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Ferredoxin-NADP reductase (FNR) and ferredoxin form a complex when the former is membrane-bound

as they do when both components are in solution, with the same dissociation constant. The rate constant

of NADP photoreduction, first order with respect to the complex, is more than 20-times higher when FNR

is membrane-bound than when the enzyme is in solution. The Arrhenius activation energy is identical in

both conditions. These observations are interpreted in terms of ‘entropic catalysis’ of NADP reduction
by the thylakoid-bound FNR.
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1. INTRODUCTION

We have previously shown that the rate of
NADP photoreduction by thylakoids is severely
reduced whenever ferredoxin-NADP reductase
(FNR) is present in solution instead of bound to
the membranes as it is in nature [1]. Other reac-
tions catalyzed by FNR, such as the diaphorase
reaction, are unaffected by the solubilization of
the enzyme [1].

We report here the results of further investiga-
tions of the influence of the FNR—membrane in-
teractions on the formation of the complex of FNR
with ferredoxin (Fd) [2] and the thermodynamic
aspect of catalysis of NADP reduction.

2. MATERIALS AND METHODS

Chloroplasts were isolated from freshly
harvested spinach leaves as in [1], except that
S mM MgCl, was present at all stages of the
preparation. NADP photoreduction was measured
in a buffer containing 15 mM Tricine—NaOH (pH
8.0), 5 mM Na(Cl, 2.5 mM MgCl,, | mM NADP,
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2.5 #M gramicidin, and Fd and FNR as indicated;
chlorophyll was 10—-12 4g/ml. Illumination, at
saturating intensity, was provided by a projector
equipped with a 500 W lamp. Light was filtered
through 5 cm of water, a heat filter (Balzer) and a
Corning 4-96 filter. The sample was illuminated
for 2 min (the reaction rate was constant during
this time); illumination was then discontinued and
oxidized glutathione was added at a final concen-
tration of 2.5 mM together with an excess of
glutathione reductase (Boehringer). After 1 min,
HCI (25 xl) was added to bring the pH below 2.
The samples were then centrifuged, and an ap-
propriate fraction was placed in a spec-
trophotometer cuvette together with Tris buffer, to
bring the pH to 8.5, and 0.1 mM 5,5’ -dithiobis(2-
nitrobenzoic acid) (DTNB). The increase in absor-
bance at 412 nm upon addition of this last reagent
was used to calculate the concentration of reduced
glutathione (Ellman’s reaction) from which the
concentration of NADP in the reaction mixture
was calculated. The method is about 4-times more
sensitive than direct estimation of NADPH at
340 nm, since the molar extinction coefficient of
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reduced DTNB is 13600, and two molecules of
reduced glutathione are formed per NADPH. The
small absorbance of non-illuminated samples
treated according to the same procedure was sub-
tracted. The inactivation of thylakoid-bound FNR
by its specific antibody was performed by incuba-
tion of the membranes (about 300 xg chloro-
phyll/ml) with the required amount of antibody,
which was established by titration of the NADP
photoreduction activity. The control thylakoids
were similarly incubated for 5 min at room tempe-
rature without antibody. The antibody against
FNR was prepared and its purity established as in
[1,3]. The FNR bound to thylakoids was determin-
ed from the FAD content of the membranes and its
NADPH diaphorase activity. FAD was extracted
with HCl at room temperature for 3 min and
estimated fluorimetrically in the neutralized ex-
tract (excitation at 450 nm, emission at 535 nm).
The increase in fluorescence upon addition of
phosphodiesterase was measured, and addition of
known amounts of authentic FAD was used for
calibration. FNR was purified, and its diaphorase
activity was measured as in [4]. Fd was prepared as
in [5].

3. RESULTS

Fd and FNR are known to form a 1:1 complex
when mixed in solution [2], with a dissociation
constant of 7 x 107% M, at pH 7, extrapolated to
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zero ionic strength [2], which increases with in-
creasing ionic strength [2,6]. There is evidence that
the formation of this complex is required for
NADP photoreduction by isolated chloroplasts
[7]. However, the differential spectroscopy
method used to estimate the formation of the com-
plex from the pure components in solution cannot
be used with membrane-bound FNR because of the
high absorbance of the membranes at the relevant
wavelengths, We have therefore measured the for-
mation of the complex between added soluble Fd
and membrane-bound FNR by estimating the
amount of Fd left in solution after incubation with
thylakoids containing measured amounts of FNR,
under controlled temperature and ionic strength.
The equilibrium concentrations of FNR and of the
complex were calculated from the measured
equilibrium concentration of Fd and the measured
initial concentrations of FNR and Fd, on the
assumption that the complex formed has the same
1:1 composition as observed with the soluble com-
ponents [2]. The dissociation constant, K4, was
calculated according to the formula

[Fd]eq. ° [FNR]eq.

[FNR-Fdleq. Ka M

The results (table 1) indicate that the dissocia-
tion constant is 5.3 x 107% at an ionic strength of
0.046, and 9.65 x 10~° when the ionic strength is
raised to 0.092. Both the value of K4 and its

Table 1

Dissociation constant of the complex of ferredoxin and membrane-bound FNR in thylakoids

Exp. Chlorophyll Ferredoxin FNR Fd-FNR complex  Ka(x 107%)
no. (mg/ml) , - at equilibrium®
Initial® Final® Initial® Final¢

1 1.66 1.70 1.292 1.719 1.311 0.408 4.15

2 1.71 1.70 1.396 1.773 1.469 0.304 6.74

3 2.98 1.70 1.052 3.36 2.712 0.648 4.40

3 1.49 1.70 1.385 1.68 1.365 0.315 6.00
mean 5.32

4 1.99 1.70 1.458 2.115 1.873 0.242 11.30

4 0.996 1.70 1.528 1.058 0.886 0.172 8.00
mean 9.65

All concentrations are in zM. The medium was 15 mM Tricine buffer (pH 8), containing 2.5 mM MgCl, and 5 mM
NaCl (ionic strength 0.046; in exp.4 the ionic strength was raised to 0.092 with NaCl). Temperature, 20°C. The data
under a, b, and ¢ are measured concentrations; d was calculated as ¢ minus e; e was calculated as a minus b
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dependence on the ionic strength are very close to
those reported for the complex formation of the
soluble, purified proteins [2,6]. The value of the
dissociation constant is only slightly affected by
temperature in the range 4-30°C (not shown), as
reported for the pure proteins in solution [2].

