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Abstract 

The pc-1 mutant of Chlamydomonas reinhardtii has been shown to be incapable of protochlorophyllide 
photoconversion in vivo and is thought to be defective in light-dependent NADPH:protochlorophyllide 
oxidoreductase activity. We have isolated and characterized the nuclear genes encoding this enzyme from 
wild-type and pc-1 mutant Chlamydomonas cells. The wild-type CRlper-i gene encodes a 397 amino acid 
polypeptide of which the N-terminal 57 residues comprise the chloroplast transit sequence. The Chlamy- 
domonas protochlorophyllide reductase has 66-70~o identity (79-82~o similarity) to the higher plant 
enzymes. Transcripts encoding protochlorophyllide reductase are abundant in dark-grown wild-type 
cells, but absent or at very low levels in cells grown in the light. Similarily, immunoreactive protochlo- 
rophyllide reductase protein is also present to a greater extent in dark- versus light-grown wild-type cells. 
Both pc-1 and pc-i y-7 cells lack CRlpcr-1 mRNA and the major (36 kDa) immunodetectable form of 
protochlorophyllide reductase consistent with their inability to photoreduce protochlorophyllide. DNA 
sequence analysis revealed that the lpcr gene in pc-1 y-7 cells contains a two-nucleotide deletion within 
the fourth and fifth codons of the protochlorophyllide reductase precursor that causes a shift in the 
reading frame and results in premature termination of translation. The absence of protochlorophyllide 
reductase message in pc-I and pc-1 y-7 cells is likely the consequence of this frameshift mutation in the 
lpcr gene. Introduction of the CRlpcr-1 gene into pc-1 y-7 cells by nuclear transformation was sufficient 
to restore the wild-type phenotype. Transformants contained both protochlorophyllide reductase mRNA 
and immunodetectable enzyme protein. These studies demonstrate that pc-1 was in fact a defect in 
protochlorophyllide reductase activity and provide the first in vivo molecular evidence that the Ipcr gene 
product is essential for light-dependent protochlorophyllide reduction. 

Introduction 

The reduction of protochlorophyllide (pchlide) to 
chlorophyllide is a key regulatory step in chloro- 

phyll formation and the overall processes of chlo- 
roplast development and photomorphogenesis. In 
most higher plants and some algae the reduction 
of pchlide is a light-dependent reaction catalyzed 

The nucleotide sequences data reported will appear in the GenBank, EMBL and DDBJ Nucleotide Sequence Databases under 
the accession number U36752. 



16 

by a nuclear-encoded, cytoplasmically synthe- 
sized enzyme known as NADPH:protochloro- 
phyllide oxidoreductase (pchlide reductase; EC 
1.6.99.1) [2, 30]. The structure of this enzyme 
and the gene(s) that encode it (designated lpcr) 
have been characterized from a variety of higher 
plants, including both angiosperms [8, 14, 37, 74, 
78, 82] and gymnosperms [24, 79]. A consider- 
able amount of information is present in the lit- 
erature describing the manner in which the syn- 
thesis, abundance, and activity of this enzyme are 
regulated by such factors as light, cell type, and 
plant developmental age [35, 73]. 

In addition to this light-dependent mechanism 
for pchlide reduction, photosynthetic bacteria, 
cyanobacteria, and some green algae and higher 
plants are capable of synthesizing significant 
amounts of chlorophyll in the dark [6]. Although 
the phenomenon of dark chlorophyll synthesis 
has been described for decades [ 10], the biochem- 
istry of this process (i.e., the mechanism for light- 
independent pchlide reduction) and its regulation 
remain largely unknown. Those plant and algal 
species examined to date that are capable of dark 
chlorophyll formation appear to uniformly con- 
tain within their chloroplast genomes three genes, 
designated chlL (or gidA), chiN (or frxC), and 
chlB (or ORF510 or ORF563) [5], whose par- 
ticipation has been implicated in this process. For 
example, in Chlamydomonas reinhardtii it has been 
demonstrated that mutations in any one of these 
three loci (e.g., chIL, chiN, or chlB) results in the 
loss of chlorophyll formation in the dark and the 
accumulation of the biosynthetic intermediate 
ppchlide within the cells [11, 50, 51, 70, 80]. Al- 
though supporting biochemical data are lacking 
at this time, these mutagenesis data have been 
taken as evidence for a catalytic role for the prod- 
ucts of these genes in this crucial step of chloro- 
phyll synthesis. 

There is also evidence indicating that in addi- 
tion to these three chloroplast genes, nuclear- 
encoded factors may also be involved in light- 
independent chlorophyll formation [6]. At least 
seven independent loci have been mapped in C. 
reinhardtii that affect light-independent pchlide re- 
duction [19, 20, 71]. These mutations cause the 

so-called 'yellow-in-the-dark' or y phenotype in 
which cells lack the capacity for chlorophyll for- 
mation in the dark, but are still capable of pho- 
toreducing pchlide and synthesizing chlorophyll 
in the light. The role of the products of the y loci 
in light-independent pchlide reduction is presently 
unknown. There is, however, ample evidence that 
nuclear-encoded factors are involved in various 
steps of chloroplast gene expression (e.g., trans 
splicing, mRNA stability, and translation), as- 
sembly of plastid-localized complexes, or cofac- 
tor formation [ 68 ]. 

Mutagenesis of y-1-4, a temperature-sensitive 
allele of the C. reinhardtii yellow mutant y-l, led 
to the identification of strains that were defective 
in pchlide photoconversion in vivo [21 ]. The mu- 
tations present in these strains all mapped to a 
single locus that was designated pc-1. Although 
defective in light-dependent pchlide reduction, 
pc-1 cells retain the capacity for light-independent 
chlorophyll formation and synthesize about 52 ~o 
of wild-type levels of chlorophyll in the dark 
and ca. 36~o of the wild-type chlorophyll levels 
in the light. The molecular nature of the pc-1 
mutation is not known but has been suggested to 
be a defect in the pchlide reductase [22]. Only 
one other mutant in light-dependent pchlide re- 
duction has been previously reported, the L-6 mu- 
tant of Arabidopsis [67], although the nature of 
the defect in this organism was never character- 
ized. 

In the past several years there have been an 
increasing number of reports describing the suc- 
cessful identification of nuclear genes in Chlamy- 
domonas using mutant complementation by 
nuclear transformation [ 17, 58, 65, 66, 76]. In this 
study we report the isolation and characterization 
of the nuclear gene encoding the light-dependent 
pchlide reductase from C. reinhardtii. We present 
the expression characteristics of this gene in light- 
and dark-grown wild-type and mutant cellular 
backgrounds. We have also determined the mo- 
lecular basis for the pc-1 phenotype and demon- 
strated that this mutation can be complemented 
by expression of the wild-type gene in the mutant 
background. Our results are discussed in relation 
to the mechanism by which the expression of the 
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light-dependent and light-independent pchlide re- 
ductase activities are integrated and regulated. 

Materials and methods 

Algal strains and cell culture conditions 

Wild-type C. reinhardtii cells, strain c137, were 
obtained from Michel Goldschmidt-Clermont 
(University of Geneva, Switzerland); y-7 and 
pc-I were obtained from Elizabeth Harris (The 
Chlamydomonas Genetic Stock Center, Duke 
University, Durham, NC); and pc-I y-7 was pro- 
vided by Wei-yei Wang (University of Iowa, Iowa 
City). Cells were grown either in Tris-acetate 
phosphate (TAP) medium [33] at 28 °C on a 
gyratory shaker at 200 rpm under constant light, 
or on agar-solidified TAP medium plates as de- 
scribed in Li et al. [50]. For the preparation of 
dark-grown wild-type and mutant cells, 50- 
100 ml of TAP medium was inoculated with light- 
grown cells from TAP agar plates. The cultures 
were grown for 2 days in the light and then 
wrapped with two layers of aluminum foil and 
grown in darkness for 6 days. The cells were har- 
vested by centrifugation at 8000 x g. When nec- 
essary, dark-grown cultures were handled under 
dim green safelights. 

Genomic phage isolation and characterization 

About ten genome equivalents (105 phage) of an 
amplified C. reinhardtii 2-EMBL3 genomic DNA 
library prepared as five independent sublibraries 
[28] were screened by plaque hybridization [72] 
using a random-primed [ 18] 32p-labeled fragment 
from pWPnPCR-901, a cDNA that encodes the 
C-terminal portion of the white pine pchlide re- 
ductase [79]. For plaque screening, nylon filters 
were prehybridized in buffer [13] containing 
500 mM sodium phosphate buffer pH 7.2, 1 mM 
Na2-EDTA, 7.0~o (w/v) SDS, and 1.0~o (w/v) 
B SA, and hybridized in the same buffer with 
1-2 x 106 cpm/ml of radiolabeled probe for 16- 
24 h. The filters were washed twice for 30 min in 

0.1 x SSC (1 x SSC=0.15 M NaCI, 0.015 M so- 
dium citrate pH 6.8), 0.1~o (w/v) SDS at 23 ° C, 
blotted dry, wrapped in saran wrap, and exposed 
to X-ray film with a Cronex intensifying screen at 
-80 ° C for 24-36 h. 

Several hybridizing phage were isolated from 
each sublibrary and further purified by two addi- 
tional rounds of screening. DNA was prepared 
from five independent phage, one derived from 
each of the five sublibraries, and subjected to re- 
striction mapping and DNA blot hybridization 
analyses [72] as shown in Fig. 1. One phage 
(q~CG3b) exhibited only weak hybridization sig- 
nals and was not further characterized; the re- 
maining four phage (q~CGlb, cpCG2b, q~CG4b, 
and ~bCG5b) were used in our subsequent stud- 
ies. 

The relevant coding and immediate flanking 
regions of the C. reinhardtii lpcr gene were local- 
ized in each phage and these regions were sub- 
cloned into the appropriate sites within the 
polylinker region of pBluescriptKS( - ) plasmid 
vector: the 2.0 kb Hind lII-SalI fragment of 
~pCGlb; the 2.0 kb SalI-XhoI fragment of 
~bCG2b; the 3.5 kb HindlII-SalI  fragment of 
~pCG4b; and the 2.5 kb Sal I-Xho I fragment of 
q~CG5b. The subcloned DNA fragments were 
either completely or partially sequenced to con- 
firm that these phage contained identical lpcr cod- 
ing sequences. The 8.0 kb Nhe I-Sal I fragment of 
cpCG4b was subcloned into Pst I-Sal I digested 
pBluescriptKS( - ) vector and used to determine 
the nucleotide sequence of shown in Fig. 2 and 
for nuclear transformation experiments involving 
pc-1 y-7 (see below). 

