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Small subunits of Photosystem I reaction center complexes
from Synechococcus elongatus. 1. Is the psaF gene product
required for oxidation of cytochrome c-553?
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Photosystem I (PS I) reaction center complexes isolated from the thermophilic cyanobacterium Synechococcus elongatus with
nonionic detergents, digitonin or sucrose monolaurate, contained eight small subunit polypeptides. Two of the small polypeptides
were identified by analysis of their N-terminal amino-acid sequences as the psaF and psaE gene products. Treatment with a
cationic detergent, cetyltrimethylammonium bromide, resulted in depletion of five small subunits including the psaF gene
product. Five PS I complexes isolated with an anionic detergent, sodium dodecylsulfate, contained zero to four small subunits
but were all depleted of the psaF polypeptide. The function of the psaF gene product was examined by measuring reduction
kinetics of flash-oxidized P-700 in the presence of different concentrations of cytochrome ¢-553. Oxidized P-700 was rapidly
reduced by the reduced cytochrome in all the PS I complexes that contained, at least, the psaC and psaD polypeptides and the
second-order rate constants of electron transfer from cytochrome c¢-553 to P-700 were essentially the same between PS I
complexes that contained the psaF polypeptide and those that lost this polypeptide. Thus, the psaF polypeptide is not required
for the bimolecular reaction between P-700 and cytochrome ¢-553. Mg?* had a moderate stimulating effect on the rate of P-700
reduction whether PS I complexes were associated with the psaF gene product or not. The function of this subunit polypeptide is
discussed.

Introduction

Photosystem I reaction center complex, which medi-
ates light-driven electron transfer from plastocyanin or
cytochrome c¢-553 to ferredoxin, is a multiprotein com-
plex consisting of about ten subunits with molecular
mass classes between 4 and 80 kDa (for reviews, see
Refs. 1-3). The two large subunits of about 80 kDa,
the products of psad4 and psaB genes, carry the pri-
mary electron donor P-700 and the three electron
acceptors, A, A, and Fy, together with several tens of
antenna pigment molecules. The number of the smaller
polypeptides bound to isolated PS I complexes varied
depending upon preparations and analytical proce-
dures used. Purified PS I complexes, which are active

Correspondence to: S. Katoh, Department of Biology, Faculty of
Science, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113,
Japan.
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in photoreduction of NADP [4] or photooxidation of
plastocyanin or cytochrome c¢-552 [5-8], or carry the
full complement of the bound electron carriers [7,9],
contain two to four small subunits. However, eight or
more of small polypeptides were resolved by gel elec-
trophoresis, which allows good resolution of poly-
peptides of less than 10 kDa [10], from PS I complexes
isolated by mild procedures from higher plants and
cyanobacteria. These small subunits of PS I complexes
in plants and algae are partly encoded by the chloro-
plast DNA and partly by the nuclear DNA [2,3]. There
are notable homologies of the amino-acid sequences
among the corresponding subunit polypeptides of vari-
ous photosynthetic organisms including cyanobacteria.
The psaC gene product carries the iron-sulfur centers
F, and Fy [11-13] and the psaD and psaF gene
products are considered to serve as the docking pro-
teins of ferredoxin [14,15] and plastocyanin [16], re-
spectively. However, the functions of other small poly-
peptides are not yet known.

The present study focuses on the function of the
psaF gene product. Nelson and his associates, who first
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studied the function of this subunit polypeptide (sub-
unit IIT), showed that PS I preparations depleted of
this subunit were unable to carry out both NADP
photoreduction and cytochrome c¢-552 photooxidation
[4,5]. Specific binding of the psaF polypeptide with
plastocyanin was demonstrated by crosslinking experi-
ments [16]. The crosslinked plastocyanin very rapidly
transferred its electron to P-700* [17]. The psaF gene
product is therefore considered to bind plastocyanin in
a proper orientation for electron transfer to P-700. On
the contrary, no correlation was found between the
maximal rates of NADP™* photoreduction and the rela-
tive amounts of the bound psaF polypeptide of three
PS 1 complexes isolated from barley [18]. A mutant of
Synechocystis sp. PCC 6803, which lacks the psaF gene,
could grow photoautotrophically as rapidly as normal
cells [19]. This result strongly suggests that the product
of this gene is dispensable under physiological condi-
tions. Thus, a question still remains whether or not the
psaF gene product is essential for PS I electron trans-
port.

