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Abstract: A multi-enzyme electron-transfer chain involving solubilized photosystem I (PSI) as photocatalytic
unit, cytochrome c6 and ferredoxin as electron carriers and ferredoxin/NADPH oxidoreductase (FNR) as
electron acceptor was reconstituted in an electrochemical cell and studied by cyclic voltammetry. The working
gold electrodes were modified to react selectively with cytochrome c6. Quantitative analysis of the
photocatalytic current under continuous illumination allowed the determination of the values kon and koff for
the ferredoxin/PSI interaction. An efficient recycling system for NADPH was established, and the dissociation
constant of the oxidized ferredoxin/semiquinone FNR complex was extracted by modeling the catalytic
efficiency of the chain as a function of ferredoxin concentration. The value determined hereby is consistent
with a shift of -50 to -100 mV of the reduction potential of ferredoxin when complexed with FNR.

Introduction

Metabolic pathways in biological systems are complex
interconnected networks of proteins and enzymes interacting
in an optimized way. The reaction sequences typically involve
transfer of electrons and protons to or from specific catalytic
sites where bond-forming or bond-breaking reactions occur.
Probably the most studied examples are the electron-transfer
chains of respiration and photosynthesis. Especially photosyn-
thesis has become an important model system because of the
intrinsic property that the reaction sequences can easily be
initiated by short flashes of light thus allowing kinetic studies
with high time resolution.

Natural photosynthesis is the process in which autotrophic
organisms use the energy of sunlight to create reducing
equivalents which drive carbon assimilation. In plants, green
algae and cyanobacteria, electrons extracted from water by
photosystem II are channeled along a membrane-bound electron-
transfer chain toward the oxidizing side of photosystem I (PSI).
The structure of cyanobacterial PSI reveals a membrane protein
complex assembled from 12 subunits and carrying 127 pigments
and cofactors.1 Upon illumination, excitation of the primary
donor P700 triggers a sequence of fast internal electron-transfer
reactions where an electron is displaced from P700 onto one of
the internal electron acceptors FA or FB, which are 4Fe-4S
clusters. In this way a charge separation state (P700+ FAB

-) is
created within less than one microsecond.2 PSI interacts with
small soluble redox active proteins at both the donor and the

acceptor side. The oxidized primary donor P700+ oxidizes
reduced plastocyanin or cytochromec6 (Em ) +321 mV vs
NHE3) on the lumenal side of the membrane whereas FB reduces
ferredoxin (Fd) on the stromal side of the membrane. Ferredoxin
as low-potential electron carrier (Em ≈ -420 mV vs NHE4)
plays a central role as the entry point of electrons for a series
of redox metabolic cycles, such as nitrogen and sulfur assimila-
tion. Recently, the interaction of Fd with hydrogenases, which
catalyze the reversible reduction of protons to dihydrogen in
some photosynthetic microorganisms, has become a topic of
special interest with respect to the optimization of metabolic
pathways of genetically engineered organisms designed for H2

production.5,6 However, the main partner of Fd in the bioener-
getic pathway, competing with hydrogenase for low potential
electrons from PSI, is the enzyme ferredoxin-NADP+-reductase
(FNR). FNR is a well characterized flavoprotein of 34 kDa that
oxidizes two equivalents of reduced Fd to produce one
equivalent of NADPH from NADP+. NADPH is the source of
reducing equivalents for carbon assimilation in the Calvin cycle.
With regard to the optimization of electron flow toward
hydrogenase it is therefore of considerable interest to study the
electron-transfer chain on the reducing side of PSI with the aim
to determine the factors which govern the interaction between
PSI and Fd as well as between Fd and FNR. Of course, such a
study will have to be complemented by an analogous study of
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the interaction between Fd and hydrogenase once the purification
of this enzyme in an active form is established.

During the last decades, different spectroscopic techniques
have been successfully applied to characterize transient inter-
mediates in enzymes thus revealing structure-function relation-
ships and the principles governing the interactions between the
reaction partners.7 With few exceptions such studies are made
on isolated complexes and their direct partners. Certainly, this
approach is very efficient to understand a given molecular
mechanism of a subensemble, but it is also of considerable
interest to investigate as far as possible the complete reaction
chain to approach the physiological relevant conditions.

Electrochemical methods provide an efficient alternative to
spectroscopy to probe the kinetics of photosynthetic electron-
transfer.3 Kinetic measurements based on the coupling between
a heterogeneous reaction at an electrode and a catalytic reaction
have been used for over half a century.8 On the basis of the
work from Nicholson and Shain9,10and Save´ant and Vianello,11

literature now offers several theoretical frameworks for elec-
trocatalysis which allow us to obtain rate constants from catalytic
currents measured for homogeneous catalysis12,13 or direct
electron transfer.14 These techniques have proved useful for the
elucidation of the functional mechanisms for numerous enzymes,
including hydrogenases,15,16glucose oxidase,13 fumarate reduc-
tase,17 horseradish peroxidase,18 FNR,19,20 and cytochrome
P450cam.21 As a special case, photocatalytic systems offer the
advantage over other catalytic systems that catalysis can be
turned on and off with the actinic light. Several groups have
attempted electrochemical studies of photosystem I, taking
advantage of its tendency to adsorb onto hydroxyl-covered
surfaces22-24 or embedding it into a supported lipid bilayer on
an electrode.25 Though groups reported promising conditions
for direct electrochemistry of photosystem I,23,25none provided
new insights into the functional aspects of photosystem I or
the interaction with its natural redox partners.

