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ABSTRACT. The effect of exogenous plastoquinone (PQ) on the different deexcitation pathways of
photosystem | (PSI) was investigated. Addition of oxidized decyl-plastoquinone (dPQ) and PQ-2 strongly
quenched the chlorophyll (Chl) emission spectra of PSI submembrane fractions over all wavelengths.
This quenching increased with the concentration of exogenous PQ added and followed the modified Stern
Volmer law. The SteraVolmer constants found for dPQ and PQ-2 were 2250° M—* and 0.55x 10°

M~1, respectively, and the fraction of fluorescence accessible to the quencher was 0.7 for both exogenous
PQ. dPQ and PQ-2 also retarded the P700 photooxidation measured under limiting actinic light irradiances.
Photoacoustic measurements showed that addition of dPQ increased the heat dissipation and decreased
the photochemical capacity of PSI. From these results, exogenous oxidized PQ were shown to efficiently
guench the Chl excited state in the PSI antenna and change the balance between Chl deexcitation pathways.
Moreover, reduction of the endogenous PQ pool in whole thylakoid membranes by NADPH increased
PSI fluorescence by 65%, indicating the importance of the redox state of the PQ pool on PSI energy
dissipation.

In cyanobacteria and higher plants, oxygenic photosyn- Light absorption by antenna pigments leads to the building
thesis involves the light reactions of photosystems | and Il of electronic excited states that are transferred as excitons
(PSF and PSII) working in series. While PSll is responsible between the pigment molecule®) (Trapping of an exciton
for water oxidation, PSI mediates the light-driven electron by P700 induces its photooxidation and the consequent
transfer from plastocyanin to ferredoxin (Fd).(Reduced  charge separation driving electron transport in P).(In
Fd is used by the enzyme ferredoxin:NADPeductase isolated reaction center (RC) preparations, the quantum yield
(FNR) to produce NADPH required for carbon fixatia?).( of charge separation is close to unityl). However, each
PSl is a 525 kDa protein pigment complex of the thylakoid €xciton has also a probability to be dissipated by radiative
membrane that comprises 12 core subunits and four light-e€mission or heat. Both dissipation processes compete with
harvesting proteins (Lhca#4) forming a half-moon shape the photochemical reaction and decrease its quantum yield
around the core3). PsaA and PsaB are the central subunits (12, 13). Therefore, the rate of photosynthetic electron
of the core complex4). They bind about 96 chlorophylls ~ transport depends on the respective quantum yield of each
(Chl), 22 p-carotene, the PSI reaction center, and primary dissipative pathway.
electron donor (P700) identified as a special Chl pair, two In intact photosynthetic tissues, special mechanisms are
phylloquinones, and 3 [4Fe-4S] irersulfur clusters 4). known to reversibly increase the probability of excitons in
Lhcal-4 are organized in dimers to form two light- the PSIl antenna to thermally dissipate and decrease radiative
harvesting complexes of PSI (LHCI): LHCI-680 composed dissipation {4). As this quenching of the Chl excited states
of subunits Lhca2 and Lhca3, and LHCI-730 composed of is not linked to the photochemical trapping of excitons, these
subunits Lhcal and Lhca%b+7). LHCI proteins have a  mechanisms are commonly referred to as non-photochemical
unique feature among Chl-binding proteins as they contain quenching (NPQ) of Chl fluorescenc&s). NPQ includes
Chl with red-shifted absorbanc8)( many distinct processes contributing to light adaptation and
photoprotection of the photosynthetic machinet$)( Low
" This work was suonorted by Natural Sci 4 Enai ] Iumenal pH ind_uce_s protonation of LI-!CII, conversion of
Resenrah Counat of oo b (NVSESS_E‘ ciences and EngiNeenng their violaxanthin pigments to zeaxanthin, and a consequent
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! Abbreviations: AAgso, absorbance changes at 830 nm; CeT, cyclic (9E) (16). Photoinhibition quenching (ql) is caused by slowly