Here, we report compositions of the small subunits
of PS I reaction center complexes isolated from the
thermophilic cyanobacterium Synechococcus elongatus
with various detergents. The function of the psaF gene
product was examined by comparing electron transfer
from cytochrome c¢-553 to P-700 between PS I com-
plexes which retained the psaF gene product and those
which were depleted of this polypeptide. The function
of the psaE gene product in ferredoxin reduction will
be dealt with in the accompanying paper [20].

Materials and Methods

The thermophilic cyanobacterium S. elongatus was
grown at 55°C and the thylakoid membranes were
prepared as described previously [21,22].

Preparation of PS I reaction center complexes with
SDS has been described previously [6]. Digitonin-PS I
complexes were prepared as in [21] and further puri-
fied by gel electrophoresis with the Davis’s buffer
system [23]. Resolving gel contained 5% (w/v) acryl-
amide and 0.2% (w/v) digitonin. The slowest moving
green band that contained PS I complexes were excised
and the complexes were extracted from homogenized
gel with 50 mM Tris-HCl (pH 7.5) and 10 mM Na(l,
precipitated by centrifugation at 280000 X g for 2 h
and suspended in the above buffer containing 0.5 M
sucrose.

Another non-ionic detergent, sucrose monolaurate,
was used for preparation of larger amounts of PS I
complexes. Thylakoid membranes were first treated
with 0.3% (w/v) sucrose monolaurate at 30°C for 30
min and then collected by centrifugation at 270000 X g
for 15 min at 0°C. This procedure removed most of
phycobiliproteins associated with the thylakoid mem-

branes without any solubilization of membrane pro-
teins. The washed membranes were incubated with 1%
(w/v) sucrose monolaurate for 90 min at 30°C and
centrifuged at 100000 X g for 15 min at 0°C. The green
supernatant obtained was applied onto a DEAE-
Toyopearl column (2 X 33 cm) equilibrated with 5 mM
Tris-HCl (pH 7.5). The column was washed with 50
mM Tris-HCI (pH 7.5) containing 200 mM NaCl and
then with the same buffer that contained 0.05% (w/v)
sucrose monolaurate and 300 mM NaCl to remove
phycobiliproteins and a green fraction containing PS
II. PS 1 complexes were eluted by increasing concen-
tration of NaCl to 400 mM, collected by centrifugation
at 220000 xg for 2 h at 0°C and washed with and
suspended in 50 mM Tris-HCl (pH 7.5) buffer. For
depletion of the psaF polypeptide, the complexes (1
mg chlorophyll /ml) were further treated with 2% (w /v)
CTAB at room temperature for 1 h and precipitated by
centrifugation at 290000 X g for 2 h. All the prepara-
tion procedures were carried out in the presence of 1
mM phenylmethylsulfonyl fluoride. In addition, the
media used for detergent-treatments contained 1 mM
each of EDTA and EGTA.

Polypeptide compositions of PS 1 complexes were
analyzed by the method described in [10], which had
been developed for resolution of small polypeptides.
The polypeptides were transferred onto a poly(vinyli-
dene difluoride) membrane (Millipore) and subjected
to amino acid sequencing with a protein sequencer
(Applied Biosystems, model 477A).

Cytochrome ¢-553 was isolated from S. elongatus
and purified as in [24]. pI values of the reduced and
oxidized cytochrome were determined with a Pharma-
cia Phast System.

Flash-induced absorption changes of P-700 were
measured at 700 nm with a Union Giken single-beam
spectrophotometer modified as described previously
[22,25]. Flashes were fired eight times with intervals of
20 s and averaged signals were analyzed by a non-lin-
ear least-squares method with a program constructed
by H.H. Reaction medium contained 50 mM Tris-HCI
(pH 7.5), 2 mM methyl viologen, 10 mM sodium ascor-
bate, indicated amounts of cytochrome ¢-553 and thyl-
akoid membranes or PS I preparations containing 10
pg chlorophyll ml~—!. When effects of Mg2* were de-
termined, the Tris buffer was replaced by 10 mM
Hepes-NaOH (pH 7.5). All the measurements were
carried out at about 20°C.

