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1. Introduction

Four different electron acceptors of photosystem I
have been observed:

1. X430, shown to be the primary acceptor [1], has
A A4z max and estimated redox potential
-500 mV [1].

2. Ferredoxin, located in the electron transfer chain
[2], has a large A A4g0— s00 nm and redox potential
~430 mV [2].

3. Ferredoxin—NADP-reductase (FNR ), discovered
and localized in the electron transfer chain [3,4],
a flavoprotein accepting two electrons [S]. The
absorption spectra of the three redox states are
presented in fig.1a, drawn from [6] . The half-
reduced form, FNR, is obtained by reduction with
NADPH, [5] and the totally reduced form, FNR,
by reduction with stronger reductants. The
oxidized form exhibits a broad A4se max, the half-
reduced form shows a continuous 4 409_ ¢sq, and
the reduced form a decreasing A409--ss0- A redox
potential approx. ~380 mV was observed [7].

4. NADP, shown to be the terminal acceptor of the
electron transfer chain [8—10], presents no
absorption in the visible range and a redox poten-
tial of —320 mV.

No information has been reported on the rate of
the reactions of these components. The spectra
which have been quoted above indicate that spectros-

Abbreviations: NADP, nicotinamide-adenine-dinucleotide-
phosphate; FNR, ferredoxin-NADP-reductase; DCMU,
3-(3,4-dichlorophenyl)-1,1-dimethylurea
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copy between 400 nm and 550 nm could be a good
method to study the kinetics of the acceptors of
photosystem I. Some new results obtained by this
method are presented in this paper.
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Fig.1. (1a). Spectra of FNR (— - -), FNR (- — —) and FNR
Counn ) from [6]. (1b.) Difference spectra FNR—FNR
(- — ——=)and FNR-FNR (... ... ) computed form fig.1a.
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2. Materials and methods

Chlorella pyrenoidosa were grown in Knop medium
with Arnon’s trace elements As and Bg. Before use
cells were resuspended in 0.1 M phosphate buffer
(pH 7) containing 7% Ficoll. Dark-adapted cells were
placed into the cuvette before each measure.

Absorption changes were measured using the
flash detector differential spectrophotometer described
[11] and modified to increase its sensitivity by
P. Joliot with D. Beal and B. Frilley. The actinic
flashes (General Radio Stroboslave, with medium
capacity) had half-time 3 us and were filtered by
filter Wratten 24 (red). Complementary filters
(Schott BG 38 + Wratten 34 between 430 nm and
450 nm, Schott BG 38 + Wratten 44A between 450 nm
and 530 nm) were placed in front of the photo-
electric cells. Each point corresponded to the integra-
tion of the absorption changes of 100 actinic flashes
fired with a frequency of 0.5 Hz. Under these con-
ditions, the absorption changes were measured with
an error margin + 5 X 107®, The chlorophyll con-
centration (10 ug/ml) was chosen in a concentration
range where the absorption changes between 430 nm
and 530 nm depended linearly on the concentration
of algae.

We limited this study to the wavelengths between
437 nm and 530 nm in order to avoid the contribu-
tion of cytochrome f below 437 nm (see spectrum
[12]) and of plastocyanin above 530 nm (see spec-
trum [13]). The contribution of cytochrome f around
520 nm is close to the error margin of our method.
Photosystem II was blocked by a preillumination in
the presence of hydroxylamine (10~ M) and DCMU
(107% M) [14] . The changes due to P700 (see spec-
trum in [15]) and to the electrochromic effect
[16—18] were unavoidable.

3. Results and discussion

3.1. Analysis of A A at 320 us

Figure 2a presents the absorption changes at 320 ps,
40 ms and 200 ms after the flash, which are normalized
to the same value at 515 nm. The changes at 40 ms
and 200 ms exhibit the same spectra in the observed
wavelength range. The spectrum of the 320 us change
is identical with the other spectra over 507 nm, but a
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Fig.2. Absorption changes as a function of wavelength. (a),
(©) 320 us after flash. (+) 40 ms after flash. (&) 200 ms after
flash. (+,2) with amplitude normalized such that the nor-
malized change is equal to the change at 320 us for A 515 nm.
(b) Difference between the two curves of fig.2a.

clear discrepancy appears at shorter wavelengths. The
difference between the changes at 320 us and the
normalized changes at 40 ms and 200 ms has a spec-
trum (fig.2b) which resembles the difference spectrum
(FNR — FNR) (fig.1b) with a maximum observed at
470 nm instead of 460 nm.

In view of these results, it is reasonable to assume
that for times greater than 40 ms, the absorption
changes are due to the electrochromic effect. As no
known donor or acceptor of system I presents a
sharp peak at 515 nm, we will admit that at 320 us,
the changes from 507 nm to 530 nm are also due to
electrochromic effect. At shorter wavelengths, at
320 us, we observe a change due to FNR in addition
to the electrochromic effect. No other reduced
acceptors are detectable at this time. The fact that no
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P700" is observed indicates that under our experi-
mental conditions (rather short, non-saturating
flashes), the reduction of P700" is over at 320 us.

A shift of the FNR absorption maximum has been
observed in vitro when FNR forms a complex with
ferredoxin [19—21}. The presence of a maximum at
470 nm in Chlorella cells indicates that the in vivo
ferredoxin—NADP-reductase forms a complex with
ferredoxin.