In this work we reconstituted “ex-vivo”, inside an electro-
chemical cell, a complete photosynthetic electron-transfer chain

involving PSI, its direct electron donors and acceptors cytc6
26

and Fd, respectively, as well as FNR and its substrate NADP+.
As all proteins were solubilized, conditions of the study were
very close to those used for spectroscopic measurements.27-30

The catalytic current of the system was studied under continuous
illumination conditions with cyclic voltammetry. Once sufficient
NADPH recycling conditions were established, variation of the
relative concentration of partners of the chain permitted to chose
different reaction steps to be rate limiting. The electrocatalytic
data obtained were analyzed within an adapted theoretical
framework, and relevant rate constants and interaction param-
eters were extracted.

Experimental Section

Materials. 3-Mercapto-1-propanol,â-nicotinamide adenine nucle-
otide phosphate (NADP+), glutamate dehydrogenase (EC 1.4.1.4) from
Proteus(GLDH), R-ketoglutarate (R-KG), titanium(III) chloride, tri-
sodium citrate, andâ-dodecyl maltoside (â-DM) were purchased from
Sigma-Aldrich (St Quentin Fallavier, France). Gold (purity 99.999%)
was purchased from Platecxis (Noisy le Sec, France). Organic solvents
were HPLC grade. Silver glue was from Epotecny (Levallois-Perret,
France). Water with a typical resistivity of 18.2 MΩ was obtained from
a Milli-Q purification system (Millipore, Les Ulis, France). Sulfuric
acid was 95% pure. Titanium(III) citrate was made as described in ref
31, note 3.

Depending on the needs, two buffers were used: the “partial” buffer
contained 20 mM tricine pH 8, 25 mM (NH4)2SO4, 15 mM R-KG and
5 mM MgSO4. The “complete” buffer contained in addition 2 mM
NADP+ and 0.03%â-DM, the latter being necessary to prevent
adsorption of PSI I on hydroxyl-covered electrodes.24

Protein Purification. Cytochromec6 from Thermosynechococcus
elongatuswas purified to homogeneity from a batch of the prepurified
protein (gift from Dr A. Boussac) by a gel permeation chromatography
on a superdex 75 column (Pharmacia). The starting batch resulted from
a classical series of steps: ammonium sulfate precipitation, anion
exchange, and hydrophobic chromatographies.3 Fully oxidized cytc6

was obtained in the presence of an excess of potassium ferricyanide.
Binding of the oxidized cytc6 on phenyl sepharose at 50% saturation
of ammonium sulfate allowed a fast and complete desalting, followed
by elution in MES buffer, 20 mM, pH 6.5. Concentrations of the stock
solutions were measured spectrophotometrically using an extinction
coefficient of 25.5 mM-1‚cm-1 at 553 nm for the reduced form and of
11.5 at 526 nm for the oxidized form.

The PSI reaction centers, Fd and FNR, were isolated fromSyn-
echocystissp PCC 6803. The monomeric form of PSI was purified
following the original method of Ro¨gner et al.32 A modification of the
anion exchange was introduced, ammonium sulfate replacing magne-
sium chloride as the eluting salt. Stock solutions of PSI were usually
at a concentration of 23µM P700. The plasmid (pET22b) for the
expression of an intermediate form of FNR (75 aa deletion from the
N-terminal) was a gift from Dr. J. van Thor.33 The Fd gene was PCR
amplified and cloned in an expression vector of the pET series.34 Both
proteins were overexpressed inE. coli and purified by successive steps
of ammonium sulfate precipitation, anion exchange, and hydrophobic
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chromatographies.34 Concentrations of Fd and FNR were measured
spectrophotometrically at 422 and 460 nm using extinction coefficients
of 9.7 and 10.5 mM-1‚cm-1, respectively.

Electrode Preparation. Surface-modified gold foils were used as
working electrodes.3 Gold foils (thickness between 1.5 and 2µm) were
made by vapor deposition (Edwards model 306) onto thoroughly
cleaned glass slides. Slides were cleaned by a 30 min sonication in
chloroform followed by thorough rinsing with water, a 30 min
sonication in detergent, rinsing with water, a 30 min bath in a freshly
prepared piranha solution35 (1 volume 30% hydrogen peroxide, 2
volumes sulfuric acid), and rinsed extensively with water. The slides
were dried under an argon or nitrogen flux and stored in a desiccator
under vacuum until use.

For preparation of working electrodes, a gold foil was glued onto
the tip of a glass tube (3 mm in diameter, surface areaS ) 0.07 cm2)
in which a stainless steel rod was mounted. Two glues were used, a
standard epoxy resin for mechanical resistance and silver glue for
electrical conductivity.

Before use, the electrodes were cleaned by immersion for 10 seconds
in a freshly made sulfochromic acid solution (5% saturated K2Cr2O7

solution in water, 95% sulfuric acid). Electrodes were tested and
incubated in a 10 mM solution of 3-mercapto-1-propanol in ethanol
for 90 min to allow for self-assembly of a hydroxyl-terminated
monolayer at the surface. Finally, the modified electrodes were rinsed
with ethanol then with water and stored in “partial” buffer before use
to prevent the electrode from drying, as it was found that electrochem-
istry of cyt c6 degrades when the electrode dries. Electrochemical tests
ascertained that, at the potential range used in this work, only
cytochromec6 is able to react with the electrode.