Chlorophyll a was determined by the method of
Mackinney [26].

Results
Compositions of small subunits of PS I complexes

Fig. 1 shows polypeptide compositions of PS I com-
plexes prepared from S. elongatus with various deter-



Fig. 1. Polypeptide compositions of PS I complexes prepared with

different detergents. Lane 1: digitonin-complexes, lane 2: sucrose

monolaurate-complexes, lane 3: CTAB-treated complexes, lane 4:
CPl1-a, lane 5: CP1-b, lane 6: CP1-c+d, lane 7: CP1-e.

gents. Takahashi et al. [6] have isolated five PS I
complexes (CP1-a, b, ¢, d and e) with different small
subunit compositions by a single run of SDS gel elec-
trophoresis. CP1-a (lane 4) was previously shown to
contain three small subunits of 14, 13 and 10 kDa [6].
A fourth subunit of about 8 kDa was resolved in the
gel system used here. Recently, the amino-acid se-
quences of the 14, 10 and 8 kDa subunits of CP1l-a
were analyzed. The 14 kDa [27,28] and 10 kDa [27,29]
subunits are the products of the psaD and psaC genes,
respectively. The N-terminal amino-acid sequence of
the 8 kDa subunit [27,30] was almost identical to that
of the 6.5 kDa subunit of another thermophilic cyano-
bacterium S. vulcanus [31,32] and has a weak homology
to the amino-acid sequence of the psaK gene product
of C. reinhardtii [33]. CP1-b had these four subunits
and several contaminating polypeptides (lane 5). CP1-c
and d, which had been isolated together, retained the
psaD and psaC polypeptides but not the two other
polypeptides (lane 6). The total absence of the small
polypeptides from CP1-e was confirmed by the new gel
system (lane 7).

TABLE 1

Compositions of the small subunits of various PS I complexes
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ref.
psaF polypeptide

Synechococcus elongatus DVXXLVPxKDxPAFQ this study

Synechococcus vulcanus DVAGLVPAKDSPAFQ 31
Synechococcus sp. PCC 6301 DVAGLTPTSESPRFI1 34
Cyanophora paradoxa DVAGLIPCSQSDAFE a

psaE polypeptide

Synechocéccus elongatus (M) -VQxxSKVKILXPES this study
Synechococcus vulcanus (M) -VQRGSKVKILRPES 31
Synechococcus sp. PCC 6301 (M)AIARGDKVRILRPES 34,35
Synechococcus sp. PCC 7002 (M)}AIERGSKVKILRKES 35
Synechocystis sp. PCC 6803 {M)ALNRGDKVSIKRTES 36
Nostoc sp. PCC 8009 {M)-VORGSKVRILRPES 35

Fig. 2. N-terminal sequences of two subunit polypeptides of digi-

tonin-PS I complexes and their alignments with corresponding se-

quences of the psaF and psaE polypeptides from other cyano-

bacteria. (a) Unpublished data of Bryant, D.A. and Stirewalt, V.L.

cited in Ref. 34. x indicates positions where unequivocal amino-acid
assignments could not be made.

As shown in lane 1, PS I complexes isolated with
digitonin contained three more small polypeptides.
Analysis of the N-terminal sequence showed that a
polypeptide which migrated below the psaD polypep-
tide is the product of the psaF gene (Fig. 2). The
sequence of the 11 amino-acid residues determined is
homologous to those of the psaF gene products of
other cyanobacteria [34] and, in particular, completely
identical to that of S. vulcanus [31]. Note that the band
intensity of the psaC polypeptide, relative to that of
the psaD polypeptide, of digitonin-PS I complexes was
significantly stronger than that of the corresponding
band of SDS-PS I complexes (lanes 4 and 5). When
digitonin-PS I complexes were run in gels containing a
lower concentration of urea [20], this band was split
into the psaC polypeptide and a more slowly moving
polypeptide (see Fig. 6 of the accompanying paper
[20]). The N-terminal sequence of the newly resolved
polypeptide showed a significant homology to that of
the psaE products of other cyanobacteria [34-36] and,
in this case again, identical to that of S. vulcanus [31].
When run in parallel, electrophoretic mobilities of the

