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ABSTRACT. Addition of NADP* to thylakoid membranes or isolated photosystem | (PSI) submembrane
fractions quenched chlorophyll fluorescence by up to 40% at low or room temperature. This quenching
was reversed by NADPH. Similar quenching was also observed with the addition of heparin or
thenoyltrifluoroacetone (TTFA), inhibitors that bind ferredoxin:NADReductase (FNR) and prevent
reduction of NADP'. The NADP*-induced quenching coincided with a reversible conformational change

of the secondary protein structure in the PSI submembrane fractions where 20% ofhiléex
conformations were transformed mainly intesheet-like structures. Further, P700 photooxidation was
retarded due to this conformational change, and about 25% of the centers could not be photooxidized,
these changes being also reversible with addition of NADPH. The above modifications in the presence of
NADP* also increased photodamage processes under strong illumination, and NADPH protected it.
Conformational modification of FNR upon binding of NADRr NADPH is proposed to trigger the
macromolecular changes in a larger part of the protein complex of PSI. The conformational changes must
increase the intermolecular distances and change the mutual orientation between the various cofactors in
the PSI complex. This new control mechanism of energy dissipation and photochemical activity by NADP
NADPH is proposed to increase the turnover rate of PSI under conditions when both linear and cyclic
electron transport activities must be supported.

In chloroplasts of higher plants and algae, photosystem | The rate of electron transport within PSI is mainly
(PSI} catalyzes the light-driven electron transport between controlled by the flux of electrons transferred from photo-
plastocyanin and ferredoxin. The enzyme ferredoxin:NADP  system Il (PSII) through the cytochronig/f complex and
reductase (FNR) is required for the reduction of NADB by the activity of dark carbon metabolism that uses NADPH
NADPH in a reaction that uses two molecules of reduced formed at the acceptor side of PSH9). It is also known
ferredoxin. PSI is formed of a core complex composed of that the ATP/NADPH ratio can be modulated by the onset
an heterodimer of the PsaA/PsaB polypeptides surroundedof cyclic electron transport around PSI, which produces ATP
by the peripheral chlorophyll (Chl/b binding proteins without the reduction of NADP molecules 10). Thus an
(LHCI) and at least 12 other polypeptide subunits %). increased chloroplastic concentration of NADPH is proposed
The reaction center of PSI, P700, is located in the PsaA/to poise the redox state of the intersystem electron carriers
PsaB protein complex with the primary electron acceptors and favor cyclic PSI electron transpodtlj. Migration of
and about 98100 Chl and 1522 3-carotene molecules as  the phospho-LHCII complex from PSII during state 2 to state
determined for higher plants and cyanobactetja&). LHCI 1 transition controls excitation energy in PSIl and was
is composed of two subcomplexes, LHCI-680 that consists reported to slightly increase the antenna cross-section in PSI
of two polypeptides of 23 kDa (Lhca2) and 25 kDa (Lhca3), (12, 13). However, there is no report indicating nonphoto-
respectively, and LHCI-730 that also comprises two polypep- chemical control of energy dissipation and photochemistry
tides of 22 kDa (Lhcal) and 21 kDa (Lhca4), respectively in PSI such as the energy-dependent nonphotochemical
(4, 5). guenching observed in PSIl. The latter is initiated by the

formation of a pH gradient across the thylakoid membrane

g . . _.and the transformation of violaxanthin to zeaxathin during
ing Resoarch Counci of Canada and by Fonds temie de o - the so-called xanthophyll cycld2 14). These mechanisms
Recherche sur la Nature et les Technologies. are often associated with photoprotection together with other
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kDa Std Thyl PSII PSI Analysis of Polypeptide Compositiofhe polypeptides of
; thylakoid membranes and submembrane fractions were
separated by sodium dodecyl sulfateea—polyacrylamide
97.4 Gu gel electrophoresis according to the procedure of Hui et al.
6.2 Yl (25). Electrophoresis was performed on 13% separating and
4% stacking gels of polyacrylamide. Aliquots of photo-
45 b T8 O synthetic membranes containing:§ of Chl were added to
= — T equal volumes of 2 buffer (0.25 mM Tris-HCI, pH 6.8,
oo 2% sodium dodecyl sulfate) and incubated for 30 min at 4
e . - °C. The gels were stained with Coomassie brilliant blue

i1

=k

215 ] ! R-250 and observed with a Bio-Rad Gel-Doc 2000 system.
Fluorescence Spectroscopgoom temperature (298 K)

