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Abstract

A Photosystem II (PS II) complex was purified from an acidophilic as well as a thermophilic red alga, Cyanidium caldarium. The
purified PS II complex was essentially devoid of phycobiliproteins and other contaminating components, and showed a high
oxygen-evolving activity of 2375 umol O,/mg Chl per h using phenyl-p-benzoquinone as the electron acceptor. The expression of this
high activity did not require addition of exogenous Ca®”, although EDTA reduced the activity by 40%. This effect of EDTA can be
reversed not only by Ca®* but also by Mg?*; a similar Mg?* effect has been observed in purified cyanobacterial PS II but not in higher
plant PS II. Immunoblotting analysis indicated the presence of major intrinsic polypeptides commonly found in PS II from cyanobacteria
and higher plants as well as the extrinsic 33 kDa protein. Antibodies against the extrinsic 23 and 17 kDa proteins of higher plant PS I,
however, did not crossreact with any polypeptides in the purified PS 11, indicating the absence of these proteins in the red alga. In
contrast, two other extrinsic proteins of 17 and 12 kDa were present in the red algal PS II; they were released by 1 M Tris or Urea /NaCl
treatment but not by 1 M NaCl. The 17 kDa polypeptide was identified to be cytochrome ¢-550 from heme-staining, immunoblot analysis
and N-terminal amino acid sequencing, and the 12 kDa protein was found to be homologous to the 12 kDa extrinsic protein of
cyanobacterial PS II from its N-terminal sequence. These results indicate that PS II from the red alga is closely related to PS II from
cyanobacteria rather than to that from higher plants, and that the replacement of PS II extrinsic cytochrome ¢-550 and the 12 kDa protein
by the extrinsic 23 and 17 kDa proteins occurred during evolution from red algae to green algae and higher plants.
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higher plants. The essential components of the PS II
complex are almost identical between cyanobacteria and
higher plants; they include the D1, D2 reaction center
proteins, the intrinsic Chl-binding proteins CP47 and CP43,
the @ and B subunits of cyt b-559 (9 kDa and 4.5 kDa,
respectively), the psbl gene product, the extrinsic 33 kDa
protein and perhaps some other low-molecular-mass poly-

1. Introduction

Photosynthetic oxygen evolution takes place in the PS
Il complex that is commonly found from cyanobacteria to

Abbreviations: CBB, Coomassie brilliant blue R-250; Chl, chloro-
phyll; Cyt, cytochrome; DM, N-dodecyl B-D-maltoside; EDTA, eth-
ylenediaminetetraacetate; HTG, N-heptyl B-D-thioglucoside; Mes, 4-
morpholineethanesulfonic acid; Qp, the secondary quinone acceptor of
Photosystern II; PS I and PS II, Photosystemn I and Photosystem II;
TMBZ, 3,3',5,5'-tetramethylbenzidine.

* Corresponding author. Fax: +81 471 242150.

0005-2728 /95 /$09.50 © 1995 Elsevier Science B.V. All rights reserved
SSDI 0005-2728(95)00122-0

peptides functioning mostly in maintaining a functional
structure of PS II (for reviews, see [1-3]). In contrast to
these similarities, however, there are two extrinsic proteins
that are significantly different between PS II complexes
from higher plants and cyanobacteria. In higher plant PS
II, the extrinsic 23 and 17 kDa proteins serve in maintain-
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ing maximum oxygen-evolving activity and protecting the
Mn cluster from attack by exogenous reducing agents;
without these two extrinsic proteins, non-physiologically
high concentrations of Ca’* and Cl~ are required in order
to maintain oxygen evolution and functional binding of the
Mn cluster (for reviews, see [4—6]). In cyanobacterial PS
II, on the other hand, these two extrinsic proteins are
absent, but a low-potential cyt ¢-550 and a 12 kDa protein
have been found as the alternative extrinsic components in
maintaining oxygen evolution and stability of PS II in vivo
[7-12]. Although these two extrinsic components have no
homology in their primary sequences with the 23 and 17
kDa proteins of higher plant PS II [11,13], it has been
shown that they have some binding properties in cyano-
bacterial PS II similar to the properties of the 23 and 17
kDa proteins in higher plant PS II [9-12,14]. This sug-
gested a replacement of cyt ¢-550 and the 12 kDa protein
by the 23 and 17 kDa proteins during evolution from
cyanobacteria to higher plants. There do, however, exist
some functional differences between the two sets of extrin-
sic proteins which may be responsible for the different
requirement of Ca** and C1~ between cyanobacterial and
higher plant PS II; for example, the enhancing effect of
Ca®" on oxygen evolution in cyanobacterial PS II can be
partially replaced by some other cations that can never be
effective in higher plant PS II [5,7,10,15,16].

