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In Vivo Analysis of the Electron Transfer within Photosystem I: Are the Two
Phylloquinones Involved?
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ABSTRACT. Electron transfer within PS | reaction centers has been analyzed in vivo in a mu@iribcélla
sorokinianawhich lacks most of the PS Il and of the peripheric antennae, using a new spectrophotometric
technique with a time resolution of5 ns. Absorption changes associated with the oxidation of
semiphylloquinone (acceptonA) have been characterized in the 3345 nm spectral range. The oxidation

of A;~ and the reduction of an irersulfur cluster (i, FaFg) is monitored by an absorption decrease at

377 nm (semiphylloquinone absorption band) and by the decrease of two positive absorption bands around
480 and 515 nm, respectively, very likely associated with a local electrochromic shift induced lop A

a carotenoid molecule localized in its vicinity.;Aundergoes a two-phase oxidation of about equal
amplitude with half-times of-18 and~160 ns, respectively. Two hypotheses are proposed to interpret
these data: (1) Photosystem | reaction centers are present under two conformational states which differ
by the reoxidation rate of &. (2) The two phylloquinones corresponding to the two branches of the PS

| heterodimer are involved in the electron transfer. The similar amplitude of the two phases implies that
the rates of electron transfer from P700 to each of the phylloquinones are about equal. The two different
rate constants measured fof Aoxidation suggests some asymmetry in the relative position of the two
phylloquinones with respect toxF

PS | complex is present in all oxygen-evolving organisms A;~ oxidation. In PS | centers isolated from spinachtifSe
and catalyzes the electron transfer from plastocyanin to and Brettel {) observed a two-phase oxidation of Awith
ferredoxin (see reviews in refs and 2). PS | includes 3 half-times of 25 and 150 ns, respectively, the relative
major polypeptides: two transmembrane polypeptides PsaAamplitude of which depends on the preparation procedure.
and PsaB, which form a heterodimer and an extrinsic In a recent paper8], Brettel observed a biphasic oxidation
polypeptide PsaC, located on the stromal side of the complex.of A;~ in PS | centers isolated frofBynechocystjswith a
Upon excitation of the PS | primary donor P700, an electron half-time of ~7 ns for the faster component. In the case of
is transferred to the primary acceptog @hlorophylla) and  spinach and cyanobacterial PS | complexes, Bock e®jl. (
then to a secondary acceptor, Adentified as a phyllo-  have measured on the basis of EPR measurements an
quinone. Photovoltage measurements yield a half-time of 50 gxidation time of A~ of ~260 ns. Owing to the time
ps for the Ato A; electron-transfer reactioB) One electron  resolution of the method50 ns), the contribution of a faster
is transferred from A" to Fx, an iron-sulfur cluster localized  component is not excluded. By measuring the photoelectric
at a central position in the heterodimer. P700, A;, and response of oriented PS | membranes, Leibl et &0) (

Fx are associated with the PsaA and PsaB polypeptides (Segpserved a 220 ns rising phase of the membrane potential
review in ref4). o . they ascribed to the electron transfer front Ao Fx, Fa, or

The kinetics of A™ oxidation, most generally studied in ¢ jron—sulfur clusters. A selective extraction of End F
purifed PS | centers, remains a subject of controversy. (cajied here KFe) yields to a loss of about half of the ns
Spectroscopic analysls ofl'Ahas been performed in the néar phase together with a slight acceleration - 170 ns). Stf
UV (370-380 nm), i.e., in the absorption band of semi- 5. prettel 7) have suggested that a low equilibrium constant

phylloguinone §). Oxidation of A~ with a half-time 0f 15 ¢, e electron transfer between Aand Fx could explain
ns has been reported in PS | centers extracted from spmacqhe biphasic oxidation of A. In this hypothesis, the fast

chloroplasts §). On the other hand, using a cyanobacterial ; ; I
; phase {7 or~20 ns) is ascribed to a fast redox equilibration
PS | complex, Brettel) reported a half-time of 200 ns for occurring between Aand K while the slower phase (150
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the presence of a large permanent transmembrane potential 420 440 460 480 500 520 540
induced by the hydrolysis of ATP formed by a fermentation
process and which can be collapsed by the addition of 4000
uncouplers 11, 12). We are thus able to analyze the effect
of the delocalized membrane potential on the kinetics of A
oxidation. The high signal-to-noise ratio and the time °
resolution of our new technique (30 ns) allows a =]
characterization of the spectra of the different kinetics X o
components associated withyAoxidation, with a better 3
accuracy than that obtained using purified complexes and

