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ABSTRACT Flowering plants require light for chloro-
phyll synthesis. Early studies indicated that the dependence on
light for greening stemmed in part from the light-dependent
reduction of the chlorophyll intermediate protochlorophyllide
to the product chlorophyllide. Light-dependent reduction of
protochlorophyllide by flowering plants is contrasted by the
ability of nonflowering plants, algae, and photosynthetic
bacteria to reduce protochlorophyllide and, hence, synthesize
(bacterio)chlorophyll in the dark. In this report, we function-
ally complemented a light-independent protochlorophyllide
reductase mutant of the eubacterium Rhodobacter capsulatus
with an expression library composed of genomic DNA from
the cyanobacterium Synechocystis sp. PCC 6803. The comple-
mented R. capsulatus strain is capable of synthesizing bacte-
riochlorophyll in the light, thereby indicating that a chloro-
phyll biosynthesis enzyme can function in the bacteriochlo-
rophyll biosynthetic pathway. However, under dark growth
conditions the complemented R. capsulatus strain fails to
synthesize bacteriochlorophyll and instead accumulates pro-
tochlorophyllide. Sequence analysis demonstrates that the
complementing Synechocystis genomic DNA fragment exhibits
a high degree of sequence identity (53-56%) with light-
dependent protochlorophyllide reductase enzymes found in
plants. The observation that a plant-type, light-dependent
protochlorophyllide reductase enzyme exists in a cyanobac-
terium indicates that light-dependent protochlorophyllide re-
ductase evolved before the advent of eukaryotic photosynthe-
sis. As such, this enzyme did not arise to fulfill a function
necessitated either by the endosymbiotic evolution of the
chloroplast or by multicellularity; rather, it evolved to fulfill
a fundamentally cell-autonomous role.

One of the more extensively characterized steps in the chlo-
rophyll biosynthetic pathway involves reduction of the fourth
ring of the Mg-tetrapyrrole intermediate, protochlorophyllide
(1-3) (Fig. 1). Interest in this step of the pathway owes to the
dependence of angiosperms on light for protochlorophyllide
reduction. Protochlorophyllide reduction has been thought to
play an important regulatory role in angiosperm development,
since it functionally acts as a gate in the biosynthetic pathway
that allows chlorophyll synthesis only when the plant is illu-
minated. Enzymatic studies have indicated that light-
dependent reduction of protochlorophyllide is catalyzed by an
enzyme known as NADPH-protochlorophyllide oxidoreduc-
tase (E.C. 1.3.1.33) or "light-dependent protochlorophyllide
reductase" (reviewed in ref. 1). Light-dependent protochlo-
rophyllide reductase is one of only two enzymes known to
require light for catalysis, the other being photolyase (4).

In contrast to angiosperms' dependence on light for proto-
chlorophyllide reduction, nonflowering land plants, algae, and
photosynthetic bacteria have a distinct enzyme known as
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light-independent protochlorophyllide reductase that cata-
lyzes the reduction of protochlorophyllide (and hence pro-
motes photopigment biosynthesis) in the dark. Recent studies
with the bacteriochlorophyll-producing, purple, nonsulfur,
photosynthetic bacterium Rhodobacter capsulatus have re-
sulted in the identification of three genes, bchN, bchB, and
bchL, that code for putative subunits of the light-independent
protochlorophyllide reductase (5-7). The studies with R. cap-
sulatus have also led, in part, to the identification of one or
more corresponding light-independent protochlorophyllide re-
ductase genes (chiN, chlB, chiL) in cyanobacteria (8-10) and
in the chloroplast genomes of numerous dark-greening pho-
tosynthetic eukaryotes, including the green alga Chlamydomo-
nas reinhardtii (11-14) and several gymnosperms (14-18).
However, light-independent protochlorophyllide reductase
genes are conspicuously absent from chloroplast genomes of
angiosperms, which correlates with the dependence of this
lineage of plants on light for greening (14, 15, 17-19).

