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ABSTRACT: ThepsbEFLJoperon of tobacco plastids encodes four bitopic low molecular mass transmem-
brane components of photosystem II. Here, we report the effect of inactivation ofpsbLon the directional
forward electron flow of photosystem II as compared to that of the wild type and thepsbJdeletion mutant,
which is impaired in PSII electron flow to plastoquinone [Regel et al. (2001)J. Biol. Chem. 276, 41473-
41478]. Exposure of∆psbLplants to a saturating light pulse gives rise to the maximal fluorescence emission,
FmL, which is followed within 4-6 s by a broader hitherto not observed second fluorescence peak in
darkness, FmD. Conditions either facilitating oxidation or avoiding reduction of the plastoquinone pool
do not affect the FmL level of ∆psbL plants but prevent the appearance of FmD. The level of FmD is
proportional to the intensity and duration of the light pulse allowing reduction of the plastoquinone pool
in dark-adapted leaves prior to the activation of PSI and oxidation of plastoquinol. Lowering the temperature
decreases the FmD level in the∆psbLmutant, whereas it increases considerably the lifetime of QA

•- in
the ∆psbJmutant. The thermoluminescence signal generated by QA

•-/S2 charge recombination is not
affected; on the other hand, charge recombination of QB

•-/S2,3 could not be detected in∆psbL plants.
PSII is highly sensitive to photoinhibiton in∆psbL. We conclude that PsbL prevents reduction of PSII by
back electron flow from plastoquinol protecting PSII from photoinactivation, whereas PsbJ regulates forward
electron flow from QA

•- to the plastoquinone pool. Therefore, both proteins contribute substantially to
ensure unidirectional forward electron flow from PSII to the plastoquinone pool.

Photosystem II (PSII),1 the oxygen evolving supramo-
lecular pigment-protein complex of thylakoid membranes,
consists of plastid and nuclear encoded proteins (2). The
primary organization of PSII with more than two dozen
subunits has been basically conserved from cyanobacteria
to higher plants, although differences in subunit composition,
especially of the antenna, the water splitting systems, and
other peripheric subunits have arisen during evolution
(3-7).

The structures of the predominant dimeric form of the PSII
complex from a thermophilic cyanobacterium has been
resolved at 3.7 Å by X-ray crystallography (8) and that of
chloroplasts at 8 Å by high-resolution electron microscopy
(9-11). However, the unambiguous assignment of at least
12 resolved transmembrane helices in the complex of higher
plants (12) and six helices in the cyanobacterial PSII (8)
remains to be established. Candidates for the unassigned
transmembrane helices of the PSII complex include various
low-molecular mass (LMW) subunits of largely unknown
function (1, 13, 14). Many, if not all, LMW subunits are not
directly involved in linear photosynthetic electron transport,
but several members, such as cytochromeb559 (cyt b559) or
PsbJ, have been shown to transfer electrons or control
electron flow within PSII, respectively. Inactivation of these
genes and those encoding other LMW subunits often resulted
in reduced photoautotrophic growth and even loss of the PSII
complex (reviewed in ref6).

Light absorption by PSII induces charge separation result-
ing in the formation of the primary P680•+/Phe•- radical pair
followed by the reduction of the primary and secondary
electron acceptor quinones QA and QB and oxidation of water
via the PSII electron donor side, the manganese cluster (15-
17). Upon two consecutive charge separation events, the QB

quinone is doubly reduced, protonated, and subsequently
released into the plastoquinone pool (18, 19). The QA and
QB sites are formed by the DE loops of the D2 and D1
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proteins of the PSII reaction center, respectively (8, 20, 21).
The redox potential increases in the order QA < QB < PQ
(22), while the plastoquinone binding affinities at the QB

site decrease in the order QB
•- > QB > QBH2, and thus

prevent both release of the plastosemiquinone radical anion
as well as back flow of electrons from PQH2 to QA via
reduced QB (23). Depending on the preillumination history
of the plant, this one-way electron flow prevents closure of
PSII at subsaturating light intensities or in darkness due to
metabolic reduction of plastoquinone (24, 25). However,
severe heat stress has been reported to induce partial
disconnection of PSII subunits as well as structural alterations
at the cofactor level (26, 27) that leads to back electron flow
from the reduced plastoquinone pool and reduction of QA

(22, 28-32). Reduction of plastoquinone in darkness at-
tributed to stromal electron donors accumulated during
illumination has also been observed, especially in C4 plants
after illumination with actinic light (33-36). However, this
does not a priory imply that the reduced plastoquinone pool
in darkness reduces QA.

Cotranscription of the four genes of the highly conserved
psbEFLJoperon encoding bitopic LMW proteins of PSII
suggests that the functions of proteins encoded by these genes
are interrelated (37). Selective inactivation of each of the
individual LMW subunits of this operon in tobacco resulted
in specific PSII impairments (13). Selective inactivation of
the psbEor psbF genes encoding subunitsR and â of the
cyt b559, respectively, has been reported to cause loss of PSII
stability in cyanobacteria (38), Chlamydomonas(13, 39), as
well as in tobacco (13). Cyt b559 could play a protective role
against oxidative stress by mediating cyclic electron flow
from QB

•- and QA
•- back to the manganese cluster (40-

44). Depending on the pH, photooxidized cytb559 is reduced
either by plastoquinol or via QB•- in darkness (45, 46).

ThepsbLgene encodes a PSII polypeptide of 4.3 kDa that
contains a single transmembrane helix (47). Presently, the
role ascribed to PsbL in cyanobacterial PSII is mostly based
on in vitro studies in which the isolated PSII core complex
depleted of plastoquinone and PsbL protein after detergent
treatment was reconstituted with lipids, quinones, and isolated
PsbL proteins (48-51). Inactivation ofpsbLin Synechocystis
led to a reduction of PSII reaction centers to about 25% of
the normal level, demonstrating the importance of this LMW
component in vivo (52).

In tobacco, both PsbL and PsbJ are not required for
assembling monomeric PSII complexes (13, 53). However,
the tobacco∆psbJmutant exhibits a phenotype drastically
impaired in the electron flow to the plastoquinone pool (1)
and possibly affects the donor side activity of PSII as well
(53). In this work, based on fluorimetric, thermolumines-
cence, and absorbance measurements, we demonstrate that
PsbL is not required for water splitting, primary charge
separation, electron flow within PSII, and reduction of the
plastoquinone pool. Furthermore, we provide evidence for
the role of PsbL in preventing back electron flow from PQH2

and closing of the reaction center of PSII even in complete
darkness. Thus, the presence of PsbJ and PsbL promote
unidirectional electron flow from PSII to the PQ pool.

