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ABSTRACT Cyanobacteria harvest light energy through
multimolecular structures, the phycobilisomes, regularly ar-
rayed at the surface of the photosynthetic membranes. Phyco-
bilisomes consist of a central core from which rods radiate. A
large polypeptide (Lcy, 75-120 kDa) is postulated to act both
as terminal energy acceptor and as a linker polypeptide that
stabilizes the phycobilisome architecture. We report here the
characterization of the gene (apcE) that encodes this Ly
polypeptide in Calothrix sp. PCC 7601. It is located upstream
from the genes encoding the major components of the phyco-
bilisome core (allophycocyanin) and is part of the same operon.
The deduced amino acid sequence shows that the N-terminal
region of Ly shares homology with the other phycobiliprotein
subunits and thus constitutes the chromoprotein domain. The
other part of the molecule is made up of four repeated domains
that are highly homologous to the N-terminal regions of the
phycocyanin rod linker polypeptides. The predicted secondary
structure of the different domains of the Ly is discussed in
relation to the different roles and properties of this large
molecule.

Cyanobacteria, like all photosynthetic organisms, adjust
their pigment content to the available light intensity, synthe-
sizing more pigment under low than under high light inten-
sities. In addition, some of the cyanobacteria that synthesize
phycoerythrin, a phycobiliprotein that absorbs green light,
can modify their phycobiliprotein content in response to
changes in the light wavelengths received during cell growth.
This phenomenon is known as complementary chromatic
adaptation (for a review, see ref. 1). These adaptation pro-
cesses mainly affect phycobilisomes, which constitute the
light-harvesting antennae of cyanobacteria. These fanlike
structures are made up of a central core from which six rods
radiate (2). The cores are mainly composed of allophycocy-
anin (aAPBAP) with which minor components, aAPB, gi83,
Lc"8, and Ly, are associated (3-7). Among them, Loy plays
a key role since it acts as a terminal energy acceptor of the
phycobilisome, as a linker polypeptide that contributes to the
phycobilisome architecture, and as a molecule that connects
(“‘anchors’’) the phycobilisome to the thylakoid membrane.
There are two copies of Loy per phycobilisome (for areview,
see ref. 8).

As part of ongoing studies on the photoregulation of gene
expression, we have isolated most of the genes that encode
the phycobilisome components of Calothrix sp. PCC 7601, a
cyanobacterium that belongs to the family of the chromatic
adapters (for reviews, see refs. 9 and 10). In particular, the
apcAl (a*Y), apcBl (BAP), apcC (Lc™®), and apcD (o”F®)
genes, which encode core components, have been charac-
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terized (11, 12). The first three genes are adjacent on the
chromosome and form the apcAIBIC operon. During the
characterization of these genes, we observed that a gene,
apcE, located upstream from apcAl was also part of this
operon and probably corresponded to Loy (12). In this
report, we describe the complete characterization of the apcE
gene, the product of which is essential for the building up of
functional phycobilisomes.’

MATERIALS AND METHODS

Culture Conditions and Isolation of DNA and RNA. Culture
conditions for Calothrix sp. strain PCC 7601 (= Fremyella
diplosiphon UTEX 481, hereafter designated Calothrix 7601),
as well as chromatic illuminations and total DNA and total
RNA purifications, have been described (13). Small-scale
plasmid extractions were performed on overnight cultures of
Escherichia coli as described (14). Standard procedures were
used for large-scale plasmid preparation, DNA fragment
isolation, and agarose gel electrophoresis (15).

Genomic Library Construction and Hybridization. The par-
tial DNA library was constructed by ligation of HindIII DNA
fragments [9-12 kilobases (kb)] into the HindIll site of
plasmid pTZ18R. Standard methods were used for in situ
colony hybridization (15). Southern and Northern transfers
and hybridization were performed as described (16).

DNA Sequence Analysis. Large DNA fragments were sub-
cloned into either pTZ18R or pTZ19R (Pharmacia). Overlap-
ping clones were obtained by using the Cyclone system from
IBI (distributed by Genofit) adapted for single-stranded
DNA s of the pTZ18R subclones (17). DNA sequence analysis
was performed by the chain-termination method (18) on
single-stranded DNA templates. S1 nuclease mapping and
primer extension experiments were performed as described
(19). Computer analysis of the DNA sequence information
obtained was carried out using the programs developed by
the Unité d’Informatique Scientifique of the Institut Pasteur
(Paris).