Despite the fact that cyanobacteria, algae, and gymno-
sperms clearly have the capability of synthesizing chlorophyll
in the dark, genetic studies also indicate that these diverse
oxygenic, photosynthetic organisms appear to contain both the
light-independent and light-dependent versions of protochlo-
rophyllide reductase (8-21). While it is clear from DNA
sequence analysis that the plant light-independent protochlo-
rophyllide reductase is of bacterial origin, the nature of the
light-dependent protochlorophyllide reductase from cya-
nobacteria has not been examined at a molecular level. In this
study, we utilized complementation analysis to clone and
sequence the light-dependent protochlorophyllide reductase
gene from the cyanobacterium Synechocystis sp. PCC 6803.t
Our results indicate that Synechocystis contains a homolog of
a plant-type, light-dependent protochlorophyllide reductase
gene. These results, as well as those of previous genetic studies
(5, 7-10), indicate that both the light-dependent and the
light-independent protochlorophyllide reductase enzymes are
of prokaryotic origin. The evolutionary implications pertain-
ing to the acquisition and loss of light-dependent and light-
independent enzymes are discussed.

MATERIALS AND METHODS
Bacterial Strains and Growth Conditions. R capsulatus strains

ZY5 (bchL::km), JDA (bchB:*m), and JDB (bchN::km), which
contain mutations that disrupt light-independent protochloro-
phyllide reductase, have been described previously (5, 22, 23).
Wild-type Synechocystis sp. PCC 6803 was kindly provided by
Wim Vermaas, Arizona State University.

*Present address: Center for Gene Research, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya 464-01 Japan.
tTo whom reprint requests should be addressed at: Department of
Biology, Indiana University, Jordan Hall, Bloomington, IN 47405.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. L37783).
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FIG. 1. Latter common steps of the chlorophyll and bacteriochlorophyll biosynthetic pathways.

R. capsulatus strains were routinely grown in RCV 2/3 PY
medium (24). For photosynthetic growth, cells were propa-
gated in screw-cap tubes that were completely filled with
medium and illuminated with a bank of 60-W incandescent
Lumiline lamps emitting approximately 5000 lx. For semi-
anaerobic growth conditions, cells were grown in 30 ml ofRCV
2/3 PY or RCV (+) medium (5,24) in a 50-ml Erlenmyer flask
that was gently shaken at approximately 90 rpm.

Synechocystis cultures were grown in BG-11 medium (25)
supplemented with 5 mM glucose. Cells were grown at 30°C
under continuous light and aeration (provided by bubbling).
For genomic DNA isolation (below), cells from a nearly
saturated 4-liter culture of Synechocystis were isolated and
stored at -80°C.

Construction of the Synechocystis sp. PCC 6803 Expression
Library. A Synechocystis cosmid expression library was con-
structed by ligating unfractionated Sau3AI partial digests of
Synechocystis genomic DNA that was isolated basically as
described by Williams (26) into the Sal I site of the cosmid
vector pPUFHC. Cosmid vector pPUFHC is a derivative of the
R. capsulatus expression cosmid vector pPUFP1 (5) which
exhibits a high copy number in Escherichia coli. A 3443-bp
EcoRI-BamHI fragment from the high copy number plasmid
pCop7 (kindly provided from the laboratory of B. Polisky by
T. Fitzwater, Indiana University) was blunt end ligated into the
unique Not I site in pPUFP1, thereby constructing pPUFHC.
To prevent the cloning of multiple inserts, digested genomic
and vector DNA ends were modified by being partially filled
in, as described by Zabarovsky and Allikmets (27). The cos-
mids were packaged by using Gigapack II XL packaging
extract (Stratagene) and subsequently transfected into E. coli
strain XL1-Blue MR (Stratagene) containing the mobilizing
element pDPT51 (28). A total of 12,852 colony-forming units
of the XL1-Blue MR/pDPT51 strain library, representing an
estimated 19 genome equivalents, were pooled and subse-
quently stored at -80°C.

Library Matings and Complementing Plasmid Isolation.
Bipartite matings were performed by mixing 1.5 ml of a culture
of the library-containing E. coli cells with the same volume of
R. capsulatus cells and then drawing the cells down onto sterile
Nalgene 0.45-gm filter discs by vacuum filtration. Filters were
subsequently placed on RCV (29) plates and incubated for 12
h at 34°C. The RCV plates were then placed in an anaerobic
Gas-PAK jar (BBL) and illuminated with a bank of incandes-
cent Lumiline 60-W lamps (emitting approximately 5000 lx) for
4-7 days. Cosmids p6803-1 and p6803-2 were rescued from
complemented (photosynthetically competent) ZY5 (bchL-)
and JDB (bchN-) colonies, respectively, and back-mated to
ZY5 and JDB as well as to the bchB mutant strain JDA to
confirm complementation. Based on restriction and Southern
hybridization analyses, it was determined that cosmids p6803-1
and p6803-2 contained an identical genomic DNA insert of
approximately 1.5 kb.