One can therefore calculate the concentration of
the FNR-Fd complex in a thylakoid suspension,
provided the concentrations of FNR and Fd are
estimated. We measured the rate of NADP
photoreduction at different temperatures, under
two conditions: (a) washed thylakoids, where FNR
is bound to the membranes [1], and (b) thylakoids
where the membrane-bound enzyme was titrated
with the specific antibody and activity was restored
by the addition of known concentrations of FNR
in solution. The reaction was measured under con-
ditions where it was first order with respect to Fd
(Fd, 1 xM) and with respect to the FNR-Fd com-
plex calculated as above. The first order rate cons-
tant, k = v/[FNR-Fd], was measured as 8, 16, 24
and 30°C in the two conditions mentioned (FNR
bound to the membranes or in solution, and thus
the FNR-Fd complex). The values obtained were
used to construct an Arrhenius plot of Ink vs 1/T.
The results are shown in fig.1 (average of 3 ex-
periments, run in duplicate). It is shown that the
straight lines obtained have the same slope, i.e.,
the same apparent activation energy, whereas the
rate constants are more than 20-times higher in the
native system, where FNR is membrane-bound,
than in the reconstituted system, where FNR is
soluble. The situation would be identical if the rate
constants were calculated on the basis of the con-
centration of Fd rather than that of the complex.
The Arrhenius apparent activation energy was 6.57
and 6.04 kcal/mol of NADPH in the control and
reconstituted systems, respectively. It should be
emphasized that in these experiments with un-
coupled thylakoids the concentration of Fd, and
therefore of the FNR—Fd complex was the rate-
limiting factor, and therefore the observed activa-
tion energy is that dictated by the Fd—FNR-
catalyzed NADP reduction step. Different (higher)
values of the activation energy are observed when
Fd is added in saturating concentrations, and some
other step in the electron transport chain becomes
rate-limiting.
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Fig.1. Arrhenius plot of NADP photoreduction by

isolated thylakoids. (1) Control, (2) reconstituted system

with FNR in solution. Conditions, see section 2. The

reaction was performed in a cell jacketed with

thermostated water, and the temperature was measured
in the cell.

4. DISCUSSION

We demonstrafe here that the complex between
FNR and Fd forms with the thylakoid-bound FNR
with the same dissociation constant previously
reported when the two proteins are in solution
[2,6]. The fact that the value of the constant of 5.3
x 107% (table 1) is almost identical to the value of
4.5 x 107° reported for the Kn for Fd [1,8] of
NADP photoreduction under similar conditions of
pH and ionic strength also provides independent
evidence that the FNR-Fd complex is an in-
termediate in NADP reduction, as reported in [7]
on the basis of the chemical modification of Fd ex-
periments. The two constants also have the same
dependence on ionic strength. Our results also
show that the catalytic efficiency of NADP reduc-
tion by thylakoids is influenced at the terminal step
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catalyzed by the Fd—FNR system by the binding of
FNR to the membrane. The rate of the reaction is
much higher when the enzyme is membrane-bound
(as it is in nature) rather than in solution, even
though the concentration of the FNR-Fd com-
plex, an intermediate in the reaction [7], is the
same in both conditions.

Catalysis may accelerate a process by influenc-
ing the enthalpic or the entropic factor, or both, of
the energy of activation. If we assume that
pressure and volume of our system are identical in
the two conditions (when FNR is membrane-bound
or in solution), i.e., if we assume that the pressure
in the microenvironment at the membrane surface
is not significantly different from that in the buik
solution, to a first approximation the rate constant
depends on the free energy of activation according
to the equation

k = “g;z*e—ac*/fer -
h
ke-T . @~ AH*/RT  ,A8*/R 1))
h
where AG*, AH* and AS* are respectively the free
energy, enthalpy, and entropy of activation, ks
Boltzmann’s constant, and 4 Planck’s constant. In
the Arrhenius formulation, the energy of activa-
tion, E,, is linked to the above formulation by the
relation

AH* =Ea"'RTE Ea (3)

(if RT is small relative to E,, as is usually the case).
We can therefore take the estimation of E, from an
Arrhenius plot as an estimation of AH* of eq.2. In
our case, the value of AH* is the same in the two
conditions mentioned. The suggestion is therefore
made that the large difference observed in the rate
constants can be explained as due to a higher en-
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tropy of activation of the reaction when catalyzed
by membrane-bound FNR. The terminal step of
NADP reduction by thylakoids in natural condi-
tions might then be an example of ‘entropic
catalysis’, a concept recently discussed as regards
the catalysis of protein synthesis by the elongation
factors [9].

Our observations on the influence of binding to
the membrane on the catalytic properties of FNR
must have a counterpart in changes imposed on the
conformation of the enzyme by its interaction with
the membrane. Though these are not known in
detail, it has been reported that conformational
changes of FNR are caused by different factors af-
fecting the membrane itself [10].
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