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The crystal structure of cytochrome c6 from the red alga

Porphyra yezoensis has been determined at 1.57 AÊ resolution.

The crystal is tetragonal and belongs to space group P43212,

with unit-cell parameters a = b = 49.26 (3), c = 83.45 (4) AÊ and

one molecule per asymmetric unit. The structure was solved

by the molecular-replacement method and re®ned with

X-PLOR to an R factor of 19.9% and a free R factor of

25.4%. The overall structure of cytochrome c6 follows the

topology of class I c-type cytochromes in which the heme

prosthetic group covalently binds to Cys14 and Cys17, and the

iron has an octahedral coordination with His18 and Met58 as

the axial ligands. The sequence and the structure of the

eukaryotic red algal cytochrome c6 are very similar to those of

a prokaryotic cyanobacterial cytochrome c6 rather than those

of eukaryotic green algal c6 cytochromes.
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1. Introduction

Cytochrome c6 functions as an electron carrier between

cytochrome b6f complex and the P700 reaction center of

photosystem I in some cyanobacteria and chloroplasts from

eukaryotic algae. This protein is the functional counterpart of

plastocyanin, a small copper protein, in chloroplasts from

higher plants. Genes for both plastocyanin and cytochrome c6

are present in some algal species and the alternative expres-

sion of the two proteins is regulated by the growth-condition

copper availability (Sandmann et al., 1983; Merchant &

Bogorad, 1987). Although cytochrome c6 and plastocyanin

have approximately the same size (�10 kDa), similar redox

potentials (�+370 mV) and isoelectric points (�4.5), these

two proteins have no sequence similarity, contain different

catalytic metals and are structurally unrelated to each other.

Whereas plastocyanin is a �-sheet protein with copper as the

central ion (Redinbo et al., 1993), cytochrome c6 is a highly

�-helical heme-containing protein (Kerfeld et al., 1995; FrazaÄo

et al., 1995; Banci et al., 1998; Beissinger et al., 1998;

Schnackenberg et al., 1999).

Comparison of the amino-acid sequence allowed us to

classify this cytochrome as a class I c-type cytochrome, in

which the heme iron has methionine±histidine axial coordi-

nation (Kerfeld & Krogmann, 1998). Recently, crystal struc-

tures of cytochrome c6 from the green algae Chlamydomonas

reinhardtii (Kerfeld et al., 1995), Monoraphidium braunii

(FrazaÄo et al., 1995) and Scenedesmus obliquus (Schnacken-

berg et al., 1999) have been determined. Solution structures of

the protein from M. braunii (Banci et al., 1998) and the

thermophilic cyanobacterium Synechococcus elongatus

(Beissinger et al., 1998) have also been reported. These

structural studies of c6 cytochromes provide us with informa-

tion about the structural relationship to other cytochromes
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and plastocyanin, and about the mechanisms of the inter-

actions with cytochrome f and photosystem I (FrazaÄo et al.,

1995).

Although chloroplasts were thought to have evolutionally

arisen from cyanobacteria (Aitken, 1976), there are differ-

ences in the expression and genome coding of cytochrome c6

between green and red algae. In the green alga C. reinhardtii,

the gene for cytochrome c6 exists in the genomic DNA and its

coding region is interrupted by two introns (Hill et al., 1991).

On the other hand, in the red alga Porphyra purpurea, the petJ

gene encoding cytochrome c6 exists in the chloroplast genome

(Reith & Munholland, 1995). Physicochemical properties

(visible absorptional maxima and redox potential) of cyto-

chrome c6 from the red alga P. yezoensis were reported by

Sugimura et al. (1968) and are similar to those of other algal c6

cytochromes. The cytochrome c6 has 85 amino-acid residues

and its sequence has been determined (Oku, PIR accession

number JC5849). The amino-acid sequence of the P. yezoensis

cytochrome c6 shows a high similarity to that of the cyano-

bacterium rather than those of green algae (see x3). In order to

investigate their structural relationships, we have determined

the crystal structure of cytochrome c6 from the red alga

P. yezoensis and compared it with the structures of cyano-

bacterial and green algal c6 cytochromes.