Red algae, in terms of the presence of nucleus, chloro-
plast and mitochondria within their cells, are evolutionarily
closer to higher plants than to cyanobacteria. Their photo-
synthetic apparatus, however, is more similar to that of
cyanobacteria, since it contains phycobilisome as light-
harvesting antenna instead of Chl a /b binding proteins as
found in higher plants, although a Chl g-binding antenna
protein has recently been reported to be present in PS I of
a red alga [17]. Consequently, thylakoid membranes are
not stacked in chloroplasts of red algae. Comparative
studies on the level of photosynthetically functional mem-
brane-protein complexes, in particular the PS I and PS II
complexes, from red algae with those from cyanobacteria
and higher plants, however, have been rare partly due to
difficulties in obtaining purified PS I and PS II complexes
from red algae. Wolfe et al. [18] recently isolated PS I and
PS II complexes from a red alga, Porphyridium cruentum,
and reported that the PS I from this red alga is structurally
more similar to that of higher plants rather than to that of
cyanobacteria. The PS II complex they purified, however,
had lost all the extrinsic components required for oxygen
evolution, which prevented a direct comparison of PS II
complex from the red alga with that of cyanobacteria and
higher plants. In particular, cyt ¢-550 is known to be
present in red algae [19,20], but its cellular location and
function have not been clarified. In order to determine
whether this cytochrome is associated with red algal PS II
and to compare the PS II complex of red algae in detail
with that of cyanobacteria and higher plants, we purified
an intact PS II complex highly competent in oxygen

evolution from a red alga, Cyanidium caldarium. This alga
is acidophilic, with an optimum growth pH range of 1-3,
as well as being thermophilic, growing maximally at 40—
50°C [21,22]. Our resuits revealed that, in addition to the
extrinsic 33 kDa protein, the PS II from C. caldarium
contained cyt ¢-550 and a 12 kDa protein as extrinsic
components; their N-terminal amino acid sequences were
homologous to those of cyt ¢-550 and the 12 kDa protein
found in cyanobacterial PS II. We also showed that Mg?*
could enhance oxygen evolution suppressed by EDTA in
the purified PS II to an extent comparable to the enhancing
effect of Ca”>™, a feature also found in cyanobacterial PS 11
but not in higher plant PS II. The present results therefore
indicated that, unlike PS I, PS II of red algae is closely
related to PS II of cyanobacteria rather than to that of
higher plants.

2. Materials and methods
2.1. Cell culture and thylakoid membrane preparation

Cells of Cyanidium caldarium Geitler were grown at
40°C in a 40 L incubator in an inorganic medium de-
scribed in [21], with continuous agitation by bubbling of
5% CO,-containing air under illumination provided by
white fluorescent tubes at 3000 lux. The pH of the growth
medium was adjusted to 3 by H,SO,. 1-week-old cells of
the alga were filtered through three layers of gauze, col-
lected by centrifugation at 3000 X g for 5 min, washed
three times with distilled water, and then resuspended in
medium A that contained 25% glycerol, 10 mM CaCl, and
50 mM Mes (pH 6.0). The cells were disrupted by agita-
tion with glass beads of 100 wm in diameter on ice in the
dark for 8 cycles; with 15 s on and 1 min off for each
cycle. This gave a maximum yield of cell disruption
without affecting the oxygen-evolving activity. The thyl-
akoid membranes were collected by centrifugation at
100000 X g for 20 min and resuspended in medium A.

2.2. Preparation of crude PS Il particles

Thylakoid membranes were solubilized with 2% HTG
in medium A at 0.5 mg Chl/ml for 30 min at 0°C in the
dark. The HTG-treated membranes were centrifuged at
100000 X g for 20 min to remove unsolubilized materials,
and the resultant supernatant was loaded onto a layer of 1
M sucrose in medium A followed by centrifugation at
410000 X g for 1 h. This resulted in a green band at the
surface of the | M sucrose layer and a dark blue precipi-
tate, with some free phycobiliproteins present between the
green band and the precipitate. The precipitate showed a
high oxygen-evolving activity and was referred to as crude
PS 1I particles, whereas the green band was rich in PS |
and phycobiliproteins and had only a very low oxygen-
evolving activity.
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2.3. Preparation of pure PS II complexes

The crude PS 1II particles were further solubilized with
2% DM in 25% glycerol and 50 mM Mes (pH 6.0) at 1.2
mg Chl/ml, and the solubilized particles were loaded onto
a DEAE-Sepharose CL-6B column (Pharmacia Biotech)
equilibrated with 0.05% DM, 25% glycerol, 0.2 M NaCl
and 50 mM Mes (pH 6.0). Washing the column with the
same medium first eluted a blue fraction rich in phyco-
biliproteins, followed by elution of a green fraction rich in
PS 1. The purified PS II complexes were eluted with the
same medium containing 0.33 M NaCl. The eluted PS 1I
complexes were either concentrated by membrane filtra-
tion with Centriprep-10 or collected by centrifugation at
35000 X g for 15 min following incubation with 17%
poly(ethylene glycol) 6000 at 0°C for 30 min in the dark.

