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ABSTRACT: Although fluorescence is widely used to study photosynthetic systems, the mechanisms that
affect the fluorescence in photosystem Il (PSIl) are not completely understood. The aim of this study is
to define the low-temperature steady-state fluorescence quenching of redox-active centers that function
on the electron donor side of PSII. The redox states of the electron donors and acceptors were systematically
varied by using a combination of pretreatments and illumination to produce and trap, at low temperature,
a specific charge-separated state. Electron paramagnetic resonance spectroscopy and fluorescence intensity
measurements were carried out on the same samples to obtain a correlation between the redox state and
the fluorescence. It was found that illumination of PSII at temperatures between 85 and 260 K induced
a fluorescence quenching state in two phases. At 85 K, where the fast phase was most prominent, only
one electron-transfer pathway is active on the donor side of PSIl. This pathway involves electron donation
to the primary electron donor in PSII, P680, from cytochrdmigand a redox-active chlorophyll molecule,

Chlz. Oxidized Cht was found to be a potent quencher of chlorophyll fluorescence with 15% of oxidized
Chl; sufficient to quench 70% of the fluorescence intensity. This implies that neighboring PSII reaction
centers are energetically connected, allowing oxidized; @hla few centers to quench most of the
fluorescence. The presence of a well-defined quencher in PSIl may make it possible to study the
connectivity between antenna systems in different sample preparations. The other redox-active components
on the donor side of PSII studied were the&Yolving complex, the redox-active tyrosines,(ahd Yp),

and cytochroméysse. NoO significant changes in fluorescence intensity could be attributed to changes in
the redox state of these components. The fast phase of fluorescence quenching is attributed to the rapid
photooxidation of Chi, and the slow phase is attributed to multiple turnovers providing for further oxidation

of Chlz and irreversible photoinhibition. Significant photoinhibition only occurred at Chl concentrations
below 0.7 mg/mL and above 150 K. The reversible oxidation of @Ghintact systems may function as

a photoprotection mechanism under high-light conditions and account for a portion of the nonphotochemical
fluorescence quenching.

Fluorescence is used to probe a wide variety of photo- in the fluorescence yield is observed. It has also been
synthetic systems from isolated proteins to whole organismsproposed that the redox state of the primary electron donor
including single cell algae and plants. Many properties can of PSII (P680) can influence the fluorescence of PSII. This
be studied by fluorescence spectroscopic techniques. Thes@roposal stemmed from the observation that samples in which
range from detailed studies of energy and electron transfercytochromebsso (Cyt bssg) was preoxidized by treatment with
in isolated proteins, where fluorescence is used as a directferricyanide prior to freezing have a lower peak fluorescence
probe of the excitation dynamics (van Gorkom, 1986; Schatz intensity at 77 K than samples with Chtse prereduced
et al.,, 1988), to studies of plant stress levels, where (Okayama & Butler, 1972). It was observed that the changes
fluorescence is used as a probe of the photosynthetic viabilityin fluorescence intensity did not follow the reduction of Q
of the plant (Renger & Schreiber, 1986). However, the (then known as C-550), but rather followed the oxidation of
mechanisms that affect fluorescence on a molecular levelCyt bssg (Butler, 1972). Okayama and Butler (1972)
are not yet completely understood. suggested that a relatively strong oxidant on the donor side

It has been known for a long time that the redox state of of PSII is oxidizing Cytbsse this oxidant would be left in
the electron acceptor, Qin photosystem Il (PSH)affects an oxidized state in ferricyanide-treated samples, and might
the chlorophyll (Chl) fluorescence intensity (Duysens & act as a fluorescence quencher. Butler and co-workers
Sweers, 1963). When Qis reduced, quenching of the proposed that P680s the strong oxidant, and that it acts as
excitation by charge separation is blocked, and an increasea fluorescence quencher (Butler et al., 1973). Light-induced

guenching of fluorescence was also observed by Kyle et al.

T This work was supported by a grant from the National Institutes (1983) at 77. K'in chloroplast fragment§ and whole 'e".’“"?s'
of Health (GM 32715) and by a Rudolph Anderson Postdoctoral |h€ quenching was observed preferentially at PSIl emission
Fellowship. wavelengths, and was attributed to quenching in PSII reaction

® Abstract published ildvance ACS Abstract§eptember 1, 1997.  centers due to reduction of pheophytin.

1 Abbreviations: Chl, chlorophyll; Chj a redox-active chlorophyll .
in photosystem II; Cybsss, cytochromebssg DCBQ, 2,5-dichlorop- Since the work of Butler and co-workers and Kyle et al.,
benzoquinone; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; DMSO, a more complete picture of the electron-transfer reactions in
dimethyl sulfoxide; EPR, electron paramagnetic resonance; OBC, O pg)| has been developed. A representation of the current
evolving complex; Pheo, pheophytin; PSII, photosystem II; P680, . . - . .
primary electron donor in photosystem Iz Quinone A: @, quinone picture of the electron-transfer reactions in PSII is shown in