2. Materials and methods

2.1. Purification and crystallization of the cytochrome c6

Cytochrome c6 was puri®ed from frozen thalli of P.

yezoensis obtained from Shirako Co. Ltd by ammonium

sulfate fractionation and three steps of DEAE ion-exchange

chromatography. The puri®ed and lyophilized protein was

dissolved in 5 mM sodium phosphate pH 7.0 to prepare a

concentrated solution of 50 mg mlÿ1. The cytochrome c6

solution was mixed with an equal volume of 1.8 M ammonium

sulfate buffered with 0.1 M sodium citrate pH 3.5. The cyto-

chrome c6 was crystallized at 293 K using the sitting-drop

method; red bipyramidal crystals were obtained. The crystal

parameters are given in Table 1.

2.2. Data collection and molecular replacement

X-ray diffraction data were obtained at the synchrotron-

radiation source of the BL44B2 (RIKEN beamline 2) station

at SPring-8, Harima, Japan (Adachi et al., 1996). The data set

was collected using an R-AXIS IV imaging plate as a detector.

Measurements were performed at 293 K and a wavelength of

0.7 AÊ using a 0.2 mm collimator. Diffraction data were inte-

grated and scaled with MOSFLM (Leslie, 1994) and SCALA

(Collaborative Computational Project, Number 4, 1994).

Statistics of the data collection are given in Table 1. The

structure was solved by the molecular-replacement method.

The rotation-funtion and translation searches were carried out

using X-PLOR 3.851 (BruÈ nger, 1993). The initial model for

the P. yezoensis cytochrome c6 structure was that of the

cytochrome c6 from C. reinhardtii (Kerfeld et al., 1995; PDB

code 1cyi) with the amino-acid sequence mutated to that of

P. yezoensis. The rotation and translation functions were

calculated using the native data (10.0±5.0 AÊ resolution), which

yielded one molecule in an asymmetric unit with an R factor of

42.0%. The solution by molecular replacement was re®ned as

a rigid body by the program X-PLOR 3.851 (BruÈ nger, 1993);

this was performed to further improve the orientation and

positional parameters, which resulted in an R factor of 40.5%

for 10.0±3.5 AÊ resolution data.

2.3. Refinement

The model was submitted to simulated-annealing (BruÈ nger

et al., 1987) re®nement using slow-cool protocols (BruÈ nger et

al., 1990) from 3000 to 300 K with 10.0±2.0 AÊ resolution data.

At this stage, the crystallographic R factor and the free R

factor dropped to 31.6 and 35.2%, respectively. Subsequent

cycles of rebuilding (manual model ®tting using the program

TURBO-FRODO; Roussel & Cambillau, 1989) followed by

positional re®nement and thermal parameter re®nement with

X-PLOR 3.851 (BruÈ nger, 1993) were used to improve the

model, as judged by free R factor. The high-resolution limit of

the diffraction data was then increased from 2.0 to 1.57 AÊ in

increments of 0.1 AÊ .

Table 1
Crystal parameters, data collection and structure re®nement.

Values in parentheses are for the outer shell, with a resolution of 1.65±1.57 AÊ .

Data-collection statistics
Temperature (K) 293
Resolution range (AÊ ) 20.0±1.57
Space group P43212
Unit-cell parameters (AÊ ) a = b = 49.26 (3),

c = 83.45 (4)
Re¯ections

Measured 105068
Unique 14083
Completeness (%) 96.7 (95.0)
Rmerge² (%) 4.7 (34.7)
Redundancy 7.5 (7.5)
Mean hI/�(I)i 9.2 (2.2)

Re®nement statistics
Resolution range (AÊ ) 20.0±1.57
Re¯ections used [>0�(F)] 14061
R factor³ (%) 19.9
Free R factor (%) 25.4
Total number of non-H atoms 677
Number of water molecules 45

R.m.s deviations from ideals
Bond lengths (AÊ ) 0.015
Bond angles (�) 1.586
Dihedral angles (�) 25.8
Improper angles (�) 1.43

Average B factors (AÊ 2)
Main chain 27.9
Side chain 32.1
Heme molecules 15.4
Water molecules 42.0

Ramachandran plot
Residues in most favorable regions (%) 83.8
Residues in additional allowed regions (%) 14.9
Residues in disallowed regions (%) 1.4

² Rmerge =
P

|Ii ÿ hIi|/
P

Ii, where Ii is the intensity of an observation and hIi is the mean
value for its unique re¯ection; summations are over all re¯ections. ³ R factor =P

h |Fo(h) ÿ Fc(h)|/
P

hFo(h), where Fo and Fc are the observed and calculated structure-
factor amplitudes, respectively. The free R factor was calculated with 5% of the data
excluded from the re®nement.



