearst, 1984; Coomber et al., 1990; Bollivar et al., 1994).
These genes have been assigned to steps in the pathway on
the basis of bacteriochlorophyll intermediates accumulated
by the mutants. Recently, there has been a step forward in
the analysis of this pathway, as a result of overexpression
of some bch genes in Escherichia coli, followed by studies of
enzyme activity. The bchM genes of R. capsulatus and R.
sphaeroides have been overexpressed in E. coli, and extracts
from the resulting strains are able to catalyze the methyl-
ation of added Mg protoporphyrin, resulting in the forma-
tion of Mg protoporphyrin monomethyl ester. bchM has
therefore been assigned to the methyltransferase step in
bacteriochlorophyll biosynthesis (Bollivar et al., 1994; Gib-
son and Hunter, 1994). A similar approach has been used to
demonstrate that the genes bchl, bchD, and bchH encode
components of the Mg chelatase. bchl and bchD were ex-
pressed in one E. coli strain and bchH in another, extracts of
these strains were combined, and the mixture was able to
catalyze the insertion of Mg into protoporphyrin IX (Gib-
son et al., 1995).

This assignment has direct relevance to two studies car-
ried out on higher plants. Two genes have been isolated
from plants that show significant similarity to subunits of
the Rhodobacter Mg chelatase; the nuclear gene cs/ch-42
from Arabidopsis thaliana (Koncz et al., 1990) is similar to
bchl and olive from Antirrhinum majus is similar to bchH
(Hudson et al., 1993). These genes have also been corre-
lated with lesions in chlorophyll synthesis as a result of the
chlorophyll-deficient phenotypes that arise from insertion
of T-DNA or the Tam3 transposon into Arabidopsis and
Antirrhinum, respectively. In view of these similarities and
the demonstrated involvement of the bacterial homologs of
these genes in bacteriochlorophyll synthesis, it seems likely
that both c¢h-42 and olive encode subunits of the Mg
chelatase.

In this paper, we have extended our previous bacterial
studies to the model plant A. thaliana (cv C24); the olive
homolog, which we propose to call CHL H, has been cloned
and sequenced. Expression of CHL H was investigated at
the level of transcription. The subcellular location of the
CHL H and ch-42 transcripts were investigated using in
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situ hybridization. We show that the protein is imported
into chloroplasts, and that both the CHL H and CH-42
proteins were colocalized within the chloroplasts by
immunofluorescence.

MATERIALS AND METHODS
Cloning of the CHL H cDNA

A MZAPII library of cDNA prepared from green leaf tissue
of Arabidopsis thaliana cv C24 was a gift from Dr. Christine
Raines (University of Essex, UK). Approximately 107 plaque-
forming units were used as the template in a PCR, using the
oligonucleotides 5'-CGGAATTC(GAT)GA(GCAT)C(GTXG-
CAT)C(GT)(CT)TT(GCAT)GC(GAT)AT(GCAT)GT-3 and 5'-
CGGAAGCTT(CT)GG(GCAT)TA(CT)GA(GA)GG(GCAT)G-
A(CT)CC(GCAT)AT-3'. One-fiftieth of this PCR was used as
the template in a nested PCR, using the oligonucleotides
5'-ATTCGAATTCGA (GA)TT(CT)ATGCC(GCAT)GG(GCAT)-
AA(GA)CA-3' and 5'-ACTGCTGCAGTT(GA)TT(GCAT)-
GC(GCAT)GC(GA)TA(GA)TA(GA)TA-3'. A 120-bp prod-
uct was obtained from the nested PCR, which was used to
screen 2.5 X 10° clones of the AZAPII library. Two clones
were isolated, one of which was determined to contain the
entire open reading frame. The pBluescript plasmid con-
taining this cDNA was excised using the Ex-Assist helper
phage supplied by Stratagene. A nested set of deletions of
this plasmid was generated using exonuclease III (Heni-
koff, 1984) as described by Sambrook et al. (1989). These
were used to determine the nucleotide sequence of the
¢DNA on both strands by the method of Sanger et al.
(1977), using the Sequenase kit supplied by United States
Biochemical. All DNA manipulations were carried out by
standard methods (Sambrook et al., 1989).

RNA Preparation and Northern Analysis

Seeds of A. thaliana cv C24 were planted in moist peat.
For diurnal rhythm experiments, seedlings were grown
under a 16-h day/8-h night cycle at 24 = 2°C and samples
(3 g) from 25-d-old plants were harvested at 2-h intervals
during a 24-h time period. The plants were watered with
Hoagland mineral solution on alternate days. During har-
vesting of plants in darkness, a dim, green safelight was
used. Total RNA was prepared from leaves as described by
Schuler and Zielinski (1989). Samples (25 pg/lane) were
electrophoresed on a 1% formaldehyde gel and blotted
onto Hybond N (Amersham) by standard methods (Sam-
brook et al., 1989). Prehybridization and hybridization of
the filters were carried out at 66°C in 5X SSPE (1X SSPE =
0.18 M NaCl, 10 mm sodium phosphate, pH 7.7, 1 mm
EDTA), 5X Denhardt’s solution (1X Denhardt’s solution =
0.2 g/L BSA, 0.2 g/L Ficoll, 0.2 g/L PVP), 0.1% SDS, and 50
ug carrier DNA /mL. Radiolabeling of probes with 3P was
performed using the Megaprime kit (Amersham). Washes
were performed at 66°C with 0.1X SSPE and 0.1% SDS in
the final wash. Equal loading of RNA samples was con-
firmed by probing an identical blot with a soybean tubulin
¢DNA (Guiltinan et al.,, 1897). Sizes of transcripts were
estimated by comparison with the 0.24- to 9.5-kb RNA
ladder from GIBCO-BRL.
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Import Studies Using Pea Chloroplasts