B; Yp, tyrosine D; Y, tyrosine Z. Figure 1. In this scheme, the primary electron-transfer
S0006-2960(97)00920-3 CCC: $14.00 © 1997 American Chemical Society
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Cytbsg, standing of the electron-transfer reactions in PSII, coupled
with the observation that Cylsse reduces the quenching
Chl, species (Butler et al., 1973), one would predict that the
relatively strong oxidant functioning as a fluorescence
— — — guencher observed by Butler and co-workers (Okayama &
—= e P?io = PheoI==0, Butler, 1972; Butler et al., 1973) is GHi, and that the light-
induced fluorescence quenching observed by Kyle et al.
Yo (1983) was due to the formation of Ghlinstead of reduced
) . pheophytin.
Ficure 1: Electron-transfer pathways in PSIl where P680 is the . . .
primary electron donor. Pheo is a pheophytin moleculg,i€a Given the extensive use of fluorescence spectroscopy in
bound quinone molecule,pyis a redox-active tyrosine, Ghis a the study of photosynthetic systems, it is important that a
redox-active chlorophyll molecule, Cgtsqis cytochromebssg, Yz more complete understanding of the physiological and

is a redox-active tyrosine on the main electron-transfer pathway,
and S are the S states of the,@volving complex. The double
arrows indicate the reversibility of electron-transfer pathways.

pathway is from the @evolving complex (OEC) to Q The

physical mechanisms controlling the fluorescence be ob-
tained. In order to understand better the mechanisms of
fluorescence quenching in PSII, a study of the effect that
: e . . the redox-active components of PSII have on its fluorescence
charge transfer reactions are initiated when light energy is emission was undertaken. By taking advantage of methods

absorbed in the antennas and transferred to P680; the, hienare PSII in well-defined stable redox states used to

excitati.on energy on'P680 then produces an elegtr on tranSferelucidate the electron-transfer pathways described above, we
to Qa via a pheophytin molecule, Pheo. The positive charge

. . were able to study the effect of each redox component on
Ieft_on P680. IS then_ rereduced by t_h_e S states via a redox-the fluorescence intensity. EPR and fluorescence measure-
active tyrosine residue, Y In addition to the primary