Sequence Analysis. APst I restriction fragment "2100 bp in
size, containing the puf promoter region, as well as the
Synechocystis genomic DNA insert, was subcloned into M13
cloning vectors mpl8 and mpl9 (Promega). Dideoxynucle-
otide sequencing reactions from both strands of the insert
region were performed from single stranded templates (30)
with a Sequenase sequencing kit as described (United States
Biochemical) with 33P-dATP as the label (Amersham). Se-
quence analysis was performed by using the BESTFIT or
XPILEUP programs of the University of Wisconsin Genetics
Computer Group sequence analysis software package.

Spectral Analyses. Whole-cell absorption spectral analyses
were performed on cells grown under either white light (1.25
W from a 65-W, 130-V flood lamp at a distance of approxi-
mately 30 cm) or dark growth conditions. For optimum
pigment production, strains were grown semianaerobically at
34°C for 2 days in RCV 2/3 PY medium and then subcultured
into RCV (+) medium for an additional 2 days. For cosmid
maintenance, relevant cultures contained streptomycin at 0.5
,ug/ml. For whole-cell spectral analysis, the cell pellet from a
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1.5 ml culture was resuspended in 50 ,ul of RCV medium and
mixed with 1.0 ml of 30% bovine serum albumin (5), and the
cell suspension was scanned with a Beckman DU-50 recording
spectrophotometer.

RESULTS

Cloning Chlorophyll Biosynthesis Genes by Heterologous
Complementation of R. capsultus Mutants. In a previous
study, we observed intergenus complementation of R. capsu-
latus bacteriochlorophyll biosynthesis mutants with bacterio-
chlorophyll biosynthesis genes from the related purple photo-
synthetic bacterium Rhodospirillum centenum (23). In this and
in a related study (31), we extended this result by isolating
chlorophyll biosynthesis genes by functional complementation
of R. capsulatus bacteriochlorophyll biosynthesis mutants with
an expression library that was constructed from the genome of
the more distantly related cyanobacterium Synechocystis sp.
PCC 6803. Prior studies indicated that bacteriochlorophyll and
chlorophyll biosynthesis pathways are related in that they are
known to share common intermediates (3, 6). There are also
structural similarities that exist between the few chlorophyll
biosynthesis genes that have been characterized and those of
the more extensively characterized bacteriochlorophyll biosyn-
thesis loci (6, 11-15). We therefore reasoned that functional
complementation may occur upon overcoming the obvious
problems of expression caused by different promoter struc-
tures and codon usages between these genera. These problems
were overcome in part by constructing a genomic library that
placed Synechocystis genes under the control of the strong
R. capsulatus puf operon promoter in the cosmid vector
pPUFHC.
We used three strains of R. capsulatus which contained

stable kanamycin-resistance (Kmr) insertion mutations in
genes that coded for putative subunits of light-independent
protochlorophyllide reductase for our attempt at heterologous
complementation. (R. capsulatus strains containing kanamy-
cin-resistance insertion mutations were chosen over strains
containing point mutations since we have observed no detect-
able spontaneous reversion of the insertion mutants.) For
complementation, we used strain ZY5 (22) which contained a
Kmr insertion in the light-independent protochlorophyllide
reductase subunit BchL, strain JDB (5, 23) which contained a

KMr insertion mutation in the light-independent protochloro-
phyllide reductase subunit BchN, and strain JDA (5, 23) which
contained a Kmr insertion mutation in the third light-
independent protochlorophyllide reductase subunit BchB.
Each of these strains was mated with the E. coli strain
harboring the Synechocystis library and selected for growth
under photosynthetic conditions (anaerobic in the light). From
the mating with strain ZY5, we obtained a single photosyn-
thetically competent (PS+) exconjugate. Similarly, a single
PS+ colony was obtained from a mating with strain JDB.
Restriction and Southern hybridization analyses of the cosmids
that were rescued from these exconjugates (p6803-1 and
p6803-2, respectively) indicated that they contained identical
genomic insertions of approximately 1.5 kb (data not shown).
As indicated in Table 1, these cosmids were subsequently
shown to also complement the bchB-disrupted strain JDA.