Genomic DNA gel blot analysis 

Total genomic DNA was isolated from C. rein- 
hardtii c137 cells and purified by CsC1 gradient 
ultracentrifugation [ 50, 69] with minor modifica- 
tions. DNA gel blot analyses was performed as 
described by Li et al. [50]. About 10/~g of total 
genomic DNA were digested with various restric- 
tion enzymes, the digested DNA fragments were 
separated by e lectrophoresis on a 0.8~ agarose 
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gel, and transferred onto GeneScreen Plus nylon 
membranes (NEN-Dupont). The nylon mem- 
branes were then hybridized with a 32p-labeled 
2.5 kb HinclI-SalI fragment derived from 
~CG4b. 

DNA sequence analyses 

Dideoxynucleotide sequencing was performed on 
double-stranded DNA templates using Seque- 
nase Version 2.0 according to the manufacturer's 
protocol (United States Biochemical). Sequenc- 
ing templates consisted of subcloned restriction 
fragments and/or nested Exonuclease III deletion 
products. Most sequencing reactions were car- 
fled out with [~t-35S]-dATP (Amersham) and 
both dGTP and 7-deaza-dGTP to resolve the 
commonly observed compression in C. reinhardtii 
nuclear DNA. Both strands of the 4.2 kb Kpn I 
fragment of pNS8k were completely sequenced. 
The DNA and deduced amino acid sequences 
were analyzed using the GCG Sequence Analy- 
sis Software Package, Version 7.2 ([ 16]; Genetic 
Computer Group, University of Wisconsin Bit- 
technology Center, Madison, WI). 

Fig. 1. Structure and organization of the CRlpcr-1 locus in 
Chlamydomonas reinhardtii. A. Restriction maps of the four 
phage isolated from a screen of the C. reinhardtii genomic li- 
brary. The maps show the location of the CRlpcr-l-coding 
sequences. The Sa! I sites at both ends of each insert are from 
the cloning sites of the Barn HI-digested 2EMBL3 vector. The 
open boxes denote the coding region including the two introns 
of the gene. The placement of restriction sites was accom- 
plished by the analysis of DNA fragments generated from 
single and/or multiple restriction enzyme digests as well as 
hybridization patterns of these restriction fragments with the 
32p-labeled pine lpcr eDNA probe. The DNA fragments are 
aligned to emphasize the overlapping nature of each phage 
clone. B. DNA blot analysis of wild-type C. reinhardtii ge- 
nomic DNA. Two #g of total genomic DNA was cut with each 

RNA gel blot analys& 

Cells from 100 ml of culture were collected by 
centrifugation at 6000 x g for 5 min and immedi- 
ately resuspended in 5 ml lysis buffer (50 mM 
Tris-HC1 pH 7.5, 150 mM NaCI, 15 mM EDTA, 
2 ~  w/v SDS and 40 #g/ml proteinase K). The 
suspension was shaken gently at room tempera- 
ture for 20 min to lyse the cells and total RNA 
released by extraction with an equal volume of 
phenol/chloroform/isoamyl alcohol (50:50:1 v/v) 
followed by one extraction with chloroform/ 

of the following restriction enzymes: Acc I, Hind III, Sma I, 
Sst I, Pst I, and Xho I. The resulting DNA restriction frag- 
ments were separated on a 0.8 % agarose-TBE gel, transferred 
to a GeneScreen Plus nylon membrane, and hybridized to a 
32p-labeled 2.5 kb HincII-Sal I probe derived from tpCG4b. 
Molecular weight markers are shown to the right. 
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"1122 GGTACCCAAG AGGAGGAGTT GGAGGGAGAA GACGAGGAGG CGGGGGAGGC ATAGCTGCGC TAGGGGGCTG GCACGTTGCG CGGTATAATA AGCGCTGACC AGGCGTCGGT GCTGTAAGCA 
" 1002 AGGCTGTTGA GTGTTGCGAA GCGATCTACA CGGTATTGGT GCATGCATAT GTATGATGCA GGGACTGGCA CGGCTGTTGT GTGTTGTAAA TFrGATGTTC TATACCTGTA TGATGAGTGA 
-852 TATGCACCAT TGCACGTGTT GGCGGTGTGT AGGGCCATGG AGAAGCGGCA GGAAAAGTGG CACGCGCGGG GGTGT~AA AAAGGCCATC CGC GGCAAA AGGCCGTCAC GCCAACGGCC 
"762 GGCCATCCCG GTCTGCAACT TTTAGACCTG ATCCCGGTCC AAGGCATTTC GAGAGGTCCG CTATGGCCAA ACGCGGCCCA GCGCTGTCGT TACGGAGCAG CCACTCGAAG GATTGCGTGT 
"642 AAGCATGCAG TCGGGCCTCA CAAGTTTTCC CGTTTTCGCC CACGCGCCTG CTCCAGTAAG TTCGCTTGGG TCCAAAAACC GCAGATTITG CCGAAGCGAG CCTTAGCGGG CTCGCCGCGG 
"522 CTGATTCGGC GAAAACAGCG CAGCGAGATG GGTGCCGTAC GAATGCCAAT CGCGCCCGAG TTGTTTAGAA GCTTGCCCGG CGCCGCGCCT GCCATTGCGA TTTCACC~'rA CCAGCGCTAC 
-402 GGCATTAATC TCATAGGACT CAGTCTC~GA CACCGGTTCA AGACCCAACA GCAAGGTGAG CGACGAGCGC GACTGCGATT TGGGGTATCG AGACTTCTGG AGCGCCATGG CTGTGCCGGT 
-282 GCTGCACTGA ATCTTGGCCT GCATGCCAAA GATCCACCCT TGGCGCGGTC GGATTATGCA TTGCACATAG CGGACTGTGG ACTTG~ CAACGACCTT CGGCTTCGTG CTCCTGGTCC 
-162 CGGGGCCCTG GGGCCTGCTG ACAATTGCAT ACATGCATAC TTCTTATGGC ATTGGTCAAG GAAGATCTAC GGATCTTCGC TGTTCGGCGG CCCAAACCTC CTCATGTTTG_ TGTGCGGGCT 

I 
-42 CCACGTCGCG CAAGCTTCTT TTTGCCCCTG CGAACCCAGT TCTACTCTGC TGGAGCTGTA TACTGATGGT TGCGATGTGC CCCATGTGCT CCCGCGGCCC TGCCCTTCCC ACCCTTGCCA 

79 CACACAGATG GCCCTCACCA TGTCCGCCAA GTCCGTGAGC GCCCGCGCCC AGGTGTCCAG CAAGGCCCAG GCCGCGCCCG CCGTGGCCGT GTCTGGCCGC ACCTCGTCCC GCGTGATGCC 
M A L T M S A K S V S A E A Q V S S K A Q A A P A V A V S G R T S S R V M P 38 

199 CGCCCCCGCG CTGGCTGCCC GCTCATCGGT CGCCCGCACT CCCCTGGTCG TCTGCGCCGC GACCGCCACC GCCCCCTCCC CCTCTCTGGC TGACAAGTTC AAGCCCAACG CGATCGCGCG 
A P A L A A R S S V A R T P L V V C A A T A T A P S P S L A D K F K P N A I A R 78 

319 CGTGCCCGCC ACCCAGCAGA AGCAGACCGC CATCATCACC GGCGCCAGCT CGGGCCTGGG CCTGAACGCC GCCAAGGCCC TGGCCGCCAC CGGCGAGTGG CACGTGGTCA TGGCCTGCCG 
V P A T Q Q K Q T A I I T G A S S G L G L N A A K A L A A T G E W H V V M A C R 118 

439 TGACTTCCTC AAGGCCGAGC AGGCTGCCAA GAAGGTCGGC ATGCCCGCCG GCTCCTACTC AATCCTGCAC CTGGACCTGT CCTCCCTGGA GTCGGTGCGC CAGTTCGTGC AGAACTTCAA 
D F L K A E Q A A K K V G M P A G S Y S I L H L D L S S L E S V R Q F V Q N F K 158 

559 GGCCTCCGGC CGCCGCCTGG ATGCGCTGGT GTGCAACGCT GCCGTGTACC TGCCCACCGC CAAGGAGCCC CGCTTCACCG CCGACGGCTT CGAGCTGTCG GTGGGCACCA ACCACCTGGG 
A S G R R L D A L V C N A A V Y L P T A K E P R F T A D G F E L S V G T N H L G 198 

679 CCACTTCCTG CTGACCAACC TGCTGCTGGA TGACCTGAAG AACGCCCCCA ACAAGCAGCC CCGCTGCATC ATCGTCGGCT CCATCAC~ CAACACCAAC ACCCTGGCCG GCAACGTGCC 
H F L L T N L L L D D L K N A P N K Q P R C I I V G S I T G N T N T L A G N V P 238 

799 GCCCAAGGCC AACCTGGGCG ACCTGTCGGG CCTCGCCGCC GGCGTGCCCG CCGCCAACCC CATGATGGAT GGCCAGGAGT TCAACGGCGC CAAGGCCTAC AAGGACTCCA AGGTGAGCGG 
P K A N L G D L S G L A A G V P A A N P M M D G Q E F N G A K A Y K D S K 275 

919 GGCAGGCTTG CAAAAAGGTG GTTAACATCG GTTGACGTTG GCTATGGGCT CGGAGGCTCG TGGGCGCGTG CTGGGGCTCG GGGACTCCTG CCTGGTTCTG TCACGTTTGT TCCCTCTTTG 

1039 ACCACGTGCA CTTGGTTCTG ACTCTCGCCC CTTCTTCTCT CCCTCTCTCG CAATTGTAGG TGGCGTGCAT GATGACCGTG CGCCAGATGC ACCAGCGCTT CCACGACGCC ACCGGCATCA 
V A C M M T V E Q M H Q R F H D A T G I T 296 

1159 CCTTCGCCTC GCTGTACCCC GGCTGCATTG CCGAGACCGG CCTGTTCCGC GAGCACGTGC CGCTGTTCAA GACCCTGTTC CCGCCCTTCC AGAAGTACAT CACCAAGGGC TACGTGTCGG 
F A S L Y P G C I A E T G L F R E H V P L F K T L F P P F Q K Y I T K G Y V S E 336 

1279 AGGAGGAGGC CGGCCGCCGC CTGGCAGCGG TGAGTCTCAC ACCCCTGCGC CCCGCCCCGG TTGAAGTACC TGATGCTACT GCAAGGCATC TGGGTCTCTG TTAGGATTGT CCGCAGTGTT 
E E A G R R L A A 345 