The precursor of the CHL H protein was synthesised in
vitro by transcription of the cDNA clone followed by trans-
lation of capped transcripts in a reticulocyte lysate (Amer-
sham) in the presence of [**S]Met. Import of the labeled
precursor protein into intact pea chloroplasts was carried
out as described by Robinson and Barnett (1988). After the
import reaction was completed, the chloroplasts were
washed and fractionated as previously described (Robin-
son and Barnett, 1988). Equivalent amounts of each sample
were separated on 7% SDS polyacrylamide gels (Laemmli,
1970), after which the gels were fixed, treated with the
fluorofor Amplify (Amersham), dried, and exposed to x-
ray film. Assays for cleavage of the precursor by partially
purified pea stromal processing peptidase were as de-
scribed by Musgrove et al. (1989).

Expression of CHL H in Escherichia coli

The primers 5'-GATCTAGACATATGCACGGTGCTG-
TATCTGGAAACGGCCT-3’ and 5'-ACCAGAATTCAAGT-
GGATGCCAAATTTCG-3’ were used to amplify the 5’ end
of the CHL H cDNA. The product, of approximately 600 bp,
was digested with Ndel and BamHI and cloned into pET3a
(Rosenberg et al,, 1987). The resuliing plasmid was di-
gested with BamHI and the remainder of CHL H was in-
serted, giving rise to a plasmid encoding a version of CHL
H that we predicted would approximate the mature pro-
tein. This protein was produced in Escherichia coli BL21
(DE3) (Studier and Moffat, 1986) and used as a control in
immunoblotting.

Preparation of Antibodies

Antibodies against the OLI protein were a gift from Dr.
Andrew Hudson (University of Edinburgh, UK). Antibod-
ies against the CH-42 protein were obtained by amplifying
part of the ch-42 gene (Koncz et al.,, 1990) by PCR using the
oligonucleotides  5-AGTTCTGCAGGGAACAAGTAGT-
AGGGAAGTTTG-3’' and 5'-TTAGGAATTCTCAGCTGA-
AAATCTCGGCGAA-3'. The PCR fragment obtained was
inserted into pET14b (Novagen, Madison, WI) and the
CH-42 protein was overexpressed in E. coli. The protein
was purified using the His tag system of Novagen. Immu-
nization of rabbits and preparation of CH-42 antiserum
were carried out at the Serum Institute (Copenhagen,
Denmark).

Preparation of Arabidopsis Chloroplasts
and Immunoblotting

Chloroplasts were prepared from 21-d-old Arabidopsis
leaves by the method of Kunst et al. (1988), resuspended in
10 mm Tricine, pH 7.6, 2 mM EDTA containing either 1 or
5 mm MgCl,, and subjected to two freeze-thaw cycles.
Membranes were pelleted by centrifugation in a microfuge
for 1 min, and the supernatants, referred to as the stromal
fractions, were retained. The pelleted membranes were
washed and resuspended in the appropriate buffer. Equiv-
alent amounts of whole chloroplasts and stromal and mem-

brane fractions were electrophoresed in a 10% SDS-poly-
acrylamide gel (Laemmli, 1970). Transfer of proteins to
Hybond C (Amersham) and incubation of the blot with
antibodies were done by standard methods (Sambrook et
al., 1989). CHL H was detected using horseradish peroxi-
dase-conjugated goat anti-mouse antisera and the en-
hanced chemiluminescence detection reagents supplied by
Amersham.

In Situ Labeling of Transcripts and Proteins

A. thaliana (L.) cv Landsberg erecta seedlings were grown
as described by Pyke et al. (1991). Whole first leaves were
harvested 16 d after sowing and fixed in 3% (w/v) para-
formaldehyde, 50% (v/v) ethanol, and 5% (v/v) acetic acid
and embedded in PEG 1500 as previously described (Mar-
rison and Leech, 1994). Transverse tissue sections (7 um)
were placed onto dampened polysine slides (Merck, Poole,
UK) and left to dry on a hot plate at 40°C. In situ hybrid-
ization was performed with antisense and sense digoxi-
genen-labeled RNA probes synthesized by an in vitro tran-
scription reaction using 1 pg of linearized template DNA,
digoxigenin-11-UTP, and T3 or T7 RNA polymerase, ac-
cording to the manufacturer’s protocol (Boehringer Mann-
heim). 255 rRNA transcripts were localized using the
0.9-kb BamHI-EcoRlI insert from pTA71 subcloned into pBS-
(KS+) (Gerlach and Bedbrook, 1979; Rode et al., 1987).
Hybridized probe was detected using anti-digoxigenin-
alkaline phosphatase conjugate and overnight color devel-
opment with nitroblue tetrazolium chloride and 5-bromo-
4-chloro-3-indolyl-phosphate as described by Marrison
and Leech (1994). Starch was stained in rehydrated tissue
sections using Lugol’s iodine (Sigma) (6% [w/v] KI and 4%
[w/v] iodine, diluted 4-fold before use).