2.4. Characterization of the purified PS Il complexes

SDS-polyacrylamide gel electrophoresis was carried out
as described in [23], with a gradient gel of 16-22%
containing 7.5 M urea, in the buffer system of Laemmli
[24]. Samples were solubilized with 2% lithium lauryl
sulfate and 70 mM dithiothreitol. For Western blotting,
proteins on the gel were transferred onto a nitrocellulose
membrane (Schleicher & Schuell, pore size of 0.45 wm),
reacted with respective antibodies, and visualized with
biotinylated anti-rabbit IgG. Antibodies against D1, D2,
CP47, CP43, the a subunit of cyt 5-559 and the extrinsic
33 kDa, 23 kDa, 17 kDa proteins were raised against
respective proteins from spinach; antibodies against cyt
¢-550 and the 12 kDa extrinsic protein were raised against
the proteins from thermophilic Synechococcus vulcanus
[25]. Heme-staining was carried out with TMBZ /H,0, on
the gel, according to the procedure described in [25-27].

For dissociation of extrinsic proteins, the purified PS II
was treated with either 1 M Tris (pH 8.5) containing 10
mM MgCl, or 2.6 M urea/0.2 M NaCl or 1 M NaCl in
the suspension medium at 0.5 mg Chl/ml for 30 min on
ice in the dark. The treated complex was precipitated by
centrifugation at 35000 X g for 20 min after incubation
with 10% poly(ethylene glycol) 6000 at 0°C for 30 min in
the dark. For determining N-terminal amino acid se-
quences, the extrinsic proteins released by 1 M Tris wash
were separated by electrophoresis, and the proteins on the
gel were transferred onto a PVDF membrane (Clear Blot
Membrane-p; ATTO, Japan), stained with 0.1% CBB and
destained with 40% methanol, 10% acetic acid. Each band
on the membrane was cut out, and the N-terminal sequence
was determined by the Edman degradation method with an
automatic amino acid sequencer (Model 477A, Applied
Biosystems).

Oxygen evolution was measured with a Clark-type oxy-
gen electrode at 25°C, in a medium of 25% glycerol, 20
mM NaCl and 50 mM Mes (pH 6.0) with 0.6 mM phenyl-
p-benzoquinone as an electron acceptor unless otherwise

indicated. Chlorophyll a was extracted with 80% acetone
and its concentration was determined according to [28].

3. Results

The procedure we used to purify PS II complex from
the red alga C. caldarium was designed based on the
methods previously described for purification of PS II
from higher plants [29] and cyanobacteria [9,30-33], and is
schematized in Fig. 1. First, cells of the red alga were
disrupted with glass beads, a method commonly used to
distupt cyanobacterial cells [31-33]. The thylakoid mem-
branes obtained were then solubilized with HTG, which
has been used successfully to remove light-harvesting pro-
teins from PS II membranes of higher plants [29]. The
solubilized membranes were centrifuged on a layer of | M
sucrose [30] resulting in a crude PS II particle. This crude
PS II particle may still reside in the membrane fragments
of the thylakoids and be present in an aggregated form,
since it was found in the pellet after centrifugation. Lane 3
in Fig. 2 shows that this crude PS II particle retained a
large amount of phycobiliproteins and some PS I compo-
nents. To further purify the PS II complex, the crude PS 11
particle was treated with DM and separated with an anion-
exchange column. This one-step column chromatography
successfully removed the phycobiliproteins and PS I com-
ponents by elution at a low concentration of NaCl, result-
ing in a purified PS II complex which eluted at a higher
NaCl concentration (Fig. 2, lanes 4-6). It should be noted
here that in the present conditions, the PS I fraction was
eluted before the PS II fraction from the column, whereas
in some cyanobacteria, PS Il was eluted from anion-ex-

Cells of C. caldarium
‘ Break with glass beads
100,000 x g, 20 min

Pellet (Thylakoids)
Solubilize with HTG

100,000 x g, 20 min

Supernatant
Sucrose-cushion gradient
410,000 x g, 1 hr

green band Pellet (Crude PSII)

