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ABSTRACT: We have investigated the occurrence of cyclic electron flow in intact spinach leaves. In
particular, we have tested the hypothesis that cyclic flow requires the presence of supercomplexes in the
thylakoid membrane or other strong associations between proteins. Using biochemical approaches, we
found no evidence of the presence of supercomplexes related to cyclic electron flow, making previous
structural explanations for the modulation of cyclic flow rather unlikely. On the other hand, we found
that the fraction of photosystem | complexes engaged in cyclic flow could be modulated by changes in
the redox state of the chloroplast stroma. Our findings support therefore a dynamic model for the occurrence
of linear and cyclic electron flow in C3 plants, based on the competition between cytochgbared

FNR for electrons carried by ferredoxin. This would be ultimately regulated by the balance between the
redox state of PSI acceptors and donors during photosynthesis, in a diffusing system.

Photosynthesis involves the transfer of electrons from requirements of carbon fixation and to generate a proton
water to NADF via two photosystems, the so-called linear gradient to regulate light harvesting3, 24). Nevertheless,
path, forming NADPH. Electron transfer also results in many questions concerning cyclic electron flow remain. In
proton translocation across the thylakoid membrane, generatparticular, the pathway by which electrons pass from the
ing a transmembrane pH gradient, which drives the synthesisacceptor side of PSI back into the electron transport chain
of ATP. Both NADPH and ATP are then used for carbon is as yet undefined. A recently discovered novel heB, (
fixation. Given that the H/ATP efficiency of this process in the cytochromdsf complex, has however been suggested
is expected to be-4.7, linear electron transport alone is as a possible intermediat2d). A newly identified protein,
probably unable to generate the ATP/NADPH stoichiometry PGR5, has also been implicated in cyclic electron flei (
of 1.5 that is required for carbon fixation, as its maximum 5), though its function remains to be defined.

H/NADPH stoichiometry is 6 (see, for example, r&f In addition to the exact electron path, the regulation of
Alternative electron transport pathways are thus required to cyclic electron flow also remains unclear. The cyclic and
provide the “extra” ATP. Besides electron flow to oxygen |inear pathways share a number of common carriers, from
[the Mehler reaction 3)] or to mitochondrial electron  plastoquinone (PQ@)to ferredoxin (Fd), and thus might be

acceptors [the so-called “malate-shurl)]( cyclic electron  jn competition with one another. To rationalize the occur-
flow around PSI was recently proposed to represent the mostrence of cyclic flow, a number of models have been put

prominent candidated( 5). Indeed, this pathway results in  forward, suggesting that the two pathways must be, to a
the generation of a proton gradient, leading to the production greater or lesser extent, segregated.

of ATP, but does not involve the net production of NADPH ) 14 rastricted diffusion model is the first. It is well-

(6-7). As cyclic electron flow was first ObSGF"ed in vitro,_ known that photosynthetic complexes are unevenly distrib-
there has been a long debate about whether it actually existg e jn the thylakoid membrane. In particular, photosystem
under physiological conditions (e.g., rés14) and, if SO, | (pg))) is mostly located in the appressed grana stacks,

whatits funqtion is. There is now a growing body of evidence_ while PSI is concentrated in the nonappressed membranes
that shows it does occur as a normal part of photosynthe5|s(the stroma lamellae, the grana margin, and the end

(e.g., refs15—22) ar!d that it might be required both to membranes). The cylif complex is homogeneously dis-
balance the production of ATP and NADPH to maich the iy teq 7. see also ref28). Because of the restricted

diffusion of the soluble electron carriers [PQ9Y or
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able to fuel only cybsf complexes located in the grarivy. redox state of the electron transport chain. In particular,
Those in the nonappressed membranes would instead beeduction of the PSI electron acceptors is necessary for the
reduced by PSI, leading to cyclic electron flow. onset of cyclic flow, its rate being ultimately set by the

(ii) The supercomplex model is the second. It has been number of reducing equivalents stored in the PSI donor pool.
proposed that cyclic electron flow might occur within tightly
bound PStcyt bef supercomplexes, containing stoichiomet- EXPERIMENTAL PROCEDURES
ric amounts of plastocyanin and F81( 32). This model . . .
has been proposed to account for the fact that electrons Experiments were performed with spinach leaves bought
generated at the PSI donor side during cyclic flow are not at the Iocal_ market. )
shared with the pool of soluble acceptors, but rather seem_ Biochemical AnalysiChloroplasts were prepared at@,
to be thermodynamically isolated from the stroma. In in the dark from either dark-adapted or pre-illuminated
addition, complete segregation between the linear and cyclic!€aves. Leaves were blended very briefly in ice-cold buffer
chain has been invoked as a tool for maintaining “redox [10 MM Tris (pH 8.0), 10 mM NaCl, 5 mM MgG/ and
poising” of cyclic flow, i.e., preventing its inhibition by eithner 330 MM sucrose], and the resulting suspension was filtered
over-reduction or over-oxidation of the carriers that are through eight layers of muslin. Chloroplasts were pelleted
involved 33). This model clearly represents an extreme case &t 150@ for 3 min, washed three times with the same buffer,
of the preceding one, since the idea that linear and cyclic @d resuspended to a final chlorophyll concentration-e6 4
flow occur in different thylakoid domains is conserved, the Mg/mL. Thylakoids were then solubilized either with Triton-
domain where cyclic flow takes place being reduced to a X100 (0.45-1.8%, i.e., 0.6-2.4 g of detergent/g of protein)
single PSt-cyt bef supercomplex. or with freshly prepa_\red d|g_|ton|n (0.7%%, i.e., +8g of