1399 TCGCGCCACC GCCGCACCTA AGGGAGGCTG AACTGAACGT ACGTACTATT GCCGCGTCTT ACTCAAGCTA CCTCCTCTCT GCCTTGCTCC CCAACCCGAC CCCAGGTCAT CTCTGACCCC 
V I S D P 350 

1519 AAGCTGAACA AGTCGGGCGC CTACTGGTCG TGGTCTTCCA CCACTGGCTC GTTCGACAAC CAGGTGTCTG AGGAGGTGGC CGATGACTCC AAGGCCTCCA AGCTGTGGGA CATCTCTGCC 
K L N K S G A Y W S W S S T T G S F D N Q V S E E V A D D S K A S K L W D I S A 390 

1639 AAGCTGGTGG GCCTGAGCGC GTAAGCAACT GCTCGGCCGT CCGGTTTGGT CTGGAGTTTG ACAAAGGCTA CCTGCGGTTC GTCTCTGCGC CGCGGTGCTT GGCCTACCCG ACCAGTAGTG 
K L V G L S A *** 397 

1759 GGCTGGAGGC CCCGTGCGAT CCAGGAGTGG AGGCCTTGGA GCGCGCATGT TGCCGTGTGC GTGACAGGAG CCGGCGCAGC GCTGGGTTGC AGGTGTGTGT G.TGTGTGCAG GGGCGGACCC 
1879 GGGGCAGTTC TAGCATGCGG GCCCATGCGG CTGGCTGTTG TTGCTGTTGG CCGGGGCCAA TCCTGGGGGG AAATCGATGC GGCGGCGCGC CCAGGTATTG COGCGGTGC~ TTGCAGCGTG 
1999 TTTGATTACA GACGCTAGGC AGCGGGTTCA AATTGTACTG GCGTAAGTGA GTTGGTTTGT CTGATAGCGT GTGTGTAGGT TTGTATGGAC AACACTGAGC GTGTGCGTCG TTCCCCGCGG 
2119 AGAGACTGCA TATACGGGGC CTGTGTGCCG CTATACACAC ATCAGAGACT ATGTCACGCG TGATACGGAG GTGGCGCTGC GGAGTGTTGA GTTGATATTC GCATATGTTC TGTACTACGG 
2239 AGCTTGTGGC TTGGGAACTA GGGTGTTGCG GCTTGCGTGC GTCTGCAGCG GACGCCGGTG CGTCAAGGCA GCCGTGCGCG CGTTGCCACG CCCGTCCCTT GCCGCAGGCC CGCTTACCAA 
2359 ACTGTTTCGG CCCTGCATTG GGCGGGTGTG GAGCGCCTAG CATCTGGCAA AACTCGTGTG CAGTGTAGCG GGTGCTCGAG AGGTCTCACG CACTTCAATA ATCTTATGCT GCTGTATGTA 
2479 GCATGCGCGG GTAACAATGA TGGATCTTAT ATTTTTTTCA AGTGGCCCTG ACGTGAGCTG TGACGCAAGT GGCAATAATC CCCGGCCAAG GAGCCAGGGA CCAGTGGTTC GACGCTAAAT 
2599 TAGCACATCA TGAGTTTTCG TGGCTTGCGC CGTCCCATGC TTGTATGGAG GCGCATGGGG GCCGGCACGC GCCAGCACAG ATACCTACTG GCCGCTTGGG CCCCCGGCAC GGCGAGATGA 

2719 GCGCACCTTG CACGTGTAAG CGCCTCTGAC ATGTGCCTGT CATGTCCCTG TCAGCTAACA CTGGATAATT GGATAGCAGC CTCAGTCGCA GAATGTGGGG AACCAGACGC AGCTGTAGAA 
2839 AGACGTAGAT CAAGGGTTGC TCTGTCCCCT GGGTGGCGGG GCGAACCCGC GGCTTCCCTT CAATTCAGCA AGGCGGCGCC ATCTACTACA TCCCACCACA TCGCATCTCG AGGCCGCCAA 

, 2959 CGGCGCCAAG ACGACGGTAC C 

Fig. 2. Nucleotide sequence and the deduced amino acid sequence of the C. reinhardtii CRlpcr-1 gene. Complete nucleotide se- 
quence of the 4.2 kb Kpn I fragment containing the CRIpcr-1 gene along with the deduced amino acid sequence of its encoded 
protein. The positions of introns were determined by codon preference analysis using the GCG Sequence Analysis Program [ 16) 
and by comparison to protein sequences previously reported for various higher plant enzymes. The numbers on the left side refer 
to nucleotide positions relative cap site designated as + 1 and indicated by the arrow. The numbers on the right side refer to amino 
acid positions relative to the assigned initiation methionine residue. Translational start and stop codons are in boldfaced type. The 
location of the TATA box (TTCTTITT) and polyadenylation signals (TGTAA) are given boldfaced; the polyadenylation site is 
indicated by the double arrow. Two inverted repeats in the 5'-flanking region of the putative 'TATA box' are underlined. 

isoamyl alcohol (24:1). The RNA was precipi- 
tated overnight at -20 °C with 2.5 volume of 
ethanol, pelleted by centrifigation, and resus- 
pended in diethyl pyrocarbonate (DEPC)-treated 
water. RNA was further purified by precipitation 
with LiCI [72]. The final RNA precipitate was 
resuspended in a minimal volume of DEPC- 
treated water and its concentration determined 
spectrophotometrically. RNA gel blot analysis 
was carried out as described by Li et al. [50]. 

Mapping the 5' and Y ends of the CRlpcr-1 tran- 
script 

The 5' end of the CRlpcr-I transcript was deter- 
mined by primer extension analysis using an 
oligonucleotide primer (K1310R, 5'-ATCA- 
CGCGGGACGAGGTG-3')  complementary to 
nucleotides 178 to 195 that was radiolabeled with 
32p-ATP in the presence of T4 polynucleotide 
kinase (Gibco-BRL). The primer extension reac- 



20 

tion contained 5 ng of the purified radiolabeled 
primer, 10 /~g of DNase-treated total cellular 
RNA in Moloney murine leukemia virus reverse 
transcriptase reaction buffer (Gibco-BRL) in a 
total volume of 8.5 #1. The mixture was heated at 
90 ° C for 2 min, followed by 10 min at 65 ° C, and 
then slowly cooled to 37 °C within 60 min. The 
annealing reaction was mixed with 4 #1 of solu- 
tion containing 2.5 mM each dNTP, 1.5 ~tl of 
100 mM DTT, and 200 units of SuperScript 
RNaseH-reverse transcriptase (Gibco-BRL), and 
the reaction mixture was incubated at 42 °C for 
60 min. EDTA and RNase A were added at final 
concentrations of 20 mM and 20/~g/ml, respec- 
tively, and the reaction was stopped by incubat- 
ing the reaction mixture at 37 °C for 30 min. The 
reaction products were extracted with one vol- 
ume of phenol/chloroform (1:1) followed by one 
volume of chloroform, and precipitated with two 
volume of ethanol at -20 °C overnight. One half 
of the extension products was analyzed on a 6~  
polyacrylamide sequencing gel and visualized by 
autoradiography. A sequencing reaction using the 
unlabelled extension primer was run in parallel as 
a reference to determine the size of the extended 
product. 

For determination of the 3' end of the CRlpcr-I 
transcript, rapid amplification of eDNA ends 
(RACE) [26] was performed using the RACE 
System (Gibco-BRL, Gaithersburg, MD). First- 
strand eDNA synthesis was carried out in a re- 
action cocktail containing 10 #g of total cellular 
RNA isolated from dark-grown cells, 5 ng of 
poly-d(T)-adapter primer [5 ' -GGTCGACGC- 
GGCCGCTCTAGA(T)17-3'  ] (Gibco-B RL), 
20 mM Tris-HC1 pH 8.4, 50 mM KC1, 3 mM 
MgC12, 10 mM DTT, 400 #M each ofdNTP, and 
8 units of SuperScript II reverse transcriptase. 
The reaction was allowed to procede for 30 rain 
at 30 °C and the reaction products were then 
purified on a GlassMAX DNA isolation spin car- 
tridge. The purified first-strand cDNA was di- 
luted 20-fold and 1/~l of the diluted cDNA was 
used in amplification reactions containing Taq 
Extender buffer (Stratagene), 200 #M dNTPs, 
1.25-2.5~o (v/v) DMSO, 2.5 units of Taq poly- 
merase (Boehringer Mannheim), 2.5 units of Taq 

Extender (Stratagene) and 100 ng each of the 
poly(dT)-adapter primer (Gibco-BRL) and a 
gene-specific primer (K3000F, 5'-GACCCGG- 
GGCAGTTCTA-3'). The amplification condi- 
tions for the first round of the PCR were 10 min 
denaturation at 95 °C, followed by 35 cycles of 
denaturation at 94 °C for 45 s, annealing at 55 °C 
for 45 s and extension at 72 °C for 45 s, ending 
with a 10 min extension at 72 °C. One microliter 
of a 50-fold dilution of the amplification products 
were reamplified as described above except that 
(K3640, 5'-AGTGGCCCTGACGTGAGC-3') 
was used as the gene-specific primer and the an- 
nealing temperature was raised to 60 ° C. Follow- 
ing treatment with the Klenow fragment of DNA 
polymerase I, the PCR reaction products were 
separated on a 1 ~ low-melting-temperature aga- 
rose gel (FMC BioProducts) and the major band 
at ca. 300 bp was excised and subcloned into the 
Eco RV site of pBluescriptKS( - ). Individual 
clones were isolated and sequenced as described 
above. 

Protein extraction and immunoblot analysis 

Cell cultures were grown to mid-logarithmic phase 
(approximately 2-6 × 10 6 cells/ml), collected by 
centrifugation at 7500 × g for 5 min at 4 ° C, and 
resuspended in 50 mM Tris-HC1 pH 6.8, 2~o 
(w/v) SDS. The cell suspension was disrupted by 
sonication (3 × 15 s at 70~o maximum power) 
with a Sonifier cell disrupter (Model W185, Heat 
System-Ultrasonic). The homogenate was clari- 
fied by centrifugation at 10000 × g for 10 min at 
4 ° C, and the resulting supernatant was collected 
as total cellular protein extract. The protein con- 
centration of the supernatant was measured using 
bicinchoninic acid (BCA) method (Pierce Chemi- 
cals). 