RESULTS AND DISCUSSION

Cloning of the apcE Gene. We previously reported (12) that
apcAl, apcBl, apcC, and the 3’ end of apcE were located on
a 3.7-kb EcoRI DNA fragment. Southern blots of total
Calothrix 7601 genomic DNA probed with the EcoRI-EcoRV
fragment carrying part of the 3’ end of apcE (see Fig. 14)
revealed that a 10-kb HindIIl fragment must contain the
entire apcEA1BIC operon (data not shown). Using the same
probe, we screened a partial HindIIl gene library (see Ma-
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FiG. 1. (A) Physical map of the apcEAIBIC operon of Calothrix 7601. Boxes represent the protein coding sequences and contain gene
designations. Horizontal arrows indicate the identified transcripts originating from this DN A fragment, their thickness representing their relative
abundance. The encoded gene products are given below. Restriction sites: D, Dra I; H, Hindlll; K, Kpn 1; P, Pst I; Pv, Pvu II; R, EcoRI; Rv,
EcoRV; S, Ssp 1. bp, Base pairs. (B) Nucleotide sequence and deduced amino acid sequence of the apcE gene. Numbering of nucleotides starts
at the Ssp I site. Standard single-letter amino acid code is used. This sequence, plus additional flanking sequences, has been deposited in the
EMBL/GenBank data base. Arrows indicate direct repeats and broken arrows indicate palindromic sequences.
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terials and Methods) and isolated a recombinant plasmid,
pPM?75. Further restriction analysis of this DNA fragment
allowed us to conclude that most of the apcE gene was
located on a 4.4-kb Pvu II fragment. This fragment was
subcloned into the Sma I site of pTZ18R, giving rise to pPM86
and pPM87, which differed only by the orientation of the
insert. A physical map of the region is represented in Fig. 1A.

Nucleotide Sequence of the apcE Gene. The complete nucle-
otide sequence of the noncoding (nRNA-like) strand of apcE
is shown in Fig. 1B. It was determined on both strands by
sequencing overlapping deletions of single-stranded DNAs
generated with the Cyclone system, using a sequencing
strategy based on the method of Dale et al. (20). An open
reading frame of 1080 codons was found, which is preceded
by a putative ribosome binding site (GGAG) located 14 base
pairs (bp) upstream from the initiation codon AUG (see ref.
21 for a discussion on cyanobacterial ribosome binding sites).
The apcE and apcAl genes are separated by 442 bp. In this
intergenic region, two hypothetical stem-and-loop structures
can be drawn. The first one starts 32 nucleotides (nt) down-
stream from the apcE stop codon, with a stem 13 nt long and
a loop of 5 nt. Its thermodynamic stability (AG) is -25.6
kcal/mol, calculated according to the method of Salser (22)
as modified by Cech et al. (23). The second stem-and-loop
starts 74 nt downstream from the first secondary structure,
has a stem 21 nt long, a loop of 28 nt, and a AG of —16.2
kcal/mol. This structure is 43 nt upstream from the +1
position of the apcAIBIC transcript that we previously
mapped (12).

Upstream from apcE lie two regions of repeated se-
quences. Four adjacent direct repeats of a consensus motif
GGKRGATGA (K = Gor T; R = A or G) and four of a
consensus CYAAAAT (Y = C or T) begin 447 and 350 nt,
respectively, upstream from the ATG of the apcE gene. Two
groups of tandem repeats, each composed of eight adjacent
7-nt-long direct repeats, were already observed upstream
from the thrB gene of Calothrix 7601 (24). In fact, the
occurrence of such clusters of adjacent direct repeats is quite
frequent within the Calothrix 7601 genome. From hybridiza-
tion experiments, it has been deduced that probably about
100 copies of three other short tandemly repeated sequences
(CCCCART, TTKGTCA, and CAACAGT) are present per
genome (D. Mazel, J.H., and N.T.M., unpublished data). A
similar observation has been reported for Nostoc sp. PCC
7906 (25). Two families of tandem direct repeats (one of 9 nt
and one of 7 nt) were detected in the petC—petA intergenic
region and they occurred in multiple copies within the Nostoc
genome (25). However, in contrast to the data obtained with
Nostoc, in no instance was transcription of the Calothrix
tandem repeats detected (D. Mazel, personal communica-
tion). At present, no function can be assigned to these direct
repeats, though it is tempting to speculate that they could
play a role in the regulation of gene expression, being, for
example, operator sites that directly regulate transcription of
the downstream genes, or targets involved in DNA compac-
tion through interactions with HU-like proteins.

