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Abstract

Gloeobacter violaceus PCC 7421 is a unique cyanobacterium that has no thylakoids and whose genome has been sequenced [Y. Nakamura, T.
Kaneko, S. Sato, M. Mimuro, H. Miyashita, T. Tsuchiya, S. Sasamoto, A. Watanabe, K. Kawashima, Y. Kishida, C. Kiyokawa, M. Kohara, M.
Matsumoto, A. Matsuno, N. Nakazaki, S. Shimpo, C. Takeuchi, M. Yamada, S. Tabata, Complete Genome Structure of Gloeobacter violaceus
PCC 7421, a cyanobacterium that lacks thylakoids. DNA Research 10 (2003) 137—145]. Phycobilisomes of G. violaceus were isolated and
analyzed by SDS-PAGE followed by N-terminal sequencing. Three rod-linker subunits (CpeC, CpeD and CpeE) were identified as predicted from
the genome sequence. The cpcC1 and cpcC2 genes at order locus named (OLN) glr0950 and gll 3219 encoding phycocyanin-associated linker
proteins from G. violaceus are 56 and 55 amino acids longer at the N-terminus than the open reading frame proposed in the genome. The two
amino acid extensions showed a 66% identity to one another. Also, the N-terminal extensions of these sequences were similar to domains in both
the rod-capping-linker protein CpcD2 and to the C-terminus domain of the phycoerythrin-associated linker protein CpeC. These domains are not
only unusual in their N-terminal location, but are unusual in that they are more closely related in sequence similarity to the C-terminus domain of
the phycoerythrin-associated linker, CpeC of G. violaceus, than to the C-terminus domain of phycocyanin-associated linker CpcC in other
cyanobacteria. These linker proteins with unique special domains are indicators of the unusual structure of the phycobilisomes of G. violaceus.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction proteins of the phycobilisome of G. violaceus have been

identified in the genome of the organism [1]. The linker proteins

Phycobilisomes are supramolecular complexes of phycobi-
liproteins and associated linker proteins, which serve as major
light-harvesting antennae in cyanobacteria and red algae. The
structure of the phycobilisomes in most cyanobacteria and red
algae is a hemidiscoidal shape [2—4]. G. violaceus 1is
exceptional in that its phycobilisomes are not hemidiscoidal.
The PBS core is amorphous and the rods are grouped as one
bundle of six parallel rods of phycocyanin and phycoerythrin
[5]. Genes encoding the phycobiliprotein subunits and the linker
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determine the positions of the phycobiliproteins within the
phycobilisome structure [6,7]. Also, the linker proteins interact
either directly or indirectly with the chromophores causing
changes in their environment. These changes can modulate the
spectral properties of different phycobiliprotein subassemblies
[8—10]. In the amino acid sequences of the linker proteins, one
sees a “conserved domain” [4,6,7] common to all of the
following structures: in the PC-associated linker proteins, in the
phycoerythrin-associated linkers, in the sequence repetitions in
tandem (REPs) of the multidomain core-membrane linker
(ApcE) [11,12] and in the linker proteins that bind the rods to
the core [6,7]. The rod linker proteins (L3’ >°) are linker


mailto:cgomez@cinvestav.mx
http://dx.doi.org/10.1016/j.bbabio.2006.01.006

E.B. Gutiérrez-Cirlos et al. / Biochimica et Biophysica Acta 1757 (2006) 130-134 131

proteins associated with phycobiliproteins in the peripheral
rods. Depending on the length of their phycobilisomes,
cyanobacteria have one or more L3’ >° proteins. In the genome
of G. violaceus, several linkers have been identified: two open
reading frames have been designated CpcC proteins, linkers
associated with phycocyanin, at the OLN gIr0950 (CpcC1) and
gll3219 (CpeC2). Also, three genes for phycoerythrin-associ-
ated linkers, CpeC, CpeD and CpeE (at OLN glr1263, glr1264
and glr1265), and two genes encoding linker proteins that
function as corks or caps in the rods of the PBS [13] were
identified at OLN gsr1266 (CpcD1) and gsr1267 (CpcD2).
Homologue sequences of CpcD are found, as domains, in
other proteins. For example, the N-terminal extension of
ferredoxin NADP" oxidoreductase (FNR-3D) is responsible
for the attachment of the protein to the distal phycocyanin in the
phycobilisomes of other cyanobacteria [14,15]. Also, a CpcD-
like domain is found at the C-terminus of the phycocyanin-
associated rod linker [15,16]. Our group has initiated a project
to characterize which genes of G. violaceus encoding
phycobilisome proteins are expressed in order to rationalize
the structure of the phycobilisomes based on its proteome. The
aim of this paper is to show that CpcCs, as described in the
complete genome of G. violaceus, are truncated. In fact, the two
identified CpcC proteins have N-terminal extensions 55-56
amino acids longer which are homologous to the small linker
CpcD2. We have also found that the CpcD-like domain is
usually found at the C-terminus of other CpcC proteins [15].