Electrochemical Measurements.A Parstat 2263 potentiostat con-
trolled by a computer and PowerSuite software (Princeton Applied
Research, Ametek, Trappes, France) was used for cyclic voltammetry.
Data were extracted from the databases with the help of the mdbtools
software (http://mdbtools.sourceforge.net/). Voltammograms displayed
in this paper have negative anodic current. Unless otherwise stated
potentials are given with respect to the saturated KCl calomel electrode
(SCE).

The electrochemical cell contained three electrodes: a platinum wire
counter electrode, a KCl saturated calomel reference electrode (SCE),
and the gold working electrode described above. The working electrode
was mounted into a microcell consisting of a glass tube closed at the
bottom with a standard dialysis membrane (MW cutoff: 8kDa). This
allowed working with a fairly low sample volume (usually 75µL) while
keeping good electrical conductivity.

Additions to the sample solution were made through a hole on the
side of the glass microcell, with long pipet tips. Tips were plunging
into the sample solution. An electrochemical calibration of the additions
performed with ferricyanide showed that precision was better than 2%
for successive additions of 1µL.

To prevent oxygen from interfering with the measurements, the
electrochemical cell was kept within an O2-free glove box (usual con-
centration: 5 ppm O2). All measurements were performed at 20°C.

Experiments in dark conditions were recorded in weak ambient light,
as no difference was found with a cell covered by a black cloth over
a wide range of experimental conditions. Light conditions were obtained
by illuminating the working electrode from the bottom with a halogen
projector lamp. A Calflex IR filter (cutoff around 750 nm) was applied
to prevent heating of the sample along with a long-pass red glass filter
(cutoff around 600 nm) to prevent UV light from damaging FNR.

Optical Measurements.The dissociation constant between FNR
and oxidized ferredoxin was measured by flash spectroscopy as
described in ref 36. In the “partial” buffer, a value of 140µM was
obtained.

As cytochromec6 has a potential much higher than that of ferredoxin,
the reduction of oxidized cytochrome by reduced ferredoxin is
thermodynamically favorable. This reaction would represent a short-
circuit for the electron flow in our system.37 Direct measurements of
the rate constant of reduction of oxidized cytochromec6 by reduced
ferredoxin were not practical because of the experimental difficulty in
reducing the ferredoxin and separating it from the reductor while
keeping it reduced. Rather, an anaerobic spectrometric cell containing
3 µM reduced cytc6, 3 µM oxidized Fd, and 0.3µM photosystem I
was subjected to cycles of illumination/darkness. Absorbance of the
sample was measured at 553 nm.38 Upon illumination, electrons are
transferred from cytc6 to Fd via PSI. The photoreduced ferredoxin
then reacts with oxidized cytc6. An equilibrium is rapidly reached.
When the light is switched off, the forward electron-transfer ceases
and the only reaction occurring in the cell is

As originally all cyt c6 is reduced, all Fd oxidized, and there is no
other electron acceptor, at all times [c6

ox] ) [Fdred]. We therefore
expect second-order kinetics. Fits of the kinetics yieldkshort ) 4 ( 1 ×
106 M-1‚s-1. The absence of interfering redox compounds was
ascertained by the fact that successive traces superimpose perfectly.

This experiment also offers an alternative way to determine the rate
constantkshort. If we assume that the forward electron transfer is limited
by the second-order reaction between cytc6 and PSI (this is likely as
electrochemical experiments show that this is the case even for much
higher concentrations of cytc6), the consumption rate of reduced cyt
c6 is

wherek3 ) 6 × 106 M-1‚s-1 is the second-order rate constant of reaction
between cytc6 and PSI, following the notations in ref 3. The rate of its
regeneration is given by

When the equilibrium is reached, both rates are equal, and we can
expresskshort:

One findskshort ) 5 ( 1 × 106 M-1‚s-1. Both methods are in good
agreement and a value ofkshort ) 5 × 106 M-1‚s-1 was used in the
simulations below as it yielded the best fits (see figure S1 in Supporting
Information).

Results and Discussion

Construction of the Electron-Transfer Chain. In a previous
report, the interaction between cytochromec6 and photosystem
I was investigated, using methylviologen (MV) as artificial
electron acceptor for PSI.3 In this configuration, MV was
reoxidized by dissolved oxygen. These experiments allowed the
determination of the rate constant of the reaction of cytochrome
c6 with PSI under steady-state conditions.3 As the next step in
the construction of a complete electron-transfer chain, we
replaced MV with the natural acceptor of PSI, ferredoxin. First,

(35) Be careful, piranha solution reacts violently with organic compounds.
(36) Cassan, N.; Lagoutte, B.; Se´tif, P. J. Biol. Chem.2005, 280, 25960-25972.

(37) In vivo, this problem does not arise as cytc6 and ferredoxin are separated
by the thylakoid membrane.