Immunolocalization was carried out as described by
Marrison and Leech (1992). Antiserum raised against the
OLI protein was used to detect the CHL H protein. Sections
were incubated overnight at 4°C with a 1:200 dilution of
OLI or CH-42 antiserum in 0.5% (w/v) BSA/PBS or in 0.5%
(w/v) BSA/PBS alone (control). CHL H was visualized
using FITC-conjugated goat anti-mouse antiserum and
CH-42 was visualized using FITC-conjugated anti-rabbit
antiserum (Sigma) diluted in BSA/PBS as recommended
by the supplier. Sections were viewed using a Nikon FXA
microscope with epifluorescence attachment, high-pres-
sure mercury lamp and filter combination dichroic mirror
510, 450- to 490-nm excitation filter, and barrier filter 515IF.
Photomicrographs were taken using Kodak Ektachrome
400 color slide film with automatic exposure setting.

RESULTS
Sequence Analysis

The sequence of the CHL H ¢cDNA was determined,
and the data are shown in Figure 2A. The gene contains
1382 codons, which corresponds to a predicted molecu-
lar weight of 153,507 for the CHL H preprotein. The
overall level of identity with the Antirrhinum OLI protein
is 85%, and CHL H also has 41 and 40% identity with the
BchH proteins from R. sphaeroides and R. capsulatus, re-
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A

GCGGCCGCCGATGAGAGAATCATAAACTCCCAC TTGGAGC TCAAAAAGTGTAAGAGACAACCAACAATAAACGATTCATCTCTTCTCCTATCCTCTCCTCTTCGAATTCAACGTTTGGAG 120
AATCCAGCAGCCGCAAAATGGC TTCGCTTGTGTATTCTCCATTCACTC TATCCACTTCTAAAGCAGAGCATCTCTC TTCGC TCACTAACAGTACCAAACATTCTTTCCTCCGGAAGAAAC 240
M A S L V Y S P F TL S T S KAEHUL S S$ L TNS T XK H S F L R K KH

ACAGATCAACCAAACCAGCCAAATC TTTCTTCAAGGTGAAATCTGC TG TATC TGGAAACGGCC TCTTCACACAGACGAACCCGGAGGTGCGTCGTATAGTTCCGATCAAGAGAGACAACG 360
R S T K P A K S F F KV K S AV S GG NGULF T TTNU®PEV RURTIV P T KRDNV
t

TTCCGACGGTGAARATCGTCTACGTCGTCCTCGAGGC TCAGTACCAGTC TTCTCTCAGTGAAGCCGTGCAATC TCTCAACAAGACTTCGAGATTCGCATCCTACGAAGTGGTTGGATACT 480
P TV XK I VYV VL EAQYO® S S LS EAV QS LNZIKTSURIFASYEV VG Y L

TGGTCGAGGAGCTTAGAGACAAGAACAC TTACAACAACTTCTGCGAAGACCTTARAGACGCCAACATCTTCATTGGTTCTCTGATC TTCGTCGAGGAATTGGCGATTARAGTTAAGGATG 600
vV EE L R D KN T ¥ NN F C E DL K DaANTIZF I G S L I F V EZETILATIZ KV K DA

CGGTGGAGAAGGAGAGAGACAGGATGGACGCAGTTCTTGTC TTCCCTTCAATGCCTGAGGTAATGAGACTGAACAAGCTTGGATC TTTTAGTATGTCTCAATTGGGTCAGTCAAAGTCTC 720
vV E X E R DR MDAV L V ¢ P S MPEVMZ RILNIZ KILTGSF S MS QL G Q S K s P

CGTTTTTCCAACTC TTCAAGAGGAAGAAACAAGGCTC TGC TGGTTTTGCCGATAGTATGTTGAAGC TTGT TAGGAC TTTGCCTAAGGTTTTGAAGTACTTACCTAGTGACAAGGCTCAAG 840
F F Q L F K R K K QG S AGFADSMTLI KT LV RTTILU®PIKV L K Y L P S DI KA QD

ATGCTCGTCTCTACATCTTGAGTTTACAGTTTTGGCTTGGAGGC TCTCCTGATAATC TTCAGAATTTTGTTAAGATGATTTCTGGATCTTATGTTCCGGCTTTGAAAGGTGTCAARATCG 960
A RL Y I L S LQF WILGOGSPDWNTILSIQNZFVKXKMTISGS YV P AILIKTSGVIKTIHE

AGTATTCGGATCCGGTTTTGTTCTTGGATACTGGAATTTGGCATCCACTTGC TCCAACCATGTACGATGATGTGAAGGAGTACTGGAACTGGTATGACAC TAGAAGGGACACCAATGACT 1080
Yy S bp V5L FLDTGTIWH®PULAPTMYUDU DV KX EZYWDNWYDT®RRDTND S