MATERIALS AND METHODS

Plant Material. The ∆psbL and ∆psbJ tobacco mutants
as well as control plants which contain theaadAcassette in

a neutral EcoRV (RV) site, here referred to as wild type,
were generated and grown on selective spectinomycin-
supplemented medium as described (1, 13). Initially, various
independent transformants that have been isolated and
analyzed displayed comparable light sensitivity, variable
Fv/Fm ratios in different leaves or leaf areas, a high Fo type
fluorescence, and unusual fluorescence decay kinetics show-
ing a second fluorescence raise in darkness (FmD) after
shutting off the exciting light pulse. Regenerants of two
independent shoots were selected and propagated for this
study. PCR and Southern analysis demonstrated that theaadA
cassette was inserted into the expected site of the chloroplast
genome (13). Mutant plants did not grow photoautotro-
phically, and leaves senesced within a few weeks.

Measurements of Photosynthetic ActiVity. PSII of ∆psbL
mutants is highly unstable, and its activity is completely lost
upon isolation of thylakoids even under gentle conditions
resulting in the disappearance of any variable fluorescence.
Therefore, we could not use isolated mutant membranes for
the analyses and consequently employed noninvasive meth-
ods for assaying the activity of detached leaves using
fluorescence kinetics (1, 54). However, oxygen evolution
could be measured in isolated thylakoids obtained from
∆psbJ leaves and was found to be about 20-30% of that
exhibited by wild type thylakoids (1). Fluorescence emission
of both∆psbLand∆psbJleaves was measured by the pulse
amplitude modulated fluorimeter (PAM-101, Walz, Effel-
trich, Germany). Fluorometric inspection revealed a gradual
loss of PSII activity with age of∆psbLplants. Apparently,
about 85-95% of older but still green mutant leaves lost
PSII activity completely during growth even at low light
intensity. Approximately 250 leaves of∆psbLmutant plants
with residual PSII activity were selected among which only
45 showed significant PSII activity (Fv/Fm>0.2). Often,
parts of the same leaf exhibited activity while other parts
had lower or no detectable PSII activity and emitted high
fluorescence.

Variable fluorescence was measured by modulated weak
650 nm light pulses (0.01µE m-2 s-1) delivered at 1.6 kHz
at the leaf surface. At this low light intensity, electron flow
via PSII does not generate accumulation of reduced QA, and
the fluorescence level, Fo, which depends largely on the
organization of chlorophyll molecules and closure of PSII,
is low. Short pulses (1 s) of white light emitted by tungsten
halogen lamps (4.000µE m-2 s-1) saturate PSII electron flow
reducing QA and cause maximal fluorescence emission (Fm).
Subsequent fluorescence decay in darkness reflects the
oxidation of QA

•- as measured by modulated weak light
pulses. The variable fluorescence (Fv) characteristic of active
PSII is expressed as the difference between Fm and Fo. The
fluorescence induction traces shown in most figures are
normalized to equal heights of the Fv level. Far-red light
(FR, 710 nm) was supplied by the PAM-PSI attachment at
intensities between 3 and 9 Wm-2 at the leaf level, as
measured by a YSI-Kettering Radiometer model 65A.
Detached and infiltrated leaves were kept on wet Whatman
filter paper in Petri dishes at room temperature in darkness
for up to several hours. All measurements were carried out
on leaves dark-adapted for at least 10 min. For low-
temperature experiments, leaf disks (1 cm diameter) were
excised and placed in a temperature-controlled measuring
cuvette.
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DCMU, DCBQ (both 100µM in 1% methanol), or MV
(1 mM) were vacuum infiltrated into intact leaves or leaf
disks or leaves were incubated on filter paper in the previous
solutions for up to 1 h in strict darkness. Anaerobic
conditions were generated by placing the leaves in a screw-
caped glass vial (3 mL) containing 0.5 mL of water and
flushing the vial for 3-4 min with pure argon at room
temperature. The vial was rapidly closed and kept in
darkness, and fluorescence kinetics was measured by placing
the fiber optic of the PAM 101 apparatus directly on the
anaerobic vial containing the leaf.

The temperature-dependent light emission (thermolumi-
nescence, TL) due to charge recombination of QB

•-/S2,3 or
QA

•-/S2 states in the absence or presence of DCMU,
respectively, was measured as described (55-57). Leaves
(0.8-1.5 cm) were dark-adapted on the thermoluminescence
apparatus stage at 20°C for 3 min followed by cooling to
0.5-1 °C. Since PSII is inactivated by freezing, excitation
of the leaf by a xenon discharge lamp delivering single
turnover flashes of 3µs was carried out at 0.5-1 °C. To
obtain maximal photon emission, measurements started
immediately after excitation by two consecutive light flashes
(55) delivered by a EG&G lamp 0.05 mF capacitor, charged
at 1.000 V. The samples were heated at a constant rate (0.5
°C/s), and light emission was measured by photon counting.

The activity of PSI was assayed by measuring light
induced absorption changes at 830 nm using the PAM-101
PSI attachment (58). The redox level of P700 has been
recorded in the steady state at 20µE m-2 s-1 white light.
Following switching off the actinic light, P700 was fully
reduced, and FR light was applied to record the maximal
oxidized state of P700. Light pulses of 1 s duration and 4.000
µE m-2 s-1 intensity were used to estimate PSII dependent
reduction of P700 in background FR light. Subsequently,
light pulses were given in darkness to follow the PSII
independent oxidation of PSI.