electron-transfer pz?\thway, two secondary eIectron-transfermgp t; Vg\;s(r)?j C?(;rrlri?act)igtnog(:g\‘feﬁnﬁ es arg]g CI)()a(s,S:;Jes 22;“{;&9
pathvv_ays are depicted in Flgurc_a 1. Th.ese are electronﬂuorescence intensity could be made.
donation from a second redox-active tyrosine moleculg, Y o o )
and donation from a redox-active Chl molecule, Chl In an initial description of this work_, we_rep_orted that PSII_
Oxidized Chy can be rereduced by Cyisss Multiple fluorescence was quencheo! gnder illumination at.cryogenlc
turnovers of the reaction center occur agi@oxidized by ~ temperatures, and that significantly more quenching occurs
a second quinone molecules @not pictured in Figure 1). under cpndmons Whe_re Ghilis formed versus o>_<|<_j|zedDY
Control of the electron-transfer reactions in PSl! is possible (Schweitzer & Brudvig, 1995). However, sufficient work
with the use of different illumination temperatures, along had notyet been done to ascertain what role the other redox-
with reductive and oxidative reagents (de Paula et al., 1985;active components in PSIl may play in the fluorescence
Buser et al., 1990; Miller & Brudvig, 1991; Buser et al., duenching. In this paper, we build on the previous work by
1992) At room temperature, the primary electron-transfer ascertaining the effect of other PSII redox centers on the
pathway involving the S states dominates. Continuous fluorescence, and by explaining the biphasic character of the
illumination at 0°C results in the complete oxidation ofY induction of the fluorescence quenching. The stable chlo-
and the resulting ¥ EPR signal can be used as a spin rophyll cation radical (Chf") is shown to be a potent
standard. At 200 K, the electron-transfer reactions are quencher of PSII fluorescence, and all other redox compo-
essentially limited to one turnover, since the proton-coupled nents studied are found to have no effect on the fluorescence.
electron transfer from Qto Qs is extremely slow or blocked ~ The fluorescence quenching is induced in a fast and a slow
entirely at this temperature. Oxidation of,Yalso proton- ~ phase. The fast phase is due to rapid oxidation of Girid
coupled, is very slow at 200 K, and the dominant electron- the slow phase is a combination of multiple turnovers
donation pathway is from a single advance of the S states,providing for further oxidation of Chland photoinhibition.
Sit0 S. Itis possible to produce this reaction in high yield
by using samples dark-adapted &@@ These samples are MATERIALS AND METHODS
homogeneously in the ;Sstate prior to illumination, and .
would undergo a transition from:S0 S upon 200 K Sample Preparatlons Psll mgmbranes were pr_epared
illumination. At progressively lower temperatures below 200 from '_“"?“ket spinach and stored in the dark at 77 K, in buffer
K, there is a competition between the formation of the S COntaining 30% v/v ethylene glycol, 15 mM NaCl, and 20
state and the secondary electron-transfer pathway involvingMM tricine at pH 8.0, and at a chlorophyll concentration of
Cyt bssoand Chy such that with decreasing temperature the 2> M9/mL (Berthold et al., 1981; Beck et al., 1985). PSlI
secondary electron-transfer pathway becomes more impor_membrane samples were then diluted to a Chl conqentratlon
tant. Below 100 K, this secondary electron-transfer pathway ©f 0-02-0.2 mg/mL in the same buffer, and an internal
is the only one active on the donor side of PSIl. P680 fluorescence standard (Schweitzer & Bru_dwg_, 1996) was
oxidizes Ch} which is rereduced by Cylisso in centers that added at 0.3 mM (except data presented |n'F|gure 2). Al
contain reduced Cylisss In centers where Cilissois in an samples were at pH 8.0 unless noted othganse. Samp_les at
oxidized state when the sample is frozen, Cisl stably pH 6.0 used .20 mM MES as the buffer instead of tricine.
oxidized. P680 does not form a stable radical even upon Non-O-evolving Mn-depleted samples were obtained by
illumination at 77 K, as was previously proposed (Okayama treating _PSII membra_nes with 5 mM hydroxylamine (Tamura
& Butler, 1972); rather P680is always reduced by the Cyt & Cheniae, 1987; Miller & Brudvig, 1989).
bsso—Chl; pathway or by charge recombination. Also, Fluorescence and EPR measurements were carried out on
reduced pheophytin is not formed under 77 K illumination the same sample in order to obtain a good correlation
as proposed by Kyle et al. (1983). With this new under- between the redox state present and the fluorescence
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intensity. EPR measurements are typically done at concen-(Neslab Endocal RTE-9DD) flowing through the block of
trations of a few milligrams per milliliter of Chl, while  the sample cell. All @evolution rate measurements were
fluorescence measurements are ideally done at concentrationtaken with 10ug of Chl, and 25uL each of 100 mM
of a few tens of micrograms per milliliter or lower. The ferricyanide and 25 mM DCBQ (DMSO solution) in 2.4 mL
Chl concentration is kept low in fluorescence measurementsof buffer containing 20 mM MES, 15 mM NaCl, and 20
in order to avoid problems with reabsorption of the fluores- 20 mM CaC} at pH 6.0. The Chl concentration measure-
cence. However, EPR measurements with PSII samples aiments were done spectrophotometrically (Arnon, 1949).
a few tens of micrograms per milliliter are virtually impos- The experimental protocol for measuring the amount of
sible. In an effort to strike a balance between these two photoinhibition induced by illumination at low temperature
considerations, an intermediate Chl concentration of 0.2 mg/was as follows. A PSIl membrane sample was divided into
mL was used for these experiments. At 0.2 mg/mL Chl, two parts, one of which was illuminated in an EPR tube in
there was some reabsorption of the fluorescence particularlythe glass cryostat used for the fluorescence measurements.
on the short wavelength side of the spectrum, but an easilyThe other part was kept in the dark on ice during the
reproducible measure of the fluorescence intensity was still illumination. The Q-evolution rate of both samples was
possible. At higher concentrations, it became increasingly measured, and the evolution rate of the illuminated sample
difficult to measure the fluorescence intensity reproducibly, was scaled to that of the sample kept in the dark. The
most likely due to inhomogeneities in the sample (Schweitzer standard deviation of three measurements is shown as error
& Brudvig, 1996). Also at 0.2 mg/mL Chl, an accurate bars in the figures. A second measurement of the control
guantitation of the organic radical EPR signal from PSIl was sample was also made, after freezing and thawing it in the
possible. However, it was not possible to see the EPR signalsdark, to verify that the freezing itself did not inhibit the
from the metal centers in PSII at this concentration. In order sample. Incubating the sample at 200 K in the dark for as
to ascertain the potential role of redox-active components long as 140 min had no effect on the fluorescence intensity
not visible by EPR spectroscopy at low concentration, we nor the GQ-evolution rate. Typical @evolution rates were
relied on the clear picture of the electron-transfer pathways 300-450 umol of O, (mg of Chly? h™! for untreated
and the methods of controlling the redox state of PSIl (de samples.
Paula et al., 1985; Buser et al., 1990, 1992; Miller & Brudvig, = Ethylene glycol alone was used as a cryoprotectant except
1991). for samples with 50% or greater v/v cryoprotectant. For the
llluminations for the combined EPRIuorescence experi- 50, 55, and 60% cryoprotectant samples, 30% v/v ethylene
ments were carried out with a 50 W quartangsten halogen  glycol and 20, 25, and 30% v/v glycerol were used,
lamp (700 W/m). Yp* was formed by illumination for 26 respectively. Higher cryoprotectant concentrations were not
min at 0°C followed by 15 s of dark and then freezing in used to avoid damage of PSII due to the cryoprotectant alone
liquid nitrogen. In order to trap ¥, a sample was first  (Hillier et al., 1997). At the cryoprotectant concentrations
illuminated at 0°C for 6 min in order to induce ¥ fully, used, little or no loss of @evolution rate was observed in
followed by a brief illumination (5 s) at room temperature, samples kept on ice in the dark for several hours.
and then a dry-ice/acetone bath was raised to freeze the Fluorescence Measurementén order to obtain an ac-
sample while still under illumination (Tang et al., 1996). curate measure of the relative fluorescence in different frozen
Finally, the sample was quickly wiped and immediately samples, an internal chelated terbium fluorescence standard
plunged into liquid nitrogen in the dark. The entire was used which does not affect the & olution of PSII up
procedure after the initial °C illumination took ap- to 1 mM (Schweitzer & Brudvig, 1996). The Chl fluores-
proximately 20 s. When doing fluorescence and EPR cence intensity was scaled to that of the standard, making it
measurements on the same samples, the samples were kepbssible to eliminate effects of the differing optical properties
frozen by quickly transferring them between the cryostats of the samples due to differences in freezing. When using
and liquid nitrogen. In this way, the same state was assayedthe terbium-chelate complex, it was not possible to use
in both measurements. colored oxidants, since the oxidants interfered with the
The excitation light used for the fluorescence measure- emission standard. Control of the redox state of PSlI in this
ments was of sufficient intensity<60 W/n¥) that a work was obtained through a combination of prereduction
maximum fluorescence was achieved within a few secondswith ascorbate, depletion of Mn, and use of different
of illumination at which time the intensity was recorded, Q illumination temperatures.
was assumed to be entirely reduced under these conditions Fluorescence intensity measurements were made with a
for all fluorescence measurements. Perkin Elmer fluorescence spectrophotometer (Model 650-
O,-Evolution Rate Measurementd'he Q-evolution rate 40) equipped with a home-built nitrogen-flow glass cryostat.
measurements were carried out as described in Beck et alThe ratio of the Chl fluorescencée( = 468 nm,lem = 685
(1985) with the following changes. Measurements were nm) to the TB* emission fex = 310 nm,Aem = 547 nm) of
made with a Clark-type electrode (YSI 5331 standard oxygen the internal standard was measured at four different positions
probe) connected to an amplifier (YSI 5300 two-channel onthe sample, and an average of the intensity ratio was used
biological oxygen monitor) and mounted into a home-built to represent the fluorescence intensity. The excitation and
sample cell. The cell was equipped with a tapered light pipe emission slit widths were 2 and 10 nm, respectively. Each
to concentrate the light from a 1000-W quartrmlogen lamp of the four measurements was made as quickly as possible
filtered by a heat-absorbing (Schott KG-5) and long-pass with a minimum exposure to the excitation light so that the
filter (Oriel LP 610). It was possible to obtain saturating redox state of PSIlI was not significantly affected by the
light for sample concentrations up to 26/mL of Chl under measurements. The measurements were, however, of suf-
these conditions. The temperature was held constant at 25icient length to form Q~ and represent measurements of
°C by water from a temperature-controlled circulating bath Fna The time-dependent fluorescence measurements were
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FicURE 2: Time-dependent fluorescence intensity during illumina- Time (min)

