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1. Introduction

It has been demonstrated by difference spectrum
and sedimentation experiments [1—4] that spinach
ferredoxin—~NADP reductase (FNR) and ferredoxin
(Fd) form, at low ionic strength, a tightly bound
1:1 complex, which can be completely dissociated
into its components by increasing ionic strength
[3, 4] . This tightly bound 1:1 complex was thought
as important for the enzymic activities of FNR, such
as Fd-linked cytochrome ¢ reductase activity [3,4] .

Contradictory to this implication, however, Fd
was found to be a potent inhibitor of FNR-catalyzed
reactions at low ionic strength [5]. The FNR-Fd
system was more effective in initiating the sulfite
oxidation at a high ionic strength than at a low
ionic strength [6] . Cammack et al. [7] showed
that a ‘difference’ circular dichroism spectrum,
ascribed to complex formation, still remained at
an jonic strength (0.3 M NaCl) which was sufficient-
ly high to cause the dissociation of the complex
[3,4].

In the present investigation, a more comprehensive
interpretation of these contradictory facts is re-
ported, i.e. there are at least three states of inter-
action between FNR and Fd, depending on the
ionic strength of the environment: 1) a very tightly
bound complex is present at near zero ionic strength
where Fd is inhibitory toward FNR-catalyzed reac-
tions; 2) a comparatively loosely bound but catalyti-
cally effective complex is seen at around 0.1 M NaCl
concentration; and 3) a complex of decreased activity
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when FNR is inactivated by high ionic strength is
observed.

It is likely that the intracellular increment of
salt concentration plays a regulatory role on the
enzymic activities by changing the degree of dis-
sociation of the complex into its components
and reversible inactivation of the flavoprotein
itself.

2. Materials and methods

Fd and FNR were purified from spinach by the
methods of Tagawa and Arnon [8] and Shin et al.
[9], respectively. The concentrations of these pro-
teins were estimated by measuring the absorbances
on the basis of molar extinction coefficients [10, 11].
NADPH was purchased from Sigma and its concen-
tration was determined spectrophotometricaily.
Diaphorase activities were measured spectrophoto-
metrically with 2,6-dichlorophenolindophenol
(DCPIP) as an electron acceptor. Spectrophotometers
used were Hitachi-Perkin Elmer (Model 124 and
Model 139).

3. Results and discussion

Fig. 1 shows the effect of NaCl on FNR-cata-
lyzed diaphorase activities in the absence and pres-
ence of Fd. When Fd was not added, the diaphorase
activity decreased gradually with increase of ionic
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Fig. 1. Effect of NaCl concentration on FNR-catalyzed dia-
phorase activities in the absence (©) and presence (o) of Fd.
Reactions were measured spectrophotometrically at 600 nm

in 0.01 M tris-HC1 buffer, pH 7.4, at 25°. Concentrations (M):

FNR 6.3 X 10~2; Fd (when added) 2.6 X 10~7;NADPH
2.4 X 1075;DCPIP 1.2 x 1075,

strength, This is due to an inactivation of FNR by
the high ionic strength environment. This inactiva-
tion was reversible, since the activity was fully re-
stored upon dilution with buffer of the enzyme,
which had been pre-incubated with a 0.3 M NaCl
solution for 10 min.

Fd was found to have two opposite effects on
the diaphorase activity depending on ionic strength.
In the absence of NaCl, it was fairly inhibitory in
agreement with Nelson and Neumann [5] ; on the
other hand, it stimulated the activity when NaCl
was added (over 0.025 M NaCl). A maximal acti-
vity was attained at about 0.1 M NaCl, and then
activity decreased with increase of salt concentra-
tion. The decrease. in activity in this portion of the
graph parallels that of the diaphorase activity
without Fd: the ratios of the activity at 0.15 M
NaCl to that at 0.30 M NaCl (A 15/A¢ 30) were 2.3
for the diaphorase activity without Fd and 2.2 for
the activity with Fd, respectively. Therefore, the
activity decrease at high ionic strength (over 0.15
M NaCl) could also be caused by FNR-inactivation
due to the high ionic strength, but not due to the
dissociation of the complex into components as
previously considered [3, 4] . On the other hand,
the activity increase at lower ionic strength (below
0.10 M NaCl) could be due to changes in the affinity