Sequence Analysis of the Complementing Cosmid. As dis-
cussed above, it was determined that cosmids p6803-1 and
p6803-2 contained identical genomic inserts of approximately
1.5 kb, which is well below the sum total length (3.843 bp) of
the bchN, bchB, and bchL genes that these cosmids comple-
ment. This strongly suggested that complementation of these
mutants was occurring via a nonhomologous genetic element.
Indeed, sequence analysis of the cosmid insert in p6803-1
revealed an open reading frame that coded for a 318-amino
acid polypeptide having no sequence similarity to light-
independent protochlorophyllide reductase subunits (data not

Table 1. Cyanobacterial cosmid complementation of R.
capsulatus mutants

Mutant Gene Cosmid
strain Gene size, bp p6803-1 p6803-2

JDA bchB 1539 + +
JDB bchN 1392 + +
ZY5 bchL 912 + +

Complementation of R. capsulatus light-independent protochloro-
phyllide reductase mutants with cosmids from a cyanobacterial (Syn-
echocystis sp. PCC 6803) genomic library. + denotes complementation
to photosynthetic competence.

shown). Instead, the Synechocystis open reading frame was
found to be 56% identical and 74% similar to the sequence of
the light-dependent protochlorophyllide reductase of the an-
giosperm Arabidopsis thaliana (32) (Fig. 2 and Table 2). The
Synechocystis light-dependent protochlorophyllide reductase
homolog was located 63 bp downstream of the cosmid cloning
site, suggesting utilization of the R. capsulatus puf promoter
(data not shown). No other recognizable complete open
reading frames were deduced from the genomic DNA frag-
ment.
Alignment of the deduced Synechocystis light-dependent

protochlorophyllide reductase peptide sequence with that of
various land plants (Fig. 2) demonstrated a high degree of
sequence conservation with very few gaps along the entire
length of the enzyme. The start site of the cyanobacterial
peptide is within six amino acids of the putative processing site
for the barley chloroplast transit peptide (32, 35) and ends at
the same relative position as all the eukaryotic homologs. Since
light-dependent protochlorophyllide reductase is highly con-
served among plants (Table 2), it is difficult to assess the
relative structural/functional importance of individual amino
acids and domains among these sequences. However, inclusion
of the cyanobacterial sequence in the sequence comparison
clearly divides this protein into modular domains of identically
conserved residues. For example, strong blocks of identity of
the Synechocystis enzyme to plant homologs are found from
residue 5 through residue 34, a region proposed to resemble a
nucleotide-binding fold and a suggested binding site of the
enzyme's cofactor, NADPH (34). In addition, of the six
cysteine residues present in the cyanobacterial sequence, three
are universally conserved among the plant sequences. One or
more of these cysteines have been implicated to be in the active
site (1).

Light-Dependent Bacteriochlorophyll Biosynthesis by Com-
plemented R. capsulatus. To assess the question of functional
homology, we grew the complemented R. capsulatus strain
ZY5/p6803-1 in the presence or absence of light. As shown in
Fig. 3, when strain ZY5/p6803-1 is grown under white light
illumination, the cells synthesize bacteriochlorophyll as indi-
cated by the presence of light harvesting and reaction center
pigment-protein complexes that absorb light at 800-850 nm.
In contrast, when the same strain is grown in the dark, it
accumulates a Mg-tetrapyrrole intermediate that exhibits a
major absorption peak at 636 nm, a spectrum that is indicative
of protochlorophyllide. Thus, complementation of an R. cap-
sulatus light-independent protochlorophyllide reductase mu-
tant with the Synechocystis light-dependent protochlorophyl-
lide reductase gene confers a dependence on light for bacte-
riochlorophyll biosynthesis analogous to that observed for
chlorophyll biosynthesis in angiosperms.

Since R. capsulatus and related anoxygenic photosynthetic
bacteria contain no apparent functional homolog of the light-
dependent enzyme, the observed light-dependent nature of
the complementing cyanobacterial clone reiterates biochemi-
cal evidence that the capacity is afforded by this single protein
component (35). Light-dependent complementation also im-
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FIG. 2. Amino acid sequence alignment of the deduced Synechocystis open reading frame of cosmid p6803-1 with the deduced amino acid
sequences of the light-dependent protochlorophyllide reductases from the following land plants:Arabidopsis thaliana (32), Pisum sativum (33),Avena
sativa (34), Hordeum vulgare (35), Triticum aestivum (36), Pinus mugo (20), Pinus taeda (21), and Synechocystis sp. PCC 6803 (this work). Boxes
represent cyanobacterial residues conserved identically in the plant homologs. Dotted lines represent gaps in sequence alignment. The oat sequence
is missing information in the region corresponding to the transit peptide. The arrow denotes a proposed chloroplast transit peptide processing site,
as proposed for the barley sequence (32). Conserved cysteine residues are marked by dots above and below the sequences. Alignment within the
boxed region was achieved in part by using the XPILEUP program of the Wisconsin Genetics Computer Group sequencing software package.

plies that elements for proper enzymatic function, such as
protochlorophyllide, NADPH, and perhaps FAD (37), are
sufficiently accessible to the enzyme and that the product of
the reaction, chlorophyllide, can be successfully passed on to
subsequent steps. This observation should be taken in the
context of models which suggest that bacteriochlorophyll bio-
synthesis may involve Mg-tetrapyrrole intermediates that are
associated with a membrane-bound carrier polypeptide (38,
39).