.o and low-temperature (77 K) spectra of fluorescence emission
=9 excited at 436 nm were measured as reported previo28)y (

144 g using a Perkin-Elmer LS55 spectrofluorometer. The Chl
content of the samples was adjusted ta«@mL. Low-
temperature spectra were measured in the presence of 60%

= glycerol. Reversible changes of fluorescence at fixed emis-

Ficure 1: Comparison of the polypeptide profile using polyacryl- sion wavelength (684 nm) were measured at room temper-

amide gel electrophoresis of whole thylako_id membranes a_md ature with the addition of 100M NADP* (N-0505; Sigma,

ﬁ]h('\)/'ltgtsgr?;(lesmalnzn&(Ialtﬁgé)g-wembrane fractions isolated as descrlbedSt_ Louis, MO) and subse_quent addition of 100 NADPH

_ ] ) (N-1630; Sigma, St. Louis, MO).

In this report, we present the first demonstration of a = 1R Spectroscopy and Data TreatmeRte suspensions
nonphotochemical type of fluorescence quenching in PSI that of ps| submembrane fractions were transferred onto an AgBr
is promoted by NADP. A significant fluorescence quench-  \yindow after the addition of a given concentration of
ing was observed in either whole thylakoid membranes or gppropriate additive as mentioned in the text and air-dried
isolated PSI submembrane fractions in the presence ofat room temperature under green light to form an uniform
NADP that was fully reversible with NADPH. This control  (hyqrated) film. The infrared spectra were recorded using a
of energy dissipation coincided W|t_h reversible protein Equrier transform infrared (FTIR) spectrometer equipped
conformational changes and modulation of the rate of P700 it a HgCdTe detector and a KBr beam splitter (Nicolet,
photooxidation. It is suggested that this mechanism could padison, WI). The spectra were taken with a resolution of
increase the turnover rate of PSI under conditions when bothy -qrt The secondary structure of PSI proteins was de-
linear and cyclic electron transport activities must be termined from the shape of the amide | bald, @8). Fourier
supported by the photosystem. self-deconvolution and second derivative resolution enhance-
MATERIALS AND METHODS ment anq curve-fitting procedures were applied t'o determine

guantitatively the protein conformation. The detailed spectral

Isolation of Thylakoid Membrane$hylakoid membranes treatments and calculations of protein secondary structure
were isolated from market spinach leaves and 10-day-old have been reported previousB8). The spectral manipula-
pea leaves grown on vermiculite as described by Goetze andions were performed with the Gram 32 program (Galactic
Carpentier 19). The final pellet was resuspended in 20 mM Industries Co., Salem, NH). Some experiments were done
Hepes-NaOH, 330 mM sorbitol, 10 mM NaCl, and 5 mM in D,O to clearly determine the random component.

MgCls. P700 Photooxidation Measuremeni$he changes in the

Isolation of Photosystem Il Submembrane Fractid®sl| redox state of P700, primary donor of PSI, were monitored
submembrane fractions were isolated from spinach leaveswith the absorbance changes at 830 mi\dzg) using the
obtained from a local market according to Berthold et al. dual-wavelength unit ED-P700DW of a PAM fluorometer
(20) with the modification described elsewhei2l). PSII (Walz, Effeltrich, Germany) as described in 129. White
preparations were finally suspended (2 mg of Chl/mL) in actinic light was obtained from the KL 1500 projector (Walz,
20 mM MES-NaOH (pH 6.2), 400 mM sucrose, 15 mM  Effeltrich, Germany). Ascorbate (200M) was added to the
NaCl, and 5 mM MgC] and stored at-80 °C until use. PSI submembrane fractions (18 of Chl) prior to AAgso
The preparations were devoid of PSI polypeptides as shownmeasurements to ensure complete reduction of P700 in the
in Figure 1. dark.

