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Abstract Here, we report the DNA sequence of the

rhodopsin gene in the alga Cyanophora paradoxa (Glau-

cophyta). The primers were designed according to the

conserved regions of prokaryotic and eukaryotic rhodop-

sin-like proteins deposited in the GenBank. The sequence

consists of 1,272 bp comprised of 5 introns. The corre-

spondent protein, named Cyanophopsin, showed high

identity to rhodopsin-like proteins of Archea, Bacteria,

Fungi, and Algae. At the N-terminal, the protein is char-

acterized by a region with no transmembrane a-helices

(80 aa), followed by a region with 7a-helices (219 aa) and

a shorter 35-aa C-terminal region. The DNA sequence of

the N-terminal region was expressed in E. coli and the

recombinant purified peptide was used as antigen in hens to

obtain polyclonal antibodies. Indirect immunofluorescence

in C. paradoxa cells showed a marked labeling of the

muroplast (aka cyanelle) membrane.
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Introduction

Glaucophyta are single-cell freshwater algae that became

important in the past few years as model systems to study

plastid evolution. They are considered as living fossils [1]

because their photosynthetic organelles retained a pepti-

doglycan (murein) wall, a clear indication of their origin

from cyanobacterial endosymbionts. These organelles are

termed muroplasts [2, 3] and are the only members of the

so-called ‘‘glaucophyte’’ lineage of plastids [4]. They are

bound by a double membrane with a vestige of a pepti-

doglycan prokaryotic cell wall between the two

membranes. Internally, muroplasts have unstacked, con-

centric thylakoid membranes bearing many phycobilisomes

and contain a carboxysome [5]; all of these characters,

together with the sensitivity of muroplasts to lysozyme, are

very cyanobacterial and mark the muroplasts as being the

most primitive of all plastids [1].

One of the best known and most well-studied genera

(and species) in this group is Cyanophora paradoxa

Korschikov, for which considerable information exists on

its structure, biochemistry, and molecular biology. This

oval-shaped alga possesses two flagella inserted subap-

ically, one directed anteriorly and the other posteriorly [6].

The cytoplasm contains mitochondria with flattened cristae

and starch grains [7]. One or two typical muroplasts sur-

rounded by a thin cell wall remnant are present inside the

cells [8]. The size of the muroplast genome of C. paradoxa

is 135 kbp [9], which is in the same range of genome size

of other algal or land plant chloroplast genomes and less

than 1/20th of cyanobacterial genomes [10]. Thus, mu-

roplasts in fact represent the plastids of Cyanophora, and

are not a cyanobacterial symbiont anymore.

Despite the numerous investigations on this glauco-

phyte, especially focused upon its phylogenetic role and

position, almost no data exist on the presence and locali-

zation of photoreceptive proteins in C. paradoxa. Old data

[11] hypothesized a photoreceptive role for the phycobili-

proteins located in muroplast phycobilisomes. Over the

past 10 years, genome sequencing and sequence compari-

son tools have revealed that genes encoding rhodopsin-like

photoreceptive proteins are shared among distant taxa in all
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three domains of life: Archaea, Eubacteria, and Eukarya

[12]. As far as algae are concerned, the earlier predictions

based on photobiology and biochemistry are in many cases

corroborated by contemporary genomic data on Type I

rhodopsin sequences in different taxa [13, 14]. Spectro-

scopical and biochemical evidence of rhodopsin-based

photoreceptor is available for algae belonging to

Euglenophyta [15–17] and Heterokontophyta [18, 19].

Genes encoding functional protein probably related to

photoreception have been detected both in prokaryotic

(Cyanophyta) [20] and eukaryotic genera (Dinophyta,

Cryptophyta, Chlorophyta) [21–24], though examples of

transporters (proton or chloride transport) are also present

[25].

These reports provide examples of the broad distribution

of type I rhodopsin-based photoreceptors among different

algal division and allow us to assume that these proteins are

also present in Glaucophyta. The peculiar nature of

Cyanophora, one of the three eukaryotic descendants,

which have acquired photosynthesis by primary endo-

symbiosis, gave us the possibility of also investigating

whether the photoreceptive proteins belong to the host or to

the symbiont. We report here the full sequence of a rho-

dopsin gene in the alga C. paradoxa (Glaucophyta),

together with an analysis of the structure of the gene, and

the intracellular immunolocalization of the protein.

Materials and methods

Algal cultures

Cyanophora paradoxa Korshikov strain 29.80 M was

obtained from the Culture Collection of Algae of the

University of Gottingen (SAG, Sammlung von Algen-

kulturen der Universität Göttingen, Germany). Cells were

grown in medium CY-II [6] at 23�C under continuous light

(15 lmol photons m-2 s-1).