(38) At 553 nm, we measured∆ε(c6
ox/c6

red) ) 17850 M-1‚cm-1 by oxydizing
reduced cytc6 in a spectrometric cell with ferricyanide and∆ε(Fdred/Fdox)
) 2200 M-1‚cm-1 by reducing ferredoxin with titane citrate and allowing
it to be reoxidized by oxygen in a spectrometric cell.

c6
ox + Fdred98

kshort
c6

red + Fdox (1)

V- ) k3[c6
red][PSI] (2)

V+ ) kshort[c6
ox][Fdred] (3)

kshort) k3

[c6
red][PSI]

[c6
ox][Fdred]

(4)
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measurements were conducted as follows: In a deaerated
solution containing oxidized cytc6, PSI and oxidized ferredoxin,
cyclic voltammograms were recorded both in dark and light
conditions, from 0.25 to-0.25 V versus SCE. During the sweep,
reduced cytc6 is formed at the electrode. In dark conditions,
no chemical reaction takes place, and the voltammograms
recorded were identical to those obtained in the absence of PSI
and Fd. However, upon illumination, PSI catalyzes the transfer
of electrons from cytc6 to Fd. The expected photocatalytic
process taking place under illumination is therefore

However, unlike what was observed with MV, the voltam-
mograms obtained under illumination, even in the presence of
an excess of Fd, differ only very slightly from those in dark
condition, meaning that photocatalysis is weak (figure S5 in
Supporting Information). This can be accounted for by the very
favorable oxidation of reduced Fd by cytc6 (reaction 7)39 which,
by consumingc6

ox, decreases the catalytic current.

To improve catalysis, we introduced FNR as a partner of
ferredoxin that would regenerate oxidized ferredoxin. FNR
catalyzes reduction of NADP+ to NADPH by ferredoxin
(reaction 8) and has been studied rather extensively.4,7,40-42

Cyclic voltammograms were recorded in both dark and light
conditions in the presence of FNR and NADP+; they are
represented in Figure 1(traces a and b). Under light conditions,
the following reaction occurs in addition to reactions 5 and 6:

As can be seen in Figure 1b, in the presence of FNR the
forward (cathodic) trace of the voltammogram increases in
intensity while developing a characteristic sigmoidal shape. This
indicates that the global photocatalytic process depicted above
now becomes more efficient. The occurrence of a plateau
current, even when ferredoxin is introduced at a lower concen-
tration than cytc6, shows that there is no diffusional limitation
to catalysis, as a result of the efficient regeneration of Fdox by
the FNR-catalyzed cycle.

However, voltammograms recorded under illumination also
display a large, intense reoxidation peak evidencing that some
catalytic process involving a diffusing species is taking place
during the backward scan of the voltammogram. This observa-
tion can be explained by the fact that FNR is a reversible enzyme
meaning that it can also function as a diaphorase,41 reducing
ferredoxin in the presence of NADPH. Considering the con-
comitant occurrence of the short circuit reaction 7, the overall
catalytic cycle taking place at the electrode during the anodic
scan is therefore

In the cathodic scan, when cytc6 is reduced at the electrode,
reaction 10 has the sole effect of reducing the net cathodic
catalytic current.

To minimize the undesirable short-circuit, it is necessary to
recycle efficiently NADPH back to NADP+ to keep the
NAPDH concentration very low. We used GLDH to achieve
this. GLDH catalyzes the conversion ofR-ketoglutarate (R-KG)
to glutamate linked to the oxidation of NADPH:43

At the pH and the concentrations used, this reaction is complete.
When the concentration of GLDH and its substrates are high
enough, the concentration of NADPH is kept at negligible levels
thereby suppressing reaction 10. Dark and light cyclic voltam-
mograms obtained in the presence of cytc6, PSI, Fd, FNR,
NADP+, GLDH, R-KG, and ammonium are shown in Figure 1
(traces c to e). It can be clearly seen that, as the GLDH
concentration increases, the return peak diminishes while the
plateau current increases. A saturation is obtained for around
nine units of GLDH for 75µL of sample (trace e). Under these
conditions the voltammograms recorded upon illumination(39) The potential of the couplec6

ox/c6
red is 321 mV (vs NHE) whereas the one

of Fdox/Fdred is around-420 mV vs NHE4.
(40) Batie, C.; Kamin, H.J. Biol. Chem.1981, 256, 7756-7763.
(41) Batie, C.; Kamin, H.J. Biol. Chem.1984, 259, 11976-11985.
(42) Batie, C.; Kamin, H.J. Biol. Chem.1984, 259, 8832-8839.

(43) Shimizu, H.; Kuratsu, T.; Hirata, F.J. Ferment. Technol. 1979, 57, 428-
433.

Figure 1. Cyclic voltammograms of cytc6 recorded in the dark (a) and
under illumination (b-e): [c6] ) 80 µM, [PSI] ) 0.6 µM, [Fd] ) 10 µM,
[FNR] ) 10 µM in the “complete” buffer. The amount of GLDH was
varied: 0 U (b), 1.5 U (c), 7.5 U (d), and 9 U (e). No background
substraction was performed.

c6
ox + e- y\z

electrode
c6

red (5)

c6
red + Fdox98

PSI

light
Fdred + c6

ox (6)

c6
ox + Fdred98

∆E>700 mV

kshort
c6

red + Fdox (7)

2Fdred + NADP+ + H+98
FNR

2Fdox + NADPH (8)

Figure 2. Electron-transfer chain under illumination. Single arrows
represent irreversible electron transfers whereas double arrows represent
reversible electron transfers. The mechanism of electron transfer involving
FNR was simplified for the sake of clarity.

c6
red y\z

electrode
c6

ox + e- (9)

NADPH + 2c6
ox98

FNR, Fd
NADP+ + H+ + 2c6

red (10)

R-KG + NH4
+ + NADPH f glutamate+ NADP+ (11)
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display a perfect catalytic shape, without hysteresis, demonstrat-
ing that the recycling is satisfying. Nine units of GLDH were
therefore used in all other experiments.

The complete electron-transfer chain is represented in
Figure 2.