RESULTS

∆psbL Mutant Is Highly Light SensitiVe. Fluorimetric
measurements uncovered that residual PSII activity in green
∆psbLleaves varied greatly and depended critically on leaf
development and light intensity during growth. The Fv/Fm
ratio ranged from 0 to about 0.45 without notable effect on
leaf morphology and pigmentation. The fraction without PSII
activity (Fv ) 0) constituted the majority of green leaves.
Immunological analysis showed that the presence, absence,
and amount of PsbJ in∆psbL are clearly related with the
occurrence and extent of PSII activity (Figure 1A). In green
∆psbLleaves with PSII activity{Fv/Fm ratios>0.2 [∆psbL
(+)]}, PsbJ was clearly detectable but barely detectable or
absent in those with low PSII activity{Fv/Fm ratios< 0.05
[∆psbL (-)]} (Figure 1A). This refined approach explains
why in our previous work we did not detect PsbJ in
unselected∆psbLgreen leaves (13). Expectedly, PsbJ was
missing in∆psbJleaves even when these were selected for
the highest PSII activitiy (Fv/Fm ratios>0.3; Figure 1A).
Levels of PsbE and PsbA (R-subunit of cytochromeb559 and
D1 protein of PSII, respectively) were also significantly
reduced in plants with low PSII activity, while levels of the
NDH complex and of the ATP synthase, as judged from
immunoblot data with anti-NdhH and anti-atpD-antibodies,

respectively, remained unaffected. Although levels of PsbE
and PsbA are low in mutant leaves (∼10% of the wild type),
the proteins are assembled into a functional complex capable
of transferring electrons to the plastoquinone pool leading
to a relatively high PSII activity (up to 50% of the wild type).

Light exposure of∆psbL leaves exhibiting Fv/Fm levels
equal to or higher than 0.2 resulted in 80% inactivation of
PSII within 3 h atonly 100µE m-2 s-1 if chloramphenicol
was added to prevent recovery of PSII activity by inhibiting
de novo synthesis of the reaction center D1 protein (59).
Under these conditions, only a 20% loss of PSII activity
occurred in the wild type leaves (Figure 1B). However, in
absence of the inhibitor, loss of PSII activity was only 30%
in the mutant, indicating that the light induced damage can
be repaired by the mutant plastid to a large extent (∼50%)
even at this light intensity that is 10-fold higher than that
used for plant growth (Figure 1B).

Thus, regions of leaves exhibiting variable fluorescence
contain PSII complexes that are not photodamaged or the
light-induced phortodamage has been repaired. Low Fv/Fm
values in various leaves or leaf segments could be the results
of the presence of closed or irreversibly damaged centers
that contribute to a high Fo level. As compared with the
wild type, PSII of the∆psbL mutant is considerbly more

FIGURE 1: Light sensitivity of PSII in the∆psbL mutant. (A)
Immunological analysis of wild type and mutant leaves with
different PSII activities. Mutant leaves were selected withFv/Fm
ratios>0.2 [∆psbL(+)] and with Fv/Fm ratios of< 0.05 [∆psbL
(-)] and subjected to immunoblot analysis using antibodies raised
against the PSII subunits PsbA, PsbE, and PsbJ as well as subunit
NdhH and AtpD of the NAD(P)H dependent dehydrogenase and
the ATP synthase, respectively. (B) Time course of PSII photoin-
activation in wild type (plain symbols) and∆psbL leaves (open
symbols) (Fv/Fm>0.2) exposed to 100µE m-2 s-1 for 3 h in the
absence (circles) or presence of chloramphenicol (200µg mL-1)
(triangles). The results are expressed as % of the initial Fv/Fm
values prior to light incubation.
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sensitive to light; thus, over a period of 2-3 weeks of growth
and light exposure, a larger proportion of the PSII population
is irreversibly damaged, and its proteins degraded as indicated
by the low levels of the PSII proteins detected by immuno-
bloting in leaves exhibiting Fv/Fm values<0.2 (Figure 1
A).

∆psbL Mutant Exhibits an Unusual PSII Fluorescence
Kinetics. It is widely accepted that variable fluorescence is
linearly related to PSII activity (26, 27, 54). Measurements
of QA

•- oxidation in∆psbLleaves exhibited an unexpected
fluorescence decay pattern as compared to the control. In
wild type, the Fm level elicited by the short saturating light
pulse, designated FmL (L, for light), decayed rapidly in
darkness to the original Fo level (Figure 2A). Following the
FmL fluorescence rise due to the light pulse in∆psbL, the
fluorescence decayed after the pulse within 300-400 ms at
a rate comparable to that of the control leaves but, surpris-
ingly, increased again in darkness resulting in an unexpected
second maximum fluorescence level, designated as FmD (D,
for dark) (Figure 2A). This second fluorescence peak decayed
slowly (up to 2 min to reach the previous Fo level) (Figure
2A and data not shown). FmD was detected in all mutant
leaves exhibiting variable fluorescence activity. The appear-
ance of FmD several seconds after the exciting light pulse is
specific for the∆psbLmutant and has not been observed in
any other PSII mutant or stressed wild type leaves.

The Fo level and Fv/Fm were identical in wild type plants
grown under autotrophic conditions or on medium supple-
mented with sucrose. In both mutant and wild type, applica-

tion of FR light at different light intensities did not lower
the dark Fo level, indicating that the PQ pool in dark-adapted
leaves was not reduced in darkness by metabolic activity
(data not shown). Therefore, we conclude that the difference
between the control and the∆psbL leaves are due to
differences in PSII properties.

The ratio FmD/FmL generated by a saturating light pulse
of 1 s varied between 0.6 and 1.0 and occasionally reached
values up to 1.2. The latter was only observed in∆psbL
leaves with very low PSII activity. The FmD peak could be
detected only in dark-adapted mutant leaves and in all leaves
exhibiting residual PSII activity. After continuous illumina-
tion even with weak light or after multiple consecutive
saturating light pulses of 1 s, its appearance was prevented
(ref 13 and data not shown). The mutant leaves exhibited
rapid fluorescence quenching upon exposure to continuous
650 nm light (Figure 2B) or white actinic light (not shown)
that can be ascribed to the high energy quenching component
(qE) of nonphotochemical quenching (NPQ) and to rapid light
induced oxidation of the plastoquinone pool (photochemical
quenching) that allows PSII centers to be reoxidized (Figure
2B). As will be shown next, the ratio of PSI/PSII activity in
∆psbLmutants is high; thus, in continuous actinic light, PSI
activity surpasses that of PSII.

Contribution of InactiVe Centers to the FmL Peak. To
evaluate to what extent the presence of inactive and dis-
assembled PSII complexes in leaf areas containing both
active and inactive PSII affects the measured kinetics, we
determined their possible contribution to the obtained ther-
moluminescence and variable fluorescence signals (Figure
3). We examined inactive mutant leaves that did not display
variable fluorescence that were, however, similar in size and
chlorophyll content to mutant leaves that exhibited PSII
activity (Fv/Fm >0.2). Since disassembled or functionally
inactive PSII centers do not perform electron flow from the
PSII donor to the acceptor side, such leaves expectedly did
not contribute to the thermoluminescence A and B signals
(data not shown).