At the ®nal stage of X-PLOR 3.851 (BruÈ nger, 1993)

re®nement, the low-resolution limit of the diffraction data was

increased from 10.0 to 20.0 AÊ by applying a bulk-solvent

correction (Jiang & BruÈ nger, 1994). The water molecules were

placed at positions where spherical densities were above 1.3�
in the 2Fo ÿ Fc map and above 3.0� in the Fo ÿ Fc map and

where stereochemically reasonable hydrogen bonds were

allowed. Structural evaluations of the ®nal model of the

cytochrome c6 using PROCHECK (Laskowski et al., 1993)

indicated that 83.8% of the residues are in the most favourable

regions of the Ramachandran plot. Fig. 1 shows the ®nal

electron-density map at 1.57 AÊ resolution superimposed upon

the ®nal model. The re®ned model included all residues (1±85)

in each chain, heme and 45 water molecules, yielding an R

factor of 19.9% and a free R factor of 25.4%.

The r.m.s. deviations in bond lengths and angles

were 0.015 AÊ and 1.586�, respectively. A

summary of the re®nement statistics is given in

Table 1. Coordinates of the cytochrome c6 have

been deposited in the Protein Data Bank. For

graphical presentations of the structure,

InsightII98 (MSI) was used.

3. Results and discussion

3.1. Overall structure

The overall structure of P. yezoensis cyto-

chrome c6 follows the topology of class I c-type

cytochromes (Fig. 2). P. yezoensis cytochrome c6

consists of a single polypeptide chain folding

around the heme prosthetic group. The spatial

disposition of helices and �-sheets, as well as

those of green algae and the cyanobacterium,

resemble those of the bacterial c cytochromes

Pseudomonas aeruginosa cytochrome c-551

(Matsuura et al., 1982) and Azotobacter vine-

landii cytochrome c5 (Carter et al., 1985) rather

than mitochondrial c cytochromes, e.g. those of

horse heart (Dickerson et al., 1971), bonito

(Tanaka et al., 1975) and rice (Ochi et al., 1983).

Secondary structures are classi®ed according

to the criteria of Kabsch & Sander (1983). Four

�-helices, Asp2±Asn13 (I), Lys33±Ala38 (II),

Ile44±Asn53 (III) and Asp67±Lys83 (IV), are

observed as elements of regular secondary

structure, with the arrangement of helices I and

IV crossing with an angle of �90� (Fig. 2).

Helices II and III are shorter than helices I and

IV and reside on different sides relative to the

heme plane, whereas those of mitochodrial c

cytochromes are located on the side of the Met

ligand. In addition to these �-helices, the region

Ala15±His18, which is involved in the covalent

bonds to the heme, forms a normal �-helix (I0)
rather than the 310-helix observed in the corre-

sponding region of the cyanobacterial cyto-

chrome c6 (Beissinger et al., 1998).

Following the Ala15±His18 region, Gly20±Lys32 forms an


-shaped loop which is observed in other c6 cytochromes

(Kerfeld et al., 1995; FrazaÄo et al., 1995; Beissinger et al., 1998)

and contributes to the structural stabilization of this region

(Leszczynski & Rose, 1986). This is achieved by three main-

chain and one side-chain hydrogen bonds; the amide groups of

Lys29 and Leu31 and N�2 of Asn23 form hydrogen bonds with

the carbonyl O atoms of Met26, Gly21 and Lys29, respectively

(Table 2).

The sixth ligand, the Met58 residue, is a part of the region

stretching from Gly54 to Val66 which separates the helix III

from the helix IV. A short �-sheet in the vicinity of Met58 is

located in this segment (Fig. 2). This two-stranded antiparallel
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Figure 1
Stereoview of the ®nal electron-density map (2Fo ÿ Fc) around the heme of the
cytochrome c6 from P. yezoensis. The map was calculated with amplitudes of re¯ections
in the resolution range 20.0±1.57 AÊ and is contoured at 1.3�, where � is the standard
deviation of the electron-density map. The heme and neighboring residues are
represented by ball-and-stick models with atom-speci®c colors: yellow, carbon; sky blue,
nitrogen; red, oxygen; green, sulfur; dark red, iron.