conventional spectrophotometers. ~2000

MATERIALS AND METHODS

Most of the experiments have been performed using S52

-4000 A
time of detection

or S8 mutant strains ofhlorella sorokinianaisolated by 1. 8ns
Bennoun and characterized in d. S52 is a double mutant -6000 2. 250ns
which lacks PS Il and most of the chlorophyll antenna i- ;s:

content. The S8 mutant strain we used includes a small
amount of PS Il centers and a normal chlorophyll antenna. 8000 440 460 480 500 520 40
The algae were suspended in 20 mM Hepes buffer, pH 7.2, nm
f"md 150./0 ficoll. Experiments W‘?re performed after anaerobic Ficure 1: Time-resolved flash-induced spectra of S52 mutant:
mc_ubatlon for more than 30 min. .We have checked that the saturating flashes, 0.9 s aparty81 FCCP.

quinone acceptors associated with the small amount of PS

[l present in the S8 strain we used was fully reduced in these (g5ctions within PS | centers and the amplitude of which

conditions. _ _increase nonlinearly as a function of the flash energy. These
Spectrophotometric measurements were performed usingypsorption changes are short-lived and become negligible
a new home-built apparatu$4, 15), in which the absorption 5, T, > ~6 ns.

is sampled bY weak monochromatic flashes (1 nm band-  me_resolved spectra have been analyzed according to a
width). A Nd:Yag-pumped optical parametric oscillator 02 mexfit 16, 17), which allows the determination of
(Spectra-Physics MOPO 710) provides these monochromaticqne o4 of the different kinetics components, assuming a
flashes at w.a.velengths continuously tungble from 415 to 650 multiexponential deconvolution of the data.

nm. An additional device (Spectra-Physics Frequency Dou-

bleur FDO 900) provides flashes in the 37430 nm range.  RESULTS

Actinic flashes (6 mJ, 700 nm) are provided by a dye laser

pumped by the second harmonic of a Nd:Yag laser (532 nm). In Figure 1 are shown time-resolved spectra measured at
At this wavelength of excitation, the illumination of the 8 ns, 250 ns, Js, and 5us, respectively, after repetitive
sample is homogeneous. The total duration of actinic or saturating-flash excitation of S52 mutant strairCbfiorella
detecting flashes is about 6 ns. Detecting flashes are firedSorokiniana The main absorption change, which is associated
with a delay Tq) with respect to the actinic flash tunable With the oxidation of P700, peaks around 430 nm and decays
from 0 to 100 s with a minimum 5 ns step. The jitter between Within several microseconds.

the actinic and detecting flashes is lower than 1 ns. To take In Figure 2, spectrum 1 shows the difference between the
into account some possible drift d}, the delayTy = 0 spectra recorded at 8 ns andu% (Figure 1). Brettel §)
corresponding to the synchronization of the detecting and suggested that the absorption changes observed in the 450
actinic flashes is determined during the course of an 500 nm range could be associated with the electrochromic
experiment, as follow: the photoinduced absorption change shift of a carotenoid pigment, induced by the negatively
is measured at 430 nm, the absorption peak of P700, uponcharged semiphylloguinone. In agreement with this hypoth-
excitation by subsaturating flashes hitting80% of PS | esis, spectrum 1, which displays two positive peaks at 480
centers. When the actinic and the detecting flashes areand 512 nm and two negative peaks at 457 and 498 nm,
synchronized Tg = 0), half of the photons of the detecting resembles the first derivative of a carotenoid absorption
flash probe reaction centers which have not yet been excitedspectrum. The small shoulder we observe around 478 nm
by the actinic flash and the amplitude of the absorption suggests that the 480 nm absorption band is a double peak.
change is about half of its maximum value. At 430 nm, the This feature is reproducible and illustrates the high signal-
maximum amplitude of the signal is reached for a tiie to-noise ratio of the technique. Spectrum 2 displays the
= 5—6 ns. During the course of an experiment (several spectrum of the delocalized membrane potential. In S52
hours), the drift of Ty is most generally negligible. We  mutant, which lacks most of chlorophyll antenna, this
estimate that the indetermination @gis less thant1 ns. spectrum is mainly associated with electrochromic shifts of
Upon a saturating-flash excitation, the full oxidation of P700 carotenoid pigments different from that involved in spectrum
is completed before the end of the actinic flash and we 1, as illustrated by the strong difference between the two
estimate that the time deldy = O is shifted by about 2 ns  spectra.