CACTCAAGAGGAARAGATGCAACGGTTGTCGGTTTAGTCTTGCAGAGCAGTCACATTGTCAC TGGTGATGATAGTCACTATGTGGCTGTTATCATGGAGC TTGAGGCTAGAGGTGCTAAGG 1200
L K R K DA TV YV 6GL VL QR S HTIVTTOGDUD S HYV AV IMETLZEARTGAZKYV

TCGTTCCTATATTCGCAGGAGGGTTGGATTTC TCTGGTCCAGTAGAGAAATATTTCGTAGACCCGGTGTCGAAACAGCCCATCGTAAACTCTGCTGTCTCCTTGACTGGTTTTGCTCTTG 1320
v P I FA G GL DVF 8 G PV EKXK Y FVDZPV S KQ@g?PTIVNSAVYV S L TGV F A L V

TTGGTGGACCTGCAAGGCAGGATCATCCCAGGGC TATCGAAGCCCTGAARAAAGCTCGATGTTCCTTACCTTGTGGCAGTACCACTGGTGTTCCAGACGACAGAGGAATGGCTAAAGAGCA 1440
G G P A RQDHPRATIEAILIZKI KT LDV P YLV AV P LV F QTTTEZEWTLZKST

CACTTGGTCTGCATCCCATCCAGETGGC TCTGCAGGTTGCCCTCCCTGAGC TTGATGGAGCGATGGAGCCAATC GTTTTCGCTGGTCGTGACCCTAGAACAGGGAAGTCACATGCTCTCC 1560
L 6 L H P I Q VAL @V AL P EULDGAME®PTIV F A GRDUPRTG K S H A L H

ACAAGAGAGTGGAGCAACTCTGCATCAGAGCGATTCGATGGGGTGAGC TCAAAAGAARAAC TAAGGCAGAGAAGAAGCTGGCAATCACTGTTTTCAGTTTCCCACCTGATAAAGGTAATG 1680
K RV E ¢ L ¢ I RAI RWSGETU LI K RI KT KA AEZ K KU LATITVF S TF PP DIKG NV

TAGGGACTGCAGCTTACCTCAATGTGTTTGC TTCCATCTTC TCGGTGTTAAGAGACCTCAAGAGAGATGGCTACAATGTTGAAGGCCTTCCTGAGAATGCAGAGACTCTTATTGAAGARA 1800
G T A A Y L NV F A S I F SV L RDUL KR RDGY NV ESGILU®PENAIETILTIEEI

TCATTCATGACAAGGAGGC TCAGTTCAGCAGCCCTAACCTCAATGTAGC TTACAAAATGGCAGTCCGTGAGTACCAAGACC TCACTCCTTATGCAAATCCCCTGGAAGAAAACTGGGGGA 1920
I H D K EAOQZF S S PNILNVAYXMOGV REYQQ?DLT®PYANUPILIEENWSG K

AACCTCCGGGGAACCTTAACTCAGATGGAGAGAACCTTC TTGTCTATGGAAAAGCGTACGGTAATGTTTTCATCGGAGTGCAACCAACATTTGGGTATGAAGGTGATCCCATGAGGCTGC 2040
P P 6 N L NS D GG ENULL V Y 6 KA Y G NV F I GV g P TV F G Y E G D PMRLL

TTTTCTCCAAGTCAGCARGTCC TCATCACGGTTTTGC TGC TTACTAC TCTTATGTAGAAAAGATCTTCAAAGC TGATGC TG TTCTTCATTTTGGAACACATGGTTCTCTCGAGTTTATGC 2160
F S K sSs A S P HHGFAAY Y S YV EZ KTFKADA AV LHF GGTHGS L E F M P

CCGGGAAGCAAGTGGGAATGAGTGATGCTTGTTT TCCCGACAGTCTTATCGGGAACATTCCCAATGTCTACTATTATGCAGCTARCAATCCCTCTGAAGC TACCATTGCAAAGAGGAGAA 2280
G K ¢ v 6 M S DA CVF P DS LI G NI PNV Y Y Y AANNWPS EATTIAIKIRRS

GTTATGCCAACACCATCAGTTATTTGACTCCTCCAGCTGAGAATGC TGGTC TATACAAAGGGC TGAAGCAGGTGAGTGAGC TGATATCGTCCTATCAGTC TCTGAAGGACACGGGGAGAG 2400
Yy A N T I 8 Y L T P P A ENAG L Y K G L KV s EUL I s s Y ¢ s L K DT G R G

GTCCACAGATCGTCAGTTCCATCATCAGCACAGCTAAGCAATGTAATCTTGATAAGGATGTGGATCTTCCAGATGAAGGCTTGGAGTTGTCACCTARAGACAGAGATTCTGTGGTTGGGA 2520
p g I v § $§$ I 1 S T A K CN LD KDV DL PDESGILETILSUPKDIRDSV VG K

AAGTTTATTCCAAGATTATGGAGATTGAATCAAGGCTTTTGCCGTGCGGGCTTCACGTCATTGGAGAGCCTCCATCCGCCATGGAAGC TGTGGCCACACTGGTCAACATTGCTGCTCTAG 2640
vV Y $ X I M ETI E S R L L P CGULHVIGE?®P®PSAMEAVATTILVNTIAATLTD