FEBS LETTERS

July 1971

4 -3 -2 1 o0 1| 2 3 4 5
1/(Ferredoxin) (uMJ)'

Fig. 2. The plot of 1/Av vs. 1/[Fd]. Activity was measured
spectrophotometrically at 600 nm in 0.01 M tris-HCl buffer,
pH 7.4, at 25°. Concentrations (M): FNR 7.1 X 107°;
NADPH 5.2 X 10~5; DCPIP 2.6 X 10~5. Concentrations
of NaCl (M): 0.05 (o), 0.10 (o), 0.15 (), 0.20 (), 0.30

(w).

between FNR and Fd, resulting in a more effective
state of interaction between these two proteins,
and also due to a recovery from the Fd-inhibition
by increasing the accessibility of NADPH to the re-
ductase.

Stimulation by Fd at a fairly high ionic strength
was studied. It was found that the reaction rate
increased with increasing Fd when other conditions
were kept constant, It therefore seems reasonable
to assume that some effective state of interaction,
probably a loosely bound complex, between FNR
and Fd was present at high ionic strength. On the
assumption that the increase in the reaction rate
on addition of Fd, Av, is directly proportional to
the amount of this species, the following relation-
ship can be derived [12]:

A1, Kprp 0
Ay AV, AV, [Fd]

where Ky is the apparent interaction constant
between FNR and Fd. The experimental results ob-
tained under various ionic strengths are shown in
fig. 2. A satisfactory straight line was obtained in
each case. The values of the constant, Kgp, cal-
culated from the intercepts on the abscissa are listed
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Table 1
Apparent interaction constant, K, between FNR and Fd in
high ionic strength media.

NaCl concn. KFF*

M) (M)

0.05 29x 1077
0.10 6.1 x 1077
0.15 20x 1078
0.20 20x% 1078
0.30 2.0% 107

* Obtained from equation (1).

in table 1. It is important to note that the value in-
creased abruptly with increase of ionic strength up
to 0.15 M NaCl, but remained constant above 0.15
M, indicating that FNR and Fd are still in a com-
plexed state at high ionic strength but have quite a
decreased activity because of the inactivation of
FNR. The above facts also well account for the ob-
servation of Cammack et al. [7] that the decrease

in the Cotton effects indicates the existence of the
complex in the presence of even 0.3 M NaCl, where
Fd-linked cytochrome ¢ reductase activity is serious-
ly damaged [3] . Also, the absorbance increment

in the flavin region upon complexing does not entire-
ly reflect in events leading to the formation of the
complex, but reflect a sort of spectral perturbation
of the flavin moiety.

In this context, the interpretation by Foust et al.
[3] and Nelson and Neumann [4] must be some-
what modified. The effects of ionic strength on the
FNR-Fd system were revealed to have a dual func-
tion: (1) the dissociation of the complex into the
components, at a rather low ionic strength (below
0.10 M NaCl); (2) the reversible inactivation of FNR
itself, which becomes pronounced at a higher ionic
strength (over 0.15 M NaCl). The latter effect has
been so far overlooked by other investigators.

A demonstration of the existence of the FNR—Fd
complex by ultracentrifugation is unclear, due to
the small difference in sedimentation velocities of
the complex, free FNR (M.W. 40,000) and Fd (11,000).

Taking into account the relatively high ion con-
tent (above 0.1 M) in an intact chloroplast [13], the
physiological significance of the FNR~Fd complex
at near zero ionic strength is questionable. Of far
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greater physiological significance is the fact that the
ionic environment of the flavin and iron-sulfur pro-
teins in vivo can regulate the expression of enzymic
activities through the degree of dissociation of the
complex and inactivation of the flavoprotein. In
view of the close similarity of the adrenal steroid
hydroxylase system to the electron transport system
of chloroplast photosynthetic pyridine nucleotide
reductase, the proposed regulatory mechanism is
probably also valid in the former system. This find-
ing is supported by a previous observation that the
conversion of cholesterol to pregnenolone was great-
ly stimulated by inorganic phosphate (optimal con-
centration about 10 mM) but higher concentrations
of inorganic phosphate were inhibitory [14]. This
mode of regulation of enzymic activity by ionic
strength could be a general phenomenon for multi-
subunit enzymes.
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