Muroplast preparation

For muroplast isolation, cells harvested by centrifugation at

2,000g for 5 min were washed once in HEMS buffer

(50 mM HEPES–NaOH, pH 7.5, 2 mM EGTA, 1 mM

MgCl2, 0.5 M sucrose), and suspended in the same buffer.

Harvested cells were disrupted osmotically by dilution of

the suspension with HEM buffer (50 mM HEPES–NaOH,

pH 7.5, 2 mM EGTA, 1 mM MgCl2), and cell fragments

and muroplasts collected by centrifugation at 2,500g for

5 min at 4�C. The pellet was suspended in HEMS buffer,

placed on the same medium containing 40% Percoll, and

centrifuged at 10,000g for 10 min. The intact muroplasts

were recovered in the precipitate. Isolated muroplasts were

incubated with 300 lg ml-1 lysozyme for 30 min at room

temperature in the dark resulting in peptidoglycan wall

digestion. The sample was then sonicated for 2 min, pell-

etted at 30,000g for 20 min at 4�C, and processed for SDS-

PAGE according to Laemnly [26].

Preparation of genomic DNA and cDNA

Cyanophora cells were harvested by centrifugation at

4,000g for 5 min at 4�C; genomic DNA and total RNA

were extracted from 100 mg wet weight of pellet using

TriPure Isolation Reagent (Roche, USA). cDNA was syn-

thesized from oligo (dT)12–18 primers (Invitrogen, USA)

and 2 lg of total RNA in reverse transcription PCR, using

SuperScriptTM II RNase H-RT (Invitrogen) according to

the manufacturer’s suggested protocol.

cDNA cloning and sequencing

cDNA was subjected to PCR amplification, using degen-

erate oligonucleotides based on homologous regions of

microbial opsins (according to the conserved regions of

rhodopsin like proteins of Archea, Bacteria, Fungi, and

Algae in the GenBank) (Fw_Helix-C:50-TACGCVCGHT

ACRTYGAYTGG-3; Rev_Helix-G:50-AWGAKCCAGAY

RATBGGRTA-30). The amplified product, a 332-bp band,

was purified using NucleoSpin extract kit (Macherey-

Nagel, Germany) and cloned in the pGem�-T Vector

System I (Promega, Madison, WI, USA). The inserts were

sequenced by MWG Biotech (Germany). Based on the

obtained sequences, gene-specific primers were designed

and used in combination with the anchor primers at the

30- and 50-terminus in 30- and 50-RACE-reactions. The PCR

conditions were: 15 min at 95�C, 35 cycles of 1 min at

94�C, 1 min at 55�C, 1 min at 72�C. Finally, 30 and 50

RACE products were cloned and sequenced as described

above.

Amplification of genomic DNA

Gene-specific primers (Fw:50-CATATGTCCCCCACCTT

CGCCCGGTGG-30; Rev:50-GAATTCCTACGCCTTGGA

GAGCACACC-30) were used for amplification of

rhodopsin-coding gene from genomic DNA. A 1,272-bp

product was produced, which was cloned into the pGem-T

vector sistem I (Promega) and sequenced from both sides

using T7 and Sp6 primers (MWG Biotech).

Plasmid construction pCPR

A 240-bp fragment at the N-terminal side of cDNA

sequence was chosen to construct a plasmid for antigen

production. The PCR amplification was performed with
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primers Fw:50-CATATGTCCCCCACCTTCGCCCGGTG

G-30 introducing an NdeI restriction site; and Rev:50-GA

ATTCCTAGCCGCGCTCGGCGGCGTC-30 introducing

an EcoRI restriction site. The amplified DNA fragment was

digested with NdeI and EcoRI and cloned into pET5b,

yielding pCPR.

Expression and purification of recombinant peptide

E. coli BL21(DE3) harboring pCPR was grown at 37�C in

LB medium supplemented with ampicillin (100 lg/ml).

When the absorbance at 600 nm of the cultures reached

0.7, isopropyl-b-D-thiogalactopyranoside (IPTG) (Pro-

mega) was added to a final concentration of 0.4 mM for

induction of the gene expression. After an additional

incubation of 2 h, cells were harvested, sonicated on ice

and centrifuged at 12,000g for 20 min at 4�C. The pre-

cipitate was collected and washed three times with Tris–

HCl 50 mM, pH 7.4. The peptide was purified by gel

filtration on Superose 12 (GE Healthcare, UK). Five frac-

tions were collected and pooled.