electron transport; Chl, chlorophyll; DBMIB, dibromothymoquinone; - :
dPQ, decyl-plastoquinong; fraction of fluorescence accessible to the reversible damage to PSII reaction centet).( Another

quencher; FNR, ferredoxin:NADPH reductagésy, Stern-Volmer — important NPQ component is the state transition (qT), a
constant; LHC, light harvesting complex; NPQ, non-photochemical phosphorylation-related migration of LHCII from PSII to PSI

guenching; P700, primary electron donor of photosystem I; PA, i ; ;
photoacoustic: PG, plastoquinone: @xogenous plastoguinone: PS, (18). State transition was also reported to slightly increase
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10.1021/bi602627d CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/14/2007



Regulation of Photosystem | by Plastoquinone Biochemistry, Vol. 46, No. 18, 20056535

by NPQ mechanisms acting on PSH(]. Information on 0
quenching of Chl excited states in PSI is restricted to the
view that P700 is an excellent non-photochemical quencher
(21). Recently, NADP-dependent reversible conformation
changes of PSI were also proposed to affect energy dissipa-
tion (22). o

Oxidized plastoquinone (PQ) molecules are known as non- dPQ
photochemical quenchers of Chl excited states of PEH-( o
25). Their reduction at the PSII acceptor side was proposed
to be reflected by the increase in fluorescence from | to P
steps within 1 s during fluorescence induction (FI) kinetics,
as reduced plastoquinones (P£)EBRnnot quench Chl excited
states 26, 27). PQ-type fluorescence quenching would ,,
correspond to about 225% of the maximal fluorescence 0
yield in thylakoids 25, 26). Because LHCI shows important PQ-n
similarity with PSII antennas in their structure and pigment FIGURE1l: Chemical structures of dPQ and PQEndogenous type
binding properties3, 28), PQ should also affect fluorescence °f PQ corresponds to PQ-9.
ﬁ]n?hiﬁeg%j?zlseﬂ%??nn\:\?efesgrﬁ:\;ﬂ]cg z)é?%inglljancur:gfg %? measurements, ethanol concentration was kept below 1%
Chl excited states of PSI, and consequently quenched(V/V)'
fluorescence and decreased the rate of P700 photooxidation Fluorescence Measurementsie room temperature (298
under limiting illumination 27, 29). However, the capacity <) and low temperature (77 K) spectra of fluorescence

of the endogenous PQ pool to alter energy dissipation in €Mission were measured with a Perkin-Elmer LS55 spec-
PSI has not been examined. trofluorimeter equipped with a red-sensitive photomultiplier

In the present work, we studied the effect of exogenous R928. Chl fluorescence was excited at 436 nm. The excita-

. tion and emission spectral widths were fixed at 5 and 2.5
PQ on PSI submembrane fractions. Our work revealed thatnm respectively. Emission spectra were corrected accordin
exogenously added PQ molecules were highly efficient in , resp Y. P 9

fluorescence quenching, increased thermal dissipation of ChIto the photomq(l;lpdllle)r sensklfuwt)q using ';\he cr?lrrectlon fa;:tc;r
excited states, retarded the photooxidation of PSI, ang SPectrum provide y Perkin-Elmer. The Chi content of the

decreased the photochemical capacity of PSI RC. ReductionSamples was adjusted tqAy/mL. LPW temperature spectra
. : were measured as reported previousig)(in the presence

of the endogenous PQ pool in thylakoid membranes causedOf 60% alveerol

a major increase in Chl fluorescence of PSI. An important o gly )

impact of the PQ pool redox state in PSI dissipative pathways _APsorbance Changes at 830 nmAgsg). Absorbance

is thus shown. The results are discussed in terms ofapossiblcghanges at 830 nm were assayed using_a PAM .Chl fluo-
role of PQ in the regulation of PSI activity. rometer (Walz, Effeltrich, Germany) equipped with ED-
P700DW dual-wavelength emitter-detector unit. White ac-