Transcriptional Analysis and Gene Organization. Northern
analyses were performed using total RNA extracted from
both red- and green-light-grown cells. Similar results were
obtained whatever the light wavelengths used for cell growth.
When the 300-bp-long EcoRI-Pvu 11 DNA fragment located
at the 3’ end of the apcE gene was used as probe, a 3.8-kb
major mRNA was detected (data not shown). The larger
transcripts, previously identified with an apcAIBI DNA
probe (see figure 5 of ref. 12), were also revealed by the apcE
probe but appeared to be about 10 times less abundant. Six
mRNA species thus arise from the apcEAIBIC operon (Fig.
1A). Whether these segmented transcripts result from tran-
scription initiation at different promoters or from processing
of the larger species remains to be established. However,
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since we were able to detect a 5’ end in front of apcE (data
not shown) as well as in front of apcAl (12), we favor the
hypothesis of the existence of two promoters, one in front of
the operon and one located within the apcE-apcAl intercis-
tronic region.

To our knowledge, apcE genes have been studied in five
organisms, Nostoc sp. strain MAC (26), Cyanophora para-
doxa (27), Synechococcus sp. strains PCC 7002 (27) and PCC
6301 (10), and Calothrix 7601 (this work). From these studies
it appears that, although the sequences are very homologous,
the physical organization of the apcA, apcB, apcC, and apcE
genes differs. Except in Synechococcus sp. PCC 7002, the
apcE genes map just upstream from the apcA genes. On the
other hand, in contrast to the cyanobacterial genomic ar-
rangement, the apcC gene of C. paradoxa is nuclear-
encoded, whereas the apcEAB cluster is part of the cyanellar
genome. Recent results indicate that the apcE gene of Syn-
echococcus sp. PCC 6301, although adjacent, is not cotrans-
cribed with the apcABC operon (ref. 10; V.C. and J.H.,
unpublished data). A differential stability of segments of large
transcripts thus appears not to be a ubiquitous mechanism
used by cyanobacteria to produce the phycobilisome com-
ponents in the appropriate molar ratio.

The apcE Gene Product. The primary translation product of
apcE is predicted to be a 120-kDa polypeptide of 1080
residues (Fig. 1B). By analogy with the N-terminal sequences
of the Loy of a cyanobacterial Nostoc sp. strain and of the
eukaryotic alga Porphyridium cruentum, determined by
Gantt et al. (28), that of the Calothrix 7601 Lcy is SVKAS-
GGSSVARPQLYQTLAYV. This 21-residue sequence is 95%
identical with the corresponding Nostoc sequence. As al-
ready observed for the other core components of Calothrix
7601 phycobilisomes (the apcAl, apcBl, apcA2, apcD, and
apcC gene products), the N-terminal methionine residue of
the apcE gene product is likely to be posttranslationally
removed (11, 12). In contrast, rod components, both phyco-
biliproteins and linker polypeptides, begin with an unpro-
cessed methionine except for the gene products of the cpc3
operon, the expression of which only occurs under sulfur-
limiting conditions (29).