Immunization of hens

The generation of chicken egg yolk antibodies (IgY) was

performed according to the method of Song et al. [27]. One

ml of a column fraction highly enriched in the expressed

peptide was emulsified with 1 ml of incomplete Freund’s

adjuvant (Sigma). The suspension was divided into 4 ali-

quots, one 800-ll aliquot for the initial injection and three

400-ll aliquots for the booster injections. The 400-ll ali-

quots were further emulsified with an equal volume of

incomplete Freund’s adjuvant. The suspension was injected

into the pectoral muscle at four different sites on three

20-week-old white Leghorn laying hens. Booster shots

were given after 10, 20, and 30 days. Eggs were collected

daily for 3 months, labeled and stored at 4�C for antibody

isolation.

Extraction and purification of chicken antibodies

Following the protocol of Polson [28], egg yolks were

carefully separated from the white by washing with

deionized water and collected in a graduated cylinder. The

yolks were homogenized with two volumes of 100 mM

phosphate buffer (pH 7.6). Equal volume of yolk homo-

genate and chloroform were distributed in capped

centrifuge tubes, the mixture shaken twice to obtain a thick

emulsion, and the tubes spun at 1,000g for 30 min. Three

phases separated, a lower orange-colored solution of leci-

thin in chlorophorm, a middle semi-solid emulsion of the

yolk substances in chlorophorm, and an upper watery phase

of chicken serum proteins. The watery phase was decanted,

its volume measured, and 12% w/v pulverized PEG 6000

dissolved in the fluid. The precipitated solution was cen-

trifuged at 15,700g for 10 min, and the pellet containing

the IgY dissolved in 100 mM phosphate buffer of volume

equivalent to 1/6th of the non-homogenized yolk. The IgY

solution was purified by means of a HiTrap IgY Purifica-

tion HP (Pharmacia), divided in 100-ll aliquots and stored

at -80�C until use.

Western blot

Solubilized muroplast preparation and the purified peptide

expressed in E. coli were subjected to SDS-PAGE and

transferred to nitrocellulose membrane. The membrane

was blocked with 5% skim milk in PBS (pH 7.4) and

incubated overnight with the primary antibody at a con-

centration of 0.07 mg/ml in PBS (pH 7.4). After washing

in PBS, the membrane was incubated with the secondary

antibody (rabbit anti-chicken IgG alkaline phosphatase

conjugate, Sigma) diluted 1:1,000 in PBS. The develop-

ment was achieved by BCIP/NBT liquid substrate system

(Sigma).

Immunofluorescence microscopy

Immunolocalization of the protein was performed on both

intact cells and isolated muroplasts. Both cells and

muroplasts were fixed in methanol at -20�C for 20 min.

Fixed samples were incubated in growth medium with

0.1% Triton X-100 at 4�C for 30 min, washed twice with

the same medium, and kept for 1 h at 4�C in growth

medium containing 5% NGS (Normal Goat Serum) and

0.1% Triton X-100. Samples were then incubated over-

night at 4�C in the primary anti-rhodopsin antibody diluted

1:100 in 5% NGS and 0.1% Triton X-100 in growth

medium. After rinsing in growth medium, samples were

incubated for 2 h at room temperature in secondary anti-

body (rabbit anti-chicken IgG FITC conjugate; Sigma,

USA) diluted 1:500 in 5% NGS in growth medium.

Samples were rinsed and examined with a Zeiss Axioplan

microscope (Zeiss, Germany), equipped with an epifluo-

rescence system, a 9100 planapochromatic objective, and

a 100-W mercury lamp. Fluorescence images were

acquired with a blue-violet filter set (8 nm band-pass

excitation filter, 436 nm; chromatic beam splitter, 460 nm;

barrier filter, 470 nm).

Photography

Fluorescence photographs were recorded with an Olympus

Camedia C-30303 digital camera (Olympus, Japan)

mounted on the Zeiss Axioplan microscope.
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Multiple alignments and bioinformatic analysis

Comparative and bioinformatic analysis of sequences were

carried out online at http://workbench.sdsc.edu and

http://ncbi.nlm.nih.gov.

Results and discussion

The complete coding sequence of Cyanophora opsin DNA

is deposited as GenBank accession GQ402542. Before the

completion of this work, sequences encoding proteins

homologous to type I opsins in C. paradoxa appeared in an

EST (expressed sequence tag) database (http://amoebidia.

bcm.umontreal.ca/pepdb/). The sequence identified in the

cluster CDL00000525 partly overlaps our sequence.