Functional Model Used for PSI Interactions. The PSI-
catalyzed light-induced electron transfer from reduced cytc6

(c6
red) toward oxidized ferredoxin (Fdox) was kinetically mod-

eled as follows. The proposed simplified model is reduced to
the minimum number offunctionalkinetic equations represent-
ing the steady-state attained upon illumination:

(P700, FAB), (P700+, FAB
- ), and (P700, FAB

- ) represent re-
spectively the PSI reaction center in the ground-state, after
charge separation, and after reduction of P700+. (P700+, F-

AB)
is assumed to first react with cytc6 rather than Fdox since cyt
c6 is introduced in excess with respect to Fd.

The following simplifying assumptions are made:
(i) Light absorption by PSI and ensuing charge separation

are assumed to be fast. This was experimentally ascertained by
working under saturating illumination conditions for which the
catalytic current was independent of the actinic light intensity.

(ii) Charge recombination, being a slow process (≈ 80 ms)
compared to further reactions of (P700+, FAB

- ),2 was ignored.
(iii) The electron transfer betweenc6

red and (P700+, FAB
- ) is

purely collisional as demonstrated previously.3,44

(iv) Formation of the (P700, FAB
- )Fdox complex, character-

ized by a rate constantkon, is assumed to be irreversible since
it is followed by rapid internal electron transfer: dissociation
of the (P700, FAB

- )Fdox complex is expected to occur in the ms
time range,36 whereas the electron-transfer step is characterized
by µs kinetics.29

(v) The internal electron transfer between (P700, FAB
- ) and

Fdox, taking place within the (P700, FAB
- )Fdox complex, is

considered as being irreversible owing to its high exergonicity
and fast dissociation.

(vi) Dissociation of the (P700,FAB)Fdred complex, character-
ized by the rate constantkoff, is assumed to be irreversible. This
is justified since this dissociation is followed by fast consump-
tion of the highly reducing species Fdred by the recycling
reaction.

Considering the very low concentration of PSI involved here
it is legitimate to apply the steady state approximation to PSI
in each of its redox states, which yields the following expression
for the rate of the PSI-catalyzed electron transfer betweenc6

red

and Fdox (derivation available in Supporting Information):

with CPSI
0 the bulk concentration of photosystem I. In the most

general case [Fdox] and [c6
red] are functions of time and distance

away from the electrode surface.
Kinetic Analysis of the cyt c6/PSI/Fd Electron-Transfer

Chain: Total Recycling Assumption. We now specifically
consider the limiting situation, further referred to as the total
recycling condition, where recycling of Fd to its oxidized state
by the FNR cycle (see above) is fast enough to ensure that [Fdox]
) CFd

0 , with CFd
0 the bulk concentration of ferredoxin. As

previously shown3,13 an analytical expression for the catalytic
plateau current,icatcan then be obtained by solving the following
set of differential equations, consisting of the 2nd Ficks law
and the relation between the current,i, and thec6

red concentra-
tion:

where D is the diffusion coefficient of cytc6, t is the time
variable,x is the distance from the electrode,F is the Faraday
constant, andS is the electrode surface area. With the boundary
conditions: x ) 0: [c6

red] ) C6
0, x ) +∞: [c6

red] ) 0, whereC6
0

is the bulk cytc6 concentration, one obtains

kapp is an apparent second-order rate constant, related to the
values of the individual kinetic constants of the above mech-
anism by

with σ a dimensionless parameter characterizing the ratio of
the reduction and the oxidation rates of PSI, given by

The above expression ofσ suggests the experimental strategy
followed below to determine the individual values ofk3, koff,
andkon. Experimentally it is convenient to use as an observable
the catalytic efficiency, defined as the ratio oficatover the current
recorded in the dark,idark:

V being the potential scan rate.
Determination of k3. DecreasingC6

0 sufficiently allows us
to reach a limiting situation corresponding toσ , 1, for which
kapp ) k3. This pseudo first-order situation corresponds to the
reduction of PSI by cytc6 being the rate-determining step of
the system. The attainment of this situation can be experimen-

c6
ox + e- y\z
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(P700, FAB)98
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- ) (13)
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- ) 98
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c6
ox + (P700, FAB

- ) (14)

(P700, FAB
- ) + Fdox 98
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(P700, FAB

- )Fdox (15)

(P700, FAB
- )Fdox98

fast
(P700, FAB)Fdred (16)
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Vcat )
k3[c6

red] CPSI
0

1 + k3 [c6
red] ( 1
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+ 1

kon [Fdox])
(18)

{∂ [c6
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∂t
) D

∂
2[c6

red]

∂x2
-

k3 [c6
red] CPSI

0

1 + k3 [c6
red] ( 1
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+ 1

konCFd
0 )

) 0

i ) -FSD(∂[c6
red]

∂x )
x)0

(19)

icat ) FSC6
0xkappCPSI

0 D (20)

kapp) k3 × 2
σ{1 - 1

σ
ln(1 + σ)} (21)

σ ) k3C6
0( 1
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+ 1

konCFd
0 ) (22)
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tally ascertained by observing that, as predicted by the above
equations, the catalytic efficiency no longer depends onC6

0.
We observed that such was the case forC6

0 ≈ <15 µM, and
from the intense catalytic signal thus obtained (see Figure 3)
we derived a value ofk3 ) 6 ( 1 × 106 M-1‚s-1 using eq 23.
This later value is in agreement both with the value we
determined earlier for a slightly different system3 and with the
value of 5.9× 106 M-1‚s-1 measured for the present system
by laser-flash experiments.44

Determination of kon and koff. Oncek3 is known, one can
go back to the general case situation by increasing the cytc6

concentration, so that the reactions between PSI and Fd now
contribute to the observed overall kinetics. To this aimC6

0 was
fixed at 100µM and the Fd concentration systematically varied
from ∼ 1 to 20 µM. A family of intense S-shaped catalytic
voltammograms was then obtained, some of which are repre-
sented in Figure 4.

