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Function of a subunit polypeptide (the psaE gene product) of Photosystem I (PS I) reaction center complexes was investigated by 
comparing the reactivity of the reduced iron-sulfur centers (FA/FB)- with ferredoxin among Synechococcus P S I  complexes 
which had been variously depleted of this polypeptide. Ferredoxin at or below 1 /zM can accept electrons from (FA/FB)- 
effectively competing with the back reaction between P-700 ÷ and (FA/FB)- in the thylakoid membranes and PS I complexes that 
contained all the eight small subunits. The high reactivity of (FA/F n) with low concentrations of ferredoxin was observed in PS 
I complexes which contain only the products of psaC, psaD and psaE genes but not in complexes which carry the psaC, psaD, 
psaL and psaK gene products but no psaE gene product. Varied amounts of the psaE gene product were extracted by treatment 
with different concentrations of a cationic detergent, dodecyltrimethylammonium bromide, and 2.5 M NaC1. The solubilized 
polypeptide was then reconstituted to the depleted complexes. The magnitudes of the back reaction that could be suppressed by 
addition of ferredoxin at or below 1 /zM were well correlated to the amounts of the psaE polypeptide remained bound or 
rebound to the complexes. It is concluded that the product of the psaE gene has a role to promote the interaction between the 
terminal bound electron acceptor and ferredoxin. A high autooxidizability of (FA/FB)- and contrasting effects of lipophilic 
cations and anions on the rate of the back reaction from (FA/FB)- to P-700 ÷ were also reported. 

Introduction 

The preceding paper  showed that P S I  reaction 
center complexes isolated with non-ionic detergents, 
digitonin or sucrose monolaurate,  f rom the thermo- 
philic cyanobacterium Synechococcus elongatus consists 
of two large subunits (psaA and psaB gene products) 
and eight small subunits (the products of psaC, psaD, 
psaE, psaF, psaK, psa.l and psaL genes and a 4.8 kDa 
polypeptide) [1]. The small subunit polypeptides can be 
depleted by the t reatment  with ionic detergents,  CTAB 
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and SDS. The function of the psaF gene product in 
electron transfer from cytochrome c-553 to P-700 was 
investigated by comparing the activity among P S I  
complexes that contained different amounts of the 
polypeptides. 

There  are several small subunits which are located 
on the stroma side of the thylakoid membranes,  where 
ferredoxin reduction takes place (for reviews, see Refs. 
2-4).  The product of psaC gene carries the two iron- 
sulfur centers, F A and F B, one of which serves as a 
direct electron donor to ferredoxin [5,6]. Crosslinking 
experiments showed that the psaD polypeptide is the 
docking polypeptide of ferredoxin [7,8]. In addition the 
product of psaE gene, which is well conserved among 
various cyanobacteria and higher plants [2-4], is lo- 
cated in the close proximity of the psaD polypeptide 
on the stroma side of the thylakoid membranes  [9-11]. 
Because an antibody raised against the psaE gene 
product strongly inhibited NADP + photoreduction, it 
was suggested that this polypeptide, together with the 
psaD gene product, forms a docking site for ferredoxin 
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[11]. However, details of its function in ferredoxin 
reduction are not known yet. 

The present study deals with the function of the 
psaE gene product. We examined electron transfer 
from FA/F B to ferredoxin in P S I  preparations which 
are differently depleted of the psaE gene product. 
Reconstitution of psaE polypeptide to the depleted PS 
I complexes was also carried out. The results show that 
the psaE polypeptide is required for efficient electron 
transfer from the bound iron-sulfur center to the 
physiological concentration of ferredoxin. 

Materials and Methods 

P S I  complexes with different polypeptide composi- 
tions were prepared from S. elongatus as described in 
the preceding paper [1]. 

Extraction and reconstitution of the psaE polypep- 
tide were carried out as follows. PS I complexes pre- 
pared with digitonin [1] (0.4 mg Chl/ml) were treated 
with indicated concentrations of a cationic detergent 
DTAB and 2.5 M NaCl at 30°C for 1 h and precipi- 
tated by centrifugation at 356000 × g  for 1.5 h. For 
reconstitution of the small subunits solubilised, the 
complexes treated with 10% DTAB and 2.5 M NaCl 
were resuspended in 2-fold excess of the supernatant, 
and then dialyzed against 50 mM Tris-HC1 (pH 7.5) 
and 10 mM NaC1 for 5 h at 4°C. Because of its high 
critical micellar concentration (0.43%), the concentra- 
tion of DTAB could be effectively reduced by this 
procedure. DTAB/NaCl-treated and reconstituted 
complexes were both once washed with the Tris buffer 
and resuspended in the Tris buffer containing 0.5 M 
sucrose. 