MATERIALS AND METHODS tinic light for measurements with the PAM device was
obtained from a Fiber-Lite source (Microview, Thornhill,

Isolation of Photosynthetic Materials and Sample Prepa- ON, Canada) and controlled by an electronic shutter. The
ration. Thylakoids and PSI submembrane fractions were signals of absorbance changes were recorded using the Walz
isolated from fresh spinach leaves obtained from a local Data Acquisition System DA100. Chl concentration was 66
market, according to the procedure of Peters et38). \ith ng/mL during the measurements of absorbance changes of
some modifications31). These stroma lamella preparations PSI submembrane fractions, which were done with an optical
retain the cytochromegbcomplex, a full complement of  path of 1.065 mm. The measurements were performed in
plastocyanin, and a Chl/P700 ratio of 2@D), and they were  the presence of 3 mM methyl viologen to prevent charge
devoid of PSIl polypeptides2@). Chl concentration was recombination between P70Gnd reduced acceptor side
determined in 80% acetone according to Porra et3). ( intermediates of PSI. Experimental conditions were the same
The isolated fractions with approximately-2 mg of Chl/ for the experiments using thylakoid membranes, except that
mL were suspended in a medium containing 20 mM Tricine- Chl concentration was 10@g/mL and 10uM diuron was
KOH buffer (pH 7.8), 10 mM NaCl, 10 mM KCI, and 5 added to prevent reduction of P700 by electrons coming from
mM MgCl, and stored at—80 °C until use. Unless  PSIlI during measurements.
men_tioned, the same buffer was used as a measurement Photoacoustic Spectroscopior the measurements of
medium. photoacoustic (PA) signal, 154 of PSI fractions diluted

For experiments done under anaerobiosis, photosyntheticto 250ug of Chl/mL in the final resuspension buffer was
samples were incubated 45 min in the dark in the presenceabsorbed on a nitrocellulose filter (Millipore Corp., AA type,
of 10 mM glucose, 50 units/mL glucose oxidase, and 1000 0.8 um pore size) in the presence of 5 mM ascorbate and
units/mL catalase. dPQ was obtained from Sigma-Aldrich 0.3 mM 2,6-dichlorophenolindophenol (DCIP). The filter was
(D7786) and dissolved in ethanol. PQ-2 and PQ-9 were cut to the proper dimensions for introduction in the PA cell
provided by Dr. Jerzy Kruk (Department of Plant Physiology (MTEC Photoacoustic, Ames, IA). PA measurements were
and Biochemistry, Jagiellonian University, Poland) in ethanol made with a laboratory-built PA spectrometg4). The light
solution at a concentration of 1 mM. Chemical structures of beam from a 150 W xenon lamp (ILC Technology, Sunny-
these PQ molecules are presented in Figure 1. For allvale, CA) passing through a monochromator (Photon Tech-
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Variation of fluorescence quenching can be described by
the Sterr-Volmer law 36):

F
£=1+Ke[Q] (2)

whereF, andF are the Chl fluorescence emission integrated
from 640 to 800 nm in the absence or in the presence of
PQ., respectively,Ksy is the Stera-Volmer quenching
constant, and [Q] is the concentration of the fluorescence
qguencher, which is PQin the present case and will be
therefore replaced by [R§). However, the relationship
betweerFy/F and [PQ,] is not linear when a fraction of the
fluorescence is not accessible to the quencig}. (This
condition was observed in our experiments (not shown).
However, the SteraVolmer equation can be modified to
take into account the fluorescence accessilblg,)(and
inaccessibleKy;) to the quencher. The fluorescence in the
absence of quencher becomes

Fo=Foat Foi (2

Fluorescence, a.u.