2. Materials and methods
2.1. Cell growth and phycobilisome preparation

G. violaceus PCC 7421 was supplied by the Pasteur culture collection [17].
Cultures were grown in 50 ml of BG-11 medium, supplemented with 5 mM
Mops buffer pH 7.8 [18]. The light intensity employed never exceeded
5 umol m 2. The cultures were grown for 18 days. The cells were washed
once with 0.65 M Na'/K" phosphate buffer pH 8 and suspended in the same
buffer. The cells were disrupted twice in a French pressure cell (Thermo
Spectronic) operated at 20,000 psi. The broken cells were treated with Triton X-
100 (1% v/v final concentration) for 30 min and centrifuged for 10 min at
27,000xg. Ammonium sulfate (240 mg per ml) was added to the supernatant.
The precipitate was suspended with phosphate buffer as above and was layered
(2 ml per tube) on sucrose step gradients in 0.75 M Na'/K" phosphate buffer pH
8. The gradients were centrifuged at 65, 000xg in a Beckman Ti 60 rotor for 14 h
at 20 °C.

2.2. Absorption spectra

Absorption spectra were recorded with an Aminco DW2 UV-visible
spectrophotometer with the OLIS conversion and OLIS software (On-Line
Instrument Systems Inc. Bogart, GA). The concentrations of phycobiliproteins
were estimated using the extinction coefficients for G. violaceous proteins of the
protomer and are expressed in mM "em ' €2, 456, €55, 140, €55 365, €55, 64,
e5FC 40, 2FC 145, e25C 225, [19] and using the published set of simultaneous
equations [2].

2.3. N-terminal sequence analysis

L3 was prepared for N-terminal sequence analysis as follows. The SDS-
PAGE was run with 150 pg of protein from the phycobilisomes in each well
of a 1.5-mm thick slab gels (10% acrylamide) [20]. The proteins were then
transferred to a Trans Blot (Bio Rad PVDF) membrane using the Trans Blot

SD (Bio Rad) semi-Dry system. The PVDF membrane was stained with
Coomassie brilliant blue R-250 and the bands were cut and sent to the Protein
Separation and Analysis Laboratory at Purdue University for N-terminal
sequencing.

3. Results
3.1. Phycobiliprotein spectra and stoichiometry

Fig. 1 Panel A shows the absorption spectrum of the
isolated phycobilisomes of G. violaceus. The peak at 564 nm is
due to phycoerythrin (PE), the peak at 620 is phycocyanin
(PC) and the shoulder at 650 nm is allophycocyanin (AP). This
type of phycobilisome contains higher ratios of both
phycoerythrin and phycocyanin relative to allophycocyanin,
which is expected in cells grown in dim light. The molar ratios
of phycobiliproteins in the phycobilisome were 1 AP: 3 PC:
2.2 PE.

3.2. Linker proteins and their genes.

Fig. 1 Panel B shows the protein profile of purified PBS from
the cyanobacterium G. violaceus. Three protein bands, with
apparent molecular masses of 30, 33 and 35 kDa, were
identified as probable linker proteins. N-terminal sequencing of
the 30 and 35 kDa protein bands gave two different sequences
from each band (Table 1 and Panel B of Fig. 1). Three of these
sequences were unequivocally identified as CpeC, CpeD and
CpeE (Table 1).