3.2. Analysis of A A at 40 us

An increase of the electrochromic effect with a
half-time of 10 ms (phase b [11]) can be observed
at 515 nm for times greater than 320 us. An extra-
polation for times shorter than 320 us indicates that
phase b produces a 3% increase of the electrochromic
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Fig.3. Absorption changes as a function of wavelength. (3a),
(0) 40 us after flash. (+) Electrochromic effect at 40 us (see
text). (3b), (o) Difference between the two curves of fig.3a.
G---- ) Linear combination of the spectra (P700"—P700)
[15] and (FNR-FNR) (fig.1b).
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effect from 40 us to 320 us. Due to the tail of the
flash, another small increase of the electrochromic
effect is observed after 40 us [22]. This increase is
estimated to be 2% of the electrochromic effect.
Using the above electrochromic effect at 320 us,

we have drawn the electrochromic effect at 40 us
(fig.3a crosses), assuming a 5% increase from 40 us to
320 us. The difference between the observed absorp-
tion changes at 40 us (fig.3a open circles) and the
electrochromic effect are reported on fig.3b (open
circles).

The minimum at 470 nm and the maximum at
525 nm resembles the difference spectrum (FNR —
FNR) (fig.1b). The maximum at 450 nm and the
strong decrease at 437 nm indicate that some P700*
is present at 40 us. In order to test if only P700" and
FNR are present at 40 us in addition to the electro-
chromic effect, we have combined linearly the spec-
trum of (P700°—P700) [15] and of (FNR — FNR)
[6] so that the sum coincides with the experimental
curve at 450 nm and 530 nm (fig.3b dotted line). The
discrepancy between the computed and the experi-
mental curves originates in the shift of the FNR-
absorption maximum which already been noted from
the spectrum of FNR — FNR (fig.2b). When taking
into account this shift, the fact that the two curves
are identical within the wavelength range studied,
indicates that indeed the absorption changes at 40 us
are due to P700", FNR and electrochromic effect.

Hence the main acceptor forms are F NR at 40 us
and FNR at 320 us.

3.3. FR reoxidation kinetics

The information on FNR reoxidation kinetics was
obtained at 464 nm. At this wavelength, the contribu-
tion of the electrochromic effect is negligeable. In
addition, we concluded from fig.2 that P700" reduc-
tion is over at 320 us and that FNR is no longer
observed at 320 us. Thus, the kinetics of the absorp-
tion changes, at 464 nm, after 320 us (fig.4a) reflects
the kinetics of FNR reoxidation: an exponential
curve with a half-time of 4 ms.

When illuminated with a series of flashes at a
frequency of 0.5 Hz, in the presence of hydroxyl-
amine and DCMU, the algae necessarily transfer the
electrons in a cyclic pathway around photosystem I.
In addition, the above results (spectra and kinetics)
are also observed at a higher flash frequency. Thus we
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Fig.4. A A as a function of time. (4a), (®) at 464 nm.
(4b), () at 530 nm. (+) at 506 nm. (e) Difference between
the last two changes.

conclude that FNR is involved in the cyclic pathway
around photosystem I, as suggested [23]. The nature

of its oxidant is not yet clear. It cannot be cytochrome f
whose reduction in cyclic conditions has a half-time

of 1 s [24]. A likely candidate could be cytochrome bg
which is a two electron acceptor [25] involved in the
cyclic pathway around photosystem I [26], with a
half-reduction time of a few milliseconds [27].

3.4. FNR — FNR transformation kinetics

From the spectrum of the electrochromic effect
(fig.2a) we noted that the contribution of the electro-
chromic effect is identical at 506 nm and 530 nm.
The contribution of P700" is almost identical at these
two wavelengths [15] ; in this wavelength range, FNR
does not absorb, and the absorption due to FNR is
small. Thus, the kinetics of the absorption changes
difference (530 nm — 506 nm) (fig.4b closed circles)
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reflects the kinetics of FNR. The concentration of
FNR decreases with a half-time of 30 us. According
to the spectra drawn at 40 us and 320 us (fig.2,3) we
know that FNR becomes transformed in FNR.

From the ratio of the extinction coefficients of the
transitions FNR - FNR and FNR - FNR (fig.1b) we
compute that for one FNR produced at 320 us (fig.2b),
1.2 FNR was present at 40 us (from fig.3b) and 1.5 at
20 us (data not shown on a figure). This ratio signifi-
cantly higher than 1, is in favor of a dismutation
process.

Dty 30 us
2 FNR 2

FNR + FNR

3.5. FNR reduction kinetics

The kinetics of the disappearance of FNR are not
exponential. The inflexion point between 20 us and
40 us, though close to the error margin of the
method, is reproducible and indicates that the maxi-
mum amount of FNR is near the value reached at
20 us. This maximum amount then corresponds about
to 1.5 FNR per FNR instead of 2 as would be observed
if the rate of formation of FNR was infinitely high
compared to its rate of disappearance. A ratio of 0.75
between the observed maximum amount and the
stochiometric amount indicates a ratio in the order of
10 between the rates of formation and disappearance
of FNR. A half-time of FNR formation around 3 ps
estimated in this way would lead to a maximum
amount of FNR at 15 us, a time close to 20 us. This
half-time, almost identical to the half-time of the -
photon distribution by the flash indicates that the
reactions leading to the formation of FNR are
performed with a half-time inferior or equal to 3 us.
Further experiments with shorter flashes would have
to be performed to obtain further informations.
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