Isolation of Photosystem | Submembrane Fractid?SI Strong Light TreatmentsSuspensions of isolated PSI
submembrane fractions were isolated from fresh spinachsubmembrane fractions containing 5@@ of Chl/mL were
according to the procedure of Peters et aR) (with some kept at 4°C under continuous stirring. The fractions were
modifications 23). The isolated fractions with approximately irradiated for various periods of time with an intense white
1-2 mg of Chl/mL were suspended in a medium containing light (2000 uE m2 s™%) provided by a 150 W quartz
20 mM Tricine-KOH buffer (pH 7.8), 10 mM NaCl, 10  halogen projector lamp. White light was passed through a 5
mM KCI, and 5 mM MgC} and stored at80 °C until use. cm layer of water containing 4% Cu3@ eliminate heat
The Chla/b ratios in the preparations were higher than 6.0. radiation. The aliquots of 3L were taken from the
Chl content was determined with 80% acetone according to suspension every 0.5 h during the photoinhibitory treatment
Porra et al. 24). These preparations were devoid in PSIl to assess Chl concentration and the magnitude of light-
polypeptides as shown in Figure 1. induced absorbance changes at 830 tAg).
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spectra of PSIlI submembrane fractions with the addition of 100
80— ;! uM NADP* or 100uM NADPH. These experiments were repeated
o) in five different isolations and yielded identical spectra; a typical
| \ spectrum is presented.

40 f N\ B
- /// \\~—~\ complex (L, 2). Heparin and thenoyltrifluoroacetone (TTFA),
— which are known to specifically bind FNR and inhibit
640 680 720 760 NADP* reduction 80—33), also significantly decreased Chl
Wavelength, nm fluorescence (Figure 2A). However, inhibition of PSII
FIGURE 2: (A) Changes in the room temperature emission spectra €lectron transport by diuron did not prevent the action of
of thylakoids with the addition of 10«M NADP+, 100 uM NADP* on fluorescence in thylakoid membranes as clearly

NADPH, 100uM TTFA, or 20 uM heparin. Insert: Reversible  shown in Figure 2B. It should also be noted that oxidized or

fluorescence changes at 684 nm. Downward and upward arrows . ;
indicate the addition of 1008M NADP* and 100uM NADPH, reduced NADP did not modify the room temperature

respectively, during measurement. (B) Effect of 100 NADP* fluorescence emission spectrum in |sqlated PSlI _sub-
on the emission spectra of thylakoids in the presence gfNIO membrane fractions (BBY-type) measured in the dark (Figure
diuron. The excitation and emission slit widths were set at 5 and 3). The above data clearly associate the action of NADP with
2.5 nm, respectively. These experiments were repeated in fivethe PS| complex.

different isolations and yielded identical spectra (the variation in

intensity was below 5%); a typical spectrum is presented. To study thi_s fluorescence quenching_in more detail, we
used PSl-enriched submembrane fractions. The PSI sub-
RESULTS membrane preparation used retains the cytochrdmfie

complex and plastocyanin but is devoid of PSA2Y. PSl in

Figure 2A presents Chl fluorescence emission tracesthis preparation should thus operate similarly as in whole
measured at room temperature (298 K) in thylakoid mem- thylakoid membranes. It should be noted that the PSI
branes isolated from spinach. Similar data were obtained with submembrane fractions presented no oxygen evolving activ-
pea thylakoids. The control samples presented a maximality with PSII electron acceptors such as 2,5-dichlorobenzo-
emission in the red at 684 nm with excitation at 436 nm. quinone and no light-induced variable Chl fluorescence could
Both reduced and oxidized forms of NADP affected fluo- be detected. The lack of PSII polypeptides in this preparation
rescence intensity. Chl fluorescence was slightly increasedis clearly shown from the polypeptide profiles of Figure 1
(about 5% compared to control) with the addition of 100 where PSII submembrane fractions are compared with the
uM NADPH. In contrast, fluorescence decreased by about PS| fractions.
35% in the presence of 1001 NADP* compared to control. The effects of NADPH and NADP observed in PSI
Only the global fluorescence intensity was affected, and no preparations confirmed those measured in whole thylakoid
modification of the emission maximum wavelength or of the jembranes. The action of reduced and oxidized NADP at
half-bandwidth of the emission peak was observed. Similar 100 ,M was observed when fluorescence was recorded at
effects of oxidized and reduced NADP were observed in the oy temperature (77 K) in the PSI submembrane fractions
fluorescence excitation spectra (results not shown). However,(rigure 4A). At 77 K, NADP decreased fluorescence by
the light absorption properties of the thylakoid membranes 4005, The room temperature (298 K) Chl fluorescence
were not affected. It must be emphasized that the changesemission spectra presented the characteristic peak at 684 nm
in Chl fluorescence induced by NADRvere fully reversible and a shoulder around 710 nm (Figure 4B). NAD&R 100
with addition of NADPH (Figure 2A, insert). This revers- M decreased fluorescence by 32% compared to control, and
ibility clearly demonstrates that the changes in Chl fluores- NADPH reversed this quenching. Interestingly, the ratio 684/
cence are not associated with any damage to the thylakoid710 was not modified by the additives; only the global
membranes. fluorescence intensity was affected. The similar effect of the