Figure 2
The overall structure of P. yezoensis cytochrome c6. The helices and �-sheets (colored
pink) are indicated as thick ribbons and the helices I±IV are numbered. The N- and
C-termini are indicated. The heme prosthetic group and the heme-binding residues
(Cys14, Cys17, His18 and Met58) are represented by ball-and-stick models in the same
coloring scheme as Fig. 1. The ®gure is drawn with the solvent-exposed heme edge at the
front (the His iron ligand being on the right).
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�-sheet (residues 55±58) is formed by only two main-chain

hydrogen bonds between Lys55 and Met58 (Lys55 N and

Met58 O, Lys55 O and Met58 N) which form a type II0 �-turn

with residues Asn56 and Ala57 (Table 2). This short �-sheet

has been observed in the structures of other c6 cytochromes

(Kerfeld et al., 1995; FrazaÄo et al., 1995; Banci et al., 1998;

Beissinger et al., 1998; Schnackenberg et al., 1999) as well as

that of cytochrome c5 from A. vinelandii (Carter et al., 1985).

In the structures of mitochondrial cytochrome c, this region

has no �-sheet (Tanaka et al., 1975; Ochi et al., 1983; Bushnell

et al., 1990).

On the His18 side of the heme group, the conserved resi-

dues Phe10, Tyr76 and Trp85 form a triangular aromatic stack

neighboring pyrrole ring B of the heme. The triangular

aromatic stack is observed in other c6 cytochromes (Kerfeld et

al., 1995; FrazaÄo et al., 1995; Beissinger et al., 1998). The

phenylalanine at position 10 within helix I, which is highly

conserved in all class I c-type cytochromes, interacts with

another aromatic residue at the position 76 and stabilizes the

interaction between helices I and IV. The association of these

helices has been proposed to be an early event in the folding

pathway for class I c-type cytochromes (Bushnell et al., 1990).

3.2. Heme environment structure

The heme prosthetic group covalently binds to the poly-

peptide chain with two thioether bonds from Cys14 and Cys17

and is almost entirely buried within a hydrophobic crevice

(Figs. 1 and 2). The structure of the heme is slightly distorted

into a saddle shape, which is typical of c-type cytochrome

heme prosthetic groups.

The iron of the heme has an octahedral coordination with

His18 and Met58 as the axial ligands (Fig. 2); the distances of

the axial coordinated atoms His18 N"2 and Met58 S� from the

heme iron are 2.07 AÊ and 2.35 AÊ , respectively, and the angle

His18 N"2ÐFeÐMet58 S� is 177.65�. His18 N�1 forms a

hydrogen bond with the carbonyl O atom of the Asn22 main

chain (Table 2). In other class I c cytochromes, N�1 of the

ligand His forms a hydrogen bond to the carbonyl O atom of a

conserved proline (Tanaka et al., 1975; Matsuura et al., 1982;

Ochi et al., 1983; Carter et al., 1985; Bushnell et al., 1990). The

S atom (S�) of the axial ligand methionine forms no hydrogen

bond in the cytochrome c6, as in the other algal c6 cytochromes

and A. vinelandii cytochrome c5 (Carter et al., 1985). This is in

contrast to mitochondrial cytochrome c structures, in which

the Met S� forms a hydrogen bond to Tyr67 OH (Bushnell et

al., 1990).

Although the mitochondrial c cytochromes have some

conserved water molecules in the heme crevice (Berghuis,

Guillemette, McLendon et al., 1994; Berghuis, Guillemette,

Smith et al., 1994), no such water molecules are found in the

heme crevice of the P. yezoensis cytochrome c6. Instead, it has

only two water molecules, Wat17 and Wat33, located between

the propionates of pyrrole rings A and D (Fig. 3). Wat17 has

also been observed at the corresponding position in other

cytochromes c6. Wat17 forms hydrogen bonds with Gln50 O"1,

propionate O1D of the heme pyrrole ring D and Wat33, which

also forms a hydrogen bond with the propionate O1A of the

heme pyrrole ring A. The conserved water molecule Wat17

seems to play no signi®cant role in the redox cycle, since it

exists in this position in both the reduced and oxidized forms

(Schnackenberg et al., 1999). However, both water molecules

may contribute to the stabilization of the structure around the

heme as well as the ®xation of the conformations of the

propionate group of pyrrole ring D and the side chain of

Gln50.