tion at 85 K of PSIl membrane samples reduced with 15 mM FiGure 3: Time-dependent fluorescence intensity during illumina-
ascorbate (upper) and oxidized with 2 mM hexachloroiridate (lower) tion of untreated PSII membrane samples at 0.2 mg/mL Chl, pH
at 0.02 mg/mL Chl, pH 8.0, and 30% ethylene glycol. The samples 8.0, and 30% ethylene glycol. The individual traces were taken at
did not contain the terbium internal standard, and the fluorescencethe indicated temperature on different samples and scaled to their

of two matched samples was not scaled. peak intensity.
recorded with a program written with LabView (National 350
Instruments) on a Macintosh SE. Only the excitation beam 3 200
illuminated the sample during the time-dependent fluores- S @)
cence measurements with the spectrophotometer conditions 2 P
the same as above. g 201
EPR MeasurementsEPR measurements were carried out £ 150 &
on a home-built X-band spectrometer interfaced to a Ma- g,, 100
cintosh lIx computer and equipped with an Oxford ESR- @ 50
900 liquid-helium cryostat. All EPR spectra were taken at
15 K, 1.8uW, 9.07 GHz, 3280 G field center, 100 G sweep e a0 a3 e
width, and a 4 G modulation amplitude. p¥induced by 0 Field (Gauss)

°C illumination was taken to be one electron spin, and wWas g re 4: EPR spectra of the organic radical region of sample 1
used as a spin standard (Babcock et al., 1983; Miller & from Table 1. (a) An untreated PSIl sample at 0.2 mg/mL Chl was
Brudvig, 1991). A spectrum of the empty cavity was illuminated for 6 min at 0°C to induce % fully, and then (b)
subtracted from all spectra. A double integral of the first- /lluminated at 77 K for 1 min.