650 700 750 800

Thus, the fraction of fluorescence accessible to the quencher
(fy) is defined as

I:O a
fo= == ®)
a FO

1]PQ,J, pm~

The above gives rise to a modified Steiviolmer equation
FIGURE 2: Fluorescence emission spectra measured in isolated PSI(23, 37, 39):
submembrane fractions at room temperature with the addition of
dPQ (A) or PQ-2 (B) at a concentration of 0 (1), 0.2 (2), 0.7 (3), Fo 1
1.5 (4), 5 (5), and 1M (6). (C) Modified Sterr-Volmer plots of = =
Chl fluorescence quenching by dPQ (circles) or PQ-2 (triangles). AF Ko [PQ.d
Chl fluorescence was integrated from 640 to 800 nm using the
emission spectra. For other details, see Materials and Methods. \yhere AF is the fluorescence intensity difference in the
. ) absence and presence of R@y plotting Fo/AF against
nology International Inc., Brunswick, NJ, model PTI 101- [PQud L, fa is found from the intercept, which i %, and
001SF) to obtain light at 680 nm was modulated with a Ksv is obtained from the slope of the grapht Ksv™2).
mechanical chopper at a frequency of 35 Hz. The light Ksv characterizes the efficiency of the quencher.
intensity was controlled with neutral density filters. Saturating Figure 2C shows that the modified Stetviolmer equation
background illumination (150 W/fhfrom a KL1500 projec- provided linear traces for dPQ and PQ-2. In both cakes,
tor (Walz, Effeltrich, Germany) was used to completely \5j,es were 0.7 and sy of 1.25 x 10° M—t and 0.55x
oxidize P700, thus converting all PSI reaction centers into a 1os \-1 was calculated for dPQ and PQ-2, respectively.
photochemically inactive state. The quenching of Chl excited states by £@hould
RESULTS limit the yield of exciton transfer between Chl molecules in
the antenna and affect the rate of P700 photooxidation,
Figure 2 shows the fluorescence emission spectra of particularly under nonsaturating illumination. Figure 3 shows
photosystem | submembrane fractions in the absence ofthe traces ofAAgsginduced by low irradiance (4.6 WAnin
additive or in the presence of various concentrations of PSI submembrane fractions. Positive changesAiwsg
exogenous plastoquinone molecules FQrhe spectra of  indicate photooxidation of P700. Increasing concentrations
untreated PSI submembrane fractions showed a maximumof added dPQ from 1aM to 300uM decreased the rate of
at 684 nm and a shoulder around 725 nm, as described beforé700 photooxidation, which delayed the establishment of a
(27, 35). Addition of a low concentration (0.2M) of dPQ stable and complete level of P700 photooxidation. However,
or PQ-2 quenched 14% and 7% of the fluorescence spectrathe total magnitude oAAgzy was not significantly altered
respectively. The importance of the fluorescence quenchingby the addition of dPQ. P700 photooxidation kinetics were
increased with amount of RQadded, and at 1M up to fitted with a first-order kinetics to verify its dependency on
70% of the emission was lost. Also, the extent of the the concentration of added dPQ. The rate constant of P700
quenching was similar for all wavelengths of the emission photooxidation decreased with the concentration of added
spectra. However, addition of various concentrations of PQ- dPQ from 0 to 30Q«M, and an almost optimal effect was
9, the type of PQ found in vivo in thylakoids, could only observed at 5«tM oxidized quinone. (Figure 3, inset). It
slightly quench the emission spectra of PSI (not shown). It should be noted that the Chl concentration was more than
should be noted that added quinones did not alter the 10 times higher compared to the fluorescence experiments.
absorption properties of the PSI submembrane fractions. This explains why a higher concentration of exogenous

1
+ f. 4)
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Ficure 4: Dependency of the reciprocal of the energy storage yield
0 200 400 600 800 1000 on the modulated light intensity for PSI submembrane fractions in

the absence (open circles) or in the presence (closed squares) of
150uM dPQs. Inset: Photoacoustic signal from PSI submembrane
Ficure 3: Original traces of light-induced increase in absorbance fractions aspired on a nitrocellulose filter. Upward triangle indicates
at 830 nm measured in isolated PSI submembrane fractions (A) modulated light on. Upward and downward arrows indicate strong
with the addition of 0 (1), 15 (2), 30 (3), and 3@®/ (4) of dPQ white light on and off, respectively.