ATCGTCCGGAGGATGAGATTTCAGCTCTTCCTTC TATATTAGC TGAGTGTGTTGGARGGGAGATAGAGGATGTT TACAGAGGAAGCGACAAGGGTATCTTGAGCGATGTAGAGCTTCTCA 2760
R P E D E I $ A L P S I L A ECV GRETIEDV YRGS DK GG I L S8 DV E L L K

AAGAGATCACTGATGCCTCACGTGGCGCTGTTTCCGCCTTTGTGGAAAAAACAACAAATAGCAAAGGACAGGTGGTGGATGTGTCTGACAAGCTTACCTCGCTTCTTGGGTTTGGAATCA 2880
E I T DA S R G AV S A F V EIKTTNSIKGOQQV VDV SDIKILTS L L G F G I N

ATGAGCCATGGGTTGAGTATTTGTCCAACACCAAGTTC TACAGGGCGAACAGAGATAAGCTCAGAACAGTGTTTGGTTTCCTTGGAGAGTGCCTGAAGTTGGTGGTCATGGACAACGAAC 3000
E P WV E Y L 8§ NTKF Y R AN R D K L R TVv F G F L G E CL KL Vv VvV M DN E L

TAGGGAGTCTAATGCAAGCTTTGGAAGGCAAGTACGTCGAGCCTGGCCCCGGAGGTGATCCCATCAGAAACCCAAAGGTCTTACCAACCGGAAAAACATCCATTGCCTTAGATCCTCAGG 3120
G $ L M QAL EGI K YV EU®PGU©PGGDU®PTIRNZ®PIEKVILU®PTPTGEKXK TS I AILUDTZPOQCA

CTATTCCCACAACAGCAGCAATGGCAAGTGCCAAGATTGTGGTTGAGAGGTTGGTAGAGAGACAGAAGC TCGAAAACGAAGGGAAATATCCCGAGACAATCGCGCTTGTTCTTTGGGGAA 3240
I P T T A A MMASA A K I VV ERLV ERQQK L ENUESGI K Y P ETTIAUL VY L WG T

CTGACAACATCAAAACATATGGGGAGTCTCTTGGGCAGGTTCTTTGGATGATTGGTGTGAGACCAATTGCTGATACTTTTGGAAGAGTGAACCGTGTCGAGCCTGTGAGCTTAGAAGAAC 3360
p N I K TYGGESTILGOQVULWMTIGOGVYR®PTIADTT FTG G RVY NI RV E?PV S L EEL

Figure 2. (Continued on facing page.)
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A

TAGGAAGGCCGAGGATCGATGTAGTTGTTAACTGCTCAGGGGTCTTCCGTGATCTCTTTATCAACCAGATGAACCTTC TTGACCGAGCTATCAAGATGGTGGCGGACGTAGATGAGCCCG

G R P R 1 DV V V NC S &V F R D L F I

TAGAGCAAAATTTTGTAAGGAAACACGCGTTGGAACAAGCAGAGGCGCTTGGCATTGATATTAGAGAGGCAGCGACAAGAGTTTTC TCAAACGCTTCAGGGTCATACTCAGCCAACATCA

E Q NF V R X H A L E Q A E A L G I D I

GTCTTGCTGTTGAAAACTCGTCATGGAACGATGAGAAACAGCTTCAGGACATGTACTTGAGCCGCAAATCGTTTGCGTTTGATAGTGATGCTCCTGGAGCAGGAATGGCTGAGAAGAAGC

L AV ENS S WWNDEI K QL QDMZY L S

AGGTCTTTGAGATGGCTCTTAGCACTGCAGAAGTCACCTTCCAGAACCTGGATTCTTCAGAGATTTCTTTGAC TGATGTGAGCCACTACTTCGATTCTGACCCTACAAATCTAGTTCAGA

v F EM AL § TA EV T F Q N L D S § E

GTTTGAGGAAGGATAAGAAGAAACCAAGC TCTTACATTGCTGACACTACAACTGCAAACGCGCAGGTGAGGACACTATCTGAGACAGTGAGGC TGGACGCAAGAACAAAGC TGCTGAATC

L R K D K K K P s s Y I

CARAGTGGTACGAAGGAATGATCTCAAGTGGATATGAAGGAGTTCGTGAGATAGAGAAGAGACTGTCCAACACTGTGGGATGGAGTGCAACGTCAGGTCAAGTAGACAATTGGGTCTACG

K WY EGMMS S G Y E GV RE I E K R

AGGAGGCCAACTCAACTTTCATCCAAGAC GAGGAGATGCTGAACCGTCTCATGAACACCAATCCCAACTCCTTCAGGARAATGC TTCAGACTTTCTTGGAGGCCAATGGTCGTGGCTACT

I

L

A DT T T AN AOGQV R T L S

E A NS TZ FTI QD EEMTILNI RILMNTNZPNSFRIKMILOQTT FILEANSGRGYW

GGGACACTTCCGCTGAAAACATAGAGAAGC TCAAGGAATTGTAC TCGCAGGTGGAAGACAAGATCGAAGGGATCGATCGATAAACAATGGGATATAAGCCTTTC TTCTTGTAAATGAACT