The most relevant subunit where both NADPH and FNR inhibitor heparin is also shown (Figure 4B). However,
NADP* are known to interact is FNR located in the PSI oxidized or reduced NAD, an analogue of NADP which is
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emission spectra of PSI submembrane fractions with the addition
of 100uM NADP*, 100uM NADPH, or 20uM heparin. Insert:
Fluorescence quenching at 684 nm with the addition of various
concentrations of NADP. These experiments were repeated in five
different isolations and yielded identical spectra (the variation in
intensity was below 5%); a typical spectrum is presented.

FicUrRe 5: Curve-fitted amide | band region (176@600 cnt?)

and secondary structure determination of the band in PSI sub-
membrane fractions incubated with 1,081 NADP™. Experimental
spectra are shown after baseline subtraction together with fitted
Gaussian band components.

major components in control samples eréelix (51%) and

not a native PSI acceptor, did not produce any significant 5-sheet structures (27%). High content irxhelices is
change of fluorescence intensity. Added spinach ferredoxin expected due to large amounts of intrinsic membrane proteins
(5 ug/mL) had no effect. The fluorescence decrease was (1, 2). Random structures are difficult to separate in samples
studied at various NADP concentrations. It is clear from  kept in water but were calculated to about 17% in samples
the insert of Figure 4B that relatively low concentrations were kept in D,O where that proportion was not affected by
required. Above 100uM NADPT the quenching further  reduced or oxidized NADP. NADPsignificantly affected
increased but was not fully reversible and probably included the structural components, decreasingelices from 51%
some unspecific effects. In principle, compared to whole to 40% and increasing-sheet structures from 27% to 34%.
thylakoid membranes, a greater effect of NAD&uld be This effect was reversed after addition of NADPH. Oxidized
expected in PSI preparations where all Chl molecules areor reduced NAD was ineffective in producing a conforma-
associated with PSI. However, we observed similar extentstional change, but heparin caused a conformational change
of Chl fluorescence quenching (about-386% at 100uM similar to that induced by NADP(Table 1).
NADP*; Figures 2A and 4B). The apparently weakened To study the action of NADP(H) on the photochemical
action of NADP" in PSI submembrane fractions is likely activity of PSI and light-induced oxidation of P700, the
due to the presence of detergent during their isolation thatreaction center of PSI was analyzed using the absorbance
may reduce the accessibility for NADPor decrease the changes at 830 nm. The traces are presented in Figure 6.
amount of membrane-bound FNR molecules. The action of the various additives was similar to their action

The modification of fluorescence intensity could be related on fluorescence. While NADPH alone presented only a
to a conformational change in the PSI complex. We have negligible effect, NADP clearly decreased the extent of
studied the conformational changes of the polypeptides in absorbance change at 830 nm. The above indicates that the
the PSI submembrane fractions using the amide | band oftotal amount of photooxidizable P700 declined in the
the FTIR spectra measured from control and NABfRated presence of NADP. In control samples (without any
preparations. The deconvoluted band profiles are presentedaddition), the extent and half-time (327 ms) of P700
in Figure 5. It is clear from Figure 5 that the deconvoluted photooxidation remained identical with different light inten-
components are different after addition of NADPThe sities (from 1.5 to 25 W/). From the maximal extent of
assignment of the amide | components is presented in Tableabsorbance changes shown in Figure 6, it can be calculated
1. The structure of PSI proteins in control samples is that P700 photooxidation in about 25% of the reaction centers
compared with samples treated with various additives. The is fully but reversibly (with addition of NADPH) impeded.
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Table 1: Secondary Structure Determination for PSI Submembrane Fractions Incubated in the PresengddfAQIP, NADPH, or
NADP" plus NADPH or 20uM Heparir?

amide | conformation for PSI submembrane fractions
component conformation incubated with exogeneous additives (%)

(cm™) conformation for PSI (%) NADP NADPH NADP* + NADPH heparin
1650-1658 a-helix 51+ 2 40 53 49 43
1613-1640 p-sheet 2H 1 34 27 29 31
1641-1648 random 0 17 0 0 9
1663-1678 turn &+ 0.2 0 8 9 6
1679-1685 B-antiparallel 14+ 0.5 9 12 13 11