or (B) with the addition of 30uM of different types of PQ

molecules. The upward arrow indicates actinic light turned on. ; ; ; :
Inset: Dependency of the photooxidation rate constgnor the As the fraction of closed reaction centers increased with the

concentration of added dPQ. Traces of light-induced increase in iNtensity of modulated light, the fraction of absorbed energy
AAg3o were fitted with first-order kinetics, and calculated values used for photochemical reactions as measured,bglso

of kyvere normalized with the rate found for the contigl€ 0.009 decreased. As a result, for both untreated and treated (150
ms™). uM dPQ) PSI, ¢, decreased by about 4@5% as light

) o intensity was raised from 1.1 to 10.2 WAnfresults not
dPQ was needed to obtain a significant effect on the P7ooshown). Howeverg was smaller for dPQ treated PSI than
photooxidation. 30uM of PQ-2 and dPQ retarded sim- i ~ontrol at all light intensities.

ilarly the P700 photooxidation, while PQ-9 did not induce
significant changes in the P700 photooxidation kinetics
(Figure 3B).

As PQy were shown to decrease the yield of radiative
dissipation of Chl excited states in the antenna and to slow
the delivery of excitons to the PSI reaction center, an
alternative dissipative pathway must be favored, which
should be thermal dissipation. To confirm this hypo-
thesis, photoacoustic spectroscopy was used to monitor
thermal dissipation. Heat release was studied at various
measuring light intensities in either the absence or the
presence of 15@M dPQ. The modulated measuring beam

Time, ms

To characterize further the effect of B@n the PA signal,
the relationship between the energy storage yield and the
measuring beam intensityl)(was studied. Plotting the
reciprocal of¢, versusl leads to a linear relationship where
the intercept represents the maximal photosynthetic energy
storage yield¢m) extrapolated to a modulated light intensity
of zero, thus when all reactions centers are in the open state
(42). Further extrapolation of the relation to the abscissa
provides the modulated light intensity that closes half of the
photosystemsifp). This relationship corresponds to the
following equation:

was used to obtain a steady state of thermal dissipa@gn ( 1 1/1
under a different level of nonsaturating PSI excitation (Figure == —(.— + 1) (6)
4, inset). Under these conditions, the modulated beam caused b Pmllso

the closing of part of the reaction centers, the fraction of

closed centers increasing with measuring beam intensity. Where the slope is¢iso) * (42).

Therefore, only part of the absorbed energy was stored in  Figure 4 shows theé,* vs | plot for PSI in the absence
photochemical reactions and thus not released. Then, strongr presence of 150M dPQ. Both untreated and treated PSI
nonmodulated white light was applied to completely oxidize had the same slope, but addition of dPQ increases the value
P700, thus converting all PSI RC into a photochemically of the intercept. This corresponds to a decrease of the
inactive state. Consequently, the fraction of absorbed modu-maximal photosynthetic energy storage yield from 36% to
lated light energy converted into thermal emission reached 29% for control and dPQ-treated PSI, respectively, while
its maximal level Q). Turning off the saturating white light  the iso increased from 8.5 W/Mmto 10 W/n?. The above
brought back the PA signal to its steady st@tg(Figure 4, indicates an inhibition of energy storage by about 20% at
inset). Using the values d®. and Qn, the photosynthetic  the dPQ concentration used. This seems a weak inhibition
energy storage yieldy() at a given modulated light intensity compare to the strong fluorescence quenching reported in

can be calculated39—41): Figure 2. However, this can be expected as the final effective
concentration of added dPQ during PA measurements is
(Qm— Q) difficult to estimate. Indeed, a fraction of solubilized dPQ
¢ = —a. ~ 100% (5) s lost by aspiration of the liquid medium during the filtration
m

of the PSI preparations on the nitrocellulose filté2)(and
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the final concentration of PSI in terms of Chl concentration
becomes very high thus leading to a low dPQ/Chl ratio.