derivative spectrum was used to quantitate the amount of

organic radical present. An uncertainty-b10% was typical The Fast Phase of Fluorescence Quenching

for the EPR measurements. The fact that the fluorescence quenching occurs at
cryogenic temperatures suggests that the Gy/Chl;
RESULTS electron-donation pathway of PSlI is involved in the quench-

ing, because at 85 K other electron-donation pathways are

AS _shown n _F_lgure 2, the fluorescgnc_e_ intensity of a known to be inactive and more complicated chemistries are
chemically preoxidized PSIl sample was significantly quenched unlikely to occur. Also, the fast phase is more prominent

relative to a prereduced sample when illuminated at 85 K. 4 the slow phase at 85 K, indicating that it is the result
Previous measurements under these conditions have showgs 41 electron-transfer reaction involving the QxtJ/Chl;

that illumination at 85 K results in the quantitative oxidation pathway. A series of experiments was carried out examining
of Chlz and Cytbsse in the oxidized and reduced samples, the effect that Cythsss, Chl;, and the other redox-active
respectively (de Paula et al., 1985). These results provide acomponents on the donor side of PSII have on the fluores-
strong indication that Chf is a potent quencher of fluores- cence intensity.

cence. However, time-dependent changes in fluorescence oyidized Chi. An untreated PSII sample was illuminated
quenching also occurred and were most pronounced in thegt 9°C, producing fully oxidized ¥ as is seen in Figure 4a.
reduced sample. The quenching induced by the fluorescencerhe fluorescence intensity was then measured at 85 K.
excitation light occurred in two phases which are clearly Thereafter, the sample was reilluminated at 77 K for 1 min,
visible in untreated samples at 85 K, where a rapid quenchingand both the fluorescence intensity and EPR spectrum were
of the fluorescence occurs in the first few minutes, and a remeasured. The relative intensities of the fluorescence and
slow phase occurs over a period of many hours (Figure 3). EPR signals are listed in Table 1. Under these conditions,
At higher temperatures, both the rate and the amount of theChl; was oxidized in 10% of the samples, and the fluores-
fast and slow phases increase, such that at 200 K thecence intensity was quenched by 26%.

amplitude of the fluorescence has dropped to 20% of its When samples illuminated at 77 K are warmed to room
original value afte 2 h of illumination. In order to temperature, Cht is quickly reduced, while Cybssg can
understand the processes that are involved with the formationremain oxidized for long periods of time. This suggests that
of the quenching state, it is useful to consider the slow and the fluorescence quenching should be reversed when the
fast phases separately. We first consider the fast phase, andample is briefly warmed to room temperature, if £his

then the slow phase. the quenching species. In order to test this, an untreated
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Table 1: Data from Fluorescence and EPR Measurements of the quenCher’ we also want to ascertain whether other redox

Same Sampfe centers in PSII contribute to quenching.
illumination  fluorescence Oxidized Cytochromesk. Two identical samples con-
sample sequence intensity ~ Yo* Chlztb Yz b taining 15 mM sodium ascorbate were incubated for 30 min
1. untreated 6 min, 6C 1.00 1.00 — in the dark in order to prereduce Clisg before freezing.
1min, 77K 0.74 1.00 0.10 The EPR spectrum for one of the samples was measured in
2. untreated 5 min, C 100  1.03 - a dark-adapted state (sample 3 in Table 1) to establish how
?hoajv’ %Oga}fk 8:;8 3:89 _0'17 much Yp* was present prior to illumination. This sample
3. ascorbate dark-adapted 0.63 was illuminated for 20 s at 200 K to advance the S states
treated 20s, 200K 0.94 0.67 from S, to S, producing the Sstate Cythssd®Qa~ (see the
4.ascorbate 60, 77K 1.06 063 introduction). The fluorescence intensity and the EPR
5. untreated dark-adapted 1.00 0.43 spectrum were then measured. The amount @fpresent
6 min, 0°C 1.60 1.00 in the sample was essentially unchanged by the 200 K
6. Mn-depleted 22 ’T"”vo?g 8-;5 i-gg “os;  ilumination, being 63 and 67% before and after the
n\}\',ﬂ’ne freezing ' ' ' illumination, respectively. The second sample (sample 4,
7. untreated 5 min, 6C 1.00 1.00 — Table 1) was illuminated at 77 K before doing the fluores-
o deoxygenatedzcg”;i?ﬁ Eago K f-oloz 11.60(? 07 cence and EPR measurements. Though it was not possible
' 20 min, 200 K 034 100 011 to measure directly the amount of oxidized @y, induced

illumination, the charge- r r
aFluorescence was measured at 200 K, and EPR spectra Wereby the 77 K illu ation, the charge-separated state produced

it I 0X -
measured at 15 K. All samples were PSIl membranes at 0.2 mg/mL UNder these conditions is known to beCt bsss™Qa~ (see

Chl in 30% viv ethylene glycol buffer. See text for details of the the introduction). The fluorescence intensity was very
illumination protocol for each sample. EPR spectra were measured similar for the two samples, indicating that Clgdsg does
before and after the fluorescence measurement for samples 5 and 6ngt affect the fluorescence intensity.