The Fo type of fluorescence (i.e., absence of a variable
fluorescence component) increased significantly in the green
leaves containing mostly nonactive PSII (Fv∼0). However,
in those leaves, the saturating light pulse elicited a small
rapid lowering of the fluorescence signal that returned to
the Fo baseline upon cessation of the light pulse (Figure 3).
Therefore, the presence of inactive centers in leaf areas
containing heterogeneous PSII centers contributes to the
measured variable fluorescence but only by lowering the
recorded fluorescence intensity (FmL*) elicited during the
saturating light pulse (FmL* < FmL). This phenomenonon
provides a reasonable explanation for the fact that FmD

occasionally exceeds FmL (Figure 2B). Under such condi-
tions, the observed FmL levels cannot be precisely measured
because they are superimposed by the negative contribution
of inactive centers.

Appearance of FmD Is Temperature Dependent. Recently,
we have reported that fluorescence decay after a saturating
light pulse ascribed to oxidation of QA•- via QB electron flow
to the PQ pool in∆psbJplants shows a very slow kinetics
(t1/2 ∼30-60 s). Thermoluminescence measurements indi-
cated that the oxidation of QA•- in this mutant occurs mostly
via back electron flow within PSII to the oxidized manganese
cluster of the water oxidation system (1).

FIGURE 2: Fluorescence induction kinetics of control and∆psbL
mutant leaves. Fluorescence induction traces induced by saturating
white light pulses (squiggled arrow) show the maximal fluorescence
raise during the light pulse (FmL) and the second raise after the
pulse, in darkness (FmD). The FvL (FmL - Fo) levels were
normalized to equal heights. (A) Traces showing the fluorescence
rise and decay of dark-adapted leaves of wild type and∆psbL
mutant exposed to a 1 slight pulse; the FvL/FmL ratio of the wild
type is 0.79; the FvL/FmL and FvD/FmD [(FmD - Fo)/ FmD] of the
mutant calculated from the original traces are 0.46 and 0.42,
respectively. (B) Fluorescence induction traces of dark-adapted
leaves exposed to two consecutive saturating light pulses followed
by application of continuous actinic light (upward heavy arrow)
and three additional pulses; note that the actinic light induces an
initial transient raise of the wild type steady state fluorescence
caused by an increase in the plastoquinol level, whereas the
fluorescence is rapidly quenched in the mutant. The actinic light
suppresses FmD. The calculated FvL/FmL, FvD/FmD of the mutant,
and FvL/FmL of the wild type are 0.28, 0.30, and 0.79, respectively.
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The back electron flow from QB•- to the oxidized Mn
cluster demands a relatively high activation energy and thus
is strongly temperature dependent (60). Therefore, we
compared the temperature dependency of the fluorescence
decay kinetics exhibited by∆psbL and ∆psbJ to that of
control leaves (Figure 4). No significant temperature effect
was observed in the FmL and Fo levels, nor in the
fluorescence decay kinetics of control leaves (Figure 4A).
Lowering the temperature did not change the initial kinetics
of fluorescence decay in∆psbL leaves, indicating that
oxidation of QA

•- and forward electron flow occur in the
mutant. However, the appearance of the FmD peak was
progressively lost with decreasing the temperature and
abolished at 5°C (Figure 4B). These results suggest that
after a light saturating pulse, decay of FmL is altered in the
∆psbL mutant probably due to the temperature-dependent
reduction of PSII in darkness by back electron flow from
the reduced plastoquinone pool generating the FmD fluores-
cence peak. The temperature effect on FmD was fully
reversible in the same leaf when the temperature was shifted
back to 25°C (data not shown), indicating that PSII was
not harmed by the experimental procedure. Since in the
∆psbJmutant oxidation of QA•

- occurs via energy dependent
back electron flow inside PSII, lowering the temperature
resulted in a significant increase in the fluorescence decay
time (Figure 4C).

Working Hypothesis: FmD Is Generated by Back Electron
Flow to QA from the Reduced Plastoquinone Pool in

Darkness.The data presented so far suggested that the
absence of subunit PsbL results in an assembly of PSII in
which the QB site is altered. The altered site permits electron
flow from reduced plastoquinol generated during the saturat-
ing light pulse to QA. To test the possibility that the observed
effects of the∆psbLmutation are related to the ratio PQH2/
PQ of the plastoquinone pool, several experiments were
carried out to show that FmD depends on the extent of PQ
reduction. The FmD appearance was examined relative to
the PQ reduction state, which was modified by (a) application
of actinic pulses of different intensities and durations, (b)
inhibition of QB reduction by DCMU or artificial electron
acceptors such as DCBQ, and (c) oxidation of plastoquinone
by O2 or PSI activity.

Effect of PQ Pool Reduction.Given that the reduction of
QA can be achieved by a saturating light pulse shorter than
1 s, whereas accumulation of reduced plastoquinol requires
longer illumination times, one would expect that the appear-
ance of FmD will be related to the duration of the light pulse.
Using a single 50 ms flash allowing only a few turnovers of
PSII, neither the maximal fluorescence level, FmL, nor the
appearance of FmD were elicited in∆psbL (Figure 5A).
Exposing dark-adapted leaves to light pulses of 0.2 s induced
the FmL response and the appearance of a low FmD. A
maximum FmD level appeared at saturating light pulses of
0.6 s duration. Increasing the intensity of the pulse from 100
to 1.000µE m-2 s-1 at a constant duration of 1 s resulted in

FIGURE 3: Contribution of inactive centers to FmL in ∆psbLmutant
leaves. Fluorescence traces induced by a single light pulse of 1 s
in mutant leaves without (Fv) 0) and with (Fv/Fm>0.2) PSII
activity and wild type leaves (Fv/Fm) 0.8).

FIGURE 4: Fluorescence induction kinetics as a function of
temperature. Dark-adapted leaves of control and mutant plants were
incubated at temperatures as indicated, then exposed to single (1
s) pulses of saturating light (squiggled arrow), and the fluorescence
transients were recorded. The FvL values (FmL - Fo) are normalized
to equal heights. (A) control leaves; (B)∆psbL leaves; and (C)
∆psbJleaves.
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a 2-fold increase in FvL but an approximately 8-fold increase
in FvD, indicating that the appearance of FmD depends on
the amount of reduced plastoquinone (Figure 5B).