The corresponding catalytic efficiencies were measured for
each ferredoxin concentration and are plotted as a function of
CFd

0 in Figure 5 (triangles). As can be seen, the catalytic

efficiency first increases rapidly with increasingCFd
0 and then

tends to level-off forCFd
0 > 5 µM. Using eqs 23 and 21 the

global parameterσ was derived from the value of the catalytic
efficiency for each ferredoxin concentration, and, as suggested
by eq 22,σ was plotted as function of 1/CFd

0 . As can be seen in
Figure 6, a straight line is obtained as expected. From the origin
of this line a value ofkoff ) 3200( 500 s-1 is derived while,
from its slope, a value ofkon ) 7 ( 1 × 107 M-1‚s-1 is
determined. Thekoff value is in agreement with the lower limit
of 800 s-1 obtained by flash spectroscopy.36 However the value
derived here forkon is clearly underestimated since values as
high as 3.5× 108 M-1‚s-1 were reported for this rate constant.27

This apparent discrepancy probably finds its origin in the failure
of the recycling FNR/Fd reaction which cannot maintain the
condition [Fdox] ) CFd

0 . The actual Fdox concentration in the
electrode vicinity then results from a balance of the PSI-

(44) Hervás, M.; Navarro, J. A.; Dı´az, A.; Bottin, H.; la Rosa, M. A. D.
Biochemistry1995, 34, 11321-11326.

Figure 3. Photoinduced PSI-catalyzed reduction of ferredoxin by cytc6.
Cyclic voltammograms recorded at low cytc6 concentration (15µM) in
the dark (solid line) or under saturating illumination (dotted line). Scan
rate ν ) 10 mV/s. The deaerated solution contained PSI) 0.4 µM,
ferredoxin) 3 µM, FNR ) 3 µM, GLDH ) 9 units, in the “complete”
buffer.

Figure 4. Photoinduced PSI-catalyzed reduction of ferredoxin by cytc6.
Cyclic voltammograms recorded at high cytc6 concentration (100µM),
in the dark (solid line) or under saturating illumination (dotted lines),
for the ferredoxin concentrations indicated on each curve. Scan rateν ) 6
mV/s. The deaerated solution contained PSI) 1.3 µM, FNR ) 16 µM,
GLDH ) 9 units, in the “complete” buffer. The background was not
substracted.

Figure 5. Variation of the catalytic efficiency,icat/idark, recorded atC6
0 )

100 µM, as a function of the ferredoxin concentration forCFNR
0 ) 16 µM

(2) andCFNR
0 ) 8 µM (b). Scan rateν ) 6 mV/s. The deaerated solution

contained PSI) 1.3 µM and GLDH ) 9 units in the “complete” buffer.
Lines are simulated catalytic efficiencies.

Figure 6. Variation of the parameterσ derived form the measurement of
the catalytic efficiency recorded forC6

0 ) 100µM, CFNR
0 ) 16 µM, and for

various ferredoxin concentrationsCFd
0 , as a function of 1/CFd

0 .
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catalyzed electron transfer, the cytc6
ox/Fdred short-circuit, and

the FNR-catalyzed recycling reaction.
Kinetic Analysis of the cyt c6/PSI/Fd Electron-Transfer

Chain: Coupling to the FNR/Fd Electron Transfer. To
evidence the interfering role of the kinetics of the Fd/FNR
recycling reaction, the FNR concentration was lowered from
16 to 8µM. The catalytic efficiency was then measured under
these conditions and plotted as a function of the ferredoxin
concentration (Figure 5, dots). As can be seen the catalytic
efficiency recorded at low Fd concentration was unaffected by
a decrease of the FNR concentration. However for [Fd]> 5
µM the catalytic efficiency is not only lower than the one
recorded forCFNR

0 ) 16 µM but also decreases with increasing
ferredoxin concentration. This dependence of the catalytic
efficiency on the FNR concentration demonstrates that the FNR-
catalyzed recycling of Fdox is not fast enough to ensure
fulfillment of the total recycling condition. As a result not only
[Fdox] < CFd

0 but the short circuit reaction between Fdred and
c6

ox then probably competes with the FNR-catalyzed recycling
reaction, thus also decreasing the catalysis. Moreover, the very
fact that, for CFNR

0 ) 8 µM, a decrease of the catalytic
efficiency is observed for increasing Fd concentration points
to an unexpected inhibiting effect of Fdox, occurring at a yet
unidentified stage of the overall catalytic process (but see later).

The aforementioned results evidence that the catalytic re-
sponse of the system is jointly controlled by the cytc6/PSI/Fd
electron-transport chain and the coupled FNR/Fd electron-
transfer reaction. Analysis of cyclic voltammetry data can
therefore bring information about both the PSI and the FNR-
catalyzed electron transfers, provided the influence of these
reactions on the measured catalytic signal can be deciphered.
This requires that a detailed kinetic mechanism is proposed for
the FNR-catalyzed Fdox regeneration.

Proposed Functional Mechanism for the FNR-Catalyzed
Regeneration of Fdox. The following mechanism is used to
model the kinetics of the FNR-catalyzed regeneration of Fdox.
It describes the successive transfer of two electrons involving
two Fdred molecules to the FNR-NADP+ complex. It is similar
to the mechanism proposed in Figure 2 of ref 7. The FNR
species in bold characters are FNR-NADP+ complexes.