toward negative values compared to a subsaturating-flash In Figures 3 and 4, the kinetics of absorption changes have
excitation. Upon saturating-flash excitation, we observe small been measured at different wavelengths ranging from 423
absorption changes, not associated with electron transferto 500 nm. The data have been analyzed using the program
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FIGURE 2: Absorption changes associated with the localized or FIGURE 4: Same as Figure 3, in the presence of\8 FCCP.
delocalized electrochromic effects of S52 mutant. Spectrum 1 (solid . . .
line): difference (8 ns1us) from data Figure 1. Spectrum 2 (dotted  the permanent membrane potential (Figure 4), the half-times
line): spectrum of the electrochromic shifts associated with the are 19 ns, 172 ns, 461 ns, and 4</ respectively, i.e., very
flash-induced delocalized membrane potential. Spectrum 2 has beery|gse to those measured in the control experiment (Figure

measured 50 ms after the flash and normalized to the value of the
membrane potential measured at 100 At 50 ms, there is no 3). One can conclude that the process of electron transfer

absorption changes associated with cytochrémrecytochromeb within PS | centers is little or not dependent on the value of
redox changes. Spectrum 3 (dashed line): spectrum 1 afterthe permanent delocalized membrane potential. The similarity
correction for the increase of the delocalized membrane potential. of the two sets of spectra illustrates the robustness of the
The membrane potential rise between 8 ns andslhas been  geconvolution procedure. The spectra of the kinetics com-

measured in S8 mutant. We have checked that the kineticgof A . . N .
oxidation, measured by the difference (48567 nm) in S8 mutant, ponents with half-times of-18 and~170 ns display the

is similar to that measured in S52 mutant. same characteristic absorption bands in the—SID nm
range ascribed to the electrochromic shift induced hy A
420 440 460 480 500 and already seen in spectrum 1, Figure 2. This suggests that
2000 | ' T T the oxidation of phylloguinone is biphasic. There are
2 nevertheless reproducible differences between the two spectra

such as the small absorption bands seen in the-420 nm
range. The~5 us component displays a spectrum close to
that of (P700—P700) difference spectruni). A similar
half-time for the reduction of P700has been reported by
Delosme 19) in the case of S52 mutant. The data used in
Figures 3 and 4 have been fitted by the program mexfit with

10004 1

-1000 -

o a 3-exponential function (not shown): the three components
x 20007 obtained have spectra close to spectra 1, 2, and 4, Figures 3
3 4-exponential fit and 4, with half-times around 20 ns, 150 ns, angs}
-3000 , ”1’§ respectively.
z:1es:: In Figures 3 and 4, the-400 ns component shows a
~4000- 3.311ns negative peak around 430 nm which could be tentatively
14 4. 49ps ascribed to the electron transfer from an iraulfur center
-5000 1 (Fx, FaFg) to ferredoxin. The oxidation of any of these iren
sulfur centers, k£ and RFg, is associated with the disap-
80005 PV T S P a——, pearance of a wide negative band peaking around 430 nm
nm (X430 (20)). Conversely, the reduction of ferredoxin is

FiGURE 3: Spectra (423500 nm) of the different kinetics assogiated with a negative absorption b.and Yvithadeacreasing
components involved in the flash-induced spectral changes in the@Mplitude from 420 to 500 nm. According tétB¢personal
0—30 us time range deconvoluated with a 4-exponential function communication), the extinction coefficients associated with
of the S52 mutant: saturating flashes, 0.9 s apart. the oxidation of the irorsulfur clusters and the reduction

of ferredoxin are both around 4.5 micm at 460 nm.
mexfit assuming a 4-exponential function (see Materials and Then, spectrum 4 is in reasonable agreement with the
Methods). In the control experiment (Figure 3), the computed difference between the spectra associated with the oxidation
half-times are 18 ns, 168 ns, 311 ns and 4sYor spectra of FaFg and the reduction of ferredoxin. The half-time of
1-4, respectively. In the presence of FCCP which collapses ~400 ns is close to that previously reported bitifSend
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Ficure 5: Spectra (374485 nm) of the different kinetics
components involved in the flash-induced spectral changes in the
0—30 us time-range deconvoluated with a 3-exponential function
of the S52 mutant: saturating flashes, 0.9 s apatM8FCCP.