Errors in all measurements are approximatel0%.° Chl;* and Yz* Oxidized ¥. In order to ascertain whetherpYis a

amounts were estimated t_)y integrati_ng the organic radical region of fl her i d | |
the spectrum and subtracting one spin fay.Y uorescence quencher in PSIl, an untreat.e sample (samp e
5 in Table 1) was dark-adapted for 30 min before freezing
o , in liquid nitrogen in the dark. The fluorescence intensity
PSII sample (sample 2, Table 1) was first illuminated at 0 55 measured and set to a value of 1.00. The sample was
°C for 5 min to induce ¥* fully, then illuminated for 90 s e jluminated at GC for 6 min to oxidize % fully, and
at 200 K to induce a quenching state, and finally thawed ¢ forescence intensity was remeasured, producing a
briefly to relax the quenching state and refrozen. The (q|qive value of 1.60. The EPR spectra were measured
fluorescence intensity and EPR spectra were measured aftefofore and after each fluorescence measurement. The
each manipulation. The initial fluorescence intensity after 5ount of Yo' present in the sample increased from about
the 0°C illumination was set to a value of 1.00, and the 4304 t0 an assumed 100% after the illumination.
initial and postthawing areas of the EPR spectra were The g°C jllumination more than doubled the amount of
averaged to represent one spin of YTable 1). Afterthe v . hyresent in the sample, and produced an increase in the
200 K illumination, the fluorescence intensity was quenched §,orescence intensity of 60%. This makes it clear thgt Y
to 29% of the initial value, and the area of the organic radical ig not 4 fluorescence quencher. The increase in fluorescence
increased by 17%. Although it was not possible to decon- intensity after the 0°C illumination may be due to the
volute the percentage ofpYand Chy™ present in the spectra,  ormation of a small amount of G during the illumination
the increase in area in the EPR spectrum could be assigned,seq to measure the fluorescence at 200 K. lllumination at
to Ch" based on the spectral line shapes which showed j o is known to increase the amount of reduced Bryt
the second hyperfine peak ofto be significantly larger  present in the sample (Buser et al., 1992). This would result
than the first (data not shown). Also, the only other i the formation of less Cht upon illumination at 200 K,
interfering organic radical would be oxidized,,Yand it is thereby producing a higher fluorescent state.
unlikely that oxidized ¥ was stably formed under these Oxidized ¥. Oxidized Y, can be trapped in Mn-depleted
conditions. Thawing and refreezing the sample produced asamples frozen under illumination (Tang et al., 1996). In
recovery in the fluorescence intensity to 90% of its initial 5qer to test whether ¥ acts as a fluorescence quencher,
value, and the area of the EPR spectrum relaxed to its originalihe fluorescence intensity of a Mn-depleted sample was
value. compared after illumination at 8C (2 min) to induce ¥
This experiment shows that the fluorescence quenchingfully, and after illumination to trap ¥, sample 6 in Table
induced by brief illumination at cryogenic temperatures is 1. A Mn-depleted sample was used because the lifetime of
reversible, and indicates that Ghlis the quenching species. Y, is too short to allow it to be trapped in,@volving
The fast phase of the fluorescence quenching in Figure 3samples. The fluorescence intensity was 72% after the 0
can be accounted for by rapid photooxidation of £hTrhe °C illumination, and 81% after being frozen under illumina-
yield of Chl™ produced in the experiments reported here is tion (Table 1). The fluorescence was scaled to an initial
relatively low, because chemical oxidants were not used to value measured from this sample in a dark-adapted state prior
preoxidize Cythsss As shown in Figure 2, the amount of to the illumination steps. The EPR measurements of the
guenching induced in a chemically preoxidized sample is organic radical region of the spectrum show that ap-
greater. However, it is also likely that complete oxidation proximately 70% oxidized ¥was trapped when frozen under
of Chlz is not necessary to achieve the maximum amount of illumination (Table 1). The tyrosine radical EPR signal was
guenching, since 17% of oxidized Gl sufficientto quench  observed to decrease from 1.7 before to 1.4 spins after the
the fluorescence by 71%. Although Ghlis clearly a second fluorescence measurement. This decrease is probably
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Ficure 5: Time-dependent fluorescence intensity during illumina- FiGURE 6: Relative Q-evolution rate of PSIl membrane samples

tion at 200 K of PSIl membrane samples at 0.2 mg/mL Chl, 30% at 0.2 mg/mL Chl, 30% ethylene glycol, and pH 8.0 after

ethylene glycol, pH 8.0. The traces are from separate samples,illumination at 200 K for different lengths of time. The-@volution

treated as indicated and scaled to the maximum intensity. rate was scaled to that of an untreated sample which was left in
the dark on ice during the illumination.

due to the reduction of ¥ during the fluorescence measure-

ment at 200 K. We have observed a slow decay gfat 100 4 ) L100 o
200 K which is attributed to ¥Qa~ charge recombination. @ . 15 ; 3 §§
However, the fluorescence intensity was not significantly & 5 8 = % } Y
changed when the sample was frozen under illumination. g £ H ES
This result strongly indicates the oxidation state efddes £ 8% 5 [ &7
not influence the fluorescence intensity. R Lo B -

Mn S States lllumination at 77 K of samples prereduced Mg 5%
with ascorbate leaves the OEC in the Sate (sample 4, © 204° M . M §§
Table 1), while illumination at 200 K advances thesgate e o<
to S (sample 3, Table 1). The fluorescence intensities of 0 | A U
these two were essentially the same, indicating that the states Chlorophyll Concentration (mg/ml)

S; and S have the same effect on the fluorescence quenching.