Even though the above data demonstrate that exogenous
PQ molecules added to isolated PSI submembrane fractions
influence energy dissipation of PSI, it would be interesting
to verify the impact of the endogenous PQ pool on PSl in a
more intact and complete system such as whole thylakoid
membranes. The endogenous PQ pool of thylakoid mem-
branes can be specifically reduced under anaerobiosis by the
addition of NADPH @3, 44). Reduction of the PQ pool by
NADPH was shown to produce a strong increase in the 650 700 750 800
amplitude of the O-J rise of Chl FI observed within the first Wavelength, nm
milliseconds of illumination (data not shown33 44).

At room temperature, fluorescence measurements in thy-
lakoids are mainly influenced by PSI4% 46). Such
measurements are efficient to probe the PQ redox state but
cannot give clear information about the influence of PQ on
PSI. Nonetheless, the unique spectral properties of red Chl
present only in PSI can be used to distinguish between PSiI|
and PSI contributions to the emission spectra of thylakoids
at cryogenic temperature. At room temperature, PSII fluo- Too s 100
rescence from vibrational sublevels overlaps with red Chl A , . 'dmf"’"“
fluorescence of PSI at 72/50 nm, and PSI contributions 0 500 1000 1500 2000
can hardly be separated from PSHK7(. At cryogenic Time, ms
temperature, the vibrational bands of PSII fluorescence areggyre 5: Influence of dP@ on energy dissipation of PSI in
lost and PSI fluorescence comes from its red Chl, becausethylakoid membranes. (A) Fluorescence emission spectra measured
uphill energy transfer from red Chl to bulk antenna Chl is in isolated thylakoids at 77 K without additive (1) or in the presence
not efficient at this temperature. Hence, two clearly separated©f 5004M NADPH (2), 14M dPQ (3), or both 50&M NADPH

o . and 1uM dPQ (4). Incubation of the sample before measurement
emission bands emerge at 680 and 735 nm, coming fromwas carried out under anaerobiosis as described in Materials and

PSIl and PSI, respectivel8—51). Therefore, NADPH can  \ethods. (B) Original traces of light-induced increase in absorbance
be used to reduce the endogenous PQ pool in whole thylakoidat 830 nm measured at room temperature in isolated thylakoids

membranes and the subsequent 77 K fluorescence emissiotith the addition of 0 (1), 30 (2), 60 (3), and 1001 (4) of dPQ.
spectra will show the effect of oxidized vs reduced PQ pool The upward arrow indicates actinic light turned on. Inset: Depen-

. . dency of the photooxidation rate constaijt@n the concentration
on the quenching of Chl excited state for both PSIl and PSI. ¢4 4ded dPQ. Traces of light-induced increasaAasowere fitted

Figure 5A shows that reduction of the endogenous PQ pool with first-order kinetics, and calculated valueskafiere normalized
by NADPH increased both PSIl and PSI emission bands by with the rate found for the controk{ = 0.0034 ms?).
about 40% and 65%, respectively. ConverselyyM of i . i L
added dPQ quenched about 45% of both PSII and pg)the literature 22, 52). T_hls is mainly because PSI actlv_lty is
fluorescence. The action of added dPQ was reversed if thought to be only indirectly controlled by the regulation of
thylakoids were incubated in the presence of both NADPH PSII activity 0). Nonethele_ss, addition of artificial quinones
and dPQ, which yields to an increased emission spectrumSUch @s dibromothymoquinone (DBMIB), 2,5-dichiqo-
similar to thylakoids incubated in the presence of NADPH Penzoguinone (DCBQ), and duroquinone (DQ) were recently
alone. shown to quench the excited states of Chl in PSI submem-
Moreover, the ability of oxidized dPQto retard P700 brane fractionsZ7). To our knowledge, the present study is

photooxidation in isolated thylakoids under low irradiance the_ first to show that exogenous and_ _eno_logenous plasto-
(4.6 WIn?) is demonstrated in Figure 5B. As observed in quinone molgcules may control the utilization of absorbed
PSI submembrane fractions, increasing concentrations ofIIght energy in PSl.