Polypeptide compositions were analyzed by SDS gel 
electrophoresis according to the procedure of Ikeuchi 
and Inoue [12]. Because the products of the psaE and 
psaC genes comigrated in the original gel system con- 
taining 7.5 M urea [1], the concentration of urea was 
reduced to 4 M to resolve the two polypeptides. 

Ferredoxin was isolated and purified from S. elonga- 
tus as described previously [13]. 

Flash-induced absorption changes of P-700 were 
determined at 700 nm as described in Refs. 14, 15. The 
basal reaction medium contained 50 mM Tris-HC1 (pH 
7.5), 10 mM NaC1, 10 mM sodium ascorbate, 40 ~M 
TMPD, 10 /xM 3-(3,4-dichlorophenyl)-l,l-dimethyl- 
urea and thylakoid membranes or PS I complexes 
equivalent to 10 /~g Chl/ml. When necessary, 0.025% 
digitonin was added to ensure homogeneous dispersion 
of the P S I  complexes. All the measurements were 
carried out at 20°C. 

Results 

The present study focuses on the function of the 
psaE gene product in reduction of ferredoxin. How- 
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Fig. 1. Effects of ferredoxin on time courses of flash-induced redox 
changes of P-700 in the thylakoid membranes. Flashes of a saturating 
intensity were fired once every 20 s and eight signals were averaged. 
(a), No addition; (b), 1.6 ~ M  ferredoxin was added; (c), thylakoid 
membranes were treated with 2.5% (w/v)  digitonin for 30 min at 

room temperature; (d), (c) plus 1.6/.LM ferredoxin. 

ever, it is difficult to measure directly reduction of 
ferredoxin because spectral changes associated with 
reduction of ferredoxin are obscured by changes in- 
duced by oxidation of F A or F~. NADP ÷ photo- 
reduction has often been used to monitor the activity 
of PS I but this reaction is not necessarily a good 
measure of ferredoxin reduction. Unless a saturating 
concentration of the physiological electron donor, i.e., 
reduced plastocyanin or cytochrome c-553, is added, 
NADP + photoreduction would be limited at electron 
transport on the oxidizing side of PS I. We employed 
the following procedure to estimate the reactivity of 
the bound iron-sulfur center(s) with ferredoxin. Hiyama 
and Ke [16] have shown that, in the absence of any 
electron acceptor, flash-induced charge separation be- 
tween P-700 and FA/F B (P-430) is followed by a back 
electron flow from (FA/FB)- to P-700 ÷ with a half 
time of 30 ms. The back reaction is suppressed by 
addition of an electron acceptor which can withdraw 
electron from the reduced terminal electron acceptor 
more rapidly than does P-700 ÷ [16]. Thus, the reactiv- 
ity of (FA/FB)- with ferredoxin can be evaluated by 
measuring degrees of inhibition of the back reaction in 
the presence of various concentrations of the acceptor 
protein. 

Fig. 1 shows time-courses, of flash-induced redox 
changes of P-700 in the thylakoid membranes. A small 
initial spike was a flash artifact. When absorption 
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changes were determined in the absence of any elec- 
tron acceptor, reduction kinetics of P-700 ÷ consisted 
of two exponential components (trace a). The fast 
component with a half-time of 50-60 ms is ascribed to 
the back reaction between P-700 + and (FA/FB)- be- 
cause the component  was totally eliminated by addition 
of methyl viologen, an efficient electron acceptor of PS 
I (data not shown). The slow component represents 
reduction of P-700 + by TMPD, which was added to 
ensure complete reduction of P-700 + during flash in- 
tervals. The half-time of the slow component decreased 
with increasing concentrations of TMPD (data not 
shown). The occurrence of the slow component is 
ascribed to the oxidation of a substantial fraction of 
(FA/FB)- with oxygen because this component was 
significantly diminished under anaerobic conditions and 
totally abolished by the addition of dithionite, which 
rapidly consumes oxygen in the reaction medium (data 
not shown). 