PS I complexes Small subunits

D F L E C K 4.8 kDa J
Digitonin complexes + + + + + + + +
Sucrose monolaurate-complexes + + + + + + + +
CTAB-treated complexes + + +
CPl-a + + + +
CP1-b + + + +
CPl-c+d + +

CPl-¢
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1

Fig. 3. Reduction kinetics of flash-oxidized P-700 in the presence of
various concentrations of reduced cytochrome c-553. Concentrations
of cytochrome ¢-553 were: (a) 1 uM; (b) 2 uM; () 4 uM; (d) 8 uM.

eight small subunits of S. elongatus complexes were
identical to those of the corresponding subunits of S.
vulcanus complexes (not shown). Three unidentified
small subunits, i.e., a polypeptide which migrated be-
low the psaF polypeptide and the fastest and the
second fastest moving polypeptides, may be assigned to
the psal. and psaJ gene products and a polypeptide
corresponding to a 4.8 kDa subunit of S. vulcanus [31],
respectively.

The polypeptide composition of PS I complexes
isolated with sucrose monolaurate (lane 2) was identi-
cal to that of digitonin complexes. However, two prote-
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olytic fragments of the large subunits appeared during
preparation even in the presence of protease in-
hibitors. The band intensity of the psal. polypeptide
was also weaker, suggesting a partial release or prote-
olysis of the polypeptide. When the complexes had
been washed with a cationic detergent CTAB, the
psaF polypeptide was extracted, together with four
other small subunits, leaving the psaD, pseE and psaC
polypeptides bound to the large subunits (lane 3). For
the convenience, compositions of the small subunits of
the seven PS I complexes are summarized in Table I.
The psaC polypeptide, which carries F, and Fg [11-13],
and the psaD polypeptide, which binds ferredoxin (14],
are present in all the PS I complexes, except for CP1-¢.
Note that the psaF polypeptide, which is considered to
bind plastocyanin [15], is present only in PS I com-
plexes prepared with the two non-ionic detergents. In
the following, we determined reduction kinetics of
P-700 in these PS 1 complexes to examine the function
of the psaF polypeptide and other small subunits in
electron transport on the oxidizing side of PS 1.

Function of the psaF polypeptide

Fig. 3 shows kinetics of flash-induced absorbance
changes of P-700 in digitonin-complexes which were
determined in the presence of various concentrations
of the reduced cytochrome ¢-553. P-700* reduction in
the presence of a given concentration of the reduced
cytochrome followed a pseudo-first-order kinetics and
the reciprocals of the half decay times were linear to
concentrations of cytochrome c¢-553 (Fig. 4A). We
checked that the linear relationship hold at higher
concentrations. No saturation of the rate of P-700
reduction was observed at a concentration as high as
600 pM (data not shown). The magnitude of P-700
oxidation also remained unchanged at such a high
concentration of the cytochrome, indicating the ab-
sence of a very fast reduction which is indetectable
with the apparatus employed. Thus, the reaction is
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Fig. 4. Dependence of rates of P-700 reduction upon concentration of cytochrome ¢-553. (A) Open circle, thylakoid membranes; open triangles,
digitonin complexes. (B) Closed circles, CP1-a; closed triangles, CTAB-treated complexes.



TABLE 11

Second-order rate constants of electron transfer from cytochrome c-553
to P-700

The reaction medium contained 10 mM Hepes/NaOH (pH 7.5), 10
mM sodium ascorbate, 2 mM methyl viologen and PS I preparations
equivalent to 10 ug chlorophyll/ml. Where indicated, 5 mM MgCl,
was added.

Preparation Rate constants (M~ s 1)

_ MgZ + 3 MgZ +
Thylakoid membranes 1.4-10° 3.9-10°
Digitonin complexes 1.7-10% 43-108
CP1l-a 1.6-10° 4.2-10°

collisional in nature and the second-order rate con-
stant was estimated as 1.2 - 10 M~ ! s~ ! (see Table II).

