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Abstract—In the presence of dibromothymoquinone (10 uM) NADPH- and ferredoxinnANADP oxidoreductase-
dependent oxygen uptake was observed in buffered (40 mm Tris—HC1 buffer) medium. The rate of O, uptake
depended on the pH of the reaction mixture and was about two orders of magnitude faster at pH 8.7 than at pH 6.7. In
alkaline medium the rate was about 0.2 gmol O, min ' em " ? (or 9.3 nmol O, min~' mg~' FNR) at the time of
tracing, whereas at a lower pH (7.7 or 6.7) oxygen consumption was 1.5-2.0-fold faster during the first minute of
monitoring than during the second minute. Ferredoxin was not an obligatory component involved in this process.
However, at a lower pH (7.7. 6.7) oxygen consumption by the reaction mixture was stimulated 2-8-fold by adding
ferredoxin (0.6 uM). The v, value was also enhanced by cua 36% in the presence of 0.2 M NaCl, whereas inorganic
pyrophosphate caused reduction of ¢, and v, to about 62 and 3%, respectively, of the control. Under anaerobic
conditions the Michaelis constant (K,,) and the pseudo-first-order rate constant (k) for the FNR-catalysed DBMIB
reduction was about 16 uM and 0.34 s ', respectively. The results indicate that DBMIB can accept electrons from
NADPH-ferredoxin: NADP oxidoreductase, and the reduced DBMIB (presumably in the unprotonated form) can be
reoxidized by molecular oxygen.

INTRODUCTION oxidoreductases [17, 18], in the oxidation of NADPH
generated in chloroplastic glycolytic and oxidative pen-
tose phosphate pathways [17,19,20]. Reverse electron
flow through a portion of the normal photosynthetic
carrier sequences seems to be more pronounced at the
earlier stages of chloroplast biogenesis [ 14, 21], although
this pathway(s) in both developed and undeveloped

Ferredoxin: NADP oxidoreductase (EC 1.18.1.2) is an
essential enzyme that normally catalyses the terminal
step in photosynthetic NADP reduction [1 3]. There is
now substantial evidence to indicate that the isolated
enzyme exhibits NADPH-specific diaphorase mediated
reduction of ferricyanide and vurious dyes [4, 5] or trans-

hydrogenase activity involving the reduction of NAD or
its analogues by NADPH [6]. Ferrodoxin:NADP
oxidoreductase (FNR) and ferrodoxin (Fd) can also be
involved in the reduction of methyl viologen [7] or
cytochrome ¢ [5] by reducing equivalents derived from
NADPH. Despite numerous studies it is still an open
question whether diaphorase activity of FNR plays any
significant role in vivo. Answering this question one
should take into account data which indicate that in

darkened chloroplast preparations the reducing power of

NADPH could be utilized for the reduction of plas-
toquinone [8-10]. the primary ¢lectron acceptor from PS
IT [11], P700 [12 14]. cytochrome [ [15], cytochrome
b[16], the Rieske iron centre [ 12] and plastocyanin [12].
FNR has been found to be implicated in all of these
reactions. It has also been proposed that FNR and Fd
are involved, in addition to other NADPH-dependent
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chloroplasts has not been fully characterized. Thus, fur-
ther studies are needed in order to gain an understanding
the physiological function of diaphorase activity of FNR
and the pathway(s) of the electron flow in the reverse
direction at the reducing site of PSI assembly. In this
communication we report the results of studies on the
diaphorase activity of FNR in the presence of dib-
romothymoquinone (DBMIB).

RESULTS

The rate of oxygen consumption (v} by an aqueous
mixture of FNR, Fd and NADPH was low ( < 1.55x
10”2 nmol O, min~ ! mg~! Fd). However, it was a little
higher at pH values of 7.7-7.8 than at pH 6.7. Adding
DBMIB (10 uM) to the assay mixture substantially
stimulated oxygen uptake and this stimulation depended
on the pH of the medium (Fig. 1A). The ¢, values (first
minute) were 0.155, 0.051 or 0.030 at pH 8.7, 7.7 or 6.7,
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Fig. 1. Effect of pH on the oxygen uptake by the buffered (Tris-HCl buffer, 40 mM) reaction mixture composed of
0.6 uM FNR, 10 xM DBMIB and 1 mM NADPH in (A) the presence, or (B) the absence of 0.6 uM ferredoxin.
DBMIB was added in ethanol solution. The final concentration of ethanol in the assay medium did not exceed 1%.
Vertical line corresponds to 6 nmol O, cm ™2 or 0.28 umol O, mg ~' FNR. The rates of oxygen uptake, in gmol