Solubilize with DM

‘Anion exchange column

PSI+phycobiliproteins Pure PSII

Fig. 1. Purification procedure for the PS II complex from the red alga.
Cyanidium caldarium. See text for details.
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Fig. 2. SDS-polyacrylamide gel electrophoresis of each fraction obtained
during purification of red algal PS Il complex. Lane 1, thylakoid mem-
branes; lane 2, green band obtained by | M sucrose-cushion centrifuga-
tion of HTG-solubilized thylakoids; lane 3, crude PS II; lanes 4 and 5.
blue and green fractions, respectively, eluted from the column directly
with equilibrium medium containing 0.2 M NaCl; lane 6. purified PS 11

change columns before a major PS 1 fraction [32,33]. This
is mostly because the starting material of the column
chromatography in the present study was a crude PS II
particle which had been largely depleted of PS [; in fact, a
similar elution pattern has been observed for a crude PS II
from a thermophilic cyanobacterium [9]. It is possible that
the major PS I fraction eluted after PS II in some cyano-
bacteria [32,33] is a trimeric form of PS I, which may have
been removed by HTG treatment or may not occur at all in
the present work, since we did not include any divalent
cations in the solutions used for the column chromatog-
raphy.

A

Anti-

Table |
Recovery of Chl and oxygen-evolving activity in each fraction obtained
during purification of PS II from Cvanidium caldarium

Total Chl Oxygen evolution
mg Chl % pmol O, /mg Chlperh %
Thylakoids 7.0 100* 412 100®
Sucrose-cushion centrifugation
Green band 4.1 58 112 16
Crude PS II 1.5 21 843 43
Anion exchange
Green fraction 0.48 7 726 12
Pure PS 1 0.22 3 2514 18

“ Chl yield with the amount of Chl in starting thylakoids as 100%.
" Yield of oxygen-evolving activity with that of thylakoids as 100%,
multiplied by the Chl yield.

Table 1 shows recovery of Chl and oxygen-evolving
activity in each fraction obtained during the purification
procedure. Upon solubilization of the thylakoid mem-
branes with HTG and centrifugation, most of the Chl
appeared in the green band which contained mainly PS I
and phycobiliproteins as judged from its polypeptide com-
position and a low oxygen-evolving activity (lane 2 of Fig.
2, Table 1). The crude PS II particle evolved oxygen at a
rate twice as high as the thylakoid membranes did. In
contrast, the purified PS II complex obtained by DM
solubilization and column chromatography was largely
devoid of phycobiliproteins and other contaminating com-
ponents (lane 6 of Fig. 2, see below also), and showed an
oxygen-evolving activity more than 5-fold higher than that
of the starting thylakoid membranes (Table 1). It should be
pointed out, however, that the yield of purified PS II
complex was only 3% on the basis of Chl of the starting
thylakoid membranes, which corresponds to a total yield of
oxygen evolution of 18% if we multiply the Chl yield by

CBB 47 43 33 p2 DI c56012 155923 17

Cyt b559(t)— §

Cyt f —

Cyt ¢550 — |

Cyt ¢553 —

Fig. 3. (A) Identification of red algal PS II components by immunoblot analysis. Antibodies used were indicated on top of each lane. (B) Heme staining of
thylakoids (lane 1); crude PS 11 (lane 2) and pure PS 1 (lane 3) from the red alga, Cvanadium caldarium.
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the relative oxygen-evolving activity with the activity of
thylakoids as 100%. Efforts to increase the Chl yield of
purified PS II complex by increasing the DM concentra-
tion and solubilization time, however, resulted in a de-
crease in the oxygen-evolving activity. The sum of Chl
recovered in each fraction of the sucrose cushion centrif-
ugation or column chromatography shown in Table 1 was
slightly less than that of the respective starting materials
because of loss of a slight amount of PS T and PS II during
the centrifugation or column chromatography.

In order to identify the protein components in the
purified PS II complex from C. caldarium, immuno-
blotting analysis was carried out with antibodies raised
against major PS II polypeptides of spinach as well as
against two extrinsic proteins from a thermophilic cyano-
bacterium, Synechococcus vulcanus. As Fig. 3A shows,
antibodies against spinach DI, D2, CP47, CP43, the «
subunit of cyt b-559 and the extrinsic 33 kDa protein
crossreacted with the corresponding components in the PS
II complex from the red alga, confirming the presence of
these homologous components in the red alga. Antibodies
against spinach extrinsic 23 and 17 kDa proteins, however,
did not crossreact with any polypeptides in the red algal
PS II complex, suggesting that these two extrinsic compo-
nents are not present in the complex. On the other hand, an
antibody against S. vulcanus cyt ¢-550 crossreacted with a

polypeptide with an apparent molecular mass of 17 kDa,
suggesting that this cytochrome is present in the PS I
complex from the red alga. The antibody against the 12
kDa extrinsic protein of S. vulcanus, however, did not
crossreact with any polypeptide.