Effect of PreVenting Reduction of the PQ Pool or Oxida-
tion of the PQH2 Pool Formed during the Light Pulse. The
working hypothesis rests on the assumption that plastoquinol
reduces QA in the ∆psbL mutant. Thus, the presence of
DCMU preventing reduction of QB or that of DCBQ, an
artificial electron acceptor from PSII at the QB site, during
the saturating light pulse should avoid reduction of the
plastoquinone pool and consequently the appearance of FmD.
Indeed, DCMU and DCBQ abolished the appearance of the
fluorescence peak FmD after the saturating light pulse,
consistent with the idea that electron flow via the QB site
and accumulation of plastoquinol or semiquinone is essential
for the formation of FmD (Figure 6). The fact that DCMU
does not completely restore the fast decay of the fluorescence
at the concentrations used (100µM) indicates that the affinity
of the QB site for DCMU and possibly also for plastoquinol
has been altered in the∆psbLmutant. This could lead to a
competition of the plastoquinol with the herbicide for the
binding site. Using different individual intact leaves does
not allow an accurate titration of the QB site affinity for the
herbicide. Therefore, further experiments need to be devised
to allow measurements of the affinity of the altered QB site
for DCMU as well as for other urea or phenolic type
herbicides. In contrast, DCBQ completely restores the FmL

decay kinetics as compared to DCMU, indicating that the
putative alteration of the QB site does not prevent electron
transfer to this artificial electron acceptor (Figure 6).

Effect of Plastoquinol Oxidation by PSI Electron Flow to
Endogenous or Efficient Exogenous Electron Acceptors.
Since prolonged illumination or exposure of dark-adapted
leaves to consecutive multiple saturating light pulses of 1 s
duration abolished the appearance of FmD, it is conceivable
that electron flow due to light activation of carbon fixation
oxidizes the plastoquinol pool formed during light pulses
and thus prevents back electron flow to PSII in∆psbLleaves
(13). If this were the case, one would expect that conditions
promoting oxidation of the plastoquinol pool should also

prevent the appearance of FmD. In line with this assumption,
infiltration of ∆psbLleaves with MV that efficiently accepts
electrons from reduced PSI significantly lowered FmD

emission (Figure 6).
To evaluate the involvement of plastoquinol in the

appearance of FmD in absence of externally added inhibitors
or electron acceptors, the effect of FR light preferentially
exciting PSI, and thus increasing the plastoquinol oxidation
rate, was measured as well. Exposure of∆psbL leaves to
FR light prior to the saturating light pulse prevented the
appearance of FmD (Figure 7A). Titration of the FmD level
as a function of the FR light intensity applied during and/or
immediately after the pulse shows that FmD is progressively
diminished with increasing FR light intensity (data not
shown).

In control plants, P700 is almost reduced during steady-
state illumination by actinic light intensities of 20µE m-2

s-1 and is oxidized by FR light (Figure 7B). A saturating
white light pulse causes rapid reduction of P700 due to PSII
activity followed by reoxidation in the presence of FR
background light. A short white light pulse delivered in
absence of FR background light transiently reoxidizes P700
since under these conditions the rate-limiting reduction of
P700 by PSII activity is too low as compared to the rate of
P700 oxidation by the saturating light pulse. The P700 redox
state of∆psbLleaves that either exhibit an Fv/Fm ratio above
0.2 (∆psbL +Fv) or do not display measurable variable
fluorescence (∆psbL-Fv) have been compared with those
of the wild type. Unlike in control leaves, P700 is mainly
oxidized under steady-state illumination conditions in∆psbL
+Fv mutant leaves. Continuous FR light rapidly oxidizes
P700 that can only partially be reduced by a 1 spulse of
saturating white light on a background of FR light in the
∆psbL+Fv mutant leaves. FR light-induced reoxidation of
P700 occurs faster in∆psbL+Fv material than in wild type
because PSII activity is significantly lower in the∆psbL+Fv

FIGURE 5: Effect of the light pulse duration and intensity on the
appearance of the FmL and FmD fluorescence peak. (A) Leaves of
the∆psbLplants were exposed to saturating light pulses of different
duration. The traces before the application of the light pulse
(squiggled arrow) do not represent the real value of Fo relative to
the height of Fm. (B) Calculated levels (relative units) of FvL and
FvD from traces obtained by exposing the leaves to light pulses of
1 s at different intensities; the FvL/FmL of the leaf exposed to a
saturating light pulse of 1 s calculated from the recorded trace was
0.22.

FIGURE 6: Effect of DCMU, DCBQ, and MV on the FmD
fluorescence peak in∆psbLmutant leaves. Fluorescence induction
kinetics was measured in the absence or presence of QB reduction
inhibitors DCMU or DCBQ or MV, an electron acceptor of PSI.
Note that FmD appearance is abolished under all conditions
preventing accumulation of reduced plastoquinone during the 1 s
saturating light pulse (squiggled arrow); the FvL values were
normalized; the Fv/Fm ratios of the control leaves (left panel) were
0.78 and 0.69 before and after DCMU infiltration, respectively;
the FvL/FmL ratio before infiltration of the∆psbL leaves with the
various chemicals were 0.41, 0.30, and 0.20 in the second, third,
and fourth panels from left, respectively; after infiltration, the FvL/
FmL values were lowered to 0.12, 0.18, and 0.18 in the panels,
respectively.
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mutant as compared to that of the control leaf. Following
the cessation of the FR light and reduction of P700, a pulse
of saturating white light oxidizes P700 that again is rapidly
rereduced in darkness as has been observed in control plants
(Figure 7B). Expectedly, the slowest rereduction rate has
been recorded in∆psbL -Fv plants where P700 becomes
completely oxidized by actinic background light, and no
significant reduction by light pulses has been observed in
background FR light (Figure 7B). These results show that
functional photosynthetic electron transport components such
as cytb6f, plastocyanin, and PSI complexes are present in
mutant leaves and that loss of PSII activity is specifically
due to the instability of PSII complexes lacking PsbL.