P-700 is located on the lumenal side of the thylakoid
membranes [37]. Nevertheless, a major fraction of P-700
present in the thylakoid membranes is highly reactive
with added cytochrome ¢-553 (Fig. 4A). This suggests
that the membranes are leaky to small protein
molecules such as cytochrome c¢-553, or have an in-
verted membrane orientation. The leakiness of the
thylakoid preparation has previously been suggested
from the total loss of cytochrome ¢-553 during prepa-
ration of the membranes [38]. Note that the rates of
P-700 reduction in digitonin-PS I complexes were simi-
lar to those of intact PS I reaction center complexes
present in the thylakoid membranes at all the concen-
trations of cytochrome c¢-553 added. This is evidence
that digitonin-complexes retain an unimpaired capacity
of photooxidation of cytochrome ¢-553.

PS I complexes prepared with sucrose monolaurate
were also highly active in photooxidation of cy-
tochrome ¢-553 (not shown). As stated above, CTAB-
treatment of the complexes resulted in removal of the
five small subunits including the psaF gene product.
Fig. 4B shows that the second-order reaction constant
of electron transfer from cytochrome c¢-553 to P-700 in
the CTAB-treated complexes that contained only the
three polypeptides encoded by the psaC, psaD and
psaE genes was comparable to that in the thylakoids or
digitonin-complexes. Thus, removal of the psaF
polypeptide and the four other small subunits did not
affect electron transfer from cytochrome ¢-553 to P-700.
CP1-a was also depleted of the psaF polypeptide. The
SDS-complexes also showed high rates of P-700 reduc-
tion by cytochrome c¢-553 (Fig. 4B). It is concluded,
therefore, that the second-order reaction between P-
700 and cytochrome c¢-553 does not require the psaF
gene product.

Reduction of P-700* with reduced plastocyanin or
cytochrome ¢-553 is strongly stimulated by addition of
Mg?2" in various PS I preparations [8,39,40] and thyl-
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akoid membranes [40,41] because the electron donor
proteins and the oxidizing domain of PS I complexes
are both negatively charged. Synechococcus cy-
tochrome ¢-553 is an acidic protein; p/ values of the
reduced and oxidized cytochrome were determined as
4.8 and 5.2, respectively. It was expected, therefore,
that addition of Mg?* results in a strong stimulation of
P-700* reduction in cyanobacterial PS I complexes.
However, effect of Mg2* was not so large as reported
in [39]. Addition of 5 mM MgCl, caused only 2- to
3-fold stimulation of P-700 reduction in the thylakoids
and digitonin-complexes (Table II). This result suggests
that there is a moderate electrostatic interaction be-
tween Synechococcus cytochrome ¢-553 and the oxidiz-
ing domain of cyanobacterial PS 1 complexes. It is of
note that addition of Mg?* induced a comparable
extent of stimulation of P-700" reduction in CP1-a that
lacks the psaF polypeptide (Table II). It is concluded,
therefore, that the Mg?*-effect is independent of the
psaF polypeptide in the cyanobacterial preparations.

Discussion

PS 1 reaction center complexes isolated from S.
elongatus with digitonin or sucrose monolaurate con-
tained eight small subunits. Five small subunits were
identified as the products of the psaD, psaF, psaE,
psaC and psaK genes and three others may correspond
to the psal and psaJ polypeptides and a 4.8 kDa
polypeptide of S. vulcanus [31]. Recently, the 9th small
subunit of 3.5 kDa (psaM polypeptide) was found in
PS I complexes from both S. elongatus and 8. vulcanus
[42]. The amino-acid sequences of the corresponding
subunit polypeptides are highly homologous between
the two cyanobacteria. Thus, the two thermophilic
cyanobacteria are closely related organisms.