(i) The Fd—NADP—reductase (FNR) modeR6) is the detergen_t/_g of.proteln), a mixture of bot_h _(0.4_5% Triton and
third. FNR can be found free in the stron@) or bound o 0-75% digitonin to 29 Triton and 2% digitonin), or Tween
PSI 35) and possibly to cybef (36). According to this model, 20 (0.75-5%) in 50 mM NaCl and 50 mM imidazole (pH
PSHFNR complexes would mainly work in linear flow, 8:0) for 10-60 min at room temperature or°€ and at a
since the presence of a tight ternary complex (FRi— final chlorophyll concentration of l_.5 mg/mL. The super-
FNR) would result in efficient reduction of NADPOn the ~ natant was recovered after centrifugation for 5 min at
other hand, FNR-free PSI complexes could only reduce Fd, 10000@. Coomassie 250G and aminocaproic acid were
which would then be able to diffuse into solution and feed @dded to final concentrations of 0.5% and 50 mM, respec-
electrons back into the cyclic pathway, possibly via FNR tively, and the sample was loaded ora 4 to 13% BN-

bound to cythe. PAGE gel with a 3.5% acrylamide stacking géB). Strips
(iv) The competition model is the fourth. Recently, a more ©f gel were incubated in a 0.2 to 1% SDS, 3 mM
dynamic view of cyclic flow has been propose87), in dithiothreitol solution for 20 min at 23C and for 3 min at

which the efficiency of cyclic flow would depend upon the 45 °C before analysis in a second dimension via SBPBGE
competition between cyclic and linear flow for reduced Fd. (12% acrylamide). Gels were then either TMBZ and silver
Under physiological conditions, this competition would favor Stained or transferred onto a PVDF membrane for immuno-
linear flow, either because of its higher affinity for Fd or Plotting. The position of cythf was determined by the
because of a proximity effect, the “linear” electron carriers éaction of heme-bearing proteins to the ECL medium. FNR

being located closer to PSI than the cyclic ones (see alsoWas detected using an antibody raised against the spinach
refs 38 and 39). enzyme (gift of G. Forti, University of Milano, Milan, Italy).

Previous studies have shown that dark-adapted Ieaves,':or TMBZ staining and immunotransfer, BN gels were first

subjected to pre-steady-state illumination, show a maximum destained in 40% methanol and 250 mM sodium acetate (pH
of cyclic flow (32, 40). In such material, the BenserCalvin 5.0), as Coomassie blue inhibits TMBZ staining.

cycle is largely inactive and thus illumination leads to a fast ~ Spectroscopic Measuremertspectroscopic measurements
inhibition of linear flow. The very rapid cyclic flow activity =~ were performed on intact leaves with a flash spectropho-
measured in these conditions excludes the involvement of atometer as described previous82(40). P700 oxidation was
NAD(P)H-plastoquinone reductase (NDH) activity. Indeed, assessed at 705 nr83). Actinic far-red illumination was
this is present in very small amountj and normally shows ~ provided by an LED peaking at 720 nm, filtered through
a rather slow turnoverq, 42). Upon illumination, several  three Wratten filters 55 that block wavelengths shorter than
minutes is required for the activation of the Bens@alvin 700 nm. A signal associated with fluorescence emission
cycle and, therefore, of linear flow. Hence, one can take (normally <5%) was subtracted from the kinetics. The
advantage of this temporal separation between the onset ofnaximum extent of P700was estimated from the kinetics
cyclic and linear flow upon illumination to critically re- ©of P700 oxidation as described in r26.

examine the mechanism of the establishment and disappear- Membrane potential changes were measured under the
ance of cyclic flow in intact leaves. To this end, we employed same actinic illumination as for the measurements of the
a combined biochemical and biophysical approach. On the P700 redox changes. They were detected at-52® nm,
basis of this analysis, we suggest that structural explanationsusing a white LED source (Luxeon, Lumileds) filtered
for cyclic flow, assuming the existence of tightly bound through appropriate interference filters. The photodiodes were
supercomplexes between photosynthetic electron carriers, arg@rotected from actinic light by a Schott BG 39 filter. To
unlikely. Conversely, we provide support for the hypothesis calculate the number of electrons transferred during illumina-
that the occurrence of cyclic flow is the result of a tion, the absorption signal measured under continuous
competition with linear flow, where the relative efficiency illumination was divided by the signal corresponding to one
of the two processes is solely modulated by changes in thecharge separation. This corresponds to the extent of the
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membrane potential signal induced by a saturating laser fIash,A
in samples that were treated with DCMU and hydroxylamine
(HA), to inhibit PSII activity @4). ks, was estimated from

the initial rate of membrane potential decay upon inhibition

of PSII activity @0). Pre-illumination was provided by green
LEDs with a peak emission at 520 nrd2j. RubisCO_

Fluorescence Measuremeniuorescence was measured LHCI—
on intact leaves with the same apparatus that was usec
for spectroscopy, using green excitation light provided by
LEDs. Pre-illumination and leaf excitation were performed
with the same green light, and fluorescence was measurec
on the opposite face of the leaf. The time resolution of the
method is 16-20 us. To estimate the actinic light intensity,
fluorescence-induction kinetics were measured in the pres-
ence of saturating concentrations of DCMU. We evaluate
the timet at which the variable fluorescence yield wa¥; B
of the maximum value. This provides an estimate of the
incident photon flux, with a precision a£10%. As shown
in ref 32, an average of one photon per PSII center is
absorbed at timg and the PSII photochemical rate constant,
kipsii, is thus equal to 1/