Aliquots of the supernatant were mixed with an 
equal volume of gel loading buffer (50 mM Tris- 
HC1 (pH 6.8), 20~ (v/v) glycerol, 2~o (v/v) 
2-mercaptoethanol and 0.005 ~o (w/v) Bromophe- 
nol Blue), boiled for 5 min, and centrifuged for 
5 min at 14000 x g to pellet any undissolved ma- 
terials. Protein samples were then separated on 



12 ~o (w/v) S D S-polyacrylamide gels, electroblot- 
ted to nitrocellulose membranes (Schleicher & 
Schuell) [35] and the membranes blocked in a 
solution of 5 ~o (w/v) Carnation non-fat dry milk, 
0.01~ (v/v) Tween-20 in Tris-buffered saline 
(TBS is 20 mM Tris-HCl pH 7.5, 500 mM NaC1) 
for 1 h at room temperature. After blocking, the 
membranes were washed three times with 0.01 ~o 
(v/v) Tween-20 in TB S and incubated for 10 hours 
at room temperature with polyclonal antibodies 
raised against the purified wheat pchlide reduc- 
tase (obtained from W. Trevor Griffiths, Univer- 
sity of Bristol, UK) in TB S containing 5 ~o (w/v) 
carnation non-fat dry milk and 0.01~o (v/v) 
Tween-20. The membranes were then washed 
three times in TBS containing 0.01~o (v/v) 
Tween-20 and incubated overnight at 4 °C with 
horseradish peroxidase-conjugated goat antirab- 
bit-IgG secondary antibody (Amersham) in TB S 
containing 5 ~ (w/v) carnation non-fat dry milk 
and 0.01~o (v/v) Tween-20. Following three ad- 
ditional washes as described above, antigen- 
antibody complexes were detected using the 
Enhanced Chemiluminescence Detection kit 
(Amersham). 

Transformation of pc-1 y-7 cells 

Glass-bead transformation of pc-1 y-7 was car- 
ried out essentially as described by Kindle [44]. 
Liquid cultures (100 ml) of pc-1 y-7 were grown 
in TAP medium in total darkness to a cell den- 
sity of ca. 1-2 x 10 6 cells/ml. The cells were col- 
lected by centrifugation at 3000 × g, washed once 
with fresh TAP medium, and resuspended to a 
density of 7 × 10 7 cells/ml with TAP medium. The 
cell suspension (0.5 ml) was transferred to a 
15 ml conical tube containing 0.5 g of sterile acid- 
washed glass beads (710-1180 #m diameter; 
Sigma). A 5 #g portion of pNS8k DNA linear- 
ized by digestion with Xba I was added to the cell 
suspension followed by the addition of 65 #1 of 
40 ~o (w/v) polyethylene glycol 8000 (PEG 8000). 
The cells were then mixed using a Vortex Genie 
II at maximum speed for 30-60 seconds and then 
spread onto Petri plates containing TAP medium 
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solidified with agar. Cells were grown under dim 
white light and independent transformants se- 
lected by their green-in-the-light phenotypes and 
ability to grow in the light. Individual colonies 
were streaked on fresh TAP agar plates, single 
colonies were picked and restreaked in the 
same manner. After four rounds of subculturing, 
single colonies were selected and used for the 
various analyses described below. All transfor- 
mants are maintained on TAP agar plates under 
room light. 

Characterization of the lpcr gene from pc- 1 y-7 cells 

The complete lpcr gene in pc-I y-7 cells was 
isolated by PCR amplification of four overlap- 
ping fragments of genomic DNA. The following 
primers were used in the amplification reactions: 
K001F, 5' -GTGGTACCCAAGAGAGGAGG- 
3'; K1310R, 5 ' -ATCACGCGGGACGAGG- 
TG-3'; Kl l20F,  5 ' -TCTACTCTGCTGGAG- 
CTG-3'; K2160R, 5 '-AACCAAGTGCACG- 
TGGTC-3';  K1990F, 5 ' -GGATGGCCAGGA- 
GTTCAA-3'; K3260R, 5 ' -GTGGTATAGCG- 
GCACACAGG-3';  K2690F, 5'-TCGTTCGA- 
CAACCAGGTGTC-3';  K3890R, 5'-GGA- 
CATGACAGGCACATG-3' .  Amplification re- 
actions contained ca. 50-100 ng total pc-1 y-7 
genomic DNA, in Taq Extender buffer (Strat- 
agene) with 200 /~M of each dNTP, 125 ng of 
each forward and reverse primers, 1.25-2.5~o 
(v/v) DMSO, 2.5 units of Taq polymerase 
(Boehringer Mannheim) and 2.5 units of Taq Ex- 
tender (Stratagene). The amplification conditions 
were: 10 min at 95 °C followed by 35 cycles of 
denaturation at 94 ° C for 45 s, annealing at 60 ° C 
for 45 s, and extension at 72 °C for 90 s, and a 
final extension period of 10 min at 72 °C. The 
amplification products were treated with the Kle- 
now fragment of DNA polymerase I (Boehringer 
Mannheim), purified by agarose gel electro- 
phoresis, and ligated into the Eco RV site of 
pBluescript K S ( -  ). In order to minimize any 
errors in nucleotide sequence resulting from mis- 
incorporation mutations during the amplification 
reactions, plasmid DNA was prepared from sev- 
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eral independent transformants representing each 
genomic fragment amplified, and these templates 
were used in subsequent DNA sequence analysis 
as described above. 

Hybridization screening of a partial library of pc-1 
y-7 genomic DNA 

Total Genomic DNA was isolated and purified 
from pc-1 y-7 as described above, digested to 
completion with Xho I and Cla I and fractionated 
on a 1 ~o (w/v) low melt agarose gel. The fraction 
of pc-1 y-7 DNA with the same mobility as the 
4.5 kb Xho I-Cla I fragment of pNS8k was ex- 
cised, eluted from the gel, and ligated into pBlue- 
script K S ( - )  vector previously digested with 
Xho I and Cla I. The ligation mixture was trans- 
formed into competent DH5~ cells (Gibco-BRL) 
and the resulting transformants screened by col- 
ony hybridization [72] using the 32p-labeled 
4.5 kb Xho I-Cla I fragment of pNS8k as probe. 
Plasmids containing the pc-I y-7 lpcr coding se- 
quences were subjected to DNA sequence analy- 
sis as described above. 

Results 

Structure of the nuclear gene for protochlorophyllide 
reductase in wild-type Chlamydomonas 

A C. reinhardtii genomic DNA library constructed 
in 2-EMBL3 was screened by plaque hybridiza- 
tion using a random-primed 32p-labeled cDNA 
(pWPnPCR901) encoding the light-dependent 
pchlide reductase from white pine, Pinus strobus 
[79], as probe. Four phage, designated tpCGlb, 
tpCG2b, ~bCG4b, and q~CG5b, were isolated and 
shown by restriction mapping and DNA gel blot 
analysis to contain nuclear genomic sequences 
encoding pchlide reductase. As shown in Fig. 1A, 
the DNA fragments contained in the four phage 
were partially overlapping and contiguous over 
an ca. 40 kb region of the genome. Consistent 
with our analysis of the phage DNA, genomic 
DNA gel blot analysis, shown in Fig. 1B, revealed 

that only a single gene (which we designated 
CRlpcr-l) encodes the pchlide reductase in 
Chlamydomonas. An 8.0 kb Nhe I-Sal I fragment 
from q~CG4b containing the entire CRlpcr-1 gene 
was subcloned into the pBluescriptKS(- ) plas- 
mid vector yielding plasmid pNS8k and this plas- 
mid was subsequently used in the analyses de- 
scribed below. 

The nucleotide sequences of the relevant cod- 
ing and non-coding portions of the C. reinhardtii 
CRlpcr-1 gene contained on the 4.2 kb Kpn I frag- 
ment of pNS8k were determined and are pre- 
sented in Fig. 2 along with the deduced amino 
acid sequence of the encoded protein. CRlpcr-I 
encodes a 397 amino acid polypeptide (Mr ca. 
42000) of which the first 57 amino acids of the 
deduced protein sequence comprise the chloro- 
plast transit peptide required for import of the 
cytoplasmically synthesized precursor into the 
developing plastid. The transit peptide of pchlide 
reductase shares several features in common with 
transit peptides of other nuclear-encoded precur- 
sors of Chlamydomonas chloroplast proteins in- 
cluding a short uncharged segment at its amino- 
terminus, a central region rich in hydroxy-groups, 
small hydrophobic residues, and positively 
charged amino acids, a carboxy-terminal region 
that may form an amphiphilic r-strand and a 
tetrapeptide, V-C-A-A, that matches the loosely 
conserved consensus cleavage site (V/I)-X-(A/ 
I)$A [25]. Based on the assigned transit peptide 
cleavage site, the mature C. reinhardtii pchlide 
reductase protein contains 337 amino acids, has 
a Mr of ca. 36000 and a pI of 9.4, similar to values 
reported for the mature pchlide reductase protein 
of higher plants. 

The results of pair-wise comparison of the de- 
duced amino acid sequence of the C. reinhardtii 
pchlide reductase with those of higher plants (e.g., 
Arabidopsis [8], barley [74], oat [14], pea [78], 
loblolly pine [79] and wheat [82]) and the cyano- 
bacterium Synechocystis [81] are presented in 
Table 1. A high degree of sequence conservation 
exists between the mature algal enzyme and those 
of higher plants with values for amino acid se- 
quence identity and similarity of 65-70% and 
79-82 ~o, respectively. Less homology is observed 



Table 1. Identity (~o) and similarity (~o) among protochlorophyllide reductases from various organisms. 
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Chlamydomonas Synechocystis H. vulgare T. aestivum A. sativa P. sativum A. thaliana P. taeda 

Chlamydomonas 100(100) 52 (72) 65 (79) 65 (79) 66 (80) 69 (82) 70 (82) 70 (82) 
Synechocystis 100(100) 54 (74) 53 (72) 52 (73) 56 (74) 56 (74) 54 (74) 
Hordeum vulgare 100(100) 99 (99) 97 (98) 84 (91) 82 (91) 79 (89) 
Triticum aestivum 100(100) 97 (98) 85 (93) 82 (91) 80 (90) 
Avenasativa 100(100) 85 (93) 83 (92) 80 (90) 
Pisum sativum 100 (100) 89 (95) 86 (95) 
Arabidopsis thaliana 100 (100) 85 (94) 
Pinus taeda 100 (100) 

The deduced amino acid sequence of the mature protochlorophyllide reductase protein encocded by CRlpcr-1 was compared with 
those of higher plants. Sequence alignment and analysis was performed using the PILEUP program in the GCG Sequence Analysis 
package [ 16]. Given are the percentages of identical and similar (in parenthesis) residues over the mature protein. Protein sequences 
used in the analysis correspond to the following GenBank accession numbers: Synechocystis, L37783; pea, X63060; loblolly pine 
(P. taeda), X66727; Arabidopsis, ATTSl128; barley, X15869; oat, X17067; wheat, TAPWR5PI. 

with the cyanobacterial enzyme (i.e., 52~o iden- 
tity and 72 ~o similarity). Very low or no sequence 
similarities were observed in the transit peptide 
and the very N-terminal regions of the mature 
protein when the C. reinhardtii and higher plant 
pchlide reductases were compared. Like its 
higher-plant counterparts, the algal pchlide re- 
ductase has a large number of basic amino acids 
and a relatively high proportion of hydrophobic 
residues. The four cysteine residues almost uni- 
formly conserved in the higher plant and cyano- 
bacterial enzymes [73, 78, 81 ] are also present in 
the C. reinhardtii enzyme, as are the tyrosine and 
lysine residues recently defined as part of the ac- 
tive site in the enzyme [85]. 