Two Fdred molecules are assumed to successively dock to
the FNR-NADP+ complex (FNR). The first Fdred molecule

reduces the FAD prosthetic group of FNR to its semiquinone
form (FNRsq) and the second to its fully reduced state (FNRred).
Fdox is released reversibly after each reduction step. The value
of 6200 s-1 taken for the rate constant of the electron-transfer
steps II and V is derived from literature.33 Reduction of NADP+

within the FNRred-NADP+ complex (FNRred) is assumed to be
both irreversible (since NADPH is rapidly replaced by NADP+

present in a very large millimolar excess), and fast, in ac-
cordance with the known fast kinetics of NADP+ reduction by
reduced FNR.41,45For the same reason formation of the FNRox-
NADP+ complex (FNRox) is assumed to be rapid. The “reverse”,
diaphorase-like, functioning of FNR, which consists in cata-
lyzing the oxidation of NADPH by Fdox, is assumed to be totally
prevented by the presence of the NADPH-consuming GLDH
catalytic cycle, optimized as described in the section Construc-
tion of the Electron-Transfer Chain. Considering the difficulty
in treating analytically the coupling of the cytc6/PSI/Fd and
the FNR/Fd electron-transfer chains, kinetic analysis was carried
out on the basis of numerical simulations using the DIGISIM
2.0 software.46 This program allows the complete sets of kinetic
equations given above to be implemented and to calculate the
resulting catalytic voltammogram, provided all the kinetic
constants are known. At this stage however, the only known
rate constants are that of the cytc6/Fd short circuit (kshort,
determined in Experimental Section),k3, andkoff, determined
above.47 To reduce the number of parameters involved we tried
to evaluate the values of the dissociation constants for the FNR/
Fd complexes independently from the voltammetric measure-
ments. Three redox states are to be considered for FNR (ox,
sq, and red) and two for Fd (ox and red) but, as seen from the
above mechanism, only five dissociation constants are needed
here corresponding to the following complexes:FNRoxFdox,
FNRoxFdred, FNRsqFdox, FNRsqFdred, FNRredFdox.

Evaluation of the Dissociation Constant of the FNR/Fd
Complexes.The only directly measurable dissociation constant
is the one corresponding to the FNRox/Fdox complex:

Proceeding as indicated in the Experimental Section, we
measured for this constant a value ofKd ) 140 µM for the
intermediate form of FNR. This value, though rather high, can
be easily explained: according to ref 40, Figure 1, a value
around 40µM should be expected for the short form of FNR
with the given ionic strength. As Cassan et al.36 reported that
dissociation constants with the intermediate form are consistently
three to four times higher than the ones for the short form, a
value of 120-150 µM seems reasonable for the intermediate
form in the conditions we used.

SinceCFd
0 andCFNR

0 used here are both much lower than 140
µM, one can conclude that complexation of Fdox by FNRox is
only occurring to a small extent. This result excludes depletion

(45) Tejero, J.; Peregrina, J. R.; Martinez-Julvez, M.; Gutierrez, A.; Gomez-
Moreno, C.; Scrutton, N. S.; Medina, M.Arch. Biochem. Biophys.2007,
459, 79-90.

(46) DigiSim software from Bioanalytical Systems Inc. (West Lafayette, IN).
(47) The values of the diffusion coefficients of all the species are also needed.

We previously determined the diffusion coefficient of cytc6: D ) 1.2 ×
10-6 cm2/s.3 From the respective sizes of cytc6 (∼2 nm in diameter), Fd
(2 nm), FNR (4.5 nm), and PSI (≈ 8 nm), the diffusion coefficients of
these three later species were taken respectively as 10-6, 5 × 10-7, and
10-7 cm2/s. The calculated catalytic efficiency was found to depend only
very weakly on the exact values taken for the diffusion coefficients.
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of Fdox by favorable formation of the FNRoxFdox complex as
the origin of the observed decay of catalysis with increasing
CFd

0 .
It must be noted that the measuredKd is not directly the one

of interest for the reactions, as measurements were done in the
absence of NADP+.48 However, no significant differences were
found with experiments on the short form of FNR with or
without NADP+; it is expected to be the same for the
intermediate form.

As no simple method exists to determine directly dissociation
constants of reactions I, III, and IV, a simple heuristic has been
used to provide starting values for the simulations. These values
were confirmed by the consistency of the simulated catalytic
values with the measured ones. A first step was to take all the
Kd

j equal to Kd, neglecting the redox state of the proteins.
However, this set of parameters failed to reproduce the decrease
of the catalytic efficiency at high ferredoxin concentrations seen
in Figure 5 forCFNR

0 ) 8 µM (circles).
A deeper analysis shows that this set of values is not

consistent with the findings of Batie and Kamin40 and Pueyo et
al.49 that the potential of ferredoxin shifts 50-100 mV toward
more negative values whithin the FNR/ferredoxin complex. Let
us consider the following thermodynamic cycle for the reactions
I and III:

The equilibrium constantsKext and Kint are linked to the
difference of potential between the Fdox/Fdred and the FNRox/
FNRsq couples respectively outside (∆Eext) and whithin (∆Eint)
the complex by the relation

From the equivalence of the pathways from one point to another
in the thermodynamic cycle follows

The reported shifts in potential imply thatKd
III must be 7 to 50

times smaller thanKd
I . This leads to the following valuesKd

I )
140 µM, Kd

III ) 3 µM, andKd
IV ) 140 µM.