L

RESULTS 8

S

Biochemical Analysis of Thylakoid Membranes Purified -
from Dark-Adapted and llluminated Spinach Lea Does P . . =
Not Reeal the Presence of PStyt bff Supercomplexes. é . . — b,

To test the possible involvement of tightly bound P8yt E

bef supercomplexes in the onset of cyclic electron flow in L
C3 plants, we isolated intact chloroplasts from dark- and
prolonged light-adapted leaves, i.e., under conditions where
previous work has pinpointed a high and low efficiency of — —— ——— — —FNR
cyclic flow, respectively (e.g., ref82 and 40). They were
then further analyzed biochemically in an attempt to identify
possible specific PSicyt bef interactions, using the Blue

o - o
Native gel system developed by Sggar and co-workers Dark > >

- Light
to isolate mitochondrial supercomplexds8); This technique BN-PAGE
associates mild solubilization of membranes and separationFigure 1: Biochemical analysis of digitonin-solubilized spinach
of solubilized complexes using a native gel system and haschloroplasts, extracted from dark-adapted (D) or light-treated (L)
successfully been used on plant material to characterizeleaves. (A) BN-PAGE (4 to 13%) after migration (CBB-G), after

; ; : destaining and TMBZ staining (TMBZ), after CBB restaining
chloroplastic 43, 45, 46) and mitochondrial supercomplexes (CBB-R), or after ECL revelation of heme-containing proteing)(

(47—49). (B) 2D BN/SDS-PAGE of the same sample, TMBZ and silver
Membranes were solubilized with mild detergents, i.e., stained, or ECL revelation of heme-containing proteins {@d
Triton X-100, digitonin, a mixture of both, or Tween 20. As  bs are indicated). Cybcf migrates as a dimer, and no higher-

; o molecular weight band that would be involved in a PBif
expected, Tween 20 did not solubilize the membranes. On supercomplex is observed, either via BN-PAGE or via 2D PAGE.

the other hand, 6% digitonin (8 g of digitonin/g of protein) >p BN/SDS-PAGE gels were also immunoblotted with an
or 1.8% Triton X-100 (2.4 g of Triton X-100/g of protein)  antibody directed against spinach FNR. No major difference in the
was sufficient to solubilize most or all of the chtf and association of FNR with either PSI or clgif is observed in dark-

PSI, while leaving most of the PSII and LHCII in the pellet. adapted vs light-treated leaves. The position of the major complexes

. - L is indicated: PSI, photosystem I; ATPsynt, ATP synthase; RubisCO,
A m'lx'ture of 0'45% Triton X-100 and 0:75% digitonin W?S ribulose bisphosphate carboxylase/oxygenbgferytochromebgf
sufficient to obtain the same result, higher concentrations complex: and LHCII, trimeric light-harvesting complex I1.

resulting in the total solubilization of membranes (not
shown). which migrates as a unique band that is attributed to the
Figure 1 shows the biochemical analysis of spinach dimer when compared to the migration of the purified com-
membranes from dark-adapted or light-treated leaves, solu-plex. This is confirmed by the analysis of each strip in a
bilized with 6% digitonin. In spite of functional differences second SDSPAGE dimension: whereas the high-molecular
in cyclic flow (32, 40; see also below), the gel profiles of weight bands contain PSLHCI subunits, no trace of cyt
the two samples are very similar. Bands corresponding to bef is detectable, with either TMBZ, silver staining, or
high-molecular weight complexes are visible above the well- immunodetection (Figure 1B). They probably correspond to
defined PSt+LHCI band. However, TMBZ and ECL stain-  PSI supercomplexes containing different amounts of LHCI
ing, which are specific for heme-containing proteins and very and LHCII @47). We note that some differences can be
sensitive, do not indicate the presence oftg§i(Figure 1A), observed in the lower-molecular weight part of the gel,
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confirming that the technique is sufficiently sensitive for the
detection of relatively subtle changes. Solubilization super-
natants loaded onto sucrose gradients did not show PSI
cyt bef comigration, and the cydsf migrated as a dimer (not
shown). Membranes solubilized with Triton X-100 showed
a slightly different BN-PAGE migration pattern, the most
important difference being the presence of monomeric cyt
bsf in the Triton supernatant (not shown). No higher-
molecular weight complex containing cigtf was visible,
either in the first BN-PAGE dimension or in the second
SDS-PAGE dimension. Similar results were obtained in the
Triton- and digitonin-treated samples (not shown).

The PS+FNR Association Is Similar in Thylakoid Mem-
branes Isolated from Dark- or Light-Adapted Les. As
mentioned in the introductory section, a differential associa-
tion of the FNR enzyme has previously been proposed to s
explain changes in the efficiency of cyclic electron flow p
between dark- and light-adapted leaves. In particular, PSI S
complexes with bound FNR would display an enhanced -
NADP reduction, leading to linear flow, while PSI complexes  p
devoid of FNR would be limited in NADP reduction, leading G
to enhanced cyclic electron flow (see the introductory E
section). Consistent with this hypothesis, previous reports
show that FNR is associated with thylakoid membranes in
spinach leaves3d) and that membrane-bound FNR is more
efficientin NADP reduction than its soluble counterp&)( chloroplast - thylakoid
Biochemical and mutagenic analyses have shown that this BN-PAGE