The decay of FmL after the saturating light pulse depends
on forward electron flow from QA•- via QB to the PQ pool
and partially on back electron flow to the PSII donor side
from QA

•- and QB
•- to P680•+ (27). Both reactions are

expected to be independent of the oxygen concentration of
the environment. In darkness, plastoquinol is slowly oxidized
by ambient oxygen. In fact, the kinetics of the fluorescence
decay in control leaves is not affected by anaerobic condi-
tions (Figure 8). If the appearance of FmD in the ∆psbL
leaves is due to back electron flow from the PQ pool, its
initial level and following decay should be related to the
rate of oxidation of the plastoquinol pool. Indeed, the decay
of FmD in the∆psbLmutant was significantly retarded under
anaerobic conditions (Figure 8).

Charge Recombination in PSII as Detected by Thermo-
luminescence.Information on the function and properties of
the quinone binding sites and back electron flow within PSII
can be deduced from thermoluminescence measurements.
P680•+/Pheo•- charge recombination in the process of back
electron flow from the reduced QA•- or QB

•- semiquinones
to the oxidized S-states of the manganese cluster is ac-
companied by light emission (55, 61, 62). Charge separation
and formation of the S2,3/QB

•- may occur following single
turnover flash excitations at about 0°C. However, back
electron flow is prevented at this temperature, and the energy
of activation required to overcome the redox potential barrier

can be supplied by heating the sample in darkness. The
temperature at which maximum photon emission occurs is
related to the redox potential difference between the electron
donor, QB

•- or QA
•- (the B and A bands of thermolumines-

cence signal, respectively), and S2 or S3, the oxidation states
of the manganese cluster at the donor side (55, 63). The A
band is obtained in the presence of DCMU that prevents the
oxidation of reduced QA via forward electron flow. The
temperature of charge recombination in the presence of
DCMU at about 11-13 °C is in the normal range (55, 64)
and is basically the same for both wild type and∆psbL
leaves, indicating that at least in the dark the redox potential
of Pheo•-:Pheo/QA:QA

•- is not significantly altered in the
mutant (Figure 9). The slight difference between the mutant
A band emission temperature (Figure 9, trace 4) as compared
to that of the wild type (Figure 9, trace 2) may be marginal
and arise at least partially from the broadness of the wild

FIGURE 7: Far-red light effect on the FmD fluorescence emission and PSI activity of the∆psbLmutants. (A) Mutant leaves exhibited both
FmL and FmD fluorescence peaks upon excitation by 1 s saturating light pulse (squiggled arrow) (ratio FvL/FmL of 0.4); reexposure of the
leaf to saturating light pulses on a background of FR light (upward heavy open arrows) of increasing intensity (setting 1 and 3 of the PAM
PSI light emitter) lowered considerably the appearance of the FmD peak; (B) Control leaves and two types of young and fully green∆psbL
leaves were used, one exhibiting FvL/FmL variable fluorescence above 0.2 (∆psbL +Fv) and another lacking completely PSII variable
fluorescence activity (∆psbL-Fv). The P700 oxidized state of wild type and∆psbLmutant leaves exposed to actinic light was recorded.
The signal level of the wild type indicating a reduced state of PSI was not affected after switching off the actinic light (downward heavy
black arrow); however, the signal of the mutants was lowered upon shutting down the actinic light, indicating that PSI was significantly
oxidized. Application of FR light (upward heavy open arrow) oxidized PSI in both control and mutants leaves; subsequent saturating light
pulses (squiggled arrow) on the background of FR light transiently reduced PSI in control and∆psbL+Fv but not in∆psbL-Fv plants;
saturating light pulses after switching off FR light (downward heavy open arrow) oxidized PSI in the control and both mutant leaves; ox.,
oxidized P700; red., reduced P700.

FIGURE 8: Effect of anaerobiosis on the decay of the FmD
fluorescence peak. The fluorescence induction characteristics of
dark-adapted control and mutant leaves were recorded in air
(+ O2) or argon (- O2) atmosphere. FvL values were normalized.
Note that absence of oxygen has no effect on the decay of
fluorescence in wild type leaves but delays significantly the
oxidation of the FmD peak in the∆psbLmutant.
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type signal. Reduction of QA by the plastoquinol pool
requires indeed electron flow uphill the potential gradient
in agreement with the temperature dependency of this process
(Figure 4). However, it could be possible that changes in
the redox potential of QA/QA

•- occur but are offset by
changes on the PSII donor side.

Control leaves exhibited a broad emission B band at about
25-30 °C and an additional minor band at about 43-45 °C
that can be considered as an afterglow band (65). The
afterglow band was detected also in mutant thermolumines-
cence emission. The appearance of a broader DCMU
sensitive band at 43°C in ∆psbLmay reflect the afterglow
band, again indicating that the QB binding site is altered in
the mutant.

However, most importantly, the∆psbLleaves did not emit
a B band signal. The absence of the B band in the∆psbL
leaves strongly argues for the possibility that properties of
the QB site are profoundly altered. This alteration can be
expressed in the affinity of the site to ligands such as DCMU
and possibly to the PQ semiquinone that may be released
allowing access to the plastoquinone pool.

DISCUSSION

The role of the PsbL subunit in PSII has been previously
investigated in vivo using aSynechocystissp. PCC 6803 line
in which the corresponding gene was inactivated (52). The
mutant thylakoids contained approximately 25% of the wild
type D1, and D2 protein levels on a chlorophyll basis,
however, had no detectable activity of PSII, measured as
oxygen evolution or quinone reduction, nor binding of
DCMU. In vitro reconstitution experiments, in turn, have
led to the conclusions that PsbL is required for the oxidation
of YZ by P680 to form YZ+ P680 Pheo- and located close
to the donor side within the cyanobacterial PSII (51).

Deletion ofpsbLin tobacco confirms that the gene encodes
a subunit of PSII and causes changes at the acceptor side of
that assembly. Forward electron transport from the donor
side occurs and appears not to be affected in∆psbL. It is
important to note again that the results obtained with∆psbL
are critically dependent on the developmental stage and the
pretreatment of the material. Absence of PsbL causes
instability of PSII, including PsbA, PsbE, and PsbJ (Figure
1A), and subsequent degradation of the assembly (13),
initially without notable morphological and pigment changes
of the leaf. The fraction of green leaves exhibiting relatively
high residual PSII activity is low (∼10%); the amount of
PsbJ parallels residual PSII activity, consistent with its role
in forward electron flow. Biophysical and morphological data
can be correlated and are consistent as well. It remains to
be evaluated whether the preponderance of PSII monomers,
observed in∆psbLthylakoid lysates (13), is a consequence
of this instability. Also, it would be interesting to see whether
stationary and log-phaseSynechocystis∆psbL cultures
display a similar pattern of variation.