D T SsS A E N I E K L XK E L ¥ § ¢ V E D K
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Figure 2. A, DNA sequence of the CHL H cDNA (upper line) and deduced amino acid sequence (lower line). The arrow
shows the putative processing site of the transit peptide. B, N-terminal portion of an alignment between Arabidopsis CHL
H (At), Synechocystsis ChiH (Syn), R. sphaeroides BchH (Rs), and R. capsulatus BchH (Re). Conserved amino acid residues

are in boldface.

spectively. CHL H also exhibits 65% identity with ChiH,
a putative Mg chelatase subunit from Synechocystis PCC
6803 (Jensen et al., 1996a). Hudson et al. (1993) noted the
strong similarity between the OLI protein and CobN,
which is a subunit of the cobaltochelatase enzyme from
Pseudomonas dentrificans (Crouzet et al., 1991). Similarly,
the Arabidopsis CHL H protein shows 27% identity with
CobN. The significance of these homologies to the role
played by the CHL H protein will be commented on in
“Discussion.”

Figure 2B shows an alignment between the N termini of
CHL H from Arabidopsis, the Synechocystis ChlH protein,
and the Rhodobacter BchH proteins. Given that the overall
level of similarity between all of these proteins is quite
high, the CHL H protein appears to have a 55-amino acid
extension at the N terminus that may constitute the transit
peptide. Indeed, this sequence does have typical features of
a stroma-targeting signal because it has a high proportion
of Ser/Thr and an overall positive charge (von Heijne et al.,
1989) and the motif MASLV at the N terminus of the
protein is similar to that found in several other chloroplast
transit peptides (Karlin-Neumann and Tobin, 1986). There
does not appear to be a motif at the N terminus that fits
with the cleavage-site motif suggested by Gavel and von

Heijne (1990). Therefore, we suggest that the processing
site may be at the point where the N terminus of the
Synechocystis protein aligns with CHL H; this is marked by
an arrow in Figure 2A.

Northern Analysis of CHL H Expression

Figure 3 shows an analysis of CHL H expression by
northern blotting that demonstrates that a large transcript
of approximately 4.5 kb is present in leaves but not in roots.
In addition, an investigation of fluctuations in transcript
levels throughout a diurnal cycle was carried out. RNA
was prepared from plants harvested at 2-h intervals during
an 8-h dark/16-h light cycle, blotted, and probed with the
CHL H <DNA. An identical blot was probed with the
tubulin cDNA to provide a constitutive control; the level of
this transcript is constant, indicating that the amounts of
different RNA samples on the blot are essentially the same.
The level of the CHL H transcript increased strongly in the
dark, almost reaching its maximum level by the end of the
dark period. A further increase in the transcript level was
observed slightly after the onset of the light, rising to a
maximum after 1 h and then decreasing gradually during
the light period. We also probed an identical blot with the
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CHL H genes. After hybridization with the sense strand of
CHL H and ch-42 RNA probes (used as controls) and color
detection, no positive mRNA staining was observed and
the chloroplasts appeared pink in cross-section (Fig. 4, E
and F).

The subcellular location of chlorophyll biosynthetic en-
zymes was also determined by probing thin leaf sections of
Arabidopsis with antibodies raised against the OLI and
CH-42 proteins (Fig. 4, G and H). The results show that
these biosynthetic enzymes are confined to the chloroplasts
in every mesophyll cell within the leaf; thus, every cell and
every chloroplast has the potential to synthesize chloro-
phyll. The insets in Figure 4H show the tissue after incu-
bation with 0.5% (w/v) BSA/PBS and FITC (immunolabel-
ing control, upper inset) and after incubation with Lugol’s
iodine (lower inset), illustrating the starch grains within
the chloroplasts (brown precipitate). The starch grains ac-
count for the characteristic striated pattern seen in Arabi-
dopsis chloroplasts of this age.

Import of the Nascent CHL H Preprotein into Chloroplasts

The use of an import assay followed by fractionation of
the chloroplast provides more information on the organel-
lar location of proteins. An in vitro study was carried out
using pea chloroplasts to demonstrate that the CHL H
protein is imported into isolated chloroplasts. Using the
full-length cDNA clone as a template, transcripts were
produced in vitro from the T7 promoter, and this in turn
was translated in a rabbit reticulocyte lysate in the presence
of [**S]Met to produce labeled CHL H precursor protein

2 3 4 5

A 1
P>

2 3 4 5

Figure 5. A, Import into pea chloroplasts and in vitro processing of
the CHL H protein. Lanes 1 and 4, In vitro-translated CHL H precur-
sor; lane 2, washed chloroplasts analyzed after import of the CHL H
protein; lane 3, protease-treated chloroplasts; lane 5, CHL H protein
after incubation with partially purified stromal processing peptidase.
B, Localization of the CHL H protein within chloroplasts. Lane 1,
CHL H precursor; lane 2, washed chloroplasts; lane 3, protease-
treated chloroplasts; lane 4, stromal fraction; lane 5, membrane
fraction. P, Precursor protein; M, mature protein.
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Figure 6. Immunoblot analysis of the location of the CHL H protein.
W, Whole chloroplasts; S, stromal fractions; M, membrane fractions;
H, E. coli extract containing expressed CHL H protein. The concen-
tration of Mg?* in the chloroplast lysis buffer is indicated.

