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Three substrate binding sites
on spinach ferredoxin:NADP" oxidoreductase.
Studies with selectively acting inhibitors
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Abstract

The effects of phenylmercuric acetate (PMA) and apoferredoxin (apoFd) on the diaphorase activity of spinach ferre-
doxin:NADP" oxidoreductase (FNR) in the presence of dibromothymoquinone (DBMIB) or cytochrome ¢ (Cyt ¢) were
studied. PMA inhibited effectively (Iso = < 5 pM) ferredoxin-dependent Cyt ¢ reduction but did not affect evidently the
enzyme activity in the presence of DBMIB as an electron acceptor. ApoFd caused also inhibition of Cyt ¢ reduction but
slightly stimulated, like ferredoxin, DBMIB reduction. We confirm a hypothesis according to which three binding sites
for substrates [NADP(H), Fd-Cyt c, quinone/dichlorophenol indophenol] occur within the molecule of isolated FNR.
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Introduction

Ferredoxin:NADP" oxidoreductase (EC 1.18.1.2) is a
flavoprotein involved in the terminal step of the light-
driven non-cyclic electron flow in chloroplasts catalysing
NADP" reduction with electrons derived from reduced
ferredoxin (Fd) (for review see Carrillo and Vallejos
1987, Pschorn et al. 1988, Arakaki et al. 1997). This
enzyme is located at the stromal surface of the thylakoid
membranes (Jennings et al. 1979). In vivo this soluble
protein occurs in monomeric or aggregated form (Zanetti
and Arosio 1980, Yamasaki et al. 1983, Shin et al. 1985)
and may be loosely or tightly bound to the membranes
(Matthijs et al. 1986, Yu et al. 1995). Presumably,
17.5 kDa polypeptide (Vallejos er al 1984) or photo-
system 1-E (Andersen et al. 1992) mediates interaction of
FNR molecules with the membrane. Some data implied
that FNR, particularly a tightly membrane-bound form, is
also involved in the cyclic electron flow around photo-
system 1 (PS1) (Nielsen er al. 1995) and NADP(H)
binding site is not engaged in this pathway because its
blocking by specific antibodies does not influence the
cyclic electron transfer (Béhme 1977, Shahak et al.
1981). However, up to now the participation of FNR in
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cyclic electron transport around PS1 has not been conclu-
sively elucidated. The mechanism of transport of the
inter-FNR-molecule reducing equivalents has been also a
matter of dispute. Some information on this problem has
been obtained in experiments with the isolated enzyme
that exhibits diaphorase activity and may catalyse the
NADPH-dependent reduction of many non-physiological
substrates such as Cyt ¢, ferricyanide, dichlorophenol
indophenol (DCPIP), methyl viologen (for reviews see
Carrillo and Vallejos 1987, Bowyer er al 1988) as well
as naphthoquinones and many aromatic nitrocomponents
(Anusevi€ius et al. 1997). Fd is an obligatory component
only for the reduction of some of these substrates, e.g.
Cyt ¢ (Lazzarini and San Pietro 1962). However, non-
physiological substrate binding site(s) on the FNR mole-
cule has(have) not been ascertained satisfactorily. Chang
et al. (1991) argued that the site involved in the DCPIP
reduction differs from that involved in the Cyt ¢ reduc-
tion. We found (Bojko and Wigckowski 1999) that plas-
toquinone and ubiquinone analogues with short isopre-
noid side chains as well as DBMIB are also reduced effi-
ciently by NADPH in the reaction catalysed by isolated
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ENR and we assumed that the quinone binding site corre-
sponds to that of the DCPIP one. We have also hypothe-
sised that in thylakoid membranes the quinone binding
site on FNR molecule may be involved in the plastoqui-
none pool reduction in the PSi-driven cyclic electron
transfer (Bojko and Wieckowski 1995, 1999, Wigckowski
and Bojko 1996, 1997). However, this hypothesis has not
been verified experimentally. Under the applied condi-
tions the isolated enzyme did not catalyse NADPH-de-
pendent plastoquinone-9 reduction (Bojko and Wigckow-

Materials and methods

Chemicals: DBMIB was purchased from Aldrich (Ger-
many), Tris and PMA were obtained from Fluga (Swit-
zerland), NADPH was from Sigma (U.S.A.), and Cyt ¢
came from Biomed (Poland). Other chemicals of the ana-
lytical grade were from Polskie Odczynniki Chemiczne
(Poland).

FNR and Fd were isolated from spinach (Spinacia olera-
cea L.) purchased on the local market by the procedure
described in Bojko and Wigckowski (1995, 1999). The
concentrations of FNR and Fd were determined spectro-
photometrically at 456 nm (g456 = 11.3 mM™ cm") and at
420 nm (€420 = 9.8 mM™' cm™), respectively. The purity of
isolated proteins was verified by SDS-PAGE. Apoferre-
doxin was obtained from Fd by the method of Pagani