FmD Fluorescence Appearance: Possible Mechanisms.
This novel phenomenon was not reported to occur in normal
nor in light stressed plants that exhibit a high Fo level, nor,
to the best of our knowledge, in any other PSII mutant
described so far, including∆psbJ(1, 13, 53). What is the
mechanism of the rise and decay of the FmD fluorescence
that will satisfy the experimental results obtained in this
work? The following possibilities can be considered: (1) The
redox potential of QA•-:QA/QB:QB

•- has been altered, and
reduced plastoquinone can reduce QA. In this case, the
appearance of FmD was due to back electron flow from PQH2

via QB to QA without having to cross an energy barrier. This
scheme does not explain the temperature dependence of the
FmD raise nor the thermoluminescence data showing that the
redox potential of QA is not significantly altered in the
mutant. (2) The binding affinity of the QB site for PQ and
PQH2 is altered in the mutant; thus, the site is progressively
occupied by PQH2 as its relative concentration increases
during the light pulse. In this case, QA is not necessarily
reduced by PQH2. Appearance of FmD could have been
induced by the measuring beam due to the occupancy of the
QB site by a reduced ligand that cannot accept electrons from
QA

•-, as is the case for DCMU. While apparently this
possibility fits with many of the experimental data, it does
not explain the FmD appearance in darkness when QA

•- has
already been partially oxidized. The intensity of the fluo-
rescence measuring beam used in this work (PAM settings
4 at 1.6 kHz) was 0.3% of that required to reach levels close
to FmD in the presence of DCMU and thus cannot explain
the appearance of FmD. (3) The affinity of the QB site for
PQ and PQH2 has been altered without necessarily affecting
redox potentials. Therefore, PQH2 can compete with the
reduced semiquinone for binding at this site allowing back
electron flow to QA from reduced PQH2 against an energy
barrier.

The third possibility seems to be the most plausible
satisfying all the experimental results, that is, the dependence
of FmD on the accumulation of plastoquinol during the light
pulse, the unaffected redox potential of QA, the temperature
dependence of the FmD appearance, as well as the loss of
the thermoluminescence B band emission.

FIGURE 9: Thermoluminescence emission ascribed to charge
recombination of the pairs S2/QA

•- (A band) and S2,3/QB
•- (B band)

in the presence or absence of DCMU, respectively. The A band
was measured in control and∆psbLleaves infiltrated with 20µM
DCMU and kept for 1 h in darkness. Trace 1, control leaf showing
the B band (25-35 °C) and the afterglow band (43-45 °C). Trace
2, the A band emission at about 15°C of the control leaf (Y axis,
17 Kcps). Traces 3 and 4,∆psbL leaves showing the afterglow
band at 43-45 °C and the A band emission at about 14°C,
respectively (Y axis, 1 Kcps). Note that the B band at about 30°C
is absent in the mutant thermoluminescence signal trace. The
emission intensity is lower in the mutant leaves due to the lower
content of active PSII. The large difference in the maximal emission
of the A or B bands between wild type and mutant is related to the
amount of active PSII in a sample of the same size (1.5 cm diameter
of the leaf disks).
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Cyt b559 is considered as a component of PSII sensitive to
structural changes of the complex (66-69). It is possible
that changes in the redox potential of cytb559 and/or redox
coupling with QA may promote the recombination of QA

•-

with P680•+ via pheophytin and circumvent recombination
via tyrosine YZ

•- to the oxidized Mn cluster. Further work
is required to test this possibility.

All results presented in Figures 2-8 are consistent with
the hypothesis that FmD in the∆psbLmutant is due to back
electron flow from PQH2 to PSII. The fluorescence rise of
the FmD could be detected already within about less than a
half second after the exciting light pulse, indicating that the
plastoquinone pool was already reduced during the short
illumination (Figures 1B and 6A). Blocking the reduction
of plastoquinone by PSII, removing electrons from the
reduced pool, or lowering the temperature abolished the
appearance of FmD. Under anoxygenic conditions, a still
higher and broader FmD peak appeared suggesting a delayed
QA

•- reoxidation and thus a decreased FmD decay (Figure
8). The energy of activation required for the back electron
flow from the PQ pool uphill on the redox potential ladder
is not sufficient at the lower temperature; hence, closing PSII
in darkness and the rise of the FmD level are prevented at
low temperature in∆psbL. PsbL may be involved in
regulating the affinity of the QB site for plastosemiquinone,
plastoquinone, or plastoquinol.

The relatively low content of PSII in the∆psbLmutant
as compared to the wild type (13) limits the overall electron
flow and accumulation of PQH2 in the light exposed leaves.
Reduced PSII levels may not compete with plastoquinol pool
oxidation upon activation of PSI and with electron transfer
to artificial acceptors or with the carbon fixation sink. This
also explains the absence of FmD in ∆psbL leaves illlumi-
nated with continuous white or FR light, which preferentially
excites PSI (Figure 7A).

The anomalous fluorescence decay kinetics exhibited by
∆psbLleaves represents the sum of several partially overlap-
ping processes. In interpreting the results, one should keep
in mind that the FmD fluorescence is elicited by the weak
modulated measuring beam, and its height is always related
to the level of reduced QA. Depending on the duration and/
or intensity of the light pulse, the reduction of QA and the
forward electron flow may result in accumulation of reduced
plastoquinone. However, this does not affect the raise and
initial fast phase of FmL decay following pulse cessation
(Figure 5). The electron flow to the PQ pool after switching
off the pulse accounts for the initial fast fluorescence decay.
During the light pulse, the electron flow-pressure driven by
the low potentials of reduced pheophytin and QA relative to
the plastoquinone pool prevents back electron flow from
plastoquinol at 22°C. Upon cessation of the light pulse,
electron flow from the residual reduced pheophytin and QA

populations to QB maintains a pressure that prevents the back
reaction. However, as reduced pheophytin and QA