The amino acid sequence of the Ly, as deduced from the
nucleotide sequence, presents some peculiar features. Its
N-terminal region, residues 18-237, shares homology with
phycobiliprotein subunits. Two domains of homology, sep-
arated by an insertion 68 residues long, clearly emerged from
the alignment shown in Fig. 2A. However, the Lcy sequence
is not only 49% and 53% homologous to a*"! and BAF!,
respectively, but also shares 45-48% homology with the
aAP2, oAPB oPE and BPE subunits, as well as with the three
types of aFC and BFC of Calothrix 7601. Although a very high
conservation exists, especially with B-type subunits (up to
80% with BPC! and BPC?), around the chromophore attach-
ment site common to all phycobiliproteins (residues 82-104),
Cys-85 of the phycobiliprotein subunits, which is involved in
the thioether linkage of the chromophore, is replaced by a
serine residue at 157 in the Lcy sequence. The closest
cysteine is at 195 in the Loy sequence (Cys-194 of the Lem
after removal of the N-terminal methionine) and is likely to
be the chromophore attachment site, by analogy with the
amino acid sequence of the chromopeptide isolated from the
Lcm of Synechococcus sp. PCC 6301 (D. J. Lundell and
A. N. Glazer, cited in ref. 27). Although Cys-194 is located
in a region of rather poor homology (Fig. 24), the highly
conserved regions that precede it, which are common to all
the phycobiliprotein subunits, most probably have a related
tertiary structure. This structure was shown, from x-ray
analysis of phycocyanin subunits, to be a long a-helix (helix
E; ref. 31). Furthermore, residue 125 of the phycocyanin
subunits, which corresponds to Cys-194 of the Lcy, is part of
helix F and is close to, and most probably interacts with, the
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FiG. 2. (A) Alignment of the N-terminal domain of Lcy with the known sequences of phycobiliprotein subunits (AP, allophycocyanin; PC,
phycocyanin; PE, phycoerythrin) from Calothrix 7601. Numbering above the alignment refers to that of the phycobiliprotein subunits (9). =,
Identity; +, conservative substitution (A, G; D, E;I,L, V,M, F;S, T, C, N, Q; K, R); —, gap introduced to maximize homology; aa, amino
acids. (B) Alignment of the four repeated elements (R1-R4) of Lcy with the LEC sequences of Calothrix 7601. Numbering above the alignment
is arbitrary. Numbers at the ends of each sequence refer to its precise location within the sequence. The H2 (cpcH2) and 12 (cpcl2) sequences

are from ref. 30; the H3 (cpcH3) and I3 (cpcl3) sequences are from refs. 2 and 9.

phycocyanobilin chromophore. It is thus possible that, in-
stead of being linked by ring A, the linear tetrapyrrole would
be linked through ring D to Cys-194 of the Lcy but would
maintain similar interactions with the polypeptide backbone.
Alternatively, the chromophore could be linked by ring A,
but then its spatial orientation would be slightly different.
From recent data (32, 33), it seems that all singly linked bilins
of phycobiliproteins are attached through the A ring, but
D-ring linkages have also been described for doubly linked
bilins (34). The shift towards longer wavelengths observed for
Lcm might be the consequence of the difference between Ly
and the phycobiliprotein subunits with regard to the chro-
mophore linkage and/or to its spatial orientation (35). Struc-
tural studies of the chromophore-containing peptide of Lcy
would be needed to elucidate that point.

Following the N-terminal domain, four repeated sequences
were detected that are highly homologous with the sequences
of the large rod linker polypeptides associated with the
Calothrix 7601 phycocyanins (LEC). Fig. 2B shows these four
repeats aligned with one another and with the N-terminal
domains of the LEC polypeptides (cpcH and cpcl gene prod-
ucts). Sequence homology between the four repeats ranges
from 61% to 68% and it varies from 55% to 61% between
repeat 1 and the four LEC sequences, for example. Closer
examination of the repeat sequences shows that the first half
of each repeat (VIR . . . INSR, for repeat 1) is homologous
to the second half (VIE ... VPYL, for repeat 1). The
homology is maximal (43%) between the two halves of repeat
1 and minimal (32%) between those of repeat 2. Similarly,
homologies also exist between the two halves of the N-
terminal regions of the LEC polypeptides. Secondary struc-
ture homologies are even more pronounced and were de-
tected by using the hydrophobic cluster analysis (HCA)
method (36). Fig. 3 shows, as an example, the comparison of
the HCA plots of the two halves of repeat 1. From this
analysis, it appears that each half of the repeats would fold
into four successive a-helices.