The presence of cyt ¢-550 in the red algal PS II
complex was confirmed also by heme-staining of the gel,
which permitted detection of c-type cytochromes on the
gel, since other types of cytochrome lost their hemes upon
electrophoresis in the denatured condition [25,27]. As Fig.
3B shows, three c-type cytochromes, cyt f, cyt ¢-550 and
cyt ¢-553, were detected in the red algal thylakoid mem-
branes by the heme-staining method, which is the same
with that observed in cyanobacterial thylakoid membranes
[25,27,34]. Of these cytochromes, cyt ¢-550 together with
a small amount of cyt f remained in the crude PS II
particle but only cyt ¢-550 was detected in the purified PS
II complex and the other two cytochromes were apparently
removed during the purification procedure. This strongly
suggests that cyt ¢-550 is associated with PS II in the red
alga. We also determined the N-terminal amino acid se-
quence of this cytochrome from the red alga, which showed
that it is homologous to the low-potential cyt ¢-550 found
in cyanobacterial PS 11 (Fig. 4). The sequence similarity
for the cytochrome between the red alga and cyano-
bacteria, however, is not very high as compared with the

C. caldarium IEVARDTNGGILNIAPEQLKRGKRLFNSHXSDXH/ 34
S. vulcanus AELTPEVLTVPLNSEGKTITLXEKQYLEGKRLFQYAXAS/ 39
5. PCC6803 VELTESTRTIPLDEAGGTTTLTARQFTNGQKIFVDTCTQCHLQGKTKTNNNVSLGLADLA 60
S. PCC7002 TALREVDRTVNL-NETETVVLSDQQVARGERIFINTCSTCHNSGRTKSNPNVILSLVDLE 59
A. flos-aquae LELDETIRTVPLNDKGGTVVLSLEQVKEGK~-LFNYACAQCHAGGVTKTNQNV=~GL~E-~ 54
M. aeruginosa LELDERTLTITLNDAGESVTLTSEQATEGQKLFVANCTKCHLOGKTKTNNNVSLGLGDLA 60
A A A A * * *
C. caldarium
S. vulcanus
S. PCC6803 GAEPRRDNVLALVEFLKNPKSYDGEDDYSELHPNISRPDIYPEMRNYTEDDIFDVAGYTL 120
S. PCC7002 GAEPRRDNILAMVDYLKNPTSYDVELDLSQLHPNTVRADIWS SMRNLNEEDLONVSGYVL 119
A. flos-aquae -PEAL--AG-ALPNRMKNPTTYDGEEEISEI-PSIKSANIF-~~-RNLTDEDLKAIAEHIL 106
M. aeruginosa KAEPPRDNLLALIDYLEHPTSYDGEDDLSELHPNVSRPDI YPELRNLTEDDVYNVAAYML 120
C. caldarium
5. vulcanus
S. PCC6803 IAP-KLDERWGGTIYF 135
S. PCC7002 VQAQVRGVAWGGGKTVN 136
A. flos-aquae LEPLVVGTKWGGK/ 119
M. aeruginosa VAP-RLDERWGGTIYF 135
C. caldarium S. vulcanus S. PCC6803 S. PCC7002 A. flos-aquae M. aeruginosa
C. caldarium — 27% 19% 19% 34% 19%
S. vulcanus -— _— 35% 27% 51% 38%
S. PCC6803 — _ —_— 48% 44% 70%
S. PCC7002 — —_ —_ _— 42% 47%
A. flos-aquae — — — —_— —_— 46%
M. aeruginosa —_ —_ —_ —_ — _

Fig. 4. N-terminal amino acid sequence of cyt ¢-550 from Cyanidium caldarium aligned with known sequences of the cytochrome from Synechococcus
vulcanus; Synechocystis sp. PCC 6803; Synechococcus sp. PCC 7002; Aphanizomenon flos-aquae and Microcystis aeruginosa. The symbol **” indicates
the residues identical among all the sequences compared, and ‘A’ indicates the residues conserved among N-terminal part of the cyanobacterial sequences
but not in the red algal sequence. The lower table shows sequence identity for cyt ¢-550 between the red alga and cyanobacteria and among different

species of cyanobacteria as obtained by dividing the number of matched residues with that of total residues compared.
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sequence similarity found among different species of
cyanobacteria, although our partial sequence data did not
allow a detailed comparison.