The rhodopsin-like protein of C. paradoxa, which we

refer to as Cyanophopsin, can be defined as an integral

membrane protein. It is comprised of an extracellular

N-terminal 80 residues and a shorter 35-aa cytoplasmic

C-terminal region that have no similarity to known protein

families. The core region consists of a 219-aa residue, for

which the predicted topology reveals seven-transmembrane

helices typical of other retinyldene proteins (not shown).

Each of these regions consists of a a-helix of 23 residues,

embedded in the membrane and loop regions connecting

the transmembrane segments with the following length

from helix A to helix G: 8 aa, 19 aa, 6 aa, 4 aa, 12 aa,

9 aa.

ClustalW alignment of Cyanophopsin and other

microbial opsins deposited in GeneBank suggests relative

position of the seven helices, and highlights conserved

regions. Figure 1a shows the alignment relative to the

regions corresponding to helices A, B, C, D, E, F, and G.

The amino acid residues are numbered according to the

sequence of bacteriorhodopsin. The alignment reveals that

the sequence of the core region of Cyanophopsin possesses

the amino acid hallmarks of microbial rhodopsins [13, 14],

since it harbors the following common motif: M (helix A),

Y (helix B), RYxDWxxTx(T/V)Pxx(I/L)xxxxxL (helix C),

MxxxG (helix D), Wx(F/W)xx(G/S) (helix E), WxxYPxxW

(helix F), G (loop between helix F and helix G), and

ExxxxxxxDxxxKxxFG (helix G). These strictly conserved

residues are required for structure and function of rho-

dopsins, in particular the Lys216 (K) present in helix G,

which is required for covalent bonding with the retinal

molecule. As to the residues identified as necessary for the

function (pumping activity, or photosensory function), the

sequence of Cyanophopsin shows some peculiarities. In

fact, Cyanophopsin conserves only 3 out of the 5 residues

revealed to constitute a main proton pathway according to

Lanyi [29], i.e. Arg82 (R), Asp85 (D), and Glu204 (E),

while uncharged residues are present in both position 96

and position 194. Position 96, i.e. the Schiff base proton

donor position, is occupied by a carboxylic acid (D, E) in

all BRs and proteorhodopsins, according to their proton

pump activity, and by non-carboxylate residues in all

sensory rhodopsins, Phe (F) or Tyr (Y), in prokaryotic

photomotility receptors such as sensory rhodopsin II, Ser

(S) in Anabaena sensory rhodopsin, and His (H) in

channelrhodopsin. In the case of Cyanophopsin, Asn (N) is

present in position 96. This uncharged, non-aromatic

residue cannot serve as a proton donor, and hence does not

guarantee proton pumping ability of the Cyanophora

protein, and nor can it serve a hypothetical sensory

function. Position 194, occupied by a Glu (E), i.e. a

charged residue, in proton pumps, is occupied by a Thr

(T), i.e. an uncharged residue, in Cyanophosin. A similar

situation is present in Cryptomonas sp. and Guillardia

theta rhodopsins (GtRII), where there is an Asn in position

96 and a Gly (G) in position 194, and for which a sensory

function was hypothesized. Still, the presence of a carbon-

concentrating mechanism of presumably carboxysomal

type in the muroplast of Cyanophora involving accumu-

lation of HCO3
- inside the organelle [5], together with the

localization of Cyanophosin on the muroplast membrane

(see later) should be connected to the presence of some

sort of cation pumping activity. The pump could function

via different funnelling cation pathway consisting of other

amino acid residues.

The DNA sequence shows five introns (Figure 1b). The

intron–exon splice junctions of the five introns conform to

the GT/AG rule [30]. The first intron is localized in the

loop between helix B and helix C, after Ser144 (numbering

according to Cyanophopsin sequence). The second intron

interrupts the highly conserved region in helix C and splits

codon 161. The third intron splits the codon 204, which is

the last of helix D. The fourth intron inserts just before the

beginning of helix G, after residue 244. The fifth splits

codon 291, just after the Lys290 which links retinal. The

position of the introns in C. paradoxa does not correspond

to the position of introns in any of the other microbial opsin

sequences available.

A phylogenetic tree of type-I opsin was constructed by

the neighbor-joining method performed with the computer

program ClustalW (Fig. 1c). The topology of the tree

indicates that Cyanophopsin is closer to proteorhodopsins

and algal opsin than to fungal and haloarchaeal opsins,

hence closer to eubacterial opsins.

Figure 2 shows the expression of the fragment of the

first 80-aa residues of Cyanophopsin obtained in E. coli

using the plasmid pCPR. The 8-KDa peptide is clear evi-

dent in lane 2 (asterisk) and absent in the control culture

non-expressing the sequence (lane 1). Lane 3 shows the

purified peptide on SDS gel after Coomassie staining.