enzyme can be bound to either dyf (36) or PSI 35), . . . o . .
Ficure 2: Biochemical analysis of digitonin-solubilized spinach

suggesting a variety of FNR partners on the thylakoid chloroplasts (C) and thylakoids (T). (A) BN-PAGE (4 to 13%) after
membrane. _ o , _ migration (CBB-G), after destaining and TMBZ staining (TMBZ),
To further investigate the binding capacity and possible and after CBB restaining (CBB-R). (B) 2D BN/SB®AGE of
dynamics of FNR relative to the occurrence of cyclic electron TMBZ and silver stained or immunoblotted with an antibody
flow, he localizaion of PR was nvestgated by two- (e gt Spnect L e e
dimensional B.N/SDSPAGE O_f solubilization _SUpernatants indicating strong and speecific interactionsp of FNRyWith th,e
of dark- and light-adapted spinach leaves. Figure 1B showsmemprane complexes.
that FNR comigrates with PSI and dyf, but also with other
complexes of the thylakoids. When thylakoid membranes slow phases of oxidatior26). This is illustrated in Figure
were prepared and washed several times, the same patter8, where three different leaves are compared. There, kinetics
was observed (Figure 2). This indicates that the high- of P700 oxidation are presented upon illumination with a
molecular weight forms of FNR observed in intact chloro- weak far-red light sourcekés) = 8 s*) under dark-adapted
plasts (Figure 1B) do not reflect the presence of large (curve 1), preflashed (curve 2), and light-adapted conditions
aggregates of this protein in its soluble form but rather (curve 3). Clearly, P700 oxidation is biphasic in dark-adapted
indicate the existence strong and specific interactions of thisleaves, with large variations in the relative amplitude of the
protein with the membrane complexes. fast and slow phase, as previously report2d, 87). This
In addition, no significant changes in the mode of biphasicity was explained by the presence of two different
interaction of FNR with thylakoid complexes, particularly PSI populationsZ6). The first one, corresponding to the fast
with PSI, could be seen between samples isolated from dark-phase, is ascribed to PSI centers involved in linear electron
adapted and illuminated leaves (Figure 1B), suggesting thattransfer 26). There, P700 oxidized by the linear pathway is
the dissociation of tightly bound PSFNR complexesisnot  not re-reduced by electron transfer from PSII under far-red
an absolute prerequisite for the onset of cyclic electron flow. illumination in these centers. The second PSI population,
Redox Changes of the PSI Acceptors and Donors Modulatecorresponding to the slow phase, would stem from centers
the Efficiency of Cyclic FlowThe results reported above involved in cyclic flow. For these complexes, net P700
suggest that the changes in the efficiency of cyclic electron oxidation is slowed, because of the recycling of electrons
flow reported between dark-adapted and illuminated leavesthrough PSI.
do not correlate with differences in complex association in  The biphasicity is suppressed by a short preflash, which
the photosynthetic membranes. On the other hand, differencesnduces the appearance of a long lag peris@ &) before
in the extent of cyclic flow can be observed in different dark- the onset of oxidation, and also slows the overall rate of
adapted leaves. P700 oxidation, in agreement with previous resug)(
Previous work has shown that when dark-adapted leavesFinally, light adaptation of the leaves for several minutes
are illuminated with low-intensity far-red light, P700 is largely increases the rate of P700 oxidation, which becomes
oxidized following a biphasic kinetic, with there being a great maximal while remaining largely monophasic. This raises
deal of variability in the relative proportions of the fast and the following question: What is the mechanism responsible

-FNR
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Ficure 4: Light intensity dependence of P700 oxidation (A) and
of the electrochromic signal (ECS, B) measured under far-red
illumination. P700 oxidation and ECS onset were assessed in a dark-
—— adapted leaf, which was pre-illuminated with a saturating green
2 4 6 8 10 12 14 16 flash (same conditions as in Figure 3, curve 2). Two far-red
Time (s) intensities were used:m) kps; of 8 s and ©) kpg) of 18 s71.

kipsi Was then measured in the same leaf as the difference between

Ficure 3. Oxidation of P700 during illumination of dark-adapted the slopes measured before and after switching the light off. The

spinach leaves with far-red light. Panels-& depict data from  leaf was left in the dark for at ledsl h before consecutive
three different leaves, dark-adapted for more than 1 h. Curve 1 is measurements were performed. The white rectangle means the
for P700 oxidation kinetics upon illumination with far-red lighg actinic light was on and the black rectangle the actinic light was

~ 7 s71). Curve 2 is for P700 oxidation kinetics in the same dark- off. See the text for further details.
adapted leaves, following illumination with a flash (150 ms) of

green light kps; ~ 830 s) and dark adaptation fdb s prior to ) )
far-red illumination. Curve 3 is for leaves that were pre-illuminated difference between the slopes of the ECS measured im-