Results and discussion

We have postulated that DCPIP binding site on FNR
molecule is also involved in the NADPH-dependent re-
duction of DBMIB and prenyloquinones, and this site
differs from that involved in the Fd/Cyt ¢ reduction (Boj-
ko and Wigckowski 1999). This assumption agrees with
the results of Nielsen et al. (1995) who found that decyl-
PQ and vitamin K, at the concentrations of 100 pM in-
hibit DCPIP reduction significantly (Is, = 17 pM). Com-
parison of K,, value for DCPIP (24 pM, Nielsen et al.
1995) with that for DBMIB (16 pM, Bojko and Wigck-
owski 1995) indicates that DBMIB and DCPIP have
essentially a similar affinity to FNR. The results of
Anusevitius et al. (1997) showed that Fd-binding site on
FNR is not involved in the quinone reduction. Our results
(not shown) indicate that such FNR inhibitors as heparin,
1,3-disalicylidenepropanediamine, and N-ethylmaleimid
decrease the rates of both Cyt ¢ and DCPIP (or DBMIB)
reductions. Thus these compounds do not interact with
DCPIP and Fd-binding sites. In this work we found for
the first time that PMA at the concentrations 0 to 100 pM
exerted little effect on the diaphorase activity of FNR in
the presence of DBMIB. Treatment with high concentra-

554

ski 1999). Probably the extremely low solubility of plas-
toquinone-9 molecules in polar solvents (Marchal e al.
1997) prevents interaction of their reducible heads with
FNR and this hindrance may be abolished in thylakoid
membranes.

In this paper we tried to confirm the existence of two
different sites on FNR molecule involved in the binding
of non-physiological substrates in experiments with se-
lectively acting inhibitors (phenylmercuric acetate, apo-
ferredoxin).

et al. (1984).

The FNR activity in the presence of Cyt ¢ or DCPIP
was measured spectrophotometrically (spectrophotomer
LSM/Aminco DW 2000, U.S.A.) by monitoring absorb-
ance changes at 550 nm (&s50 = 21.1 mM™! cm”) or 600
nm (ggp0 = 20 mM! cm"), respectively. Spontaneous re-
oxidation of enzymatically reduced DBMIB was recorded
by a Clark type oxygen electrode (Hansatech, Great Brit-
ain) connected to the 7Z 2000 recorder (Czech Republic)
as described previously (Bojko and Wigckowski 1995,
1999). All measurements were performed at 25 °C and
under aerobic conditions. Each experiment was repeated
4-5-fold and then mean values and standard deviations
were calculated.

tion of PMA (100 uM) caused inhibition of about 25 or
40 % at pH 8.7 or 7.7, respectively (Fig. 14). On the
other hand, PMA probably blocked selectively the dia-
phorase activity of FNR in the presence of Fd-Cyt c. The
activity fell down almost totally at the concentration of 10
uM with Iso <5 uM. This inhibition was observed at both
pH of 7.7 and 8.7 of the assay medium (Fig. 1B). The Cyt
¢ reduction rate was slightly enhanced at pH 8.7 as com-
pared with that at pH 7.7. Increase in concentration of
PMA in the reaction mixture from 10 to 100 uM did not
lower the rate of Cyt ¢ reduction in the presence of Fd.
Therefore the low rate of Cyt ¢ reduction (typically 0.05
or 0.10 nmol s at pH 7.7 or 8.7, respectively) in the
presence of inhibitor as well as in the absence of Fd was
not directly associated with the FNR activity. Under the
applied conditions this may be ascribed to its spontaneous
interaction with superoxide radicals that are generated in
the medium containing FNR (flavoprotein) and NADPH
(see McCord and Fridovich 1969). Mercurials interact
with -sulfhydryl groups (Tagawa and Arnon 1965) and
among the six groups occurring in FNR molecule at least
one is essential for catalytic activity of the enzyme in the
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Fig. 1. Effect of phenylmercuric acetate (PMA, 0-100 uM) on
the diaphorase activity of ferredoxin:NADP" oxidoreductase
(FNR) in the presence of dibromothymoquinone (DBMIB) (4)
or cytochrome ¢ (B) as electron acceptors. Oxygen uptake was
associated with re-oxidation of enzymatically reduced dibro-
mothymoquinone. The reaction mixture consisted of 40 mM
Tris-HC! buffer, 0.6 uM FNR, 1 mM NADPH, 0.6 pM Fd
(where indicated), 20 pM DBMIB (4) or 0.6 uM cytochrome ¢
(B), and PMA in the indicated concentrations.

presence of ferricyanide (Zanetti and Forti 1969). Even if
Fd was also inactivated by PMA (Honeycutt and Krog-
mann 1972) we found that either the -SH groups were not
accessible to the inhibitor (see also Zanetti and Forti
1969) or they were not essential for the diaphorase activ-
ity of FNR in the presence of DBMIB as a terminal elec-
tron acceptor. This suggests that branching pathway of
electron transport occurs within the FNR molecule.
Although Fd did not participate in the DBMIB (or
DCPIP) reduction, its presence in the assay medium ac-
celerated this process (Bojko and Wieckowski 1995,
1999). Pyridine nucleotide transhydrogenase activity of
FNR was also stimulated by Fd (Fredricks abd Gehl
1971). Adding apoFd instead of Fd to the reaction mix-
ture also stimulated the DBMIB reduction by the
NADPH-FNR system at both pH studied (Fig. 24) but
inhibited Cyt ¢ reduction (Fig. 2B). Thus, our results
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