Digitonin- and sucrose monolaurate-complexes were
highly active in photooxidation of cytochrome c-553
and rates of electron transfer from cytochrome c-553
to P-700 in the two complexes were comparable to that
in intact PS I complexes present in the thylakoid mem-
branes. However, the second-order rate constants of
the electron transfer mediated by the cyanobacterial
preparations were considerably smaller than the rate
constants of P-700* reduction by the reduced plasto-
cyanin in PS I preparations from higher plants, which
were estimated to be in the order of 107 to 108 M~!
s~1 [40,43]. However, it is to be mentioned that the
present experiments were carried out at about 20°C,
which is more than 30°C below the optimum growth
temperature of S. elongatus [38], because isolated PS I
complexes were not very stable at temperatures above
40°C [44]. Thus, the difference in the rate constants
should be much less than they appear when compared
under conditions physiological for respective organ-
isms.
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The cationic and anionic detergents extracted differ-
ently the small subunits from PS I complexes. CTAB
released five out of eight small subunits, leaving the
products of the psaC, psaD and psaE genes bound to
the complexes. The anionic detergent SDS first solubi-
lized the psaE, psaF, psaJ and the 4.8 kDa poly-
peptides, then the psal and psaK polypeptides and
finally the two subunits encoded by the psaC and psaD
genes. Thus, the small subunit encoded by the psaF
gene was extracted by the two ionic detergents but the
psaC and psaD polypeptides remained bound to the
complexes. This enabled us to investigate the function
of the psaF polypeptide in electron transfer from
cytochrome ¢-553 to P-700 without any interference
from a rapid back electron transport from Fy to P-700
which would take place if the psaC polypeptide is
removed.

The results obtained indicate that depletion of the
psaF polypeptide has no effect on electron transfer
from cytochrome c¢-553 to P-700. CTAB-treatment of
PS 1 complexes did not affect the reactivity of P-700
with the cytochrome. CP1-a, that lacks this polypep-
tide, showed a rate constant comparable to that of
digitonin-complexes. It is concluded, therefore, that
the psaF polypeptide is not required for the bimolecu-
lar reaction between P-700 and cytochrome ¢-553. The
results also indicate that the products of the psaF,
psal, psaE, psaK and psaJ genes and the 4.8 kDa
polypeptide are not essential for the reaction because
they were either extracted with CTAB or absent from
CP1l-a. The psaC and psaD polypeptides, which re-
mained bound to both CTAB-treated complexes and
CP1-a, are located on the stromal surface of the thyl-
akoid membranes [12,45]. Thus, none of the eight small
subunits of the PS I reaction center complexes is
directly involved in electron transfer between P-700
and cytochrome c-553.

Our results are at variance with the previous obser-
vation that photooxidation of Euglena cytochrome c-
552 by PS I preparations from Swiss chard and
Chlamydomonas was strongly inactivated by depletion
of the psaF gene product (subunit III) [39]. Flash
spectroscopy employed here provides more detailed
and accurate information about the mode and rate of
electron transfer from cytochrome ¢-553 to P-700 than
measurement of cytochrome photooxidation with a
conventional spectrophotometer under continuous illu-
mination. However, the difference may better be at-
tributed to different materials used, because CPl-a
that has no psaF polypeptide was highly active in
cytochrome ¢-553 photooxidation and a rate as high as
7000 pmol (mg chlorophyll) ™! h~! was recorded with
continuous actinic light in the presence of a high
concentration of the cytochrome [7]. Interestingly,
CP1-¢ also showed a low but significant activity of the
cytochrome photooxidation [7]. This is taken as evi-

dence that a fast electron transfer from cytochrome
¢-553 to P-700 takes place in the total absence of the
small subunits because, in the complex that lacks F,,
Fy and Fy [7] and has a diminished amount of vitamin
K-1 [46], photooxidation of cytochrome c¢-553 has to
compete with a very rapid back electron transfer from
an earlier electron acceptor to P-700% [47].

Recently, Chitnis et al. [19] showed that a mutant of
Synechocystis sp. PCC 6803 which lacks the psaF gene
can photoautotrophically grow as rapidly as normal
cells. This indicates that the product of this gene is not
required for photosynthetic growth of the mutant cells.
Based upon the observations that the growth of the
mutant was further enhanced in the presence of high
concentrations of MgCl, [19] and photooxidation of
cytochrome ¢-553 by PS I preparations depleted of this
subunit was greatly stimulated by Mg?* [39], the au-
thors suggested that the psaF polypeptide may be
functionally replaced by Mg?* [39]. However, the
Mg?*-effect on cytochrome photooxidation in isolated
cyanobacterial PS I complexes was independent of the
psaF polypeptide (Table II). The present study pro-
vides an alternative explanation that PS I complexes
that lack this polypeptide are still competent in cy-
tochrome photooxidation and can mediate NADP™
photoreduction and ATP synthesis at rates high enough
to support the normal growth of the mutant cells.