0O, cm™?

respectively. Thus, lowering pH from 8.7 to 7.7 or from
8.7 to 6.7 caused respectively a three- or five-fold decrease
in the rate of molecular oxygen utilization. These differ-
ences were enhanced during the course of the reaction as
v, (second minute) increased nine- and 40-fold in re-
sponse to change of pH from 8.7 to 7.7 and from 8.7 to
6.7, respectively. It is also apparent that at pH 8.7
a monophasic pattern of oxygen uptake were observed,
whereas at a lower pH (7.7 or 6.7) one could see an
apparently biphasic pattern.

The next set of experiments revealed that Fd was not
an obligatory component involved in the transfer of
reducing equivalents from NADPH to DBMIB. At pH
8.7 v, reached 0.16 in the assay mixture deprived of Fd,
about equal to that in the presence of Fd (Fig. 1A, B).
However, at lower pH, v, were found to be 0.017 (at pH
7.7) or 0.004 (at pH 6.7) and was three- to eight-fold lower
than those measured in the reaction mixture supple-
mented with Fd. v, was also 1.5-2.0-fold lower in the
absence of Fd from those in the presence of Fd. Thus, Fd
was not implicated in the NADPH- and FNR-mediated
reduction and reoxidation of DBMIB, although it could
influence the rate of the process at lower pH values.
These results also indicated that in the absence of Fd
there occurs a significant difference in the vy values meas-
ured at different pH values: ¢, expressed in relative units
were 1.0:0.1:0.02 at pH 8.7. 7.7 and 6.7, respectively.

min~ . are also marked.

whereas in the presence of Fd the v, values were almost
equal. Thus, at lower pHs (7.7, 6.7) Fd accelerated oxygen
uptake (particularly v, values) by DBMIB.

Table 1 shows the ¢; and v, values to be greater by ca
13-15% 1in the presence of chemically modified Fd,
whereas 0.2 M NacCl increased v, by about 36%. It is
known that under high ionic strength, dissociation of
ferredoxin from the Fd-FNR complex takes place [22],
and this separation clearly facilitated oxygen consump-
tion. On the other hand, inhibition of the FNR activity
by 20 uM pyrophosphate caused depression of v, or
v, by ca 40 or 97%, respectively (Table 1), implying
interaction of pyrophosphate with both Fd and DBMIB
reduction site(s) on FNR. The v, value at pH 6.7 did not
depend on the DBMIB concentration and was ca 0.075
(Fig. 2) whereas v, increased from ca 0.004 in the pres-
ence of 5 uM DBMIB to ca 0.01 in the presence of 30 uM
DBMIB.

Kinetics of NADPH oxidation in the presence of vari-
ous concentrations of DBMIB and under anaerobic con-
ditions were also measured (Fig. 3). We assumed that in
the presence of | mM NADPH and 0.6 uM FNR the
initial rate of NADPH oxidation corresponded to the
initial rate of DBMIB reduction. Under this assumption
the calculated pseudo-first-order rate constant (k) was ca
0.40 s~ ! and the Michaelis constant (K, ) for DBMIB
reduction was about 16 uM.
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Table 1. Effect of inorganic pyrophosphate (PPi), modified ferredoxin (mFd) or high ionic
strength on the rate of oxygen uptake by the buffered (Tris—HCI buffer) reaction mixture
composed of FNR, Fd(or mFd), DBMIB and NADPH

Reaction mixture

Oxygen uptake,
4(z), rel. units

1. 0.6 UM FNR, 0.6 uyM Fd (or mFd), 10 uM

DBMIB, 1 mM NADPH, Tris-HCl buffer

(40 mM, pH 7.7) 100(100)
2. 0.6 uM FNR. 06 uM Fd (or mFd). 10uM

DBMIB. I mM NADPH, Tris-HC! buffer

(40 mM, pH 7.7) + 20 uM PPi*  62(3)
3. 06uM FNR. 06 M Fd (or mFd). 10uM

DBMIB., 1 mM NADPH, Tris-HC! buffer

40 mM, pH 7.7) + mFd+ 113(115)
4. 0.6 UM FNR, 06 uM Fd (or mFd), 10 M

DBMIB, | mM NADPH., Tris-HCl buffer

(40 mM. pH 7.7) + 0.2 M NaCl  96(136)

*The pH of the sodium pyrophosphate (PPi) solution was brought up to 7.7 prior to adding to

the reaction mixture.