2 The results are the averages for three independent experiments. The SD was not more than 5% for all of the components.
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Ficure 6: Original curves and semilogarithmic plots (insert) of of light-induced absorbance change at 830 nm (B) during strong
the light-induced rise of absorbance at 830 nm measured in PSljight illumination of PSI submembrane fractions with no additive
submembrane fractions following the addition of 0@ NADP™, or with the addition of 10:M NADP*, 100 xM NADPH, 100
100 uM NADPH, or 100uM TTFA. The sampling rate was 0.3 ;M NADP* and 100uM NADPH, or 20uM heparin. In panel B

ms/point. The upward arrow indicates actinic light turned on. The the values are normalized to the control. Conditions are given in
irradiance of white light was 1.5 W m. The half-times ofAAg3g Materials and Methods.

rise under white light of 1.5 W n? were 327+ 7 ms (control),
?ﬁi;ﬁﬁ%ggﬁﬁf )énzc? 73332 rgsnglglAgEFHg\,)'aigi CGU:UZS proceeded linearly. If light exposure was performed in the

represent the average of six measurements; these experiments wefdresence of NADPH, Chl breakdown was somewhat re-
repeated in five different isolations and yielded identical curves. tarded. Unexpectedly, a dramatic acceleration of Chl photo-
bleaching was found in the presence of NAD this case,
A second action of NADP was to increase the half-time the lag time completely disappeared. The presence of
for P700 photooxidation (from 327 to 478 ms) in the reaction NADPH together with NADP in the suspension of isolated
centers that were able to undergo photooxidation (Figure 6, fractions reverted the promoting action of NADBn Chl
insert). These two effects of NADPwere reversed by the  photobleaching. NAD did not influence the pattern of Chl
addition of NADPH. The inhibitor TTFA (and also heparin) photobleaching, but the inhibitor heparin presented an effect
decreased the amount of photooxidizable P700 and increasegimilar to NADP".
the half-time for photooxidation (Figure 6). Exposure of isolated PSI submembrane fractions to strong
The involvement of the above changes in photoprotection white light at 4°C also resulted in the loss of ability of P700
mechanisms was also investigated. Figure 7 illustrates theto undergo reversible redox changes. Figure 7B demonstrates
changes in total Chla(+ b) content and in the maximum that the magnitude of thAAss sighal remained constant
AAgzo magnitude measured during exposure of isolated PSIduring the firg 4 h of strong light treatment in the absence
submembrane fractions to strong white light at@ The of additive. This indicated the unchanged amount of photo-
light exposures were performed in the presence of reducedoxidizable P700 during this lag time period. However, more
or oxidized NADP. If no additive was present in the prolonged irradiation caused a rapid decliné\ifsso Similar
suspension, no substantial Chl loss occurred during the firstto the results observed for total Chl content, NADPH retarded
2 h of light exposure (Figure 7A). Continued light treatment the onset of fast white light-induced decline in P700
beyond this lag time caused a breakdown of Chl that photooxidation, whereas NADPor heparin dramatically
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accelerated the loss of PSI photochemistry. Added together The above changes in structure of PSI can also explain

with NADP*, NADPH nullified the NADP-induced re- the reduced Chl fluorescence. It was shown from reconsti-
sponse. Again, the addition of NADto the suspension tuted complexes that LHC-680 (composed of Lhca2 and
presented no significant effect. Lhca3) and Lhcal of LHC-730 have a fluorescence maxi-