The fast component was only slightly diminished by 
the addition of ferredoxin to the thylakoid membranes 
(trace b). When the membranes had been treated with 
digitonin, however, ferredoxin became more effective 
in suppressing the back reaction (trace d). Digitonin- 
treatment itself had no effect on the reduction kinetics 
of P-700 +, although the signal size increased due to a 
diminished flattening effect (trace c). Fig. 2 shows 
effects of different concentrations of ferredoxin on the 
fast component of P-700 + reduction in untreated and 
digitonin-treated membranes. The fast component was 
suppressed only to a small extent even at the highest 
concentration of ferredoxin added in untreated thyl- 
akoid membranes but, after digitonin-treatment, a large 
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Fig. 2. Effects of different concentrations of ferredoxin on the back 
reaction between P-700 + and (FA/FB)-. Open circles, untreated 
thylakoid membranes; closed circles, thylakoid membranes treated 

with 2.5% digitonin for 30 rain. 
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Fig. 3. Reduction kinetics of P-700 + in various PS I complexes and 
effects of ferredoxin on the fast reduction component. (a) digitonin- 
P S I  complexes; (b) (a) plus 1.2 /~M ferredoxin; (c) PSI  complexes 
prepared with sucrose monolaurate and then treated with CTAB; (d) 
(c) plus 1.2 /xM ferredoxin; (e) SDS-PSI complexes (CPI-a); (f) (e) 

plus 100 mM TPPC; (g) (f) plus 1.2 tzM ferredoxin. 

inhibition of the back reaction by ferredoxin occurred. 
Note that the back reaction was effectively inhibited by 
addition of ferredoxin in the submicromolar concentra- 
tion region in both untreated and digitonin-treated 
membranes. This indicates that low concentrations of 
ferredoxin can serve as an efficient electron acceptor 
of PS I. 

Digitonin-PS I complexes, which carry all the eight 
small subunits [1], also showed biphasic reduction ki- 
netics of P-700 (Fig. 3, trace a). The fast component 
was diminished by addition of 1.2 ~M ferredoxin (trace 
b). Similar results were obtained with P S I  complexes 
isolated with sucrose monolaurate (data not shown). 
Further treatment of the PS I complexes with a cationic 
detergent CTAB resulted in a marked acceleration of 
the fas t  component (trace c). The accelerated reduc- 
tion of P-700 ÷ was significantly diminished by addition 
of ferredoxin (trace d). 

CPI-a, a PS I complex isolated with SDS [1,17], 
showed reduction kinetics of P-700 ÷ with a diminished 
fast decay component (Fig. 4, trace e, also see Ref. 15). 
However, the following findings enabled us to examine 
the effect of ferredoxin on the back reaction in this 
preparation. SDS is an anionic detergent, while CTAB 
carries a positive charge. Thus, the contrasting effects 
of the two detergents on the back reaction may be 
related to the opposite charges the detergent molecules 
carry. In fact, two lipophilic cations, TPAC and TPPC 
increased the magnitude of the fast component at 
concentrations above 1 mM, whereas a lipophilic an- 
ion, tetraphenylboron, strongly suppressed the fast 
component of P-700 + reduction (Fig. 4). MgCI e and 
NaCI were without effect (data not shown). The fast 
component was markedly enhanced when 100 mM 
TPPC was added to CPI-a (Fig. 3, trace f) and the 
component thus enhanced was appreciably suppressed 
by ferredoxin (trace g). 
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Fig. 4. Effects of lipophilic ions on the magnitude of the back 
reaction in the thylakoid membranes treated with 2.5% (w/v) digi- 
tonin. Open circles, TPAC; closed circles, TPPC; closed squares, 

sodium tetrapbenylboron. 

Fig. 5 shows effects of different concentrations of 
ferredoxin on the fast component in CTAB-treated 
complexes and CPl-a. After CTAB-treatment, about 
75% of P-700+ was reduced through the back reaction 
with (FA/FB)- and low concentrations of ferredoxin 
effectively suppressed the charge recombination. How- 
ever, the cation-enhanced fast component of CPl-a 
decreased monotonously with increasing concentration 
of ferredoxin without showing a sharp inhibition of the 
back reaction at low concentrations of ferredoxin (Fig. 
5, also see Fig. 3, trace g). As described in the preced- 
ing paper [l], CTAB-treated PS I complex carries only 
three small subunits, the psaC, psaD and psaE gene 
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Fig. 5. Effects of different concentrations of ferredoxin on the fast 
component of P-700+ reduction in PS I complexes treated or iso- 
lated with ionic detergents. Closed circles, CTAB-treated complexes; 

open circles, CPl-a plus 100 mM TPPC. 
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Fig. 6. Effects of DTAB/NaCI treatment on the subunit composition 
of digitonin-PS I complexes. Lane 1, untreated digitonin complexes; 
lane 2, 3 and 4, digitonin-PS I complexes treated with 2.5%, 5% and 
10% DTAB in the presence of 2.5 M NaCI; lane 5, digitonin-PS I 
complexes treated with 10% DTAB plus 2.5 M NaCl and then 
reconstituted with the solubilized polypeptides. The two bands ap- 
peared in the upper region of the gel after DTAB/NaCl treatment 

were proteolytic products of the large subunits. 

products, whereas CPl-a contains the psaC, psaD and 
other polypeptides but no psaE gene product. Thus, 
the results suggest that the efficient interaction be- 
tween (FJFn)- and ferredoxin occurs only in PS I 
complexes with the psaE polypeptide attached. 