added dPQ decreased the rate of P700 photooxidation. Thed.(';‘motng rt]ht?tdlfferca_nt .tfypest o;fpl?sto%ug:cf)lne used, PQ-9
decrease in its first-order rate constant was similar to what Id not exhibit any significant etfect on uorescence or

was observed with PSI submembrane fractions (Figure 5B, P700 photooxidation (F'gwe 3). The same absenc_e of effect
inset). of PQ-9 was also previously observed by Bojko and

co-workers $3, 54) when they assessed the reduction of
DISCUSSION different quinongs by FNR. The above is explained by the
formation of micelles by PQ-9 molecules in the polar
A number of special mechanisms are known to control measurement buffer owing to their long aliphatic chain
energy utilization in photosynthesis by modulating heat (Figure 1), which prevented them to interact efficiently with
dissipation of PSIl 14). These mechanisms provide the the photosynthetic membrane.
flexibility needed by the photosynthetic apparatus to adapt Addition of dPQ and PQ-2 caused an important decrease
itself to a wide variety of environmental light conditions and in the fluorescence emission spectra of PSI submembrane
to limit photoinhibitory damagel®, 20). However, little is fractions. This fluorescence quenching was well described
known about PSI contribution to regulative and photopro- by the modified SteraVVolmer equation (Figure 2), which
tective mechanisms, and this subject is rarely discussed intakes into account that a part of the fluorescence is not

Fluorescence, a.u.

AAg, a.u.
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accessible to the quench@8]. The Stera-Volmer constants Chl DY ch* Photochemistry

found, quantifying the quencher efficiency, were twice to + and energy storage
four times higher than those found by Rajagopal et2i) (

o e , PQ
for the most efficient artificial quinone tested, DBMIB. The o
PSI submembrane fractions used in the present study are “st
composed of about 260 Chl/RC and 11 endogenous PQ/RC -
(30). The impact of the addition of 11 dPQ/RC, correspond- Chl-PQ,— ChlI*-PQ_—> Chl-PQ_ + heat

ing to about 0.2%«M dPQ, can be estimated from Figure Figure6: Incompetitive inhibition of the PSI energy storage yield
2C and results into a nearly 20% quenching of the PSI by oxidized PQ (PQ) molecules. Chl*, excited Chl;:h photon.

fluorescence, which points toward a possible physiological

significance of the endogenous PQ pool effects on PSl energy _
dissipation. ion is also expected5(). Joliot et al. 68) observed a

As shown by Rajagopal et aR7), the quenching of Chl slow redistributi_on of PQ_ molecules between granal and
excited states of PSI observed in fluorescence spectra lead§tromal pools with a half-time of 6 s. Thus, the redox state
also to a delay in the P700 photooxidation measured underof PQ in the vicinity of PSI can influence PSI reactions in
limiting light. The same effect was observed in this study in VIVO. _
the presence of exogenous dPQ or PQ-2 (Figure 3). This The obseryed effects of the PQ _pool could contribute to
indicates that oxidized PQmolecules in the neighborhood  light adaptation and photoprotection. Under some stress
of PS| retard the migration of excitons between antenna Chis conditions, like freezing stress or heat stress, the Benson
toward the RC by increasing the probability of nonradiative Calvin cycle is partially inhibited 59, 60), resulting in an
dissipation of their excited state. The above was confirmed @ccumulation of NADPH. This would indeed result in the

by the measurement of heat dissipation using photoacousticdccumulation of reduced PQ molecules through the action
spectroscopy. of NADPH dehydrogenase, Fd-quinone oxidoreductase