Polyclonal antibody raised against this peptide stained an
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8-KDa band on western blot of the lysate of E. coli

expressing the fragment (lane 4).

BLAST analysis showed no similarity between the N-ter

80 residue with any protein sequence present in GenBank

bacterial and microbial databases. To verify the localiza-

tion of Cyanophopsin in individual C. paradoxa cells,

indirect immunofluorescence analysis was performed using

the same antibody (Fig. 3). The staining is evident only on

the muroplast profile, and it is completely absent from the

Cyanophora membrane (Fig. 3a–c). Immunofluorescence

analysis was also performed on isolated muroplasts; the

localization of the Cyanophopsin in the muroplast mem-

brane allows the observation of the different stages of the

organelle division cycle (Fig. 3d–i). The pictures illustrate

that muroplast division is initiated from a kidney-shaped

state since the organelle constriction occurs asymmetrically

from one side of the division plane (Fig. 3e). As division

progresses, the constriction spreads around the muroplast

(Fig. 3f), which gradually becomes dumbbell-shaped

(Fig. 3g). As the thylakoid segregation occurs, the division

plane becomes more evident (Fig. 3h), and finally splits the

two daughter muroplasts (Fig. 3i). These images can be

considered complementary to the immunofluorescence

images by Sato [31, 32]. These authors follow the process

of muroplast division to assess the role of the cell division

protein FtsZ in the formation of the peptidoglycan septum

necessary for organelle cleavage.

To exclude the possibility of cross-reactions between the

fluorescent antibody probe and other muroplast membrane

proteins, western blot was performed on solubilized

muroplast preparation (Fig. 4, lane 1). The antibody reac-

tion decorated a band of approximately 33 kDa, which

corresponds to the size calculated for Cyanophopsin

(Fig. 4, lane 2).

Fig. 1 a ClustalW alignment of selected high conserved regions of

representative microbial rhodopsins. Residues and putative trans-

membrane helices are numbered according to H. salinarum
bacteriorhodopsin sequence (BR). R Amino acid residues contacting

retinal, Asterisk amino acid residues necessary for the function.

b Position and sequence of the introns of the Cyanophopsin.

c Phylogenetic relationship between type I microbial rhodopsins.

Accession numbers are indicated for each sequence
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The even localization of the Cyanophopsin on the entire

surface of the muroplast (both on the outer and inner

envelope membranes of the organelle (Fig. 3i, arrowheads)

resembles more that of bacteriorhodopsin than that of

sensory rhodopsin in Halobacterium salinarum. This

topology is barely compatible with a phototaxis receptor

function, since these proteins are usually concentrated in

small structure (e.g., Euglena gracilis) or membrane pat-

ches (e.g., Chlamydomonas reinhardtii) in contact with the

external environment, [4]. Still, the presence of a carboxy-

somal-type mechanism of HCO3
- accumulation in the

muroplast of Cyanophora allows the hypothesis of cation

pumping activity in the membrane. Moreover, because the

protein is present on both the muroplast membranes, it can

easily manage transport inside the periplasm and then

inside the stroma.

The sequence of Cyanophopsin was aligned with the

sequence of the complete muroplast genome (Genbank

accession no. NC001675) to verify whether the photore-

ceptive protein is coded inside the organelle or belongs to

the genomic pool of the alga. No matching resulted from

the alignment, excluding the coding of the rhodopsin-like

protein in the muroplast genome. Hence, the Cyanophopsin

gene could belong to that group of genes transferred from

the endosymbiont genome to the host genome, and the

corresponding protein should be imported into muroplasts.

The presence of integral membrane proteins as Cya-

nophopsin in the membrane of the muroplast, the most

primitive of all plastids, should indicate that the common

Fig. 2 Expression of N-ter 80 residue of Cyanophopsin in E. coli.
Lane 1 Control culture without the gene fragment, lane 2 culture

expressing the 8-KDa peptide (asterisk), lane 3 SDS gel of the

purified peptide, lane 4 anti-peptide antibody staining on western blot

of E. coli lysate expressing the peptide

Fig. 3 Immunofluorescence analysis of muroplasts performed using

the anti-Cyanophopsin antibody. See text for details

Fig. 4 SDS gel of the solubilized muroplast preparation, lane 1;

western blot using the anti-Cyanophopsin antibody visualizing an

approximately 33-kDa band on the muroplast preparation, lane 2
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primordial rhodopsin existed in pre-eukaryotic cells before

the appearance of the first photosynthetic eukaryotic cell

about 1.55 9 109 years ago, [33].
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