(Fig. 5A, lanes 1 and 4). Figure 5A shows that upon incu-
bation with chloroplasts the protein is processed to a
smaller size (lane 2). This protein band can also be seen
after protease treatment of the chloroplasts (lane 3), indi-
cating that the protein was protected from digestion and,
therefore, was imported. Furthermore, the CHL H protein
was cleaved in vitro by the partially purified stromal pro-
cessing protease; lane 5 shows that approximately 50% of
the labeled precursor was processed to a smaller protein. In
Figure 5B the location of the protein within the chloroplast
was investigated; after the chloroplasts were incubated
with labeled CHL H, the chloroplasts were washed, lysed,
and separated into stroma and membrane fractions. A band
corresponding to the mature-sized protein can be seen in
the stroma fraction (lane 4), whereas no such band could be
detected in the membrane fraction (lane 5).

Localization of CHL H by Immunoblotting

To confirm the location of CHL H within the chloroplast,
Arabidopsis chloroplasts were prepared and fractionated
into stroma and membrane fractions. Walker and Wein-
stein (1991b) demonstrated that Mg chelatase activity re-
quired soluble and membrane fractions of lysed pea chlo-
roplasts. They later reported that Mg chelatase activity was
rendered entirely soluble if pea chloroplasts were lysed in
buffers containing low concentrations of Mg®" (Walker
and Weinstein, 1995). Accordingly, the Arabidopsis chlo-
roplasts were lysed in buffer containing either 1 or 5 mm
Mg?>". The immunoblot in Figure 6 shows that in 1 mm
Mg?*, CHL H is largely present in the stroma fraction,
whereas in 5 mm Mg?*, a significant proportion of the CHL
H protein is membrane associated.

DISCUSSION

We have cloned and sequenced a putative Mg chelatase
subunit, CHL H, from A. thaliana. Hudson et al. (1993) have
cloned the equivalent gene from Antirrhinum majus and
noted its likely importance in chlorophyll synthesis, since
they were able to correlate a mutation in the gene with a
chlorophyll-deficient phenotype. They speculated that it
could encode a Mg chelatase subunit due to homologies
with two bacterial genes involved in tetrapyrrole-metal
chelation. One of these bacterial genes, bchH, has now been
positively identified as a Mg chelatase subunit (Gibson et
al., 1995). Furthermore, it seems likely that BchH binds the
protoporphyrin substrate during the Mg-chelation reaction
(Gibson et al., 1995). The other bacterial protein, CobN
from Pseudomonas denitrificans, is involved in the chelation
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of cobalt into a porphyrin during coenzyme B;, biosynthe-
sis and is also responsible for binding the porphyrin sub-
strate (Debussche et al,, 1992). The striking similarities
between CHL H and BchH/CobN suggest that CHL H is a
component of Mg chelatase in Arabidopsis and is presum-
ably the protoporphyrin-binding component in this reac-
tion. The extremely high level of identity between CHL H
and OLI (85%), CHL H and Synechocystis ChlH (65%), and
CHL H and BchH (40%) indicate that these Mg chelatase
subunits are members of a highly conserved class of pro-
teins. This is borne out by the fact that CH-42, another
protein implicated in chlorophyll biosynthesis (Koncz et
al., 1990; Armstrong et al,, 1993), shows 50% identity to
Bchl, which is also a bacterial Mg chelatase subunit (Gibson
et al, 1995). These proteins have evidently been highly
conserved through evolution.

In Figure 3 it was shown that expression of CHL H is
confined to photosynthetic tissues, since the transcript was
detected in Jeaves but not in roots. This would be expected
for a gene involved in the formation of the photosynthetic
apparatus. In addition, the transcript undergoes a dramatic
diurnal variation, rising almost to its maximum level by the
end of the dark period, then increasing slightly at the onset
of the light and declining steadily to a minimum by the end
of the light period. This is somewhat similar to the behav-
ior of the olive transcript from Antirrhinum, although the
increase of olive mRNA in the dark was much more rapid.
If the transcript levels reflect the amount of protein in the
cell and CHL H is indeed the protoporphyrin-binding sub-
unit, this may be a mechanism to regulate the amount of
chlorophyll (see below). It is intriguing that ch-42 transcript
levels remain almost constant. Koncz et al. (1990) demon-
strated that ch-42 transcription was induced strongly in
dark-adapted plants that were subsequently placed in the
light. However, it seems that in plants that are established
in a day/night cycle there is no response of this transcript
to light, and we could reasonably assume that CH-42 levels
remain constant.