Also, the light-induced quencher is formed in Mn-depleted Ficure 7: Effects of ethylene glycol, pH, and Chl concentration

on the Q-evolution rate and fluorescence intensity of PSII

samples at 77 K in much the same way as ire@olving membrane samples illuminated for 140 min at 200 K. The
samples. These observations rule out any significant par-O.-evolution rate in samples with different percent ethylene glycol
ticipation of the S states in the quenching process. and pH are presented: 30% and pH 8.0 (solid circles), 20% and

pH 8.0 (open circles), and 30% and pH 6.0 (open squares). The
relative fluorescence intensity (scaled to the preillumination inten-
sity) of samples with 30% ethylene glycol and pH 8.0 is also plotted
(solid diamonds).

The Slow Phase of Fluorescence Quenching

In order to understand better the slow phase of the
induction of fluorescence quenching, the formation of a K was 10% of the preillumination value, and the intensity
quenching state was compared in four samples illuminatedonly recovered to 40% of the preillumination value after
at 200 K (Figure 5). Deoxygenating a sample, by three thawing and refreezing. This compares with a recovery of
freeze-pump—thaw cycles, resulted in a significant reduction 90% of the fluorescence upon thawing and refreezing
in the slow phase and a corresponding decrease in the yieldsubsequent to a 90 s illumination at 200 K, sample 2 in Table
of Chlz* during illumination, samples 7 and 8 in Table 1. 1.

This experiment shows that,Quas acting as an electron  The irreversible formation of a fluorescence quenching
acceptor, providing for multiple turnovers of PSII which state was found to correlate with an irreversible loss gf O
resulted in a higher yield of Cht and a greater yield of  evolution activity. Figure 6 shows the remaining,-O
fluorescence quenching. Experiments with higher sample evolution activity in a series of samples which were
concentrations of a few milligrams per milliliter Chl did not jlluminated at 200 K for different lengths of time. After
show evidence of multiple turnovers at 200 K (data not 140 min of illumination, the @evolution rate was reduced
shown). This was probably due to the low relative concen- to roughly 50% of the control. Longer illumination up to 4
tration of G to PSII at higher PSII concentrations. In either h did not produce any further photoinhibition. Deoxygen-
oxygenated or deoxygenated samples, the addition of DCMU ating the sample in the dark prior to illumination at 200 K
had little or no effect on the time course of fluorescence produced the same amount of photoinhibition as an untreated
quenching, indicating that electron transfer tg@ @ not sample (data not shown).

involved in the formation of the quenching state. The Chl concentration had a significant effect on the

Part of the slow phase of quencher formation is due to irreversible loss of @evolution activity and the fluorescence
multiple turnovers of PSII resulting in further oxidation of (Figure 7). The fluorescence intensity was quenched in
Chlz, but the slow phase was not completely eliminated upon samples at high chlorophyll concentration to a level ap-
deoxygenation (Figure 5). Also, while the fluorescence proximately 20% of the unilluminated value. At lower
quenching in samples that were exposed to brief illumination chlorophyll concentrations, more quenching was induced,
was completely reversible upon thawing the sample, long which correlates with a dramatic increase in the amount of
illumination resulted in partially irreversible quenching. The photoinhibition induced at chlorophyll concentrations below
fluorescence intensity of a sample illuminated fch at 200 about 0.7 mg/mL. With increasing Chl concentration, the
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Ficure 8: Relative Q-evolution rate of PSII membrane samples
at 0.2 mg/mL Chl, 30% ethylene glycol, and pH 8.0 illuminated at
different temperatures for 140 min.

state of the sample changed from a snow to a glass,
suggesting that ice crystal formation could play a role in the
irreversible effects of illumination. Therefore, the,-O
evolution activity and fluorescence intensity were measured
in a series of samples with ¥%0% cryoprotectant and
varying Chl concentrations after illumination for 140 min at
200 K (data for 20 and 30% ethylene glycol are shown in
Figure 7). Ice crystal formation appears not to be related to
the irreversible loss of Qevolution, because samples at 0.2
mg/mL Chl with different amounts of cryoprotectant showed
similar inhibition of G, evolution. Simply freezing and
thawing a sample also had no effect on thee@olution rate,
except at low cryoprotectant concentrationslb%). We

Biochemistry, Vol. 36, No. 38, 19971357

the slow phase is due to multiple turnovers of PSII providing
for further oxidation of Chl. At temperatures above 150

K, the fast phase is the same as at 85 K, and the slow phase
is a combination of multiple turnovers of PSIl and an
irreversible photoinhibition reaction.

A possible mechanism of quenching by ghivould be
that energy transfer occurs from the antenna Chl tg, Chl
where it relaxes nonradiatively. The absorption spectrum
of Chl cation radicals in solution (Hoshino et al., 1981)
indicates that a reasonably good overlap would exist between
the emission spectrum of the antenna Chl molecules (685
nm) and the absorption spectrum of higher excited states of
the Chl radical (broad peak at 730 nm). Good energy transfer
to Chi™ from the antenna should, therefore, be possible.
Once the excitation reaches ghl it would very quickly
relax to its lowest excited state &813 nm (Hoshino et al.,
1981), where it probably relaxes nonradiatively since fluo-
rescence from Chf has not been detected. This would
prevent the excitation from being detected in the fluorescence
measured at 685 nm or from promoting an electron-transfer
reaction. Back energy transfer from the Chl radical would
be prevented since there would be little overlap from between
the first excited-state emission spectrum of £hnd the
absorption spectrum of the antenna Chl. In this way;Chl
would effectively drain excitation energy out of the antenna.