for 7 min with green light kps; ~ kipsi ~ 90 s1) and then dark- mediately before and after switching off the light (Figure
a(_japted for _1 mi_n be_fore P700 oxidation kinetics were measured 4B), we were able to quantify the PSI turnover (see, e.g.,
with far-red illumination. refs 12 and 32). At the end of the lag phase of P700
oxidation, (i.e., after illumination for 3 and 1.5 s), the rate
for the slowing of P700 oxidation by the preflash? Because of PSI turnover was measured to be 10 and 20fsr the
the Bensor-Calvin cycle is inactive in dark-adapted leaves, two intensities of the far-red illumination that were employed,
the flash will reduce electron acceptors located downstreamin agreement with the 2-fold increase estimated from P700
of PSII, including intermediates of the electron transport oxidation kinetics.
chain as well as stromal electron acceptors. This reduction Moreover, we estimate the total number of electrons stored
is accompanied by the appearance of a long lag in P700in the PSI donors by computing the total number of turnovers
oxidation kinetics. This lag should correspond to the time occurring during the lag phase (e.g., 8 electrons/3 s=
taken to remove electrons from the PSI donor pool. Indeed, 24 electrons). We found that this range is compatible with
P700 will be the last component of the electron transport the full pre-reduction of the donors estimated per PSI reaction
chain to be oxidized, due to its positive redox potential. center but is too large to be explained solely on the basis of
However, both the lag and the deceleration of the P700 electron storage in the PQ, dyif, and plastocyanin pools.
oxidation rate observed after the preflash could reflect a We conclude therefore that (i) neither the lag nor the
blockage of forward electron flow, because of the reduction deceleration of the P700 oxidation kinetics reflects a blockage
of the acceptor pool5l). This might result in enhanced in electron transport. (i) The lag is dominated by the
charge recombination between P7@d its reduced primary  oxidation of PSI electron donors. However, part of this
electron acceptor, leading to a deceleration of P700 oxidationturnover exceeds the storage capacity of the chain. (iii)
kinetics. Recombination between P70@&nd its electron acceptors
To test this, we compared the kinetics of P700 oxidation during the lag is rather unlikely. Indeed, the very high rate
at two different intensities of far-red light, measured under of turnover measured is not compatible with sustained
the conditions of trace 2 (i.e., short preflash). We found that recombination, which would require a non-negligible fraction
the maximum rate of P700 oxidation was increased by a of P700 to be in the oxidized state. Clearly, this is not the
factor of ~2 when the light was doubledifs; = 8 and 18 case during the lag, where all the P700 is reduced. Therefore,
s ! (Figure 4A)]. This rules out any limitation of electron it is likely that both the appearance of the lag and the
flow by a dark process as expected in the case of a blockageconsecutive deceleration of P700 kinetics reflect the occur-
caused by over-reduction of the acceptor pool. Consistentrence of cyclic electron flow. Furthermore, (iv) since no PSI
with this, we observed a substantial photosynthetic activity centers are oxidized during the first seconds of far-red
under the same conditions, as evidenced by the appearanc#lumination, it appears that all PSI centers are capable of
of a sustained electrochromic shift signal (ECS) of caro- participating in cyclic electron flow in preflashed leaves.
tenoids upon far-red illumination (not shown). This signal  Reduction of PSI Acceptors Triggers the Onset of Cyclic
is linearly related to the generation of a transmembrane Flow around PSI.The data of Figures 3 and 4 unambigu-
electrochemical proton gradient (e.g., &), which is in ously indicate that it is the redox state of the electron
turn related to PSI and PSIl turnover. Starting from the transport chain itself, rather than the supramolecular structure
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3 Fm to the reduction of the PSI acceptors, on the basis of (i) its
‘ selective suppression upon isolation of thylakoid membranes,
i.e., once the soluble PSI acceptors are removed by purifica-
tion (F. Rappaport and P. Joliot, unpublished results) and
(i) its disappearance imArabidopsis mutants devoid of
plastocyanin §3) and in barley plants without PSI (G.
Finazzi, unpublished results). The plateau character is also
consistent with this attribution, as no fluorescence increase
A is expected during reduction of PSI acceptors, which have
— T T no direct access to Q This pool has been estimated to

0 200 400 600 800 represent~10 reducing equivalents3®). The subsequent
Time (ms) slow increase phase corresponds to the reduction of the PQ
pool, which results in progressivex@eduction due to direct
equilibration of Q with PQ via the @ pocket of PSII (e.g.,

ref 54).

Figure 5B shows measurements of P700 oxidation in a
leaf subjected to the same illumination conditions as in panel
A. Kinetics of P700 oxidation were measured either prior to
illumination (trace 1), after illumination for 110 ms (trace
2), or after illumination for 700 ms (trace 3), which
-1.04 correspond to the end of the plateau and the slow increase.

' ' " As described above, in the case of trace 2, the PSI soluble
acceptors are mostly reduced, while the PSI donors are
largely oxidized. On the other hand, both the PSI donors
Ficure 5: Changes in the efficiency of cyclic flow during a dark-  and acceptors are in the reduced state in the case of trace 3.
to-light transition in spinach leaves. (A) Fluorescence induction cgnsistent with this, a very large lag in P700 oxidation was

curve under green light illuminatiorkgs; ~ kipsi ~ 100 s%). (B) . . .
P700 oxidation kinetics as induced by far-red illumination. Trace seen in trace 3 (confirming that the PQ pool was reduced;