DISCUSSION
Besides flower development, one of the distinctive features of
angiosperms is the requirement of light for greening. In vivo
spectral analysis by Shibata (40) suggested that angiosperms
may have evolved a distinct enzyme that controlled chlorophyll
biosynthesis at the point of protochlorophyllide reduction in
response to the presence or absence of light. However, recent
genetic and molecular genetic studies have indicated that the

control of chlorophyll biosynthesis at the step of protochloro-
phyllide reduction by angiosperms is, in reality, not funda-
mentally different from that which occurs in other pho-
totrophs. Indeed, the results of this and additional molecular
genetic studies (5, 6, 8-21) have indicated that both light-
dependent and light-independent versions of protochlorophyl-
lide reductase are present in cyanobacteria, algae, and gym-
nosperms. Angiosperms, therefore, seem to be a lineage that
has simply lost the genes that code for light-independent
protochlorophyllide reductase.
As the light-dependent function of pigment biosynthesis is

apparently absent from anoxygenic purple photosynthetic
bacteria, two questions that arise from this study are why did
a light-dependent enzyme evolve and why is it maintained,
when a light-independent form of protochlorophyllide reduc-
tase was already available? One possible clue may come from
the striking evolutionary relationship of the light-independent
protochlorophyllide reductase subunits to the subunits of the
nitrogenase enzyme complex (41, 42). Since it is well known

Table 2. Percent sequence identity/similarity among light-dependent protochlorophyllide
reductase homologs

Synechocystis P. taeda P. mugo T. aestivum H. vulgare A. sativa P. sativum
P. taeda 54/74
P. mugo 54/74 98/99
T. aestivum 53/72 79/89 79/89
H. vulgare 53/73 79/89 79/89 99/99
A. sativa 52/73 80/90 80/90 97/98 97/98
P. sativum 56/74 86/95 85/95 84/91 84/91 85/93
A. thaliana 56/74 86/94 85/94 82/91 82/91 83/92 90/95

The plant sequences used to generate percent identity/similarity in this table have been truncated to
the same relative position as the +2 lysine residue in the Synechocystis peptide (see Fig. 2).
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FIG. 3. Whole cell absorption spectrum of strain ZY5 containing
cosmid p6803-1 in the presence (dotted line) or absence (solid line) of
white light. The arrow denotes the accumulation of protochlorophyl-
lide.

that nitrogenase is sensitive to oxygen (43), it is possible that
light-independent protochlorophyllide reductase may also har-
bor some sensitivity to molecular oxygen. Although this hy-
pothesis will have to be substantiated by enzymatic studies, if
true, it would explain why anoxygenic purple photosynthetic
bacteria, which synthesize a photosystem only under anaerobic
conditions, appear to contain only a light-independent form
and why cyanobacteria, which produce oxygen as a conse-

quence of photosynthesis, appear to have evolved a distinct
enzyme. A comprehensive survey for the existence of the
light-dependent and light-independent protochlorophyllide re-

ductases in oxygenic and anoxygenic prokaryotic phototrophs
should give clues to the origins of these enzymes and to their
physiological relevance. The results of recent studies also
suggest that the light-independent and light-dependent en-

zymes discriminate between different pools (monovinyl versus

divinyl) of protochlorophyllide (44, 45), thereby adding an-

other level of distinction between these two enzymes. Such
questions pertaining to the physiological functions of light-
dependent versus light-independent protochlorophyllide re-
ductase can now be addressed by using Synechocystis sp. PCC
6803, since it is now known to possess both light-dependent and
light-independent protochlorophyllide reductases (10) and is
amenable to genetic manipulation (26).
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Synechocystis sp. PCC 6803, as well as for advice on growth conditions
and DNA isolation. J.Y.S. was supported in part by a fellowship from
the Consortium for Plant Biotechnology.
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