The dense band with an apparent molecular mass of 12
kDa found in the CBB-stained gel of purified PS II did not
crossreact with any antibodies employed. However, this
component could be released upon 1 M Tris wash (vide
infra). In order to identify this band, we determined its
N-terminal amino acid sequence and searched for homolo-
gous polypeptides in the databases. As Fig. 5 shows, the
N-terminal sequence of this polypeptide showed a moder-
ate homology with the 12 kDa protein of PS II from S.
vulcanus and Phormidium laminosum, which is also an
extrinsic component associated with cyanobacterial PS II
functioning in maintaining oxygen-evolving activity. Based
on its apparent molecular mass, its release upon Tris or
urea/NaCl wash (see below) and the moderate sequence
homology, we may conclude that the 12 kDa band present
in the red algal PS II is a homologous polypeptide of the
12 kDa protein found in cyanobacterial PS II. The se-
quence similarity of the 12 kDa protein between the red
alga and cyanobacteria, however, is much lower than the
similarity between the two species of cyanobacteria so far
reported. This low homology may be the reason for the
failure of a crossreaction of the red algal 12 kDa protein
with the antibody against the corresponding protein from
the thermophilic S. vulcanus. This appears to be compati-
ble with the low sequence homology of the 17 kDa
extrinsic protein among different organisms: the spinach
17 kDa protein has only 28% homology with the corre-
sponding protein of Chlamydomonas reinhardtii [35,36].

Cyt ¢-550 and the 12 kDa protein in cyanobacterial PS
II can be released upon treatment with alkaline Tris or
high concentrations of divalent cations [9]. In order to
check whether a similar situation occurs with cyt ¢-550
and the 12 kDa protein present in the red algal PS II, we

C. caldarium

Tris NaCl Urea/NaCl
~— e —
sup ppt sup ppt sup ppt

Cyt b559 /) —

Fig. 6. Dissociation of extrinsic proteins from the purified PS II of
Cyanidium caldarium by alkaline Tris or high concentrations of salts. The
treatments were carried out as described in Materials and Methods. ‘C’,
‘sup’ and ‘ppt’ stand for ‘control’, ‘supernatant’ and ‘pellet’, respec-
tively.

treated the red algal PS II with 1 M Tris, Urea/NaCl or |
M NaCl. As Fig. 6 shows, red algal cyt ¢-550 and the 12
kDa protein were released, together with the extrinsic 33
kDa protein, by 1 M Tris or Urea/NaCl but not by 1 M
NaCl. This indicates that both cyt ¢-550 and the 12 kDa
protein are real extrinsic components of the red algal PS 11,
and their release features resemble those of the homolo-
gous cyt ¢-550 and 12 kDa protein found in PS II from the
thermophilic cyanobacterium, S. vulcanus. It must be noted
here that all the salt treatments shown in Fig. 6 were
carried out in the presence of 25% glycerol, which is
known to be able to protect release of PS II extrinsic
components [7,8,37]. Upon omission of glycerol, these two
extrinsic proteins were largely released even at a lower

XIDYEGIGYLGGGDKIDVDNANVRAYRKIPGLYPTAARKIVQGGPYGTPDD 51

S.vulcanus ATASTEEELVNVVDEKLGTAYGEKIDLNNTNIAAFIQYRGLYPTLAKLIVKNAPYEXVED 60
P.laminosum EQQFRNAMDDKLATDFGKKIDLNNTNVRAFMOYPGMYPTLARMILKNAPFESVED 55
* kkk * % * * kkk * * * *
C. caldarium ILKNPNLdsvDKXv1/ 66
S.vulcanus XLNIP/ 65
P.laminosum VLEKMPGLTDTQKEILKNNF SNFVVSPPLDALVEGGDRFNNGIYR 99
* *

_ C. caldarium S.vulcanus P.laminosum
C. caldarium — 39% 38%
S.vulcanus _ —_— 62%
P.laminosum _ —_ —_—

Fig. 5. N-terminal amino acid sequence of the 12 kDa protein from Cyanidium caldarium aligned with known sequences of the protein from

xS

Synechococcus vulcanus and Phormidium laminosum.

indicates identical residues. The lower table shows sequence identity for the 12 kDa protein

between the red alga and cyanobacteria and between the two species of cyanobacteria, obtained by dividing the number of matched residues with that of

total residues compared.
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concentration (0.5 M) of NaCl (data not shown); in this
condition, no release of the extrinsic components were
observed in the thermophilic cyanobacterial PS 1I [9].
Thus, these two extrinsic components seem to associate
with the red algal PS II more weakly than they do with the
thermophilic cyanobacterial PS II. In fact, these two ex-
trinsic components are also more loosely associated with
PS II from a mesophilic cyanobacterium, Synechocystis sp.
PCC 6803 (Shen et al., unpublished observations). Per-
haps, their association with the thermophilic cyanobacte-
rium is exceptionally tight as compared with that in PS 1I
from red algae or mesophilic cyanobacteria.