+ Modified ferredoxin {mFd), added instead of native Fd, was dialysed against 0.6 M NaCl in
order to removal carbodiimide and ethyl glycine ester. Thus, our preparation of mFd contained
also some of NaCl. However, its final concentration in the reaction mixture did not exceed

1.2 mM.

_

Fig. 2. Effect of DBMIB concentration (zM. as indicated) on

the oxygen uptake by the buffered (Tris—HCI buffer, 40 mM, pH

6.8) reaction mixture composed of 0.6 uM FNR. 0.6 uM Fd, and

1 mM NADPH. Vertical line corresponds to 10 nmol O, cm *
or 0.46 yumol O, mg~! FNR. Other details as in Fig. .

DISCUSSION

DBMIB in low concentration ( < 5 uM) inhibits elec-
tron flow in chloroplasts at the site of plastoquinol oxida-
tion [23] whereas at higher concentration ( > 5 uM) it
may also acts as an efficient electron acceptor at the
reducing site of photosystem II [24-26]. The data re-
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Fig. 3. Kinetics of FNR dependent NADPH oxidation

(monitored at 340 nm and at room temperature) in presence of

various concentrations of DBMIB and under anaerobic condi-

tions. The buffered (Tris—HCI buffer, 40 mM, pH 7.7) reaction

mixture contained: 0.6 uM FNR, | mM NADPH, 100 U cm ™3

glucose oxidase, 10 mM glucose, ca 1100 U cm ™ calatase and
DBMIB in concentration as indicated.

ported here clearly suggest that DBMIB could also play
the role of an electron acceptor in the diaphorase activity
of ferredoxin: NADP oxidoreductase and in this way
reduced DBMIB may be reoxidized by molecular oxy-
gen. To our knowledge, this is the first report showing
DBMIB to accept electrons at the site of FNR activity.
The reduction of O, by DBMIBH, proceeded presum-
ably via H,0, [27,28]. Reduced DBMIB might also
interact with O, as had been postulated for other
quinones [29,30]. Presumably only unprotonated moi-
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ecules (DBMIB ™Y could be oxidized effectively by
molecular oxygen [31].

In this study net oxygen uptake was mainly monitored
and therefore no detailed pathway and steady-state ki-
netics will be discussed. However, we found that Fd was
not required for the DBMIB reduction and its reoxida-
tion. We may assume that the mechanism of the FNR-
mediated DBMIB reduction is comparable with that of
FNR-mediated reduction of ferricyanide or some dyes by
NADPH. Fd appeared, however, to stimulate oxygen
consumption by the system investigated and this is in
accordance with many other published data, for example,
ref. [2]. We suppose that Fd induced conformational
changes of the FNR molecules and this favored DBMIB
reduction. This might also suggests. as has been proposed
for 2,6-dichlorophenol-indophenol reduction [32], that
the Fd binding site differs from that of the DBMIB
binding site and no competition for binding sites on FNR
molecules occurred. The rate of O, uptake in the pres-
ence of modified Fd [33] was greater than in the presence
of native form. One possible explanation for this is that
the modified Fd also altered the conformational state of
FNR. A similar interpretation may concern the data on
the effect of high ionic strength of the medium that
impairs interaction of Fd with FNR [22, 34, 35]. It is also
possible that Fd and/or high ionic strength influenced the
redox properties of FNR and DBMIB in our reaction
mixture. However, pyrophosphate, an inhibitor acting at
the Fd binding site on FNR [36], effectively blocked
O, uptake, presumably due to the inhibition of DBMIB
reduction. This suggests that pyrophosphate inhibited
electron flow at Fd and DBMIB accepting sites on FNR
molecules.

The O, uptake by the system investigated depended
apparently on the pH of the reaction medium. In general,
this process proceeded faster in alkaline medium (pH 8.7)
than at an acidic pH (pH 6.7). Presumably, it could not be
attributed exclusively to the effect of pH on the FNR
activity as the optimal pH has been found to range
between 6.5 and 8.0, for example, ref. [22]. It is proposed
that the high activity of the oxygen consumption at the
initial step of DBMIB reduction as well as in alkaline
pH was associated with the predomination of the
unprotonated form of DBMIB molecules. Shifting the
equilibrium DBMIB~?"’=DBMIBH, towards the
DBMIBH; in an acidic medium was presumably respon-
sible for lowering the rate of oxygen uptake. However,
ionization of sulphydryl groups in the active site of FNR
[37] and/or two-electron reduction of the FNR flavin-
cofactor [38] at higher pH might also contribute to faster
DBMIB reduction and indirectly to its reoxidation.