An eleven amino acids sequence, —-SVLTGDNQQRG—,
was obtained from N-terminal sequencing of the 35 kDa band.
A sequence of nine amino acid residues, -MNVLTTSSQ-, was
obtained from N-terminal sequencing of the 33-kDa band.
When both of these sequences were matched with the G.
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Fig. 1. Phycobilisomes of G. violaceus PCC 7421. Panel A. Absorption
spectrum. Panel B. Protein components resolved on SDS-PAGE (10%
polyacrylamide slab gel). The lane has 50 pg of protein of phycobilisome.
Apparent molecular masses are indicated at the left and the rod linkers identified
by N-terminal sequences are indicated at the right.
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Table 1
N-terminal amino acid sequences
Cycle no. Band of  pmol Band of pmol Band of  pmol
30 kDa 33 kDa 35 kDa
1 Ser 4.9 Met 0.6 Ser/Ala 2.1/1.4
2 LewThr  2.4/12  Asn 0.8 Ile/Val 1.4/0.8
3 Trp/Val 0.5/0.6  Val 0.7 Gly/Leu  0.8/0.6
4 Ala/Met  2.1/0.3  Leu 0.3 Thr/Pro 1.2/1.1
5 Thr 3.6 Thr 1.0 Ala/Gly 1.1/0.9
6 Glu/Gly  2.0/0.6  Thr 1.2 Ser/Asp 1.0/0.9
7 Gln/Ala 1.3/0.7  Ser 0.8 Glu/Asn  1.2/0.4
8 Ala/Val 1.6/0.5  Ser 1.0 Lew/Gln  0.9/0.5
9 Thr/Gly 2.0/0.6 Gln 0.4 Gly/Glu 1.2/0.7
10 Tle/Ala 1.3/0.8 Tle/Arg 1.0/n.q.
11 Glu/Gly  1.5/0.6 Gly/Ser 0.9/0.8

The 30 kDa band gave the N-terminal sequence —STVMTGAVGAG- and
SLWATEQATIE—. The proteins identified were CpeD and CpeE. The 33-kDa
band gave the N-terminal sequence —-MNVLTTSSQ- used as a query in
TBLSATN to find CpcC2 extension. The 35-kDa band gave the N-terminal
sequence of CpeC-AIGPASELGIS—and the sequence —SVLTGDNQQRG-
used as a query in TBLSATN to find CpcCl1 extension.

violaceous genome, they resulted in unknown open reading
frames, and the corresponding gene sequences were not found
among the annotated genes.

We then performed a TBLASTN [21] analysis using the
obtained sequences as queries. Both were identified as N-
terminus extensions of the two existing cpcC genes of G.
violaceous. The eleven amino acid residue peptide was ascribed
to the cpcCl1 gene (at glr0950; between nts: 1007494—1007662)
encoding a 56 amino acid long polypeptide corresponding to the
sequence: MSVLTGDNQQRGSKLFKITIALSPTLAHHPWP-
GLDTH EPSQSSYSTIVSLERLLPE located at the N-terminus
of the CpcCl.

The nine amino acid sequence was ascribed to gene cpcC2
(OLN gl13219, between nts: 3426726 and 3426752) encoding a

55-amino acid residue polypeptide corresponding to the
sequence: MNVLTTSSQRGGKLFKVTMTLSPALSHHPWP-
SLDTY EPSQNSYSVVVPLDRLLAE at the N-terminus of the
CpcC2. The 55-amino acid extension was located between
the intergenic region of genes CPC and cpcB2. The two
new-found extensions should be added to the sequences of
CpcCl and CpcC2 predicted proteins. Those extensions
showed similarity to the C-terminus domain of the
phycoerythrin rod linker CpeC and to the CpcD2 protein
(Fig. 2).

3.3. Similarity of the CpcC extensions

Sequence alignment of the newly identified extensions from
the CpcCl protein and the CpcC2 protein show that these
extensions have a 60% identity and an 80% similarity. N-
terminal extensions were aligned to the complete sequence of
CpcD2 protein of G. violaceus. The CpcD2 protein exhibited a
strong resemblance to the sequences of CpcCl with a 52%
identity and a 66% similarity and to the CpcC2 a 45% identity
and a 61% similarity. With these values, we can conclude that
the CpcD-like domain present at the C-terminus in the CpcCs of
other cyanobacteria is in fact at the N-terminus in the CpcCs of
G. violaceus, just as it is in the protein ferredoxin-NADPH
oxidoreductase (FNR-3D) in other cyanobacteria [15,16]. The
CpcD-like domain is also present, but at the C-terminus of
CpeC of G. violaceus. Actually, this domain in the CpeC is
more similar to the N-terminus of CpcC1 and CpcC2 than to
CpceD2 (a 50—-52% identity and a 66—70% similarity), as can be
seen in Fig. 2. The CpcD-like domain is more frequently found
at the C-terminus of rod linkers, as evidenced by this domain’s
presence at the N-terminus of the CpcCs of G. violaceus and
FNR-3D. The meaning of this translocation remains to be
identified.
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Fig. 2. Amino acid sequence alignment of G. violaceus proteins. The comparison is between the complete sequences of CpcC2 and CpcCl, in the first two lines of
sequences with the C-terminal domain, from amino acid 216 to amino acid 280 of CpeC, in the third line and with CpcD2 in the fourth line of the top cluster. The
sequences shown are derived from the complete genome of G. violaceus [22] and aligned using ClustalX with manual adjustments. N-terminal extensions of CpcC2
and CpcCl found in this work are shown by the black upper bar. Strictly conserved residues are marked above with an asterisk *. The dashes (-) indicate insertions/