The mature protein-coding region of the gene is 
interrupted by two introns that are 179 and 196 
nucleotides (nt) in length, respectively. The first 
intron (Intron I) occurs between codons 275 and 
276 and the second (Intron II) between codons 
345 and 346. The nucleotide sequences at the 
exon/intron boundaries conform closely with the 
consensus (XGI [GTG(A/C)G(T/C)---intron---  
CAGflGC) C. reinhardtii splice junctions [86]. 
While the location of the Intron I is not conserved 
with respect to those found in the higher plant lpcr 
genes, the placement of Intron II appears to be 
conserved in all plant and algal species thus far 
examined, including angiosperms and gymno- 
sperms. 

The 5' end of the m R N A  transcribed from the 

CRlpcr-1 gene was determined by primer exten- 
sion analysis using total RNA isolated from dark- 
grown wild-type cells and an 32p-labeled oligo- 
nucleotide primer complementary to nucleotides 
178-195. As shown in Fig. 3A, only one major 
extension product was generated and this prod- 
uct terminated at a T residue 85 nt 5' to the as- 
signed initiation ATG codon. A potential TATA 
box [29, 38] followed by a G + C-rich segment 
can be found 27 nt upstream of the start site of 
the CRlpcr-I transcript (see Fig. 2). Upstream of 
the TATA box are two inverted repeats at 
positions -102 to -85 (5 ' -GAAGATC .... G- 
ATCTTC-3 ' )  and -70 to -53 (5'-CAAA- 
C .... GTTTG-3 ' )  that are similar to two in- 
verted repeats (GAAGTC .... GACTTC and 
CAAAC .... GTTTG)  found at similar positions 
in the promoter of pea lpcr gene [78]. A functional 
role for these sequences in the regulation of the 
CRlpcr-1 expression remains to be investigated. 

The CRlpcr-1 transcript contains an exception- 
ally long 3 ' -UTR extending approximately 
1106 nts from the stop codon. As shown in 
Fig. 3B, the polyadenylation site is located 11- 
12 nt downstream of a concensus polyadenyla- 
tion signal, TGTAA [75]. Note that the first A 
residue of the poly(A)-tail may be encoded by the 
gene or added by polyadenylation. Long 3 ' -UTR 
have been previously noted in a number of 
Chlamydomonas nuclear transcripts [15, 29, 36, 
56] although their importance in influencing 
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UTR of the CRlpcr-I transcript and codon- 
preference analysis did not identify any open 
reading frames in either the sense or anti-sense 
orientations within this region of the transcript. 
The 3 ' -UTR of the CRlpcr-1 transcript does, 
however, contain seven GT repeats located 
189 bp downstream of the TAA stop codon. Such 
GT repeats have been recognized in the 3 ' -UTRs 
of other C. reinhardtii nuclear transcripts (e.g., in 
the rbcS1 [29] and CAH1 genes [27]) and are 
thought to have potential regulatory properties. 

Abundance of protochlorophyllide reductase mRNA 
and protein in wild-type and mutant cells 

Fig. 3. Mapping of the 5' and 3' ends of the CRlpcr-1 tran- 
script. A. The products of primer extension analysis used to 
determine the 5' end of the CRlpcr-1 transcript. Total RNA 
isolated from dark-grown wild-type cells was annealed to a 
32p-labeled oligonucleotide complementary to nucleotides 
178-195 (see Fig. 1) and the primer was extended with reverse 
transcriptase. The extension products (lane E) were analyzed 
on a 6 % polyacrylamide sequencing gel using DNA sequenc- 
ing reactions (lanes G, A, T, and C) of the plasmid pNS8k 
with the same primer as molecular weight standards to deter- 
mine the exact size of the extended products. The sequence 
shown to the left corresponds the displayed portion of the 
pNS8k sequence reactions and the T residue marked by a 
short vertical bar and an arrow corresponds to the extension 
product. The boxed 8 nucleotides (TTCTTTTT) comprise the 
proposed TATA box. B. 3 r RACE analysis was carried out 
as described in Materials and methods. The specific products 
were subcloned into the Eco RV site of pBluescriptKS(- ) 
vector and their nucleotide sequences determined. Shown is 
autoradiograph of the nucleotide sequence at the 3' end of one 
cDNA spanning the polyadenylation site. The nucleotide 
ladder shown is from CRlpcr-1 and the arrows indicate the 
proposed 3' end of the CRlpcr-1 transcript. The proposed 
polyadenylation signal (TGTAA) is boxed. 

rRNA stability is still unknown. No sequences 
capable of forming extended secondary structures 
(e.g., stem-loops) are readily apparent in the 3'- 

The steady-state levels of m R N A  encoding the 
pchlide reductase were examined in dark- and 
light-grown wild-type and mutant C. reinhardtii 
cells by RNA gel blot analysis using a random- 
primed 32p-labeled 1.7 kb Sac II fragment con- 
taining the entire coding sequence of the CRlpcr-1 
gene as probe. As shown in Fig. 4A, a ca. 2.3 kb 
transcript, corresponding to the predicted size of 
the CRlpcr-1 transcript, is easily detected in total 
RNA extracted from dark-grown cells, whereas 
little or no CRlpcr-1 mRNA is detectable in total 
RNA prepared from cells grown in the light. The 
negative effect of light on steady-state CRlpcr-1 
transcript levels is similar to that observed in some 
monocot  species where a dramatic reduction in 
lpcr transcript levels has been shown to occur 
upon illumination of etiolated leaf tissues with 
light [1, 4, 23, 57]. 

The pc-1 mutation has been proposed to result 
from a structural defect in light-dependent pchlide 
reductase activity since cells harboring this mu- 
tation fail to reduce pchlide in the light, even 
though they reportedly assemble pigment-protein 
complexes normally associated with pchlide pho- 
toconversion activities [22]. The effects of pc-1 
are best observed in cells containing a y mutation 
(e.g., pc-1 y-7), since these strains are incapable 
of reducing pchlide independent of light availabil- 
ity, and therefore appear yellow in the dark, and 
die upon exposure to light [22]. 

To further characterize the nature of the defect 
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Fig. 4. Analysis of protochlorophyllide reductase message 
and protein levels in wild-type and mutant cells. A. Results of 
RNA blot analysis of total RNA isolated from dark- and 
light-grown wild-type and y-7, pc-l, and pc-1 y-7 C. reinhardtii 
cells. Ca. 30 #g of total RNA per sample was separated on a 
1% agarose-formaldehyde gel, blotted to nitrocellulose filters, 
and hybridized with a 32p-labeled 1.7 kb Sac II fragment from 
pNS8k. Approximate sizes in kb are given on the left. After 
removal of the lpcr probe, the same filter was hybridized with 
a 32p-labeled 18 S rRNA to demonstrate that equal amount of 
total RNA was loaded into each lane. B. Shown are the re- 
sults of immunoblot analysis of protochlorophyllide reductase 
protein levels in dark- and light- grown wild-type and mutant 
cells. Total cellular proteins were extracted from dark- (D) and 
light-grown (L) cells, and equivalent amounts (ca. 100 #g) 
were fractionated on a 12% (w/v) SDS-polyacrylamide gel, 
electrophoretically transferred to a nitrocellulose filter, and 
reacted with antiserum to the wheat protochlorophyllide re- 
ductase. The antigen-antibody complexes were reacted with 
anti-rabbit secondary antibodies conjugated with horseradish 
peroxidase, and visualized by chemiluminesence as described 
in the Materials and methods. The immunoreactive 36 kDa 
and 34 kDa polypeptides are indicated by arrows. The size of 
the immunoreactive proteins was measured against known 
standard proteins of 18 kDa, 29 kDa, and 43 kDa. 

associated with the pc-I genotype, total RNA 
was isolated from either dark- or light-grown pc-I, 
y-7, and pc-1 y-7 cells and pchlide reductase mes- 
sage levels were analyzed by RNA gel blot analy- 
sis as described above. Dark-grown y-7 cells 
accumulated approximately wild-type levels of 
pchlide reductase mRNA, whereas dark-grown 
pc-1 and pc-1 y-7 cells contained either no de- 
tectable pchlide reductase transcripts or extremely 
low levels of transcript detectable only after pro- 

longed autoradiography (Fig. 4A). Like wild-type 
cells, y-7 and pc-1 cells do not accumulate pchlide 
reductase mRNA when grown in the light. Since 
the pc-1 y-7 double mutant dies upon exposure to 
light it was only possible to measure transcript 
levels in the dark for this strain. 