The psaF is considered to be the docking protein of
plastocyanin [14,15,17]. Reduction kinetics of flash-
oxidized P-700 in cells or chloroplasts showed a fast
component with a half time of 13-17 us and this
component was ascribed to electron transfer from
plastocyanin bound to this subunit polypeptide [17,48].
The occurrence of a rapid reduction of P-700 with a
half-time of 10 us or less was deduced from kinetics of
redox changes of P-700, cytochrome c¢-553 and cy-
tochrome f in Synechococcus cells at 55°C [49]. It
remains to be studied whether or not the 10 us compo-
nent really exists and, if so, what the reaction mecha-
nism of the component is.

Acknowledgements

This work was supported in part by grants from the
Ministry of Education, Science and Culture, Japan.

References

1 Golbeck, J.H. (1987) Biochim. Biophys. Acta 895, 167-204.

2 Scheller, H.V. and Mgller, B.L. (1990) Physiol. Plant. 78, 484-494.

3 Golbeck, J.H. and Bryant, D.A. (1991) in Current Topics in
Bioenergetics (Lee, C.P., ed.), Vol. 16, pp. 83-177, Académic
Press, New York.

4 Bengis, C. and Nelson, N. (1975) J. Biol. Chem. 250, 2783-2788.

5 Nechushtai, R. and Nelson, N. (1981) J. Biol. Chem. 256, 11624
11628.

6 Takahashi, Y., Koike, H. and Katoh, S. (1982) Arch. Biochem.
Biophys. 219, 209-218.



7

8

o

10
1
12
13
14
15
16
17

18

19
20
21
22
23
24
25
26
27
28

29

Takahashi, Y. and Katoh, S. (1982) Arch. Biochem. Biophys. 219,
219-227.

Nechushtai, R., Muster, P., Binder A., Liveanu, V. and Nelson,
N. (1983) Proc. Natl. Acad. Sci. USA 80, 1179-1183.

Lundell, D.J., Glazer, A.N., Melis, A. and Malkin, R. (1985) J.
Biol. Chem. 260, 646--654.

Ikeuchi, M. and Inoue, Y. (1988) Plant Cell Physiol. 29, 1233-
1239.

Hgj, P.B., Svendsen, 1., Scheller, H.V. and Mpiller, B.L. (1987) J.
Biol. Chem. 262, 12676-12684.

Oh-oka, H., Takahashi, Y., Wada, K., Matsubara, H., Ohyama,
K. and Ozeki, H. (1987) FEBS Lett. 218, 52-54.

Hayashida, N., Matsubayashi, T., Shinozaki, K., Sugiura, M.,
Inoue, K. and Hiyama, T. (1987) Curr. Genet. 12, 247-250.
Zanetti, G. and Merati, G. (1987) Eur. J. Biochem. 169, 143-146.
Zilber, A.L. and Malkin, R. (1988) Plant Physiol. 88, 810-814.
Wynn, R.M. and Malkin, R. (1988) Biochemistry 27, 5863-5869.
Hippler, M., Ratajczak, R. and Haehnel, W. (1989) FEBS Lett.
250, 280-284.

Scheller, H.V., Andersen, B., Okkels, S., Svendsen, 1. and Mgller,
B.L. (1990) in Current Reseach in Photosynthesis (Baltscheffsky,
M., ed.), Vol 11, pp. 679-682, Kluwer, Dordrecht.

Chitnis, P.R., Purvis, D. and Nelson, N. (1991) J. Biol. Chem.
266, 20146-20151.

Sonoike, K., Hatanaka, H. and Katoh, S. (1993) Biochim. Bio-
phys. Acta 1141, 52-57.