mum at 686 nm whereas only Lhca4 fluoresces with a

DISCUSSION maximum at 725 nm38, 39). Thus, our data did not present

To our knowledge, this is the first report that shows any indication of a disconnection between the peripheral
significant control over light energy dissipation processes antenna and the core complex that would have resulted in
and photochemical activity in PSI by NADANADPH. The an increased intensity at the fluorescence emission peak of
guenching induced by NADPwas clearly associated with 684 nm in the PSI submembrane fractions. In fact, the general
PSI but was also occurring in whole thylakoid membranes shape of the fluorescence spectra was not modified in the
of pea or spinach, showing the physiological relevance of presence of NADP. Hence, the decreased fluorescence yield
this process. It should be noted that this effect of NADP likely results from the reduced efficiency of energy transfer
could not be due to its physiological role as an electron between antenna Chl and the reaction center P700, which
acceptor in PSI because ferredoxin, which is required for presented decreased rates of photooxidation, and possibly
electron transfer between PSI and FNR, is a highly soluble from a general decrease of energy transfer efficiency among
polypeptide that is lost during isolation of the submembrane pigment molecules.
fractions. The similar action observed with inhibitors of Even though NADP binding to PSI caused an increased
NADP" reduction such as heparin, a non-redox-active yield of nonradiative dissipation of absorbed energy shown
compound 84), constitutes further evidence in favor of as fluorescence quenching in Figures 2 and 4, this was not
another type of mechanism that does not involve a redox effective to provide photoprotection under strong illumina-
control. tion. On the contrary, Chl photobleaching and inhibition of

The reversible conversion of about 20% of tiedelices P700 photooxidation observed under strong light were greatly
to mainly 3-sheet-like structures (Table 1) in the polypeptides accelerated in the presence of NADRduced quenching
of PSI indicates a significant conformational change that (Figure 7). Besides P700, red Chl forms and carotenoids
could account for the decreased fluorescence intensity. It ispresent in LHCs and in the core complex of PSI were also
known from crystal structure analysis that binding of NADP  associated with protection against excess li®41). It
to FNR induces a conformational change in the prota8).( is possible that the conformational changes in the presence
As isolated stromal fractions of PSI contain this NADP- of NADP* decreased the efficiency of energy transfer to
specific terminal enzyme of the electron transport cha@), ( P700 and other pigments, thus diminishing their protective
we can propose that the binding of NADRvith FNR role. However, when energy transfer was restored by the
initiates macroscopic changes in whole or part of the PSI addition of NADPH, photodamage was retarded (see Figure
complex. This binding must act as a trigger to induce the 7).
modification of the protein structure. The decreased fluo- The physiological implications of the above conforma-
rescence intensity in the presence of heparin and TTFA, tional changes leading to the NAD#nduced fluorescence
which are known to bind with FNR3(L—34), indicates that ~ quenching and decreased rates of P700 photooxidation,
some effect of these inhibitors on the structure of FNR is together with the NADPH-induced reversal of these effects,
similar compared to NADP. On the other hand, NADPH, should be debated in future research. However, the concept
likely through its own binding to FNR, removed the action that a proper redox poising of the intersystem electron carriers
of NADP*. coinciding with moderate reduction of the plastoquinone pool

The partial unfolding ofr-helices (Figure 5) that occurs s required for the regulation of ferredoxin-dependent cyclic
upon binding of NADP to FNR should increase inter- electron transport is well acceptet]. It is also well-known
molecular distances and modify mutual orientations betweenthat NADPH promotes cyclic electron transpdti). Thus,
the various cofactors in the PSI complex. FNR was reportedit is tempting to associate an increased need for P700
to bind with the PsaE subunit of PSI, the latter being bound turnover in the conditions of high NADPH concentration
to the reaction center heterodimer protein complex of PsaA/ where both linear and cyclic electron transport reactions have
PsaB subunits3{7). Even though the proteins affected by to be supported by PSI to reestablish the appropriate
the conformational changes detected by FTIR spectroscopychloroplastic ATP/NADPH ratio. In contrast, at elevated
cannot be identified, it is clear that reaction center polypep- NADP* concentration only linear electron transport should
tides, which are in closed contact with FNR, should be be supported. In these conditions, a decreased energy flow
primarily affected. The increased distances between theto P700 or even its reversible disconnection from the electron
primary donor P700 and its electron acceptors and/or betweertransport chain due to the NADP-induced conformational
antenna Chls and the reaction center, or a departure fromchanges may increase the reduction state of the plastoquinone
their favorable mutual orientations, could explain the greater pool above that acceptable for active cyclic electron transport.
half-time for P700 photooxidation. In some centers, the That could also provide photoprotection to the reaction center
distance between P700 and its primary acceptor or betweerunder specific conditions.
P700 and the neighboring Chl molecules in charge of
transferring excitation energy to the reaction center may ACKNOWLEDGMENT
become large enough to fully impair P700 photooxidation.  The authors thank Drs. N. Murata and G. Samson for
This would explain why about 25% of reaction centers could useful discussion of this work, Dr. S. Hotchandani for critical
not be photooxidized in the presence of NADRee Figure reading of the paper, and J. Harnois for helpful professional
6). assistance.
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