Photoacoustic measurements under different light intensi- Pathway, or FNR diaphorase activity. Oppositely to oxidized
ties permit the simultaneous assessment of heat dissipatio’@ molecules, these reduced PQs would contribute to
and photosynthetic capacity of PSI. Exogenous dPQ pro- Increase the phptosynthetlc capacity of PSI required to
duced a decrease in the energy storage yigljl gnd an activate the c_ycl|c_ electron transport (CET)_. The latter is
increase in the half-saturation light intensity of energy storage known to rapidly increase the proton gradient across the
(is). These changes are due to an increase of therma|thylako.|d membranes, resulting in the activation of photo-
dissipation under nonsaturating illumination in the presence Protective energy-dependent NPQ mechanis6is 62).
of exogenous dPQ owing to the capacity of oxidized dPQ Moreover, reduced PQs are known as efficient scavengers
to statically quench the Chl excited states in PSI antennas.Of Superoxide ions generated in thylakoid membranes during
In Figure 4, the photoacoustic data lead to parallel slopes of light stress €3) and would then additionally contribute to a
¢ vs| relationships for untreated and dR@eated PSI. The  direct photoprotective effect.
above shows that the addition of oxidized dPQ to PS|  The influence of the redox state of the endogenous PQ
submembrane fractions mimics a decrease in the measuring?20! on the fluorescence of PSI could also introduce some
light intensity because it increased the fraction of absorbed artéfacts in the measurements of variable Chl fluorescence,
light energy dissipated as heat before it can reach a reactiot’Vhich was attributed exclusively to PSII. In intact leaves,
center. Then, for the same measuring light intensity, the PS! can contribute up to 40% &% and 14% ofFy for

energy storage yield was decreased after the addition of€Mission wavelength higher than 700 na) If the redox
oxidized dPQ. state of the PQ pool is affected by a treatment prior to the

The most striking observation of this work is the demon- Measurement or during a measurement over a sufficient time

stration of the increased PSI fluorescence in whole thylakoid Scalé, some changes in the fluorescence pattern could be
membranes at 77 K, where the contribution of PSII and PS| Wrongly attributed to PSII. However, the variable part of
can be clearly distinguished, upon reduction of the endog- the fluorescence induction rise within the first second of
enous PQ pool by NADPH (Figure 5). This effect cannot €Xcitation should not be affected by the effects of PQ on
be attributed to state transition as no ATP needed for LHCII PS! since the redistribution of the PQ molecules in the
phosphorylation was added to the thylakoids and the maximalthylakoid membranes operates with a half-tiniése (58).
level of fluorescenceR,) measured by fluorescence induc- !N conclusion, the present study shows that the redox state
tion rise was not significantly affected by the incubation of Of the endogenous PQ pool has a significant influence in
thylakoids in the presence of NADPH (data not shovég, ( the balance of PSI dissipative pathways. This mechanism is
56). Additionally, the retardation of P700 photooxidation by likely to improve the maximal PSI activity under conditions
dPQ, measured in PSI submembrane fractions was alsoWhere PSII activity is high and could contribute to an
observed in isolated thylakoids (Figure 5B). Clearly, the €nhancement of the PSI turnover rate when CET routes are
redox state of the endogenous PQ pool can have a significanfavored.
effect on PSI energy dissipation. An illustration of the action
of oxidized PQ on Chl excited states of PSI antennas is ACKNOWLEDGMENT
presented in Figure 6. The authors thank Dr. Jerzy Kruk for providing PQ
It is likely that endogenous PQ molecules are contact with molecules and Johanne Harnois for helpful professional
the antenna of PSI complexes in the thylakoid membranes.assistance. D.J. was recipient of graduate fellowships from
Even if rapid diffusion of PQ is thought to be limited to Fonds Qubécois de Recherche sur la Nature et les Tech-
small microdomains close to PSII, slow long-range diffus- nologies and NSERC.
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