Nakayama, K., Yamaoka, T. and Katoh, S. (1979) Plant Cell
Physiol. 20, 1565-1576.

Hirano, M., Satoh, K. and Katoh, S. (1980) Photosynth. Res. 1,
146-162.

Davis, B.J. (1964) Ann. NY Acad. Sci. 121, 404-427.

Koike, H. and Katoh, S. (1979) Plant Cell Physiol. 20, 1157-1161.
Sonoike, K. and Katoh, S. (1988) Biochim. Biophys. Acta 935,
61-71.

Mackinney, G. (1941) J. Biol. Chem. 140, 315-322.

Enami, 1., Kaiho, H., Izumi, H., Katoh, S., Kotani, N., Jone, C.S.,
Kamo, M. and Tsugita, A. (1990) Protein Seq. Data Anal. (1990)
3, 257-262.

Kotani, N., Enami, 1., Aso, K. and Tsugita, A., (1991) Protein
Seq. Data Anal. 4, 81-86.

Kotani, N., Tsugita, A., Kondo, K., Aso, K. and Enami, L. (1991)
Protein Seq. Data Anal. 4, 93-96.

30

31

32

33

34

35

36

37

38

39

40

41
42

43

44

45

46

47

48

49

51

Jones, C.S., Kotani, N., Aso, K., Yang, L., Enami, 1., Kondo, K.
and Tsugita, A. (1991) Protein Seq. Data Anal. 4, 327-331.
Koike, H., Ikeuchi, M., Hiyama, T. and Inoue, Y. (1989) FEBS
Lett. 253, 257-263.

Ikeuchi, M., Hirano, A., Hiyama, T. and Inoue, Y. (1990) FEBS
Lett. 263, 274-278.

Franzén, L.-G., Frank, G., Zuber, H. and Rochaix, J.-D. (1989)
Plant Mol. Biol. 12, 463-474.

Li, N., Warren, P.V,, Golbeck, J.H., Frank, G., Zuber, H. and
Bryant, D.A. (1991) Biochim. Biophys. Acta 1059, 215-225.
Bryant, D.A., Rhiel, E., De Lorimier, R., Zhou, J., Stirewalt,
V.L., Gasparich, G.E., Dubbs, JM. and Snyder, W. (1990) in
Current Research in Photosynthesis (Baltscheffsky, M., ed.), Vol.
11, pp. 1-9, Kluwer, Dordrecht.

Chitnis, P.R., Reilly, P.A., Miedel, M.C. and Nelson, N. (1989) J.
Biol. Chem. 264, 18374—18380.

Trebst, A., (1974) Annu. Rev. Plant Physiol. Vol. 25, 423-458.
Yamaoka, T., Satoh, K. and Katoh, S. (1978) in Photosynthetic
Oxygen Evolution (Metzner, H. ed.), pp. 105-115, Academic
Press, New York.

Nechushtai R. and Nelson N, (1981) J. Bioenerg. Biomembr. 13,
295-306.

Ratajczak, R., Mitchell, R. and Haehnel, W. (1988) Biochim.
Biophys. Acta 933, 306-318.

Matsuura, K. and Itoh, S. (1985) Plant Cell Physiol. 26, 1057-1065.
Ikeuchi, M., Sonoike, K., Koike, H., Pakrasi, H. and Inoue, Y.
(1992) Plant Cell Physiol., in press.

Wood, P.M. and Bendall D.S. (1975) Biochim. Biophys. Acta 387,
115-128.

Sonoike, K., Hatanaka, H., Katoh, S. and Itoh, S. (1990) Plant
Cell Physiol. 31, 865-870.

Enami, I., Ohta, H. and Miyaoka, T. (1987) Plant Cell Physiol. 28,
101-111.

Takahashi, Y., Hirota, K. and Katoh, S. (1985) Photosyn. Res. 6,
183-192.

Takahashi, Y. and Katoh, S. (1984) Plant Cell Physiol. 25, 785-
794.

Bottin, H. and Mathis, P. (1987) Biochem. Biophys. Acta 892
91-98.

Nanba, M. and Katoh, S. (1985) Biochim. Biophys. Acta 808,
39-45.