deletions and the period or colon (./:) indicate sequence similarity.
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4. Discussion
4.1. Characterization of CpcCs of G. violaceus

By searching the complete genome of G. violaceus [22] we
found that two phycocyanin-associated rod linker proteins,
CpcCs, encoded as cpcCl and cpcC2 were predicted to be 219
amino acids long. The biochemical evidence reported in this
work shows very clearly that the actual lengths of the product of
the genes ¢pcCl and c¢pcC2 are 275 and 274 amino acids
respectively. Two previously unrecognized N-terminal exten-
sions of 56 and 55 amino acids were found to belong to these
phycocyanin-associated rod linker proteins. The cpcC1 gene is
now located between nts 1007497 and 1008322 encoding a
protein of 275 amino acids with a calculated molecular mass of
31043 Da and a predicted isoelectric point of 6.77. In addition,
the ¢pcC2, (in the negative reference DNA strand) is located
between nts 3425928 and 3426752, and encodes a protein of
274 amino acids with a calculated molecular mass of 30878 and
a predicted isoelectric point of 7.77.

4.2. Two domains in the CpcC proteins

The amino acid sequence comparison of the G. violaceus
CpcC1 and CpcC2 proteins (Fig. 2), clearly shows the presence
of two highly similar domains: a N-terminal domain (amino
acids 1-70) and a C-terminal domain (amino acids 110-274).
Between these domains (71 to 109) there are sequences of high
variability, rich in polar amino acids with pl(s) of 4.11 and 3.9.
These residues could form a hinge-like structure of the type
present in the FNR-3D [14].

Since the N-terminal domains of the CpcC proteins exhibited
a 61 to 66% similarity with CpcD2 protein, we called these
domains the CpcD-like domains. The C-terminus domain of the
CpcC proteins corresponds to the “conserved domain” of
Bryant et al. [6].

4.3. CpcCs location and interaction with phycocyanin and
phycoerythrin

The linker proteins are believed to be located mainly in the
central cavity of the phycobiliprotein hexamers or trimers. The
structure of a trimer of allophycocyanin with the small linker
protein L& has been solved by X-ray diffraction studies [10].
This structure shows the linker in the cavity and in contact with
one of the phycocyanobilins [10]. It is also believed that the
linker proteins are interconnected, forming a skeleton-like
structure within the phycobilisome. Finally, linkers vary with
each disk along the length of the rod, even if the disks themselves
are identical. The classical CpcCs, with the complete CpcD-like
domain at the C-terminus, are found attaching the distal
phycocyanin to the rod. The specificity for interaction could
be inside the phycobiliproteins between the linkers. As we have
shown for FNR-3D [15], the distal phycocyanin that has the L3’
linker inside has a higher affinity for the CpcD-like domain of
FNR-3D, while the phycocyanin with Lg¢ has a lower affinity
for FNR-3D.

It is clear that special linkers are needed at the interface of the
phycobiliproteins. The interface between phycocyanin and
phycoerythrin is relevant to this discussion. The special
CpcCs of G. violaceus might be at the interface between these
two phycobiliproteins. The conservative domain might interact
with phycocyanin and the CpcD-like domain may interact with
phycoerythrin. The presence of a CpcD-like domain at the N-
terminus of the CpcC proteins that is more similar to the
phycoerythrin-associated linker protein and a C-terminus
domain that is more similar to the phycocyanin-associated
linker protein are consistent with that localization.

Further experiments on the partial dissociation of the G.
violaceus phycobilisomes are needed to elucidate the localiza-
tion of the CpcC proteins in these complex light harvesting
antennae.

Finally, it is important to mention the special sequence HHPWP
present in the CpcD-like domain of CpcCs (gray bar in Fig. 2).
This sequence is not found in either CpeC or CpcD2. The presence
of the tryptophan between those rigid prolines could be important
in the tuning of the chromophore for optimal light harvesting.
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