The following experiments were carried out to ex- 
amine this possibility. Lane 1 of Fig. 6 shows the 
location of the eight small subunit polypeptides of 
untreated digitonin-PS I complexes in the gel. The 
psaC and psaE polypeptides, which had comigrated in 
gels containing 7.5 M urea [l], were well separated 
from each other in gels containing 4 M urea. Various 
subunit polypeptides were solubilized by this treatment 
with a cationic detergent DTAB in the presence of 2.5 
M NaCl (lanes 2-4). Treatment with 2.5% DTAB 
resulted in the total solubilization of the 4.8 kDa 
polypeptide and the psaJ gene product (lane 2). The 
same concentration of the detergent extracted largely 
the psaF polypeptide but only partly the psaE 
polypeptide. The psaE polypeptide was extracted at 
higher concentrations of the detergent (lanes 3 and 4). 
The presence of 2.5 M NaCl was essential for the 
efficient extraction of psaE gene product. Other poly- 
peptides were not extracted by these treatments. Lane 
5 indicates that the psaE polypeptide was partially 
reconstituted to the PS I complexes which had been 
treated with 10% DTAB and 2.5 M NaCl, when the 
concentrations of the detergent and NaCl had been 
reduced as described in the Materials and Methods 
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Fig. 7. Effects of different concentrations of ferredoxin on the 
reduction kinetics of P-700 + in the digitonin PS I-complexes, of 
which polypeptide compositions were determined in Fig. 6. Because 
DTAB/NaCI complexes tended to aggregate, 0.025% digitonin was 
added to the reaction medium to ensure homogeneous dispersion of 
the complexes. For the sake of comparison, curves are vertically 
displaced. Curve a, untreated digitonin-PS I complexes; curve b, c 
and d, digitonin-PS I complexes treated with 2.5%, 5% and 10% 
DTAB in the presence of 2.5 M NaCI; curve e, digitonin-PS I 
complexes treated with 10% DTAB plus 2.5 M NaCI and then 

reconstituted with the solubilized polypeptides. 

section. Rebinding of the other solubilized poly- 
peptides was also observed. 

Fig. 7 shows that effects of low concentrations of 
ferredoxin on the fast component of P-700 reduction 
became progressively less significant as the DTAB con- 
centration was raised and became negligible at the 
highest concentration of the detergent used (curves 
a-d). The magnitudes of the fast component that could 
be diminished by the addition of ferredoxin in the 1 
/zM region are well correlated with the amounts of the 
psaE polypeptide, but not with that of the 4.8 kDa or 
the psaJ polypeptide, remaining bound to the com- 
plexes. Note that low concentrations of ferredoxin be- 
came again effective in suppressing the back reaction 
when the solubilized polypeptides were reconstituted 
(curve e) and the magnitude of the restoration was well 
correlated with the amount of the psaE polypeptide 
rebound to the complexes. Involvement of psaF poly- 
peptides in the ferredoxin reduction can be excluded 
because of its localization on the lumenal surface of 
the thylakoid membranes. It is concluded, therefore, 
that the psaE polypeptide is required for the interac- 
tion of the terminal bound acceptor with low concen- 
tration of ferredoxin. 

Discussion 

The present study indicate that the product of the 
psaE gene plays an important role in ferredoxin reduc- 
tion. The fast component of P-700 reduction, which 
represents the back electron transfer from F A or F~ to 
P-700 ÷, in the thylakoids and PS I complexes contain- 

ing the psaE polypeptide was strongly suppressed by 
addition of ferredoxin in the submicromolar concentra- 
tion region. The high-affinity interaction between 
(FA/FB)- and ferredoxin disappeared when the psaE 
polypeptide had been depleted but reappeared on re- 
constitution of the polypeptide to depleted complex. 
PSI preparations that lack this polypeptide but contain 
the psaC and psaD gene products are still active in 
ferredoxin phototreduction as judged from the obser- 
vation that the magnitude of the back reaction in 
CPI-a decreased gradually at higher concentrations of 
ferredoxin. These observations indicate that the psaD 
gene alone can mediate electron transfer from ferre- 
doxin to (FA/FB)- but the psaE gene product is re- 
quired for efficient oxidation of (FA/FB)- by low con- 
centrations of ferredoxin. 