1 is for the dark-adapted state. Trace 2 is for the leaf that was pre-S€€ above), while only a small lag could be detected in trace
iluminated for 110 ms with the same green light as in panel A, 2, indicating that this short illumination did not modify the
and P700 oxidation kinetics were measured under far-red kgt (  redox state of the PQ pool when compared to the dark state.
~ 7s), immediately after the green light was switched off. Trace vt the efficiency of cyclic flow, which was close to zero
3 is for leaves that were pre-illuminated for 700 ms with the same . ' .
green light and analyzed for P700 oxidation, as for trace 2. All In .the dark-.ad.apted Ieaf,. Was largely enhanced in trace 2.
traces were deconvoluted from fluorescence emission as explainedr his clearly indicates that it is the redox state of PSI acceptors
in Experimental Procedureds, is the minimum fluorescence  which mainly modulates the injection of electrons from PSI
emission.Fnm is the maximum fluorescence emission, achieved by into the cyclic pathway. Note that the fast phase of P700
illumination with an additional saturating pulskeé: ~ 830 s™). oxidation was not completely suppressed under this condi-
tion, suggesting that some linear flow still occurred in a small
of the thylakoid membrane, which modulates the efficiency fraction of PSI complexes. Finally, the rate of cyclic flow
of cyclic flow. Two non-mutually exclusive hypotheses can was still slightly increased upon reduction of the PQ pool
equally account for this observation. The reduction of the (trace 3), suggesting that the overall rate of cyclic flow is
PSI donors may promote cyclic flow, essentially by increas- defined by the number of electrons available for PSI
ing the number of electrons available to P700, as discussedreduction. Note that the experiment presented in this figure
above. Alternatively, in the presence of an inactive Benson refers to a leaf showing a particularly low efficiency of cyclic
Calvin cycle, reduction of soluble PSI acceptors (primarily flow in the dark (see Figure 3). This was chosen on purpose,
NADP*) may also enhance cyclic flow by preventing to illustrate the consequences of the different times of pre-
electron transfer from the PSI acceptor side to the linear chainillumination. However, the same effect could be reproduced
and therefore increasing the number of electrons injected intoin all the leaves that were tested, including those showing a
the cyclic pathway. To discriminate between these two better efficiency of cyclic flow in the dark (not shown).
possibilities, we exploited the temporal separation in the Dark Incubation Promotes Regery of Cyclic Electron
reduction of PSI acceptors and donors, which is observedFlow in Light-Adapted Leges. Besides pinpointing the
upon illumination of leaves with low light. This is shown in  fundamental role of the redox state of the PSI electron
Figure 5A, which presents a fluorescence profile observed acceptors in promoting the onset of cyclic flow, the data
upon illumination of a dark-adapted leaf. The fluorescence shown above also indicate that activation of Tfation
increase reflects the progressive inhibition of PSII, resulting by the Benson-Calvin cycle, as achieved by a prolonged
from the reduction of the electron accepto. @his stems pre-illumination of the leaf, is sufficient to largely suppress
from CO, assimilation being inactive, which results in the cyclic flow in far-red light. This inhibition is clearly
progressive reduction of the electron acceptors locatedreversible in the dark, as shown in Figure 6, which presents
downstream of @ during illumination. a typical time course of the recovery of cyclic electron flow
The polyphasic character of this curve witnesses the upon dark adaptation of a light-treated leaf. The occurrence
different timings for the reduction of acceptor pools located of cyclic flow was probed after different lengths of dark
downstream of PSII. Following a first increasing phase, a incubation after illumination for more than 10 min, by
plateau is observed, which can be unequivocally attributed measuring P700 oxidation kinetics. Panel A shows data for
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FiGure 6: Transition from linear to cyclic flow during a light-to-
dark transition. A leaf was light-adapted for more than 10 min with
green light kpsi ~ kips; ~ 100 s1). Kinetics of P700 oxidation
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Ficure 7: Changes in linear and cyclic electron flow rate during
a light-to-dark transition. Trace 1mj shows changes in PSII
efficiency during dark adaptation. A leaf was pre-illuminated for 8
min with actinic light kpsi ~ kipsi ~ 130 s'%, trace 1). It was then
left in the dark for 40 min during which time it was periodically

were then measured at the indicated dark times either in the absenc@xposed te~1 s pulses of green light (same intensity as during the

(A) or in the presence (B) of a short pre-illumination flash with
saturating green lightkps; ~ 830 s%). The green light and the
far-red illumination were separated by a dark incubation period of
5s, as in curve 2 of Figure 3.

pre-illumination) followed by saturating flashes to determine
The relative rate of PSII reactiofRgs;) was determined according
to Genty’s formula:Res; = (Fm — Fs)/Fr (55), whereF, represents
the maximum fluorescence recorded during the illumination and
Fsis the steady-state level of fluorescence emission during-the

leaves where P700 oxidation kinetics were measured in thes pulse. Trace 2€) shows changes in the rate of P700 oxidation

absence of the preflash. When the flash was omitted, fast,

monophasic oxidation was observed during the first 5 min

of dark adaptation, after which a biphasic behavior appeared.

After dark adaptation for 10 min, we observe a progressive
decrease in the amplitude of the fast phase. fthef this
process is~20 min, and at steady state (darkness~ai5
min), only 10% of the fast phase remained (Figure 6A), as
reported previously26).

As in fully dark-adapted leaves (Figure 3), addition of a
preflash prior to far-red illumination substantially affects the
kinetics of P700 oxidation (Figure 6B). Immediately fol-
lowing actinic illumination, this flash had the effect of
lengthening the short lag in the oxidation-Z times), a
phenomenon we ascribe to the reduction of the PQ pool.
However, the overall shape of the oxidation curve and the
maximum rate of oxidation were unaltered. For longer
periods of dark adaptatior& min), the preflash suppressed
the biphasicity otherwise seen (panel A). Instead, a mono-
tonic oxidation curve was obtained, with an increasing lag
phase and a progressive deceleration, withtfhdor P700
oxidation increasing from 1 te-20 s after dark adaptation
for 1 h.