Hudson et al. (1993) proposed that OLI could have a
regulatory function. In view of the biochemical evidence
that the bacterial homolog, BchH, binds protoporphyrin
(Gibson et al., 1995), a mechanism is proposed below that
involves such a binding reaction between CHL H and
protoporphyrin in regulating flux down the tetrapyrrole
biosynthetic pathways, primarily the chlorophyll branch.
At the end of the dark period, the level of CHL H transcript
has almost achieved its maximum, and the assumption
made in this model is that the level of cognate protein also
varies in the same manner as the transcript. The elevated
level of CHL H is proposed to sequester protoporphyrin IX,
thus depleting the pool of substrate for ferrochelatase, the
level of which does not vary. The consequent drop in heme
levels stimulates flux down the tetrapyrrole biosynthetic
pathway, since heme has been shown to repress the activity
of glutamyltRNA reductase (Pontoppidan and Kannan-
gara, 1994). Therefore, at the end of the dark period the
overall effect of increasing CHL H levels would be to
stimulate the production of protoporphyrin, with a conse-
quent effect on chlorophyll biosynthesis.

We propose that at the end of the light period the oppo-
site situation occurs, with lowered levels of CHL H and
lowered §-aminolevulinic acid and chlorophyll biosynthe-
sis. Thus, CHL H could play an important role in matching
the requirement for chlorophyll synthesis with fluctuations
in light conditions. More work will have to be performed
on the patterns of CHL H transcripts, but it is interesting to
note that the activity of Mg chelatase does exhibit a diurnal
variation in barley (Jensen et al.,, 1996b). Furthermore, there
is some similarity between CHL H and cab6 in that both
transcripts display significant oscillations of mRNA accu-
mulation and both transcripts rise in the dark indepen-
dently of light. This is often the case with transcripts that
are under the influence of a circadian rhythm, such as the
Arabidopsis PSII cab genes (Kay and Millar, 1992). PSI cab
genes from Arabidopsis are less well characterized, but PSI
cab genes are known to be under circadian control in to-
mato (Kellmann et al., 1993). This apparent synchroniza-
tion of CHL H and cab transcript levels might reflect the fact
that the LHC polypeptides are the major chlorophyll-bind-
ing proteins in the chloroplast.

In situ hybridization revealed that CHL H and ch-42
transcripts are localized over the surface of the chloro-
plasts. To our knowledge, this is the first visualization of
transcripts encoding chloroplast proteins preferentially ac-
cumulating at the chloroplast surface (Fig. 4, C and D). By
analogy with the situation in mitochondria (Verner, 1993),
this could indicate that the translation of CHL H and ch-42
transcripts is coupled to the import of the nascent polypep-
tides. It supports the view that within the mesophyll cell a
co-translational mechanism may at least partly account for
the import of polypeptides into the chloroplast. However,
more work is needed to determine whether this is a general
rule for other nuclear-encoded chloroplast proteins or
whether this is a specific feature of the import of chloro-
phyll biosynthetic enzymes. The immunolocalization study
(Fig. 4, G and H) clearly shows that both proteins are found
inside the chloroplast. Previous immunofluorescence stud-
ies demonstrated that it is possible to identify Rubisco in
chloroplasts and to correlate this with the distribution of
transcripts encoding this protein (Marrison and Leech,
1994). The data in Figure 4 extend this technique to pro-
vide the first definitive identification of the localization of
a chlorophyll biosynthetic enzyme within the chloroplast.
This kind of approach opens the way to a description of
transcript and protein levels for the chlorophyll biosyn-
thetic pathway within developing plant tissue. The large
number of starch grains within the chloroplasts (Fig. 4H,
lower inset) give rise to the striated staining pattern that is
seen in Figure 4, G and H. This pattern does not reflect
the position of the thylakoid membranes within the
chloroplasts. '

The chloroplast import data in Figure 5 show that the
CHL H preprotein is processed following import into the
chloroplast. Since this protein is so large, it is not possible
to make an accurate estimate of the size of the mature
protein, although by comparison with Synechocystis and
Rhodobacter sequences a possible cleavage site can be de-
duced (Fig. 2). Indeed, it is remarkable that the transcript
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encoding a preprotein of this size was translated in vitro.
This experiment, using a heterologous system, suggested
that the CHL H protein is located in the stroma (Fig. 5B).
However, immunoblotting of fractionated Arabidopsis
chloroplasts with OLI antibodies (Fig. 6) shows that, at
least in vitro, the distribution of CHL H between the stro-
mal and membrane fractions depends on the concentration
of Mg?*. It appears that the interaction between CHL H
and the membrane is only peripheral, since CHL H is
largely soluble at low Mg** concentration. It is possible
that the Mg®*-dependent distribution of Mg chelatase ac-
tivity observed by Walker and Weinstein (1995) is due to
the CHL H protein becoming membrane associated in high
Mg?* concentrations. In the light of our demonstration that
association and dissociation of CHL H with the membrane
appears to take place in the 1 to 5 mM range of Mg>*
concentration, it is interesting to note that the concentra-
tion of free Mg®* within the chloroplast varies between 1
and 6 mm (reviewed by Leegood et al., 1985). Koncz et al.
(1990) reported that CH-42 is a stromal protein, and the
equivalent protein from soybean has been shown to reside
in the stroma (Nakayama et al., 1995). Assuming that both
CHL H and CH-42 are Mg chelatase subunits, they must
presumably interact with one another. It will require fur-
ther study to determine the nature of the association be-
tween CHL H and CH-42.
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