Simulation of the Catalytic Behavior of the PSI/FNR
Coupled System.The only remaining unknown parameters are,
as far as the FNR/Fd complexation is concerned, the “on” rate
constants for the formation of the FNR-Fd complexes described
in reactions I, III, IV. The corresponding “off” rate constants
are simply given by:koff

j ) kon
j Kd

j with j ) I, III, IV. It can be
confidently assumed that the possible range for thekon

j values
is 107-109 M-1‚s-1 36 with the lowest values corresponding to
the reactions with the highestKd

j . The other unknown is the
value ofkon for the formation of the (P700, FAB

- )/Fdox complex
which is expected to lie in the 108-109 M-1‚s-1 range.29

Numerous simulations were ran choosing forkon and kon
j

values within the above permitted ranges, from which the
following conclusions were drawn. We observed that the exact
kon

j values given for the formation of the complexesFNRox-
Fdred, FNRsqFdox, FNRsqFdred, andFNRredFdox had little effect
on the value of the simulated plateau current (Figure S2 in
Supporting Information). This result indicates that formation
of theFNRoxFdred, FNRsqFdox, andFNRsqFdred complexes can
be considered as being at equilibrium and that the kinetics of
dissociation of theFNRredFdox complex does not participate
in the kinetic control of the FNR-catalyzed recycling reaction.
As a result reactions I, III, IV are only characterized by their
respectiveKd

j values estimated above.

Now that we have a reasonable set of values for the kinetic
model, the catalytic behavior of the complete system can be
simulated. In particular the variation of the catalytic efficiency
with the ferredoxin concentration can be calculated and adjusted
to the experimental variation usingkon, the rate constant for the
formation of the (P700, FAB

- )/Fdox complex, as asingleadjust-
able parameter. As seen in Figure 5, a good agreement between
the theoretical and experimental variations is observed for a
value ofkon ) 2 × 108 M-1‚s-1 which is consistent with the
values around 3.5× 108 M-1‚s-1 obtained by laser-flash
experiments.27,36 But the most satisfying result is that the
simulations also allow a reproduction of the decrease of catalytic
efficiency with increasing Fd concentration consistently ob-
served forCFNR

0 ) 8 µM (see Figure 5). Insights into the origin
of this unexpected behavior can be gained by analyzing the
effect of small variations of the kinetic and thermodynamic
parameters used so far in the simulations. In particular, the value
given toKd

III (dissociation constant of theFNRsqFdox complex)
is observed to have a large effect on the simulated catalysis,
the peak-shaped variation of the calculated catalytic efficiency
with CFd

0 , even disappearing if a value higher than 6µM is
assigned toKd

III .50 This result allows an unambiguous identifi-
cation the origin of the inhibiting effect of Fdox: increasing the
Fdox concentration impedes the already thermodynamically
unfavorable dissociation of theFNRsqFdox complex (reaction
III) thereby slowing significantly the FNR-catalyzed Fdox

regeneration cycle. In other words increasingCFd
0 above∼5

µM results in trapping FNR in its semiquinone form (FNRsq).
This unexpected inhibition of FNR kinetics by Fdox is particu-
larly clearly evidenced in the here reported voltametric experi-
ments since the resulting accumulation of Fdred favors the
c6

ox-Fdred short-circuit, which in turn induces a notable decrease
of the catalytic efficiency.

A value of Kd
IV . Kd

III is also required to reproduce the
inhibiting effect of Fdox. This comes from the fact that, as seen
from the above sequence of reactions, formation of theFNRsq-
Fdred complex competes with the formation of the inhibiting
FNRsqFdox complex. The very fact that Fdox-dependent inhibi-
tion of the FNR cycle is experimentally observed is thus clear
evidence thatKd

IV . Kd
III . More precisely a value ofKd

IV > 70
µM is required to reproduce the experimental value of catalytic
efficiency within 10% (takingKd

III ) 3 µM).51

(48) In the presence of NADP+, the kinetic traces of the absorption evolution
are more delicate to deconvolve, and the values obtained are much less
precise.

(49) Pueyo, J.; Revilla, C.; Mayhew, S. G.; Gomez-Moreno, C.Arch. Biochem.
Biophys. 1992, 294, 367-372.

(50) Typically a value in the range ofKd
III ) 2-6 µM is required to reproduce

the experimental catalytic efficiency with an accuracy better than 10% (see
figure S3 in Supporting Information).

(51) See figure S4 in Supporting Information for more details.

Ki ) exp{-
F∆Ei

RT } (25)

Kext × Kd
III ) Kd

Ι × Kint (26)
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Conclusion

The photodriven electron-transport chain from cytc6 to
NADPH was fully reconstituted in solution and studied under
stationary conditions by cyclic voltammetry. It is demonstrated
herein that, provided a careful kinetic analysis is carried out,
the experimental conditions can be finely tuned so that the
characteristic rate and thermodynamic constants of several key
steps of the electron-transport process can be quantified. Not
only were the rate constants characterizing the cytc6/PSI and
PSI/Fd electron transfers determined independently, but careful
analysis of the variation of the catalytic efficiency with
ferredoxin concentration revealed an unexpected inhibiting effect
of Fdox. Based on simulations of the voltammetric signals and
kinetic modeling of the FNR-catalyzed Fd oxidation, this effect

was fully rationalized on the basis of the unfavorable dissocia-
tion of theFNRsqFdox complex.
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