Cyclic Electron Flow Efficiency in C3 Plants Is Linked to
the Assimilatory Capacity of Leas.In a “perfect” cyclic
electron flow system, electrons would be indefinitely recycled
around PSI so that, in the absence of PSII activity, the redox
state of P700 should rapidly reach a given value (close to

100% reduced, depending on the irradiance used) which

would remain stable as long as the light is on. This is clearly

during dark adaptation. The same leaf employed for fluorescence
measurements was used to evaluate the P700 oxidation rate during
the dark recovery. The leaf was submitted to the same pulse of
green light after various periods of illumination, and the kinetics
of P700 oxidation was measured with a weak far-red excitation
(kiesi = 8 s71) given immediately after the green source had been
switc(:}hed off. The inset shows the correlation betw&pg, and
P700.

of P700 oxidation (Figure 7, curve 2), which is directly
related to electron leak and therefore inversely related to
cyclic flow. The deactivation of the C{assimilatory cycle
was followed by measuring chlorophyll fluorescence during
the light-to-dark transition (Figure 7, curve 1). Toward this
end, steady-state light-adapted leaves were transferred to
darkness and then, after various time periods, exposed to
actinic light for 1 s. At the end of this light period, a
saturating flash of light was applied to estimate the maximum
fluorescence emissiof,. This protocol allowed an estimate

of PSII efficiency 65), which, given that a single actinic
intensity was used throughout, is proportional to the rate of
PSII turnover Rpsy).

As shown in Figure 7, we found a strong correlation
between the decrease in the rate of cyclic electron flow leak
and the rate of linear flow (Figure 7, inset), suggesting that
the latter is the main cause of the leak from the cyclic
pathway, as expected in the case of a simple competition
between the two pathways.

DISCUSSION

not the case in our experiments, where a progressive Although cyclic flow has long been recognized in vitro,

oxidation of P700 is observed upon illumination with far-
red light. This has been previously interpreted in terms of a
leak of electrons from the cyclic pathwa@§, 32), which

it is only recently that evidence that it occurs in C3 plants
under normal growing conditions has begun to accumulate
(e.g., refs8 and9 for further discussion). If photosynthetic

leads to its progressive inactivation. To understand the natureelectron transport is not, in fact, simply dominated by the