The psaC polypeptide carries F A and F B and ferre- 
doxin is considered to bind to the psaD polypeptide to 
accept electron from (FA/FB)- [7,8]. Crosslinking ex- 
periments indicated that the psaE polypeptide is lo- 
cated very close to the psaD polypeptide [9-11]. There 
are several possible explanations for the function of the 
psaE polypeptide. First, the binding of the psaE 
polypeptide to the psaD polypeptide alters the confor- 
mation of the psaD polypeptide so as to increase its 
binding affinity to ferredoxin. Second, the psaE 
polypeptide itself provides an additional binding site 
for ferredoxin. Third, the psaE polypeptide affects the 
conformation of the psaC polypeptide in a way to 
enhance interaction between FA/F B and ferredoxin. 
Inhibition of NADP ÷ photoreduction by the antibody 
against the psaE polypeptide [11] favors the second 
possibility. More experiments are required to elucidate 
the mechanism of the function of this subunit polypep- 
tide. 

Targeted mutagenesis technique has been used to 
inactivate the psaE gene in Synechocystis sp. PCC 6803 
[18] and Synechococcus sp. PCC 7002 [19]. The two 
deletion mutants could photoautotrophically grow at 
rates not much different from that of wild-type cells. It 
has been suggested, but not yet proved, that the psaE 
polypeptide is functionally replaced by a 15 kDa sub- 
unit polypeptide which is produced more abundantly in 
the mutant than in the wild-type cells [20]. Our results 
indicate that depletion of this polypeptide affects the 
affinity of interaction between (FA/FB)- and ferre- 
doxin but does not abolish photoreduction of ferre- 
doxin. Thus, the mutant PSI  complexes would be still 
active in NADP + photoreduction. In this respect, it is 
interesting to examine whether the mutant cells con- 
tain higher concentrations of ferredoxin than do the 
wild-type cells. 

The back reaction was effectively suppressed at low 
concentrations of ferredoxin in CTAB-treated com- 
plexes. This indicates that the small polypeptide other 
than the psaC, PsaD and psaE gene products are not 
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necessary for efficient electron transfer from (FA/FB)- 
to physiological concentrations of ferredoxin. 

The present work also revealed several interesting 
features of cyanobacterial PS I. First, the rate of the 
back electron transfer from (FA/FB)- to P-700 ÷ was 
strongly affected by lipophilic ions. Lipophilic cations 
accelerated the fast component of P-700 reduction, 
whereas the back reaction was diminished in the pres- 
ence of lipophilic anions. Hydrophilic ions such as 
Mg 2÷ was totally ineffective. It is suggested, therefore, 
that lipophilic ions enter into a lipophilic domain near 
P-700 and hence the charge recombination between 
P-700 ÷ and (FA/Fa)- is electrostatically accelerated 
by cations and diminished by anions. 

Second, the reduced terminal electron acceptor of 
PSI  was found to be highly autooxidizable. Reduction 
kinetics of P-700 + suggests that (FA/FB)- transfers its 
electron to oxygen at a rate comparable to that of the 
back electron transfer to P-700 ÷. The terminal electron 
acceptor was similarly reactive with oxygen in the thyl- 
akoid membranes from another thermophilic cyano- 
bacterium, Synechococcus vulcanus (Sonoike, K., un- 
published data). The autooxidizability of (FA/FB)- ap- 
pears to vary depending upon organisms and prepara- 
tions examined [16,21,22]. However, the leakage of 
electrons to oxygen should be negligible in ceils be- 
cause (FA/Fa)- is oxidized by physiological concentra- 
tions of ferredoxin much more rapidly than by oxygen. 

Third, a major population of the terminal electron 
acceptor of PS I, which is located on the stroma side of 
the thylakoid membranes, was found to be inaccessible 
to externally added ferredoxin in the cyanobacterial 
thylakoids. Only when the membrane structure had 
been disrupted with digitonin was the back reaction 
between P-700 + and (FA/FB)- largely suppressed by 
the addition of ferredoxin. In this respect, of interest is 
the observation that P-700, which is located on the 
lumenal surface of the membranes is mostly accessible 
to added cytochrome c-553 [1]. Combined, these obser- 
vations suggest an inverted orientation of the thylakoid 
membranes. If so, the cyanobacterial membranes will 
serve as interesting material for the investigation of 
topographical properties of the thylakoid membranes. 
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