In contrast to the dramatic difference in tran- 
script abundance observed between dark- and 
light-grown wild-type C. reinhardtii cells, the 
effects of light on pchlide reductase protein levels 
are more subtle. As shown in Fig. 4B, two im- 
munoreactive polypeptides are detected in ex- 
tracts prepared from light- and dark-grown cells 
using antiserum elicited against highly purified 
wheat pchlide reductase: a 36 kDa protein, which 
corresponds to the predicted size of the mature 
pchlide reductase encoded in CRlpcr-1, and a 
smaller 34kDa  protein. The immunoreactive 
36 kDa form of the protein accumulated to high 
levels in dark-grown cells and its abundance was 
significantly reduced in response to growth in the 
light. On the other hand, the amount of the 34 kDa 
polypeptide was low in dark-grown cells and its 
levels increased slightly upon transfer of the cells 
to the light. No 36 kDa pchlide reductase protein 
could be immunodetected in either dark- or light- 
grown pc-I cells or in pc-1 y-7 cells grown in the 
dark. pc-1 cells did, however, contain very low 
levels of the immunoreactive 34 kDa polypeptide 
and, like wild-type cells, its abundance appeared 
to be slightly enhanced by growth in the light. 
Similar to wild-type cells, y-7 cells accumulated 
both the immunoreactive 36 kDa and 34 kDa 
polypeptides when grown in the light. Dark-grown 
y-7 cells, however, showed substantially higher 
levels of the 36 kDa polypeptide relative to that 
found in wild-type cells and little or no detectable 
34 kDa protein. The greater accumulation of the 
36 kDa polypeptide in dark-grown y-7 cells com- 
pared to wild-type cells could result in part from 
of an increased availability of pchlide for the for- 
mation of ternary complexes by the light- 
dependent enzyme (i.e., enzyme, NADPH,  and 
pchlide) [61] as a consequence of the failure of 
y-7 cells to utilize pchlide in light-independent 
reduction reactions [ 19, 20]. 

The lack of any immunodetectable pchlide re- 
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ductase protein in pc-1 y-7 is not consistent with 
the results of the cell fractionation studies of Ford 
et al. [22] which suggested that inactive pchlide 
reductase protein was present in these cells. Our 
results showing the presence of small amounts of 
the 34 kDa protein in pc-1 cells but not pc-1 y-7 
cells raises the question of the nature and origin 
of this immunoreactive polypeptide both in the 
mutant and in wild-type cells. Since genomic 
DNA gel blot analysis clearly showed that only a 
single gene encodes the pchlide reductase in the 
C. reinhardtii genome, several explanations are 
possible. One explanation is that the 34 kDa 
polypeptide may represent a size variant derived 
by either differential processing during or after 
import of the pchlide reductase precursor into the 
plastid, secondary modification of the mature 
protein, or proteolysis during extraction. Alterna- 
tively, the immunoreactive 34 kDa polypeptide 
may not be pchlide reductase, but rather a struc- 
turally related protein capable of cross-reacting 
with the anti-wheat pchlide reductase polyclonal 
antibodies. 

The pc-1 phenotype can be rescued by transforma- 
tion of pc-1 y-7 with the CRlpcr-1 gene 

To determine whether thepc-1 phenotype resulted 
solely from a structural defect in the gene encod- 
ing pchlide reductase, we tested whether our 
cloned wild-type CRlpcr-1 gene could function in 
a pc-1 background and was sufficient to rescue 
the mutant phenotype. Since pc-1 y-7 cells lack 
both light-dependent and light-independent 
pchlide reduction activities, are phenotypically 
yellow-in-the-dark and incapable of growth in the 
light [21 ], we reasoned that working in this double 
mutant background would facilitate the direct se- 
lection of transformants. Successful complemen- 
tation of the pc-1 mutation would be expected to 
yield transformants which remain yellow-in-the- 
dark (by virtue of the presence of y-7) but green 
upon transfer to the light. 

Linearized pNS8k DNA containing the com- 
plete CRlpcr-1 gene was transformed into pc-1 y-7 
cells [44] and transformed cells were selected for 

by their ability to grow in the light on TAP agar 
plates. Direct selection in this manner and the use 
of a recipient strain with intact cell walls resulted 
in the detection of transformants at a frequency 
lower than that reported in the literature for this 
procedure [44]. However, it was possible to re- 
producibly recover colonies exhibiting growth in 
the light and a green phenotype, and in one repre- 
sentative set of experiments, nineteen indepen- 
dent green colonies were recovered from trans- 
formations using ca. 5 #g ofpNS8k DNA per 107 
cells. Of the 19 transformants recovered, 18 ex- 
hibited the expected yellow-in-the-dark/green-in- 
the-light phenotype. One strain, Tm208, was 
found to be able to green in the dark suggesting 
that it was likely the result of either a reversion or 
suppression of the y-7 mutation which restored 
light-independent pchlide reduction and dark 
chlorophyll formation to the pc-1 y-7 double mu- 
tant. Control transformations using pBluescript 
KS( - ) vector DNA alone, pSH3k DNA (a plas- 
mid containing a promoterless CRlpcr-I gene), or 
no DNA in the transformation resulted in the 
recovery of only a single green colony. Like 
Tm208, this strain also displayed a green-in-the- 
dark phenotype suggesting that it most likely arose 
by reversion or suppression of the y-7 mutation. 

Since it is possible to obtain a yellow-in-the- 
dark/green-in-the-light phenotype by a number of 
mechanisms (e.g., complementation, reversion, 
intragenic second-site mutation, or extragenic 
suppression of the original pc-1 mutation) we ex- 
amined the genomic DNA from the various trans- 
formants by DNA gel blot analysis for the pres- 
ence of extra copies of the lpcr gene in their 
genome. As shown in Fig. 5, DNA from wild- 
type, y-7, pc-l, and pc-1 y-7 contain three promi- 
nent Pst I fragments that hybridize with a 32p_ 
labeled 4.2kb KpnI fragment derived from 
pNS8k. The largest Pst I fragment contains the 
entire amino acid coding region, ca. 1.1 kb of the 
5'-flanking region, and half of the 3'-untranslated 
region of the wild-type Ipcr gene, while the 2.0 kb 
Pst I fragment contains the other half of the 3'- 
untranslated region of the gene. Genomic DNA 
isolated from 12 of the transformed strains 
(Tm202, Tm203, Tm206, Tm207, Tm209, Tm210, 
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Fig. 5. Genomic DNA blot analysis of the pNS8k transformed strains. Shown are the results of gel blot analysis of total genomic 
DNA isolated from wild-type, y-7, pc-l, pc-1 y-7, and 18 different potential transformed strains exhiniting a yellow-in-the-dark/ 
green-in-the-light phenotype. Total genomic DNA (ca. 10 #g) was digested with Pst I, fractionated by electrophoresis on agarose, 
and blotted to nylon membranes. The membrane was then hybridized with a 32p-labeled 4.2 kb Kpn I fragment isolated from pNS8k. 
Three Pst I fragments (indicated by arrows) are detected in wild-type, y-7, pc-l, or pc-1 y-7 cells. Transformants are designated 
as Tm201-219. 

Tm211, Tm212, Tm213, Tm214, Tm217 and 
Tm219) clearly contained Pst I band(s) in addi- 
tion to the three bands associated with the wild- 
type genome. Some transformed strains, such as 
Tm206, Tm211, and Tm219, contained six or 
more extra Pst I fragments, suggesting that mul- 
tiple copies of the wild-type CRlpcr-1 gene were 
inserted into their genomes. No additional hy- 
bridizing bands were detected in the other 6 
transformants (Tm201, Tm204, Tm205, Tm215, 
Tm216, and Tm218). Although it is possible that 
these transformants arose via homologous recom- 
bination at the pc-1 locus, the frequency of such 
events are expected to be extremely low relative 
to random insertion events using this transforma- 
tion method [44, 77]. More likely, these cell lines 
arose by intragenic second-site mutation, rever- 
sion, or extragenic suppression of the original pc-1 
mutation. 

Protochlorophyllide reductase message and protein 
levels in transformed cells 

Since no mRNA encoding pchlide reductase is 
detectable in dark-grown pc-1 and pc-1 y-7 cells, 

we wanted to determine whether the introduction 
of one or more copies of the CRlpcr-1 and recov- 
ery of the green-in-the-light phenotype was cor- 
related with the accumulation of pchlide reduc- 
tase mRNA in the transformed strains. Total 
RNA was isolated from dark-grown cells of sev- 
eral randomly selected transformants that con- 
tained one or more introduced copy of the 
CRlpcr-1 gene in their genomes and the presence 
of pchlide reductase message was analyzed by 
RNA gel blot analysis using a 32P-labeled 1.7 kb 
Sac II fragment from pNS8k as probe. As shown 
in Fig. 6A, each of the transformants tested (e.g., 
Tm206, Tm210, and Tm219) contained the 2.3 kb 
pchlide reductase message, albeit at levels con- 
sistently lower than that observed in either dark- 
grown wild-type or y-7 cells. Based on a limited 
analyses, it did not appear that message abun- 
dance in the transformants was correlated to the 
number of introduced gene copies, since trans- 
formants such as Tm206 and Tm219 that con- 
tained multiple copies of the introduced CRlpcr-1 
gene have levels of pchlide reductase mRNA 
similar to that found in Tm210 which appears to 
contain only a single introduced copy of the gene. 
Copy-number-independent expression of reintro- 
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Fig. 6. Analysis of CRlpcr-I expression in transform cell line. A. Total RNA (ca. 30 ~g) isolated from randomly selected trans- 
formants was fractionated on a 1.0% agarose-formaldehyde gel, transferred to nitrocellulose filters, and hybridized with a 32p. 
labeled 1.7 kb Sac II fragment isolated from pNS8k. Total RNA isolated from wild-type and y-7 cells serve as a positive con- 
trol in the experiment, whereas total RNA from pc-1 and pc-1 y-7 are used as negative controls. The lpcr probe was stripped from 
the filter and the filter was hybridized with a 32p-labeled 18S rRNA probe to ensure equal amount of sample loading. B. Shown 
are the results of immunoblot analysis of protochlorophyllide reductase protein levels in various randomly selected transformed 
cells. Total cellular proteins were extracted from dark- (D) and light-gown (L) cells, and equivalent amounts (ca. 100 #g) were 
fractionated on a 12% (w/v) SDS-polyacrylamide gel, electrophoretically transferred to a nitrocellulose filter, and reacted with 
antiserum to the wheat protochlorophyllide reductase. The antigen-antibody complexes were reacted with anti-rabbit secondary 
antibodies conjugated with horseradish peroxidase, and visualized by chemiluminesence as described in the Materials and methods. 
The immunoreactive 36 kDa and 34 kDa polypeptides are indicated by arrows. The size of the immunoreactive proteins was 
measured against known standard proteins of 18 kDa, 29 kDa, and 43 kDa. 

duced C. reinhardtii nuclear genes has been noted 
by others [9, 45, 55]. 