1.0
Bottin (500 ns 21)). However, we consider that the400 x  saturating flash, control
ns component shown in Figures 3 and 4 is at the limit of = subsaturating flash, FCCP
accuracy of the deconvolution procedure and that a more 2-exponential fit

refined analysis is required to reliably characterize the o8y 2-exponential fit

Ficure 6: Difference spectrum associated with the oxidation of
A;~ and the reduction of an irersulfur cluster (i, FaFg?). Sum
of spectra 1 and 2 shown in Figure 5.

electron-transfer kinetics between iresulfur centers and
ferredoxin.

In Figure 5, the kinetics of absorption changes have been
measured at wavelengths between 371 and 485 nm. The data
have been fitted with a 3-exponential function with half-
times of 18 ns, 154 ns, and 3 /s for spectra %3,
respectively. These values are close to those obtained in
Figures 3 and 4. The spectra of the 18 and 154 ns
components present large similarity but with some significant
and reproducible differences, namely around 375, 417, and
438 nm. In Figure 6 is shown the sum of spectra 1 (18 ns)
and 2 (154 ns) from Figure 5. The resulting spectrum is very
likely associated with the transfer of one electron from
phylloquinone to the irorsulfur centers (k, FaFg). This
spectrum displays a positive peak around 380 nm we ascribe
to the semiphylloquinone A and the shift in the 456480 0 100 200
nm range, already characterized in Figures 3 and 4. ns

We have analyzed the effect of a permanent membraneFlGURE 7: Kinetics of A~ oxidation, measured by_ th_e difference

. S S . (481—-457 nm). S52 mutant: X) saturating-flash excitation, control;
potential on the kinetics of A oxidation. In Figure 7 are

T ; ) (m) subsaturating-flash excitation, hitting30% of PS | centers, 8
shown the kinetics of the flash-induced absorption changes,M FCCP; curve 1, same 2-exponential fit of the 2 sets of data,

measured for the difference (48457 nm). This wavelength  after subtraction of the-4 us component; curve' lextrapolation
difference corresponds to the peak and trough of the localto time zero of the 147 ns component; curve 2, theoretical
electrochromic shift we ascribe to the presence of @&ee tzr;exponentlal function, computed for a valuetotl.7 time larger

. : . . an for curve 1 (see Discussion); curve trapolation to time
Figure 2). In the control experiment, algae are illuminated ;erq of the slowest component of curve 2.
by a saturating flash. In these conditions, the delocalized
membrane potential induced by a full charge separation is separation. After normalization of the amplitude of the signal,
superimposed to the permanent membrane potential inducedne can observe that both series of data can be fitted by the
by the hydrolysis of ATP. In a second experiment, algae, in same 2-exponential function, with half-times of 18 and 147
the presence of FCCP, are illuminated by subsaturatingns, respectively. We conclude that the relative amplitudes
flashes. In these conditions, the PS | centers are submittedand rate constants of the two phases ascribed to the oxidation
to a much smaller transmembrane potential since (i) the of A;~ are independent of the value of the delocalized
permanent component is collapsed upon FCCP addition andmembrane potential. Similar conclusions are drawn from
(i) only a part of the PS | reaction centers undergoes a chargeexperiment in Figure 8, performed at 377 nm. At this
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Ficure 8: Kinetics of A~ oxidation, measured at 377 nm under FiGURE 10: Kinetics of A~ oxidation (curve 1, data from Figure
saturating or subsaturating-flash excitation (hitting0% of PS | 8) and of the membrane potential increase (curve 2, data from Figure
centers)t 8 uM FCCP. 9) in the —25 ns time range.
1.0 The amplitude of the signal has been normalized to the
S8 amplitude measured at 36 so that the full electrogenicity

associated with PS | turnover is measured. At this time, for
each excited PS | center, a negative charge has crossed the
membrane from the lumen to the stroma. The kinetics of
the membrane potential increase displays a first phase, not
resolved here and completed in less than 10 ns, very likely
associated with the transfer of one electron from P700;to A
(amplitude~ 0.57, Figure 10, curve 2). In Figure 9, the solid
line corresponds to the 2-exponential fit with half-times of
25 and 385 ns and amplitudes of 0.16 and 0.27, respectively.
Upon a saturating-flash excitation (not shown), the corre-
sponding half-times are 21 and 234 ns with amplitudes of
0.18 and 0.23, respectively. We assume that the multiphasic
increase reflects the electron transfer frontéthe stroma.
The few hundreds of ns component is never correctly fitted

= subsaturating flash

(513 nm - 485 nm) (rel. u.)