Unlike the horse heart cytochrome c, which shows a posi-

tively charged front surface (Bushnell et al., 1990), P. yezoensis

cytochrome c6, in common with other algal c6 cytochromes,

exhibits no such positively charged region. The surface

surrounding the solvent-exposed heme pyrrole ring C and the

propionate of the heme pyrrole ring D is characterized by

uncharged residues: Asn13, Ala16, Ile25, Met26, Asn57, Pro59

and Phe61. These residues create a hydrophobic patch which

embraces the heme prosthetic group. Asn13, Ala16, Ile25 and

Asn56 of these residues structurally correspond to Lys13,

Gln16, Thr28 and Lys79 of horse cytochrome c, respectively.

Cytochrome c6 has a higher redox potential (approximately

+370 mV) than its mitochondrial counterpart (+260 mV).

Kerfeld et al. (1995) proposed that the difference in redox

potential between cytochromes c6 and c can be attributed to

the difference in hydrogen-bond formation of the ligand

atoms, as mentioned above, and the ionization of the solvent-

exposed propionate of the heme pyrrol ring D. We suggest an

additional reason for the difference in the redox properties.

Water molecules near the heme iron generally stabilize its

ferric form and thus lower the redox potential (Kassner, 1973).

As mentioned above, the heme environment of cytochrome c6

is less polar than that of the mitochondrial counterpart and

thus no water molecule is present in the heme crevice, in

contrast to mitochondrial cytochrome c which has some

conserved water molecules. Therefore, the heme hydrophobic

patch of the cytochrome c6 should contribute to the

enhancement of redox potential.

The edge of pyrrole ring C and the propionate side chain of

pyrrole ring D are exposed to the solvent (Figs. 2 and 3) and

are thought to form the path of direct electron transfer from

the heme to potential electron-transfer partners (FrazaÄo et al.,

Table 2
Hydrogen bonds not involved in the helices I±IV.

MC, main-chain; SC, side-chain.

Region MC� � �MC
Distance
(AÊ ) MC� � �SC

Distance
(AÊ )

14±32 Phe10 O� � �Ala15 N 2.97 Asn22 O� � �His18 N�1 2.79
Cys17 O� � �Ala24 N 2.90 Lys29 O� � �Asn23 N�2 2.91
His18 O� � �Gly21 N 2.68 Leu31 O� � �Trp85 N"1 2.94
Gly21 O� � �Leu31 N 2.76
Met26 O� � �Lys29 N 2.92

54±66 Val51 O� � �Phe61 N 2.82
Gln52 O� � �Gly62 N 3.04
Lys55 O� � �Met58 N 2.90
Met58 O� � �Lys55 N 3.00
Phe61 O� � �Leu65 N 2.73
Val66 O� � �Asp69 N 2.83

83±85 Gln80 O� � �Trp85 N 2.97



1995; Ullmann et al., 1997). Although the area

around the heme is non-polar, two basic residues,

Lys29 and Lys55, ¯ank the long axis of the

exposed heme crevice about pyrrole ring D (Fig.

3). Mitochondrial cytochrome c also has two

basic residues ¯anking the exposed portion of

the heme. Thus, these residues may be critical for

the function since they are conserved in both

cytochromes c6 and c, despite the large differ-

ence in the isoelectric point: cytochrome c6 has a

pI of 4, whereas mitochondrial cytochrome c has

a pI of �10. In mitochondrial cytochrome c, at

least one of these Lys residues is important for

interaction with both physiological redox part-

ners. Moreover, modi®cation of these positively

charged residues with small-molecule reagents

affects the rate of electron transfer (Ahmed &

Millett, 1981; Butler et al., 1983).

3.3. Comparison with other algal cytochrome c6
structures

Presently, the three-dimensional structures of

c6 cytochromes from the green algae C. rein-

hardtii (Kerfeld et al., 1995), M. braunii

(FrazaÄo et al., 1995; Banci et al., 1998) and

Scenedesmus obliquus (Schnackenberg et al.,

1999) as well as the cyanobacterium Synecho-

coccus elongatus (Beissinger et al., 1998) are

known. Like cytochrome c6 from P. yezoensis,

they comprise 85±90 amino-acid residues and

their main secondary-structural elements are

�-helices wrapping around the heme prosthetic

group. Sequence comparisons between c6 cyto-

chromes from P. yezoensis and C. reinhardtii,

M. braunii, S. obliquus and S. elongatus revealed

similarities of 46.67, 51.11, 51.69 and 65.52%,

respectively (Fig. 4).