In most cyanobacteria, from existing models of core sub-
structures, two cylinders made up of four trimers lie antipar-
allel to each other and constitute the basis of the core, while
athird cylinder is located on top of them. In these models, the
Lcw is part of the central (aAPBAP),B818-3Lcy trimer and two
such trimers exist per phycobilisome, one in each of the two
basal cylinders (2-5, 8, 27). Unfortunately, x-ray data so far

VIRAAYRQIFERDIT-RAYSLSVSDLESKVKNGDI SMKEFVRRLAKSPLYQKQFYOPF INSR
VIELAFRHILGRGPS---SREEVOKYFSIISNGG--LPALVDALVDSPEYSDYFGEETVPYL

Fi1G. 3. HCA plots (36) and deduced alignment of the two halves
of repeat 1 (amino acids 286-346 and 347-403) from the Calothrix
7601 Lcy. Dashes indicate gaps introduced in the sequence.
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obtained on phycobilisome components originate from phy-
cocyanin oligomers crystallized in the absence of linker
polypeptides. It is therefore difficult to speculate on putative
interactions between the internal repeats of the Ly and the
different trimers and cylinders that constitute the core. In
addition, although postulated to have phycobilisome cores
also made up of three cylinders, cyanelles of C. paradoxa
have an Lcy with only three repeats (27). The Loy present
in the three-cylinder cores of Synechococcus sp. PCC 7002
would also have only three repeats (D. A. Bryant, personal
communication). Differences might thus exist between phy-
cobilisome core substructures among strains that, at present,
are all considered as having the same classical three-cylinder
core.

Because of the very high homologies shared by the repeats,
it is likely that each repeat interacts with similar structures.
However these structures are spatially located at various
distances from the center of the core and consequently the
size of the region between the different repeat domains must
vary. Indeed, the spacing arms are 45-143 amino acids long
and, as expected, share much less sequence homology than
the repeats. Further, the amino acid compositions of the
repeats and of the spacing arms differ. Indeed, the loops
contain two times more polar than hydrophobic amino acids,
while the ratio of polar versus hydrophobic amino acids is
about 1.2 within the repeats. Moreover, the content of proline
and glycine residues, known to be often present in loops, is
much higher in the spacing arms than in the repeats. Thus, the
repeats seem to be more regularly folded than the spacing
arms, they probably interact tightly with the phycobiliprotein
trimers, and very few of their residues must be exposed to the
solvent.

Besides its role as a terminal energy acceptor and as a
linker involved in the stability of the phycobilisome, Lcy is
often referred to as the anchor polypeptide that links the
phycobilisome with the photosystem II components, which
are embedded in the photosynthetic membrane. From se-
quence analysis, we were unable to detect any characteristic
transmembrane elements. Further, no homology was de-
tected at the C terminus with the known consensus sequence
for acylation sites (37). However, repeat 4, which constitutes
the end of the Lcy, could represent a domain whereby the
Lcwm interacts with components of the thylakoid membrane.
Alternatively, this additional domain could strengthen the
interactions between the two basal cylinders and the upper
one. It might be of interest to examine the apcE genes of
different strains and to see whether the number of repeats
could be related to core substructure stability, to tighter
interactions of the phycobilisomes with the thylakoid mem-
brane, and/or to the presence of an apcA2 gene (a*F?) in the
strain. On another hand, the N-terminal domain carries the
chromophore, the terminal energy acceptor, and thus has to
be close to the thylakoid membrane. When compared to the
phycobiliprotein subunits, this domain has two additional
sequences: the N-terminal extension (residues 1-17) and the
insertion (residues 77-144) that just precedes the two helices
with which the chromophore is in contact. Thus, interaction
between phycobilisomes and photosystems might also well
be mediated through one or both of these sequences.

It has been reported that the Lcy of Anacystis nidulans
(Synechococcus sp. PCC 7942) is glycosylated (38). The
consensus sequence Asn-Xaa-Ser/Thr is the most commonly
recognized site for glycosylation (39). While glycosylation of
the Calothrix 7601 Lcy has not yet been studied, such motifs
occur four times in its sequence (residues 130-132, 424-426,
476-478, and 735-737). All these sites are located in pre-
sumptive loops, as expected for glycosylation sites. How-

Proc. Natl. Acad. Sci. USA 87 (1990)

ever, covalent attachment of carbohydrates to the Loy might
be questioned since the putative glycosylation sites are not
conserved in the L¢y sequences known so far (27) and since
only two such presumptive sites exist in the Ly sequence of
Synechococcus sp. PCC 6301 (V.C. and J.H., unpublished
data).
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