If the introduced CRlpcr-1 gene(s) were func- 
tioning normally, we would expect to see accu- 
mulation of the 36 kDa pchlide reductase protein 
in the transformed cells. As shown in Fig. 6B, 
immunoreactive 36 kDa pchlide reductase pro- 
tein is found in all of the extracts prepared from 
dark-grown transformed cells. The level of im- 
munoreactive protein in three of the transfor- 
mants was similar to that found in dark-grown 
y-7 cells, whereas Tm212 had much lower levels 
of enzyme protein in the dark. While all of the 
transformants analyzed appeared similar to y-7 
and contained no immunodetectable 34kDa 
polypeptide in the dark, the transformants all 
showed substantially higher levels of accumula- 
tion of this polypeptide in the light than previ- 

ously observed in y-7. In one of the transfor- 
mants, Tm219, high levels of both the 36 kDa and 
34 kDa polypeptides are observed in the light. 

It is worth noting that all six strains which 
exhibited wild-type phenotypes in the light but 
showed no evidence of introduced copies of the 
CRlpcr-1 gene within their genomes contained 
both pchlide reductase message and immunode- 
tectible pchlide reductase protein as shown for 
Tm205 and Tm216 in Figs. 6A and 6B, respec- 
tively. 

Molecular basis of the pc- 1 mutation 

The accumulation of pchlide reductase mRNA 
and protein in pc-1 y-7 cells following the intro- 
duction of wild-type copies of the CRlpcr-1 gene 



strongly suggested that the pc-1 mutation did in 
fact lie within the structural gene for pchlide re- 
ductase. To determine the exact molecular nature 
of the pc-I mutation, the polymerase chain reac- 
tion was used to amplify four overlapping DNA 
fragments covering the entire coding region and a 
portion of the 5'- and 3'-flanking region of the 
lpcr gene in pc-I y-7. The amplification products 
were cloned into BluescriptKS(- ) plasmid vec- 
tor, their nucleotide sequence determined, and 
compared those generated from analysis of either 
wild-type or pc-I DNA. Over the entire coding 
portion of the gene only one discrepancy was 
found. As shown in Fig. 7, two nucleotides, a C 
and an A residue at position + 12 and + 13, re- 
spectively, were deleted in the pc-1 mutant lpcr 
gene. This two nucleotide deletion causes a 
frame-shift at the junction between the fourth and 
fifth codons in the wild-type transcript and results 
in a message whose translation terminates pre- 

Fig. 7. Analysis of the nucleotide sequence of the lpcr gene in 
pc-I y-7 cells. Shown are the nucleotide sequences of the 
CRlpcr-I gene from wild-type cells and the analogous region 
of the gene isolated from pc-I y-7 cells. The deleted two nude- 
otides are indicated by arrowheads on sequencing diagram and 
double boxed in the wild-type DNA sequence. The assigned 
translational initiation codon (ATG) is indicated by a vertical 
bar. 
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maturely after formation of a 67 amino acid 
polypeptide. 

In order to further verify that the 2 nucleotide 
deletion identified by sequencing of the PCR frag- 
ments represented the true molecular nature of 
the pc-1 mutation in the pc-1 y-7 double mutant, 
a partial genomic library was constructed in 
pBluescriptKS(-) by cloning 4.0-4.5 kb frag- 
ments ofXho I and Cla I double-digested genomic 
DNA from pc-1 y-7. The partial library was 
screened by colony hybridization using a 32p_ 

labeled 4.5 kb Xho I-Cla I fragment of pNS8k as 
probe. Several positive clones were identified and 
the resulting plasmid DNAs were sequenced. The 
same two-nucleotide deletion present in the PCR- 
generated fragments was found in all of the posi- 
tive clones identified in the library screen, thereby 
confirming the nature of the mutation in pc-l. 

The two-nucleotide deletion in pc-1 eliminated 
an Hph I restriction site (dTCACCA~TCAC) 
that is present in the wild-type CRlpcr-1 gene. 
Therefore, an Hph I restriction fragment length 
polymorphism (RFLP) should exist between the 
wild-type and pc-1 or pc-I y-7 genomes. As shown 
in Fig. 8, gel blot analysis of total DNA isolated 
from wild-type and y-7 cells (lanes 1 and 2, re- 
spectively) that was digested with Hph I and hy- 
bridized with a 32p-labeled 440 bp Hind III frag- 
ment from pNS8k contained a strongly 
hybridizing 440 bp Hph I fragment. Consistent 
with the predicted Hph I RFLP, this 440 bp frag- 
ment is absent in pc-1 and pc-I y-7 genomic DNA 
(lanes 3 and 4, respectively), but has been re- 
placed by a strongly hybridizing 700 bp band in- 
stead. Genomic DNA isolated from the various 
transformants containing introduced copies of 
CRlpcr-1 in their genome (e.g., Tm202, Tm206, 
Tm219) showed the presence of both the 440 bp 
and 700 bp fragments indicating that in fact wild- 
type copies (containing the Hph I site) were now 
present in the genome. Strains which were phe- 
notypically recovered to wild-type (e.g., Tm205, 
Tm216, Tm218) but failed to show evidence of 
introduced copies of CRlpcr-1 in their genomes 
(cf. Fig. 5) also failed to exhibit the 440 bp frag- 
ment associated with the wild-type CRlper-I gene. 
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Fig. 8. Restriction fragment length polymorphism analyses of DNA in wild-type, y-7, pc-l, and pc-1 y-7 cells. Total genomic DNA, 
isolated from each of the various transformed strains (Tm201 through Tm219), was digested with Hph I, fractionated on a 1.0% 
agarose gel, and transferred onto nylon membranes. The membranes were then hybridized with a 32p-labeled 440 bp Hind III 
fragment from pNS8k. Based on DNA sequence analysis, the probe should recognize a 440 bp Hph I fragment DNA isolated from 
wild-type and y-7 cells and a 770 bp Hph I fragment in DNA prepared from pc-1 and pc-1 y-7 cells. The position of molecular 
weight markers are given to the right. 

Discussion 

The pc-1 mutant of C. reinhardtii was originally 
isolated by Ford et al. [21 ] in a mutagenesis screen 
of the temperature-sensitive yellow-in-the-dark 
mutant y-l-4 and shown to be defective in pchlide 
photoconversion in vivo. Based upon the results 
of cell fractionation experiments with y-7 and pc-I 
y-7 cells, it was proposed that pc-1 likely encoded 
a structural defect in pchlide reductase, and al- 
though the enzyme was present in the mutant 
cells and capable of binding pchlide, it was inac- 
tive [22]. Consistent with this earlier prediction 
we demonstrate in this paper that pc-I does in 
fact encode a defect in pchlide reductase activity. 
We have determined that the molecular basis for 
this defect is a two nucleotide deletion within the 
sequences encoding the precursor to the pchlide 
reductase protein. The consequence of this dele- 
tion is a shift in the reading frame in mutant tran- 
script that results in a premature termination of 
translation and the formation of a truncated 
pchlide reductase polypeptide of about 67 amino 
acids. In contrast to the results of Ford et al. [22], 
we found that pc-1 and pc-1 y-7 cells failed to 

accumulate either immunodetectable pchlide re- 
ductase protein or the m R N A  that encodes it. 
The inability of pc-1 y-7 cells to catalyze pchlide 
photoconversion can be complemented by intro- 
ducing one or more copies of the wild-type 
CRlpcr-1 gene into these cells. Complementation 
of the pc-1 mutation using the wild-type CRlpcr-1 
gene not only establishes the nature of the pc-1 
locus, but provides the first direct molecular evi- 
dence that the pchlide reductase protein is solely 
required for the light-dependent pchlide reduction 
in this organism. 

Gene organization and protein structure 

Cloned cDNAs or genomic sequences encoding 
light-dependent pchlide reductases have been 
previously reported from a variety of higher plants 
[8, 14, 24, 74, 78, 79, 82] and the cyanobacterium 
Synechocystis [81]. This is the first description of 
the structure and expression characteristics of an 
Ipcr gene in a green algal species. A strong con- 
servation in gene organization has previously been 
noted in comparisons of lpcr genes from other 
higher plants including a very conserved place- 



ment of introns within the various genes [79]. In 
contrast, little overall conservation is found in 
comparisons of the structure of the CRlpcr-1 gene 
with those reported from pea [78] and pine [79]. 
The CRlpcr-1 gene lacks introns within its tran- 
sit peptide and extreme amino terminus typical 
for higher plants. Only the placement of Intron II 
appears to be conserved in all plant and algal 
species thus far examined. The importance of this 
placement with respect to the evolution of func- 
tional domains predicted to be involved in 
substrate-binding (e.g., pchlide and NADPH) 
and catalytic activity of the enzyme [ 85 ] is still a 
matter of speculation. 

The previously noted high degree of conserva- 
tion in primary protein structure observed among 
light-dependent pchlide reductases can now be 
extended to include C. reinhardtii. As previously 
noted [79], the degree of similarity among pchlide 
reductases varies depending upon the species' 
phylogenetic relationship. Therefore, it is not sur- 
prising that the mature form of the C. reinhardtii 
pchlide reductase has greater homology (65-70 ~o 
identical and 79-82~o similar) to those found in 
higher plants then it does to its cyanobacterial 
counterpart (52~o identical and 72 ~o similar). 

Several highly conserved domains have now 
been identified within the pchlide reductases [48, 
85] and based upon both primary and tertiary- 
structure comparisons it has been proposed that 
the pchlide reductases belong to a superfamily of 
related enzymes referred to as the RED family of 
proteins [48]. Among the important features now 
recognized are a conserved nucleotide binding 
domain located near the N-terminus of the ma- 
ture protein (amino acid residues 115 to 147; 24 
of 33 residues identical). Included within this re- 
gion are conserved residues thought to be involved 
in the electrostatic interaction of the protein with 
the 2'-phosphate group in NADPH [61, 82] and 
cofactor specificity [ 82, 85 ]. Like the higher-plant 
and cyanobacterial enzymes, the Chlamydomonas 
pchlide reductase contains four cysteine residues 
whose location within the protein is absolutely 
conserved. Derivatization experiments with [3H] 
N-phenylmaleimide have previously implicated 
one or more of these residues in substrate 
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(pchlide) binding [61]. Recent experiments in our 
laboratory with the pea enzyme suggest that at 
least one of these cysteine residues (correspond- 
ing to Cys-305 in the C. reinhardtii enzyme) is 
absolutely essential for function (H.M. Wilks and 
M.P. Timko, unpublished observations). 