The pseudo-first-order rate constant for DBMIB re-
duction under anaerobic conditions (k =040 s~ ') is
much lower from those calculated for the electron trans-
port from FNR to, for example, high potential redox
proteins [397], but higher than &, for Fd_,, oxidation by
O, [40]. The K, for DBMIB reduction in our reaction
mixture was found to be rather high but comparable with
that calculated for FNR catalysed cytochrome ¢ reduc-
tion in the presence of ferredoxin [41].
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The results reported in this work extend information
available on the diaphorase activity of FNR. Although
DBMIB is a non-physiological agent, it resembles in
many respects some of the natural quinones. Our pre-
liminary data show that oxygen uptake was also detect-
able in the reaction mixture of NADPH, FNR and pla-
toquinone or o tocopherol quinone. In conclusion, the
results presented here demonstrated that the plas-
toquinone antagonist, DBMIB, can be an appropriate
electron acceptor in diaphorase activity of FNR, and that
reduced DBMIB, presumably in unprotonated form,
could be oxidized by molecular oxygen, and that this
oxidation is favored in alkaline pH.

EXPERIMENTAL

Reagents. Glycine ethyl ester, 1-ethyl-3-(3-di-
methylaminopropyl)-carbodiimide, NADPH, glucose
oxidase and Tricine were purchased from Sigma,
DBMIB was from Aldrich; Tris was obtained from
Fluka: DEAE cellulose 23SH, DEAE cellulose 52 and
Sephadex G-50 fine were purchased from Serva, What-
man and Pharmacia, respectively. Catalase was from
Koch Light Lab. Other reagents of the analytical grade
came from the Polskie Odczynniki Chemiczne, Poland.

Ferredoxin and a crude prepn of ferredoxin:NADP
oxidoreductase were isolated from spinach by repeated
chromatography on DEAE cellulose 23SH, DEAE cellu-
lose 52 and Sephadex G-50 fine columns, as described in
ref. [42]. The isolated ferredoxin formed a single protein
band in Na dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and the A ratio (A,,0/A47¢)
was 0.20. An extinction coefficient of 9.7 mM ™! cm ™! at
420 nm was used to determine Fd,, concn. The crude
prepn of FNR showed several protein bands on
SDS-PAGE with the major one having M, of about
35000. The sp. act. of this prepn in our assay medium was
comparable with the activity of FNR purified to homo-
geneity according to ref. [43] (data not shown). An ex-
tinction coefficient of 9.8 mM ! cm ™! at 459 nm was
used to determine the FNR concn. Concd suspension of
Fd or FNR in Tris—-HCI buffer (40 mM, pH 8.0) were
stored at — 30° prior to use. Modified ferredoxin (Fd
treated with 0.5 M glycine ethyl ester in the presence of
0.3 mM 1-ethyl-3(3-dimethylaminepropyl) carbodiimide
was prepared according to ref. [24]. O, uptake was
monitored at 25° by a Clark-type oxygen electrode (Han-
satech, U.K.) connected with the TZ 4100 Line Recorder
(Praha, The Czech Republic).

Kinetics of NADPH oxidation (changes of A at
340 nm) were monitored by the Stopped-flow spectro-
photometer (SX-17 MV Applied Photophysics, U.K.).
Other spectrophotometric measurements were carried
out by the LSM-Aminco DW 2000 Spectrophotometer.

Acknowledgments—This work was supported by a re-
search grant (no 41660 91 01) from the State Committee
for Scientific Research (KBN), Poland. The authors are
grateful to Mgr Andrzej Waloszek for stopped-flow ab-
sorbance kinetic traces and to Mrs Halina Kolodziejska
for technical assistance.



[

Diaphorase activity of ferredoxin:

REFERENCES

. Forti, G. (1977) Encyclopedia of Plant Physiology.

Vol. 5. p. 222.

. Carrillo, N. and Vallejos, R. H. (1987) Topics Photo-

synthesis 8, 527.

. Knaff, D. B. and Hirasawa. M. (1991) Biochim. Bi-

ophys. Acta 1056, 93.

. Zanetti, G. and Forti. G. (1966) J. Biol. Chem. 241,

279.

. Forti, G. and Sturani. E. P.(1968) Eur. J. Biochem. 3.