Despite the high overall similarity of the

structures (Fig. 5), subtle differences exist. The

largest deviation is observed in the loop region

around residue 40, where the green algal

proteins have a small insertion of two amino

acids compared with the P. yezoensis cyto-

chrome c6. The loop region in the P. yezoensis

cytochrome c6 resembles that in the cyano-

bacterial cytochrome c6, which also lacks two

amino acids in this region compared with green

algal c6 cytochromes (Figs. 4 and 5). The simi-

larity of the sequence in the region of residues

40±45 is relatively low compared with the simi-

larity in the other regions of the cytochrome c6

sequence. Therefore, this region may have no

common functional role. In three-dimensional

structures of other c6 cytochromes, functional

roles for this region have not been found.
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Figure 3
The structure around the exposed heme edge of the cytochrome c6. The ribbon model
shows the protein region (residues 14±59). The heme is represented in pink and the heme
iron by a grey ball. Met26, Lys29, Met41, Gln50 and Lys55 are represented by ball-and-
stick models in the same coloring scheme as Fig. 1. Water molecules are represented as
red balls. Possible hydrogen bonds are indicated by red dashed lines.

Figure 4
Sequence alignment of c6 cytochromes whose crystal structures have been reported. The
conserved and semi-conserved amino-acid residues among ®ve algal species are
indicated with black and grey boxes, respectively. The heme ligands and the residues
forming the acidic patch of the exposed surface of the C-terminal helix are colored
yellow and red, respectively. The secondary structures of cytochrome c6 of P. yezoensis
are indicated: orange cylinders, helices; blue arrows, �-sheets. The PIR accession
numbers of the cited sequences are as follows: P. yezoensis, JC5849; C. reinhartii,
CCKM6R; M. braunii, S35677; S. obliquus, S77923; S. elongatus, P56534.

Figure 5
Comparison of P. yezoensis (pink), S. obliquus (green; PDB code 1c6o) and S. elongatus
(blue; PDB code 1c6s) c6 cytochromes in tube representation. The view is drawn in the
same direction as that in Fig. 2. The loop regions around residue 40, the region following
helix II, of P. yezoensis and S. elongatus c6 cytochromes are different from that of the S.
obliquus protein.
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Met26 and Met41 are conserved between P. yezoensis and

S. elongatus and the heme crevice is ¯anked by their side

chains (Figs. 3 and 4). These residues were suggested to act as

endogenous antioxidants when they are arranged to guard the

active site from oxidants (Levine et al., 1996). The suggestion

is in good agreement with our observation that the P. yezoensis

cytochrome c6 possesses resistance to auto-oxidation.

At the surface exposed to the solvent around the C-terminal

helix IV, a negatively charged region consisting of Asp2,

Asp67, Glu68, Asp69, Glu71, and Asp72 is observed (Fig. 4).

In other algal c6 cytochromes, a similar charge distribution is

also found. This region seems to play a functional role in the

interaction between cytochrome c6 and its redox partners

(FrazaÄo et al., 1995; Kerfeld et al., 1995; Ullmann et al., 1997).

One of them is cytochrome f, which has positively charged

zones located in the small domain containing lysines and

arginines (Martinez et al., 1994) and the other is the PsaF

subunit of photosystem I which has a positively charged

N-terminal �-helix containing six lysines (Hippler et al., 1996).

Cytochrome c6 and plastocyanin should interact with these

regions of cytochrome f and photosystem I.

Red alga has been proposed to be the earliest eukaryotic

organism and to be an ancestor of the higher plants (Stiller &

Hall, 1997). It is only in red algae that the cytochrome c6 gene

is encoded in the chloroplast genome (Reith & Munholland,

1995), while the green algal counterpart is encoded in the

nuclear gene (Hill et al., 1991). High similarities in amino-acid

sequence and three-dimensional structure of cytochrome c6

between red algae and cyanobacteria were observed in this

study as well as in previous reports (Ambler & Bartsch, 1975;

Aitken, 1976). Thus, the present results support the hypothesis

that the red alga is the missing link between the higher plants

and the most ancient photosythetic eukaryotic organisms.
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