A conserved stretch of 11 amino acids (corre- 
sponding to residues 294 through 305 in the algal 
enzyme) is thought to comprise part of the active 
site the enzyme. This region, G-A-K-A-Y-K-D- 
S-K-V-A-C, includes the conserved tyrosine 
(Tyr-298) and a lysine (Lys-302) residues present 
in all RED family members and recently demon- 
strated to be essential for catalysis in the pea 
pchlide reductase [48, 85]. Interestingly, two fea- 
tures of the active site domain in the algal enzyme 
distinguish it from those present in the higher 
plant and cyanobacterial enzymes. In the C. 
reinhardtii enzyme, an additional alanine residue, 
Ala-304, is present in the domain and, in contrast 
to the high degree of conservation observed in the 
regions immediately flanking the active site in the 
higher plant and cyanobacterial proteins, little 
similarity is observed over the same region in the 
algal enzyme. For example, only 4 (M, D, G, and 
F) out of 15 amino acids on the amino-side and 
5 (M, Q, H, R, and H) out of 15 residues on the 
carboxyl side of the active site are conserved when 
comparing the C. reinhardtii protein with those of 
higher plants, whereas 14 out of 15 amino acid 
residues are identical on the carboxy side of the 
active site among all characterized higher-plant 
enzymes. The functional or structural significance 
of these alterations remain to be determined. 

Regulation ofCRlpcr-I expression in wild-type and 
mutant cells 

The negative effect of light on steady-state levels 
of pchlide reductase mRNA in C. reinhardtii is 
similar to that observed in some monocot species 
where it has been demonstrated that a dramatic 
reduction in pchlide reductase transcript levels 
occurs upon exposure of etiolated tissues to light 
[1, 4, 14, 34]. This result contrasts with the ob- 
servations made in some dicot and gymnosperm 
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species where little or no effect of light is observed 
on lpcr message levels [8, 23, 46, 78, 79] or where 
the effects of light are conditioned by the devel- 
opmental growth stage [35, 79]. In barley, the 
light-induced decline in steady-state pchlide re- 
ductase message levels has been shown to be the 
result of a phytochrome-mediated reduction of 
transcription rates from the lpcr gene(s) [59]. To 
what extent the light-induced decline in steady- 
state levels of pchlide reductase mRNA in C. 
reinhardtii reflects changes in the rate of CRlpcr-1 
transcription is not known. 

The expression patterns of a number of C. re- 
inhardtff nuclear genes encoding chloroplast- 
localized proteins, including several enzymes in- 
volved in chlorophyll biosynthesis, have been 
examined and shown to be regulated by light [29, 
38, 39, 40, 53, 54]. For at least one of these genes, 
cablI-1, run-on transcription assays in isolated 
nuclei indicate that the rapid light-induced 
increase in mRNA abundance is primarily due to 
regulation at the transcriptional level [40]. Al- 
though the exact mechanism mediating the light 
regulation of gene expression in C. reinhardtii has 
yet to be determined, several studies strongly sug- 
gest the involvement of a blue-light receptor either 
operating at the level of transcription or through 
one or more post-transcriptional processes [42, 
43, 53, 54]. 

It is also possible that some or all of the light- 
induced loss of pchlide reductase message in 
dark-grown C. reinhardtii cultures is the result of 
changes in mRNA stability or rates of mRNA 
turnover. There is now considerable evidence in- 
dicating that specific sequences within the 5'- 
leader and/or 3'-untranslated regions (UTRs) of 
individual transcripts, a variety of trans-acting 
factors, as well as components of the transla- 
tional apparatus are involved in regulating mRNA 
stability [7, 62, 63]. For example, a variety of 
nuclear genes have now been characterized in C. 
reinhardtii that influence either directly or indi- 
rectly the stability of specific chloroplast tran- 
scripts through interactions at either the 3' or 5' 
UTR [68]. Considerably less is known about the 
mechanism(s) controlling stability or turnover of 
nuclear transcripts in this organism. 

Effects of the pc- 1 mutation of on CRlpcr- 1 tran- 
script levels 

The absence or greatly reduced level of the pchlide 
reductase transcript inpc-1 and pc-1 y-7 could be 
the result of either decreased transcription or in- 
creased mRNA turnover mediated by one or more 
posttranscriptional process altered by the pc-1 
mutation. The molecular nature of the mutation 
in the pc-1 locus suggests one possible mecha- 
nism to explain the absence of pchlide reductase 
mRNA in pc-1 and pc-1 y-7 cells, as well as ac- 
count for the lack of immunoreactive pchlide re- 
ductase protein(s) in these cells. The presence of 
a premature termination codon into the pchlide 
reductase mRNA as a consequence of the two 
nucleotide deletion in pc-1 could result in the for- 
mation of a mRNA with substantially decreased 
stability due to the premature termination of 
translation of that message. Decreased message 
stability (or accelerated mRNA decay) caused by 
premature translational termination or reduced 
translation efficiency has been observed in a va- 
riety ofprokaryotic and eukaryotic organisms [ 12, 
62, 63] including higher plants [41, 84] and most 
recently C. reinhardtii [66]. In this latter case, the 
plastocyanin-deficient phenotype associated with 
the C. reinhardtii mutant ac-208 was shown to be 
the result of a frameshift mutation that introduces 
a premature termination codon in the wild-type 
plastocyanin mRNA. As a consequence, transla- 
tion of the ac-208 message terminates prematurely 
leading to an apparent destabilization of the mes- 
sage since ac-208 cells contain only 3 ~o of wild- 
type message levels and fail to accumulate plas- 
tocyanin [66]. 

The mechanism(s) of by which nonsense mu- 
tations lead to mRNA destabilization is not pres- 
ently known. Both cis-acting sequences and trans- 
acting factors involved in the process have been 
identified [32, 49, 64] and some studies have sug- 
gested that the location of the termination codon 
within the body of the mutant transcript can in- 
fluence the severity of the destabilization effect 
[52, 60, 64, 83], with nonsense mutations located 
more proximal to the 5' end of the transcript 
resulting in greater destabilization than those lo- 



33 

cated near the 3' end [32, 52, 64]. The presence 
of a premature termination codon within the first 
ca. 200 nucleotides of the 2.3 kb pchlide reduc- 
tase message might therefore be expected to have 
a strong destabilizing effect, consistent with our 
observation that pchlide reductase transcripts are 
absent or present at only extremely low levels in 
pc-1 and pc-1 y-7 cells. 

Multiple forms of protochlorophyllide reductase pro- 
tein 

Two immunodetectable forms of pchlide reduc- 
tase have been reported in a number of different 
higher plant species including Arabidopsis [3], 
barley [37], oat [14, 61], pea [35, 78], and pine 
[24]. Recent studies in Arabidopsis [3], barley 
[37], and pine [24, 79] indicate that these differ- 
ent size variants are the products of separate 
genes under distinct photoregulatory programs. 
Genomic DNA gel blot analysis clearly showed 
that that pchlide reductase is encoded by only a 
single gene in the C. reinhardtii genome, however, 
extracts from wild-type cells consistently were 
found to contain two immunoreactive polypep- 
tides of 36 kDa and 34 kDa, respectively. The 
36 kDa protein, which predominates in dark- 
grown cells, is most  likely the mature form of the 
pchlide reductase protein. Its disappearance in 
the light is consistent with the light-induced 
breakdown of the protein in the absence of its 
substrate that has been well documented in other 
systems [23, 34]. Consistent with their failure to 
accummulate pchlide reductase mRNA, pc-1 y-7 
cells also failed to accumulate any immunodetect- 
able 36 kDa pchlide reductase protein. The pres- 
ence of small amounts of the immunoreactive 
34 kDa protein in dark- and light-grown pc-1 
cells is quite unexpected and raises questions 
about the nature and origin of this protein. 

A trivial explanation for its origin is that the 
34 kDa polypeptide is not pchlide reductase, but 
rather a structurally-related protein capable of 
cross-reacting immunologically with the anti- 
wheat pchlide reductase polyclonal serum. Al- 
though we cannot rule this out, the 34 kDa 

polypeptide was also detected in wild-type and 
pc-I mutant cells when antibodies prepared 
against the pea pchlide reductase were used in our 
assays (data not shown). The 34 kDa polypeptide 
may also represent a size variant of the mature 
pchlide reductase derived by either secondary 
modification or differential processing during or 
after import of the pchlide reductase precursor 
into the plastid. The difference in relative abun- 
dance of the two immunoreactive polypeptides in 
light- and dark-grown wild-type C. reinhardtii, 
(i.e., the 36 kDa polypeptide is more abundant in 
dark-grown cells than in light-grown cells, 
whereas the inverse situation exists for the 
34 kDa polypeptide), suggests that their accumu- 
lation may be dependent upon factors associated 
with the stage of plastid differentiation. The 
observation that the 34 kDa polypeptide is not 
present in either dark-grown y-7 or pc-1 y-7 cells 
is consistent with this hypothesis and indicates 
that its accumulation may in fact require the pres- 
ence of a functional chloroplast. 

An alternative possibility is that the 34 kDa 
polypeptide arises through the use of an alterna- 
tive initiation codon. Based on comparisons with 
other initiation codons [47], the assigned trans- 
lation start site for the pchlide reductase message 
is not a strong initiator and, therefore, it is pos- 
sible that some of the ribosomes upon which the 
message assembles bypass the first ATG and ini- 
tiate translation at the second ATG codon lo- 
cated 12 nucleotides downstream. The conse- 
quence of this faulty initiation in wild-type cells 
would be the formation of a precursor with a 
slightly truncated chloroplast transit peptide (i.e., 
missing five residues at the extreme N-terminus) 
and perhaps a subsequently altered processing 
site. In pc-1 or pc-I y-7 mutant cells, the frame- 
shift mutation eliminates this second ATG codon 
thus precluding the possibility for initiation at the 
second ATG. If in fact translation failed to ini- 
tiate at the first ATG start codon, the next down- 
stream ATG codon in the correct reading frame 
in the mutant transcript does not occur until 
nucleotides 109 to 111. Ribosomes initiating at 
this position could synthesize a polypeptide of 
361 amino acids with a substantially truncated 
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chloroplast transit peptide. Based upon our cur- 
rent understanding of the requirements for trans- 
port into the chloroplast, such a truncation would 
likely preclude proper import and processing of 
this precursor. 

Our studies described here have provided in- 
formation on the structure and expression char- 
acteristics of an important nuclear gene for chlo- 
rophyll formation in wild-type and mutant cellular 
backgrounds. These studies should allow for the 
design of experiments aimed at a better under- 
standing of the relationship between the light- 
dependent and light-independent mechanisms for 
pchlide reduction. The pc-1 mutant might also be 
an excellent experimental system to study factors 
involved in nonsense-mediated mRNA destabili- 
zation in plants as well as assist in the identifi- 
cation of gene products involved in the normal 
stabilization or turnover of plant mRNAs. 
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