On the CBB-stained gel of the extract of the Tris or
urea/NaCl wash, we also noticed the presence of a band at
20 kDa which appeared slightly above the band of cyt
¢-550. This band is more weakly stained by CBB as
compared with other extrinsic components or intrinsic
polypeptides in the purified PS II complex; its release
upon Tris or urea/NaCl wash but not by NaCl wash
implied that it is also an extrinsic component of the red
algal PS II. N-terminal amino acid sequencing indicated
that this 20 kDa polypeptide has no significant homology
with any known PS II polypeptides (data not shown),
suggesting that it may be a new extrinsic component of PS
II from the red alga.

In addition to the components described above, there
are two bands in the purified PS II complex that were not
identified; one is a band of about 100 kDa and another
comigrates with cyt ¢-550 but could not be released by a
Tris or urea/NaCl wash. The band of about 100 kDa may
be an aggregate of some PS II components, whereas the
identity of the band comigrated with cyt ¢-550 is not
known at present, although it is apparently not a cy-
tochrome since it cannot be stained by the heme-staining
method (data not shown).

Table 2 shows the oxygen-evolving activity of the
purified red algal PS II measured with different electron
acceptors in the presence or absence of divalent cations.
The PS II showed a high activity of 2375 umol O, per mg
Chl per h when phenyl-p-benzoquinone was used as an
acceptor; this activity is comparable with that of PS II
particles purified from cyanobacteria but higher than those
from higher plants. The activity was almost completely
inhibited by 3-(3,4-dichlorophenyl)-1,1-dimethylurea, and
also decreased significantly when potassium ferricyanide
was used as the acceptor, indicative of the retention of an
intact Qg site in the purified PS II complex. These activi-
ties were not enhanced by the addition of either C1~ or
Ca’", indicating that the purified PS II complex is intact
also at the donor side. The presence of 2 mM EDTA in the
assay medium, however, decreased the activity to 63% of
the control. This can be due either to a chelation of
residual Ca’" present in the assay medium, or removal of
loosely bound Ca®* from the PS II complex. At present,
we cannot determine which is the case, but, notably, this
effect can be reversed by addition of an excess Ca’*.

Table 2
Effects of electron acceptors, divalent cations and chloride on oxygen
evolution of the PS II complexes purified from Cyanidium caldarium

Oxygen evolution *

Acceptors
0.6 MM PBQ * 2375 (100)
0.6 mM DCBQ 1831 (77)
2.0 mM Fecy 742 (31)
0.6 mM PBQ +2 mM Fecy 2523 (106)
0.6 mM PBQ+ 10 uM DCMU 74 (3)

Divalent cations ©

Control 2375 (100)
+ 10 mM CaCl, 2424 (102)
+2 mM EDTA 1485 (63)
+10 mM CaCl, 2573 (108)
+10 mM MgCl, 2226 (94)

Chloride ¢
Control ( — NaCl) 2429 (100)
+20 mM NaCl 2336 (96)
+ 100 mM NaCl 2382 (98)

* Oxygen evolution was measured in 50 mM Mes (pH 6.5), 25% glycerol
and 20 mM NaCl, and the activity was expressed as pmol O, /mg Chl
per h.

® Abbreviations used in the table are: PBQ, phenyl-p-benzogquinone;
DCBQ, 2,6-dichloro-p-benzoquinone; Fecy, potassium ferricyanide;
DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea.

¢ Measured with 0.6 mM phenyl-p-benzoquinone as the acceptor.

Significantly, exogenous Mg?* also largely restored the
lost activity. A similar enhancing effect of Mg?* has been
observed in cyanobacterial PS II but not in higher plant PS
II, again suggesting that the red algal PS II is more closely
related to cyanobacterial PS II than to higher plant PS II.