of this leak, we have compared the changes in the efficiencylinear pathway, then it is necessary to explain how electron
of cyclic flow and in the activation state of the enzymes of flux is shared between the two processes. As it is recognized
the BensonCalvin cycle during a light-to-dark transition. that a substantial part of the electron carriers (at least those
The former parameter was evaluated from the maximum rateembedded in the thylakoid membrane and lumen) is shared
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between linear and cyclic electron flow, the two pathways In light of this, we propose that, once a reducing equivalent
are liable to compete with one another for the same electrons.s generated at the reducing side of PSI, its involvement in
Two extreme processes can be considered that might explaireither linear or cyclic flow is determined at the level of the
how linear and cyclic pathways can coexist: (i) a physical Fd pool. As the diffusion of this protein is not confined, its
segregation of the two types of electron transport chains in oxidation by FNR and the NADPpool would lead to linear
different compartments, which would prevent any competi- flow, while interaction with a putative Fd oxidizing site
tion between the two systems (in this case, the proportion localized on the stromal side of clg¢f would initiate cyclic
of linear vs cyclic would be essentially determined by the flow. The latter might be mediated by a FNR molecule bound
amount of PSI in each compartment) and, alternatively, (ii) to cyt bef, which we clearly identify in our samples, in
the coexistence of the two electron transport chains in the agreement with previous report36].
same environment, where the relative efficiency of the two  This model is supported by the data of Figure 5. In dark-
processes is determined by their respective kinetic efficiency adapted leaves, the enzymes of the Berg@alvin cycle
(i.e., the two pathways operate in simple competition). are inactivated. C@fixation is thus slow, and metabolic
According to the structural models outlined in the intro- processes will compete poorly with cyclic flow. Under these
ductory section (the “restricted diffusion”, “supercomplex”, conditions, the simple reduction of PSI soluble acceptors
and “FNR” models), limited functional interaction between (primarily NADP) by a short pre-illumination is sufficient
cyclic and linear flow is achieved through the physical to promote a full transition of PSI complexes to the cyclic
confinement of the soluble electron carriers involved in either mode. After this transition, the overall rate of cyclic flow is
linear or cyclic electron compartments. In particular, the determined by the number of electrons available for P700
supercomplex and FNR hypotheses assume that the solubléurnover, i.e., by the redox state of the PSI donors. We
carriers involved in cyclic flow (both plastocyanin and Fd conclude, therefore, that it is the redox state of the electron
in the first case, only Fd in the latter) are thermodynamically transport chain that controls the efficiency of cyclic flow, in
and physically isolated from the rest of the electron transfer agreement with previous findings that cyclic flow is enhanced
chain. This suggests that interactions between the differentby anaerobiosis in tobacco leaveX0). This control takes
components of the PSkyt bsf or PSHFFNR complexes place at two different steps, the soluble PSI acceptors being
themselves must be strong enough to prevent a fast releaseesponsible for the diversion of electrons between the linear
of the soluble electron carriers (plastocyanin or Fd) under and cyclic chains and the donors being involved in setting
conditions where cyclic electron flow is active but much the overall rate of cyclic flow.
weaker or absent (dissociation of the complexes) when linear In dark-adapted leaves, cyclic flow will be maintained as
flow prevails. Both the biochemical and biophysical analyses, long as electrons remain in the chain. This will not be
however, question this hypothesis. No P8yt bsf interac- indefinite, as there will always be some “leakage” from the
tions could be detected by mild solubilization, BN-PAGE cyclic pathway, due to residual metabolic activity and
analysis in either dark- or light-treated leaves, i.e., under photoreduction of oxygen [the Mehler reactid)]( On the
conditions where the efficiency of cyclic flow varies to a other hand, when the leaf is in a light-adapted state (Figure
large extent. This technique has, however, been successfully6), the enzymes of the Bensefalvin cycle are active and
employed in isolating and characterizing fragile supra- the latter will act as an efficient sink for electrons coming
molecular membrane complexes in bioenergetics (see, e.g.from PSI and will outcompete any cyclic electron transfer.
refs 43, 45—-49, and 56—60 for recent applications). In  Thus, under such circumstances, there is a rapid oxidation
addition, no major changes in the association mode of FNR of P700 upon illumination with far-red light (i.e., a very
with either PSI or cybsf could be identified under the same efficient leakage of the cyclic pathway) even in leaves with
conditions. Very similar results have been obtained in plants both the PSI electron donors and acceptors reduced (Figure
subjected to a drought stress (not shown), i.e., a condition 3, trace 3, and Figure 6, tracé o pulse). Consistent with
that largely enhances cyclic electron flo4f. Furthermore, this, a computation based on the ratio between the rates of
we found here that all of the PSI complexes present in a P700 oxidation measured in light-adapted and fully dark-
leaf can operate in either linear or cyclic flow, depending adapted leaves shows that the rate of P700 oxidatior2@s
on the conditions that are employed (Figures 3 and 7). This times slower under the latter condition, implying tha&25%
result again speaks against compartmentalization beingof the reduced acceptors formed on the acceptor side of PSI
absolutely required for the occurrence of cyclic electron flow, are reoxidized via the cyclic mode in the dark, while more
in agreement with recent result37]. than 80% of the electron flow becomes linear upon light
Thus, we conclude that linear and cyclic flow are not adaptation.
physically separated but, rather, that the two systems are in In light-adapted leaves, the fast kinetics of P700 oxidation
dynamic competition. The question of where this competition measured in light-adapted leaves simply reflects the time
occurs arises. We believe that the major pathway for cyclic necessary to evacuate electrons already present in the electron
flow is through electron donation from Fd to dyf, at least transport chain (reduced plastocyanin, GyRieske, and PQ)
under our experimental conditions. Indeed, the rate of through the PSI acceptor side. Indeed, under the weak far-
turnover of cyclic flow observed here is much faster than red light excitation employed in these experiments, the rate
the rates previously reported in the case of NAD(P)H- of PSI photochemistry is expected to be proportional to the
mediated electron injection into the PQ pool (e.g., s fraction of P700 present in its reduced (active) form.
and42). Moreover, while differences in the cyclic electron Assuming this, the area below each trace provides an estimate
flow rate were reported between wild-type (WT) and tobacco of the number of electrons transferred through PSI. Knowing
Ndh™ plants in anaerobiosis, no such differences were seenthe photochemical rate constakp§ ~ 7 st in Figure 6B),
in aerobiosisZ0), i.e., the conditions explored in this work. we estimate that there is a turnover of 6.5 electrons per PSI
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in pre-illuminated leaves (shaded area in Figure 6B). This under drought condition2(). In these cases, kinetic control
number increases to 14 when a short saturating green flashby the rate of PQ oxidation at the lumenal side of byft
is applied prior to far-red illumination (Figure 6B, curves might be more important than redox control by FNR in
5'—11"). We attribute this difference~7.5 electrons) to the =~ modulating linear and cyclic flows. However, even under
number of reducing equivalents generated by the pulse itselfthese conditions, the electron transport chain (P700f,cyt
and stored in the PQ pool. Nevertheless, as indicated by theand plastocyanin) remains largely oxidized, indicating that
fast P700 oxidation kinetics, these additional electrons are kinetic limitation of electron flow at the level of the Rieske
also injected into the linear path during the subsequent far- Fe—S center is taking place. However, as this process is a
red illumination. common step to both the linear and cyclic path, we do not
Previously, observations of biphasic oxidation kinetics of expect the relative efficiency of cyclic and linear flow to be
P700 have been explained in terms of the presence oflimited by this bottleneck kinetic step. Rather, it is likely
separate “cyclic” and “linear” pools of PSI. In the context that the relative efficiency of linear and cyclic flow may be
of the model presented here, however, such distinct poolsgoverned by the probability of electron diversion at the
are not required. Nevertheless, some heterogeneity is requirecdstromal side of PSI also under steady-state illumination
in the system for us to understand the biphasic kinetics conditions. This being the case, any limitation of assimilation
observed in the absence of pre-illumination. This might of CO, by ATP should be mirrored by overaccumulation of
simply be explained by heterogeneity at the level of PSI NDPH. By triggering cyclic flow, this should provide in turn
electron sinks, with more and less efficient electron acceptors“extra” ATP, therefore allowing linear flow to restart. In
giving rise to heterogeneous withdrawal of electrons from conclusion, redox modulation of cyclic flow appears to
P700 during illumination. However, the existence of het- represent the simplest and most economical tool for keeping
erogeneity at the level of PSI secondary donors cannot bethe ATP and NADPH balance during active photosynthesis.
excluded. It has been proposed that thermodynamically
isolated compartments exist within the thylakoid&9)( ACKNOWLEDGMENT
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