461.

. Boger, P. (1971) Z. Naturforsch. 26b, 807.
. Bowyer, J. R, O'Neill. P., Camilleri. P. and Todd.

Ch., M. (1988) Biochim. Biophys. Acta 932, 124.

. Arnon, D. I. and Chain. R. K. (1975} Proc. Natl Acad.

Sci. U.S.A. 72, 4961.

. Mills, J. D., Mitchell. P. D. and Barber. J. (1979)

Photobiochem. Photobiophys. 1, 3.

. Shahak, Y. and Avron. M. (1986) Photosynthesis Res.

10, 405.

. Mills, J. D., Crowther. D.. Slovacek. R. E., Hind. G.

and McCarty, R. E. (1979) Biochim. Biophys. Acta
547, 127.

. Malkin, R. and Chain. R. K. (1980} Biochim. Biophys.

Acta 591, 381.

. Rurainski, H. J. and Stauder, U. (1984) Advances in

Photosynthesis Research (Sybesma. C., ed.), p. 581.

. Wieckowski, S., Subczynski. W. K., Machowicz, E.

and Majewska, G. (1989) Photosynthetica 23, 10.

. Chain, R. K. (1979) FEBS Letters 105, 365.
. Clark, R. D. and Hind, G. (1983) Proc. Natl Acad.

Sci. U.S.A. 80, 6249.

. Kow. Y. W. Erbes. D. L. and Gibbs. M. (1982) Plunt

Physiol. 69, 442.

. Wieckowski, S. and Panz. T. (1989) Photosynthetica

23,222

. Kaiser, W. M. and Bassham. J. A. (1979) Planta 144,

193.
Gfeller, R. P. and Gibbs. M. (1984) Plant Physiol. 75.
212.

. Wieckowski, S.. Machowicz. E. and Subczynski.

W. K. (1979) J. Exp. Botany 30. 1179.

RRE
34.

35.
6.

38.

39.

40.

41

43

NADP oxidoreductase 665

Foust. G. P., Mayhew, S. G. and Massey, V. (1969)
J. Biol. Chem. 244, 969.

. Trebst. A. (1980) Meth. Enzymol. 69C, 675.
. Lozier. R. H. and Butler, W. L. (1972) FEBS Letters

26, 161,

. Gould, J. M. and Izawa, S. (1973) Eur. J. Biochem. 37,

185.

26. Satoh. K.. Hansson, O. and Mathis, P. (1990) Bio-

chim. Biophys. Acta 1016, 121.

. Elstner. E. F. and Frommeyer. D. (1978) FEBS Let-

ters 86, 143.

. Elstner, E. F. and Frommeyer, D. (1978) Z. Natur-

forsch. 33¢, 276.

_ Pohl. H. and Jordan, W. (1987) Bivorg. Chem. 15,

374.

. Ernster, L., Forsmark, P. and Nordenbrand, K.

(1992) BioFactors 3, 241.

. Sugioka, K., Nakano, M., Totsune-Nakano, H., Min-

akami, H., Tero-Kubata. S. and ITkegami, Y. (1988)
Biochim. Biophys. Acta 936, 377.

. Chang. K. T., Morrow, K. J., Hirasawa, M. and

Knaft, D. B. (1991) Arch. Biochem. Biophys. 290, 522.
Vieira, B. J. and Davis, D. J. (1985) Biochem. Biophys.
Res. Commun. 129, 467.

Boger, P. (1971) Planta 99, 319.

Batie, C. and Kamin, H. (1981) Biol. Chem. 256, 7756.
Forti, G. and Meyer. E. M. (1969) Plant Physiol. 44,
1511

. Davis, D. J. and San Pietro, A. (1977) Arch. Biochem.

Biophys. 184, 572.
Serrano. A.. Rivas, J. and Losada, M. (1984) FEBS
Lerters 170, 85.

Bhattacharyya, A. K., Meyer, T. E., Cusanovich,
M. A. and Tollin, G. (1987) Biochemistry 26,
758.

Hirasawa, M., Chang, K.-T. and Knaff, D. B. (1990)
Arch. Biochem. Biophys. 276, 251.

Hosein, B. and Palmer. G. (1983) Biochim. Biophys.
4cta 723. 383.

. Bager. P.. Black, C. C. and San Pietro, A. (1966) Arch.

Biochem. Biophys. 115, 35,
Apley. E. C., Wagner, R. and Engelbrecht, S. (1985)
Anal. Biochem. 150, 145,