4. Discussion

4.1. Comparison of PS Il from red algae with that from
higher plants and cyanobacteria

We have presented here a first report on purification of
an intact, highly active oxygen-evolving PS II complex
from a red alga, C. caldarium. The activity of the purified
PS II complex is comparable with that of cyanobacterial
PS 11 but much higher than that of higher plant PS II. The
following lines of evidence obtained indicate that the red
algal PS 1II is more closely related with cyanobacterial PS
I rather than with higher plant PS II. (i) While the
extrinsic 33 kDa protein as well as the major membrane-
spanning polypeptides of PS II were identified in the red
algal PS II, the extrinsic 23 and 17 kDa proteins found in
higher plant PS II but not in cyanobacterial PS II were
apparently not present in the red algal PS II. Although a
possibility exists that these two extrinsic proteins are pre-
sent in cells of the red alga but lost during purification of
the PS II complex, since we did not perform immunoboit
analysis on cells or thylakoid membranes, we consider that
this is rather unlikely, since the purified PS Il showed a
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very high oxygen-evolving activity which was not en-
hanced by addition of divalent cations or chloride. (ii)
Instead, two other extrinsic proteins, one being cyt ¢-550
and another the 12 kDa protein, were associated with the
red algal PS II. These two proteins are apparently homolo-
gous to the corresponding two extrinsic proteins found in
cyanobacterial PS II since they had a similar molecular
mass, are all released by Tris or urea/NaCl treatment, and
their N-terminal amino acid sequences are moderately
homologous to the sequences of the corresponding cyano-
bacterial proteins. The two cyanobacterial proteins have
been shown to be required for optimum oxygen-evolving
activity and stability of cyanobacterial PS II in vivo [10—
12], which suggests a similar function for cyt ¢-550 and
the 12 kDa protein in the red algal PS II. (iii) In the
presence of all the three extrinsic proteins, the oxygen-
evolving activity of the red algal PS II did not require
exogenous Ca’", but addition of EDTA appreciably sup-
pressed the activity. Furthermore, the suppressed activity
can be effectively restored not only by Ca’* but also by
Mg?*. These features of the Ca’* effect are similar to
those observed in cyanobacterial PS 1I, but significantly
different from those in higher plant PS II. Based on these
results, we conclude that the red algal PS II is evolutionar-
ily more closely related to cyanobacterial PS II than to
higher plant PS 1.

The similarity in the photosynthetic apparatus between
red algae and cyanobacteria has been reported at the level
of thylakoid membranes [38,39], in spite of the big differ-
ence in their cell structure, as red algae are eukaryotes but
cyanobacteria are prokaryotes. Yurina et al. [40] analyzed
the total polypeptide composition of thylakoids from red
algae and concluded that the thylakoid polypeptides of red
algae as a whole are more similar with those of cyano-
bacteria than those of higher plants. In particular, thylakoid
membranes of red algae contain phycobiliproteins but do
not contain Chl » and hence do not contain plant-type
light-harvesting proteins. This, however, is no longer true
since Wolfe et al. [17,18] have recently found a Chl-a-
binding light-harvesting protein associated with PS I from
a red alga, Porphyridium cruentum. They also showed that
the red algal PS I is more similar to that of higher plants
than that of cyanobacteria in terms of their total polypep-
tide composition. The PS II purified from C. caldarium,
however, did not contain plant-type light-harvesting pro-
teins, and its polypeptide composition was similar to that
of cyanobacterial PS II. Thus, it appears that PS I and PS
II of red algae are evolutionarily in different positions,
with PS I closer to that of higher plants whereas PS II is
more similar to that of cyanobacteria.

4.2. Cellular location of cyt ¢-550 and its possible function
in red algae

Cyt ¢-550 has long been known to be one of the major
c-type cytochromes present in cyanobacteria [41-43] and

some eukaryotic algae [44,45] including red algae [19,20].
Shen et al. recently reported that this cytochrome is an
extrinsic component stoichiometrically associated with PS
IT from a thermophilic cyanobacterium and is required for
maintaining PS II oxygen-evolving activity and the effec-
tive binding of the 12 kDa extrinsic protein to PS II [9,10].
They also showed that the gene for this cytochrome has a
leader sequence and genetic deletion of this cytochrome
resulted in a reduction not only in the PS I oxygen-evolv-
ing activity but also in the PS II stability in a mesophilic
cyanobacterium, Synechocystis sp. PCC 6803 [11,12].
These results led them to conclude that cyt ¢-550 is
associated with PS II at the lumenal side of thylakoid
membranes and functions in maintaining oxygen evolution
and stability of PS II in cyanobacterial cells [10-12]. The
present findings that PS II purified from a red alga also
contains cyt ¢-550 as an extrinsic component are compati-
ble with the results observed in cyanobacteria and thus
suggest that, in red algae, cyt ¢-550 is also located in the
thylakoid lumen and functions in maintaining PS II oxygen
evolution. A thylakoid lumenal location of red algal cyt
¢-550 is in line with the fact that the gene for this
cytochrome in red algae is located in the plastid genome
[20] and has a leader sequence (Reith, M., personal com-
munication) that is required for its transport into the
thylakoid lumen. Thus, the cellular location and function
of cyt ¢-550 appear to have been conserved during evolu-
tion from cyanobacteria to red algae. In the future, it
remains to be clarified as to how and where the extrinsic
cyt ¢-550 and 12 kDa protein are replaced by the 23 and
17 kDa proteins during the evolution of PS II.
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