2-exponential fit

25 ) . o
064 " by a one-exponential function, but the attempt to fit with a
larger number of exponentials leads to nonreproducible
results from one batch to the other. We conclude that the
increasing phase of the membrane potential always includes
00 T o0 400 800 s00 1o a component with a half-time close to that of th&0 ns
0] 200 400 600 800 1000 p

ns oxidation phase of Aand a multiphasic slower phase, with
FIGURE 9: Kinetics of the slow increase of the delocalized half-times longer than that of the160 ns oxidation phase
membrane potential of S8 mutant: subsaturating flashes (hitting of A1~

~30% of PS I centers), 0.9 s apart; solid line, 2-exponential fit; DISCUSSION

dashed line, extrapolation to time zero of the 385 ns component. S L )
The kinetics of A~ oxidation has been measured in the

wavelength, the amplitude of the4 us component is  absorption band of A in the near UV and by the
negligible (see Figure 5) and the absorption changes exclu-electrochromic shift of a carotenoid pigment induced by the
sively reflect A~ oxidation. After normalization, all the data negative charge on-AThe spectrum of this electrochromic
are fitted with the same 2-exponential function with half- shift (Figure 2, spectrum 3) has been corrected for the
times of 20 and 162 ns, respectively. increase of the delocalized membrane potential. We confirm
In Figure 9, the kinetics of formation of the delocalized that A~ oxidation is a biphasic process. The relative
membrane potential in mutant S8 with a normal chlorophyll amplitudes and half-times of the two kinetics components
antenna content has been measured as the difference (513 are similar when measured at 377 nm or by the difference
485 nm) to cancel the signal associated with the local (481-457 nm). These half-times are close to those reported
electrochromic shift characterized in Figure 2. S8 mutant has for spinach chloroplasts PS | cente®$. \We do not observe
been submitted to repetitive subsaturating-flash excitation; in Chlorella the fast componentt;(; ~ 7 ns) reported by
under these conditions, most of the excitons are trapped byBrettel 8) in Synechocysti®S | centers. Two classes of
P700 and the carotenoid triplet formation is minimiz2d)( hypotheses can be proposed to interpret the biphasic oxida-
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tion of A;: Scheme 1
Hypothesis 1 (As Proposed in Refs 7 and8s assumed A
that the equilibrium constart between A and F is close P700 ~ Fy ks F, Fy ferredoxin
to 1. The sequence of events is: A /klr
1
k
_ + _1* . . .
Ar TR AL TRy ) We conclude that the electrical potential applied between
. A; and K after a saturating flash-excitation (control60
Fy + FAFst — F " + FiFg ) mV x 0.27 = ~16 mV. After a subsaturating flash-

excitation, hitting~30% of PSI centers and in the presence
of uncoupler, this potential is10 mV x 0.27=~3 mV. If

Ksis the value of the equilibrium constant of reaction 1 after
a saturating flash aniy that after a weak flash, one has
KgKw = 1016-3/59 = 1 7 in which 59 mV=In 10 x RT/F.

In Figure 7 we have computed, on the basis of hypothesis
1, the predicted kinetics of A oxidation after a subsatu-
rating-flash excitation (curve 2), assuming that curve 1 is
the kinetics after the saturating-flash excitation. The differ-
ence between curve 1 and curve 2 is more than 5 times larger
that the experimental error. Similar conclusions can be drawn
from Figure 8. It is worth pointing out that in the previous
paragraphs we had very likely underestimated the value of
the permanent membrane potential, which is higher under
repetitive-flash excitation which induces ATP synthesis than
in dark-adapted material {). The absence of any significant
effect of the membrane potential on the relative amplitude