•- have
been oxidized in∆psbL, the electrons from the PQH2 pool
can flow backward reducing QA and thus generating the FmD

peak. The extent of the QA•- oxidation before appearance
of the FmD peak in the∆psbL mutant is related to the ratio
QA

•-/PQH2 (Figure 5A).
The phenomenon of back electron flow from plastoquinol

and the reduction of PSII may occur also in the wild type.
However, this has only been assumed to take place following

harsh treatments such as high temperature (33-36) and thus
may be also due to alterations of the QB site opening (i.e.,
allowing competition of PQH2 binding to the site with PQ
and possibly QB-). Furthermore, the reduction of QA by
PQH2 may require deprotonation, a process that may require
energy and could be facilitated by alterations of the QB site
properties. The altered accessibility of the mutant QB site as
indicated by lowering the inhibitory effect of DCMU (Figure
5) and the presence of a relatively high concentration of
reduced PQH2 accumulated during the light pulse in the
membrane relative to PSII centers may facilitate the back
electron flow and reduction of QA. Presently, considering
the technical difficulties imposed by the instability of PSII,
we cannot measure the binding constants or the redox state
of individual components of the system.

The observation that FmD occasionally exceeds FmL is
exclusively observed in leaves with very weak PSII activity.
We have shown that this is due to the negative contribution
of inactive centers to FmL. In leaves without any variable
fluorescence, the light pulse induces a transient small
decrease of the fluorescence that increases again and reaches
the previous Fo level already at the end of the pulse (Figure
3). Therefore, the true FmL level is repressed during the light
pulse due to the contribution of inactive centers. The less
the PSII activity is in green leaves the higher the contribution
of inactive centers to the reduction of FmL. This is the reason
why FmD occasionally exceeds FmL in leaves with a low
level of variable fluorescence.

Thermoluminescence signals at temperatures in the range
of 25-35 °C emitted by back electron flow from the QB

•-

semiquinone and charge recombination (55) could not be
detected in the∆psbL mutant leaves. Excitation of intact
leaves above the freezing temperature induces a 43-45 °C
emission in∆psbLand also in control leaves. The thermolu-
minescence band at this temperature is still a matter of
dispute. The so-called C band in this range has been
attributed to recombination of the charge pair Tyr•+/QA

•- in
PSIIâ (QB nonreducing centers) and Ca2+ depleted PSII and
seems to be independent of the S-states of the manganese
cluster (69-73). At 43 °C, the afterglow band appears as
well, which is missing in DCMU treated wild type leaves
but found in treated mutant material (Figure 9) again
supporting that the QB site is altered in the mutant. This band
oscillates with the number of excitation flashes (74, 75) and
has been attributed to the back flow of electrons from
enhanced heat induced reduction of PQH2, rebinding to the
QB site and S2,3/QA

•- charge recombination. Exchange of
QB

•- formed during the saturating pulse with PQ from the
pool can explain the absence of the thermoluminescence B
band when∆psbL leaves are excited at about 1°C. In this
case, electrons will be drained from reduced QA toward the
PQ pool, prevent back reaction, and account also for the fast
decay of the FmL fluorescence and absence of FmD at this
temperature (Figure 4B).

Reduction of QA or QB sites in darkness by PQH2 was
demonstrated to occur in plants pretreated severely by heat
and relatively strong light (24, 25, 29). Increase in chloro-
phyll a fluorescence in darkness has also been reported to
occur although at a much lower extent after longer applica-
tions of actinic light to wild type plants (33-36). The
fluorescence in these cases reached the maximum after about
30 s and could only partially be quenched by FR light. This

PsbL Prevents Back Electron Flow toward PSII Biochemistry, Vol. 43, No. 8, 20042305



is in contrast to the FmD exhibited by the∆psbL mutant
because (1) the FmD appeared already after application of a
single light pulse but not after a longer actinic illumination;
(2) FmD appeared after about 4-6 s; (3) FmD was completely
reversible by application of FR light in thepsbL mutant;
and (4) the FmD increase was related to the reduction of
plastoquinone by electron flow from PSII.

In severalArabidopsismutants (76) and in a tobaccopsbF
mutant (77), the fluorescence increase in the dark after
switching off actinic light was not reversible. This fluores-
cence increase was due to a substantial quenching below the
initial Fo fluorescence level during the actinic illumination.
We have found that this quenching is due to the high energy
quenching and not due to quinone reduction since nigericine
abolished the phenomenon and FR light had no effect on
the fluorescence increase (78).

Physiological Significance of Ensuring Forward Electron
Transport. The results of this work demonstrate that PsbL
is not required for the assembly of a functional PSII that
can perform charge separation/recombination, water oxida-
tion, and electron flow via the QA and QB sites to reduce
plastoquinone. However, in the absence of PsbL, the QB site
properties are altered allowing return of electrons from PQH2

to the QA site. Electron flow within the PSII assembly is a
reversible process, regulated by the redox potential gaps
between electron carriers that promote forward electron flow
from the excited primary donor, P680*, via bound QA to
the bound QB site. Return of electrons uphill on the potential
ladder occurs only from reduced semiquinone by supply of
energy (heat) and competes with forward flow to the
plastoquinone pool (23, 79). This ensures that the energy
absorbed by the photochemical center and utilized for charge
separation is not wasted in a futile cycle. Back flow of
electrons from the reduced PQH2 pool to QA is prevented
by secluding the bound quinone QB in a special pocket
formed by the D1 protein (80). This site has a higher affinity
for the oxidized than for the reduced plastoquinone, which
is released by the one-way gate opening upon double
reduction of the bound molecule (23). This feature of the
QB site gating system ensures that the plastoquinol redox
state is not communicated to the core of PSII. Partial
reduction of the PQ pool should not cause reduction of the
acceptor side of PSII, which may block forward electron flow
and promote back electron flow and charge recombination,
the source of oxidative stress and inactivation of PSII even
under weak light conditions (57, 81).

In this context, it is noteworthy that the inactivation of
PsbJencoding another low molecular mass component of
PSII significantly lowers the forward electron flow from QA

•-

to the PQ pool and promotes back electron flow within PSII
(1). The low temperature effect on back electron flow to PSII
clearly demonstrated that energy is required to reduce or
reoxidize QA in ∆psbL or ∆psbJ, respectively. Thus, the
PsbL and PsbJ proteins act to regulate the communication
between PSII and photosynthetic electron-transfer chain.
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