(2) A potential applied between;fand F will induce a ﬁf thteh tvx(o 1phases|_;)f| £ oxidation led us to consider
shift of the equilibrium constari = ki/k, provided that the yPOInesis i as uniikely. _
A;~ to Fx* electron transfer is electrogenic. In intact cells ~ Hypothesis 2There are two classes of phylloquinones
of Rhodopseudomonagidis, Baymann and Rappapo3) which differ by their oxidation rate constanks anq Ki''.
reported that the equilibrium constant of the electron transfer The absence of effect of the membrane potential on the
between the primary donor and cytochrocsgis increased ~ relative amplitude of the two phases of phylloquinone
by a factor 3 upon addition of FCCP which collapses the 0xidation implies thak is high, i.e., thak)" andk," > k..
permanent electrochemical proton gradient induced by the Several structural hypotheses can account for the data: (1)
hydrolysis of ATP. Taking into account that the dielectrically The native photosynthetic membrane includes two types of
weighted distance between the primary donor and cyto- PS | centers at equalent concentration. This hypotheS|s
chromecsss is ~0.15, the estimated value of the permanent S€€MS to us quite unllkely as we o_btaln reprodumble results
membrane potential is (log 8 60 mV)/0.15= 190 mV. It in terms of the half-times and relative amplitudes of the two
is worth noting that in bacteria, unlike in algag2), the kl_netlcs components, comparing _dlfferent batches of algae,
osmotic component of the electrochemical proton gradient different mutants, or different specieSt{lorellaandChlamy-
is negligible. In S52 mutant, the permanent membrane domonag(not shown)). (2) Photosystem I is present under
potential has been estimated#@0 mV (11) and represents W0 conformational states which differ by the rate of A
only a part of the electrochemical proton gradient associated©xidation. The equilibrium constant between these two states
with the hydrolysis of ATP. On the other hand, the membrane S close to 1, and the rate of equilibration is slower than the
potential increase induced by a saturating-flash excitation rate of A~ oxidation. Alternatively, the active phylloquinone
can be estimated t930 mV (24), which leads to an overall ~May have two different localizations in the reaction center.

value of~60 mV and the potential applied between and (3) The two chains of electron carriers associated with the
Fx is 60 MV x Ear in which Ear is the dielectrically ~ heterodimer forming the PS | center are supposed to be both

weighted distance between, And F. active. This hypothesis is summarized in Scheme 1.

Experimental Determination of &= In Figure 10 are Scheme 1 takes into account recent information deduced
shown on an expended time scale the kinetics gf A from photoelectric measuremen5(26) which suggest that
oxidation using S52 mutant and that of the rise of the Fgis the terminal iron-sulfur acceptor in PsaC polypeptide.
transmembrane electrical potential using S8 mutant, both To account for the similar amplitude of the two phases of
measured after a subsaturating-flash excitation in the presencé\;~ oxidation, we assume that the electron-transfer reactions
of uncoupler. The initial rater, of A;~ oxidation is from P700 to A" and to A" have similar rate constants.
proportional to the initial slope of curve 1. The initial rate Thus, the probability of electron transfer from P700 tg A
r, of the membrane potential rise associated with the transferand A is about the same~0.45 for the A’ branch and
of electron from A~ to F is proportional to the initial slope ~ ~0.55 for the A" branch). On the other hand, the oxidation
of curve 2. According to hypothesis d, is proportional to rate constant of A~ is about 8 times larger than that of'A.
ki and independent df, andks. We haver, = riEar and The rate constants akg' = In 2/(20 x 10°°) = 3.5 x 10’

Ear = ro/r1. From Figure 10, we have computé&gdr equal st and k" = In 2/(160 x 10°% = 4.4 x 1(F s}
to 0.27. respectively.

with k; = ko, andks < kj.

In this hypothesis, the redox equilibrium in reaction 1 is
reached with a half-time~20 ns, proportional to 1¥{ +
k2). The slower phasd;(; ~ 160 ns, proportional to k4) is
associated with the decay of this quasi equilibrium state by
electron-transfer towardaFs. Two lines of evidence argue
against hypothesis 1:

(1) Leibl et al. (0) determined the kinetics and amplitude
of the electrogenic phase associated with the electron transfe
within PS | centers by measuring the photoelectric response
of oriented PS | membranes extracted fr@ynechocystis
After a selective extraction ofdFg, the authors measured a
half-time of 167 ns for reaction 1. This value is close to the
one reported here for the slow component @f Axidation.
This contradicts hypothesis 1 according to which tHE50
ns component is associated with reaction 2.
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The 25 ns component in the membrane potential rise REFERENCES
(Figure 9) is associated with the electrons transferred via . . . . .
the A/ pathway (O..45 of the total). As the amplitude of the = g:;'ggéni('o%?g?)l:{'?gﬁé’gfgéﬁn':,hgt_olfxnézg'sbp gggsl‘z'?ht
25 ns component is 0.16, these electrons span 0.16#0.45 Kluwer Academic Publishers, Dordrecht, The Netherlands.
0.36 of the dielectrically weighted distance of P700 to the 2. Brettel, K. (1997)Biochim. Biophys. Acta 131822-373.
stroma. This is larger than expected from the crystallographic 3. Hecks, B., Wulf, K., Breton, J., Leibl, W., and Trissl, H.-W.
structure of PS | center€7). We thus conclude that the 25 ggﬁ)“e)ci'oghel_im'(T%jf?;ﬁg‘ﬁgf:éular Bioloay of Cvans
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