The additional nonradiativedeexcitation pathway due to
Chlz* would be expected to shorten the fluorescence lifetime
of PSIl. Indeed, the lifetime of one decay component of

also examined the effect of pH on the irreversible changes, spinach PSII membranes was observed to decrease from 1.7

because pH has been found to have a significant effect onns to 650 ps, and the yield associated with this component

fluorescence quenching at physiological temperatures. How-decreased by a factor of 4 when the pH was lowered from

ever, no effect of pH was observed (Figure 7). 6.5 to 4 (Bruce et al., 1997). The lifetime shortening and
In Figure 8, the relative @evolution rate is plotted for  the associated decrease in the fluorescence yield were shown

samples illuminated for 140 min at different temperatures. to be due to quenching by a chlorophyll cation radical by

Below about 150 K, there was little or no inhibition produced observing absorption changes at 820 nm. This study

by the illumination. With increasing temperature above 150 assigned the quenching to be from P6&%s opposed to

K, the amount of photoinhibition induced increases until at Chlz*. It would be very difficult experimentally to distin-

260 K virtually no measurable £evolution was observed.  guish whether the quenching was from P680 Chl,*, since

It is likely that the photoinhibition processes and irreversible the spectral characteristics of these two species should be

fluorescence quenching observed at cryogenic temperaturegssentially identical. However, P68 a stronger oxidant

are the same as those observed at room temperature (e.gthan Chi*, and one would, therefore, expect that the redox

Chen et al., 1995), and that the decrease in photoinhibition equilibrium would favor the oxidation of Chleven at room

at lower temperatures is due to a decrease in the mobility of temperature where these experiments were done.

some chemical species important to the inhibition reaction. The presence of a potent fluorescence quencher in PSII
has implications on previous work done on the excitation
DISCUSSION dynamics in PSII. Our work indicates that only samples with
Four observations combine to give very strong support a highly intact OEC and fully reduced Ciptso would not
that Cht" is a potent guencher of Chl fluorescence in PSIl. contain some Chl" when illuminated at 200 K or lower
First, there is a strong correlation between the presence oftemperatures. Previous EPR experiments show that relatively
Chl;* and fluorescence quenching (Table 1). Second, the brief illuminations (about a few minutes) at 200 K of dark-
guenching state is formed at 85 K where the Gyt—Chl, adapted PSII produce the charge-separated state680
electron-transfer pathway dominates (Figure 3). Third, the Qa~, and little or no Chi* is formed (de Paula et al., 1985).
fluorescence quenching is reversible (Table 1). And fourth, With EPR spectroscopy, it is typical to be able to quantitate
other redox-active species were not found to affect the the amount of ChI" present in a sample to within an
fluorescence intensity (Table 1). accuracy of about 10%, so that small amounts of,Chl
Long illuminations (45 min) of PSII at 200 K result in  (approximately a few percent) would not be easily detected
the fluorescence intensity being quenched to levels as lowby this technique. Fluorescence, on the other hand, is a much
as 4-7% of the initial value. The induction of the more sensitive technique, and oxidation of small amounts
fluorescence quenching occurs in an initial fast phase Chl; by very brief illumination (-5 s) at 200 K results in
followed by a slower phase which is temperature-dependentsome fluorescence quenching. So the presence of even small
(Figure 3). The fast phase of the fluorescence quenchingamounts Cht™ must be taken into account in fluorescence
induced at 85 K is due to the rapid oxidation of grdnd measurements at cryogenic temperatures, particularly below
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110 K where the Cybssg—Chl; electron-transfer pathway  physiological conditions, there is at least one situation that
dominates. occursin vivo where it would be advantageous to have a

The identification of Chi™ as a fluorescence quencher also donor-side fluorescence quencher in PSII, that is during the
has implications for interesting future experiments. One photoassembly process of the OEC. Mn-depleted PSII is
could take advantage of the quenching effect by designing more susceptible to photoinhibition than-évolving PSII
experiments in which samples had different amounts of Chl  (Aro et al., 1993). This would imply that PSIl is more
and compare the excitation dynamics in these samples. Insusceptible to photodamage before the OEC becomes fully
this way, Ch}* could be used as a probe of excitation energy functional during photoassembly. The absence of a fully
transfer between different PSII complexes. A comparison functional OEC to reduce rapidly P68Qvould increase
of the 85 K fluorescence spectra of oxidized and reduced electron donation from Chl If a small amount of Chif
samples of PSIl membranes, prepared as in Figure 2, showsvere generated under steady-state high-light conditions, it
that the emission is significantly quenched at all emission could help protect the system from photoinhibition by
wavelengths (unpublished data). This shows that the Chlquenching some of the excitation energy before it produces
molecules are energetically well connected throughout the a charge separation. In this way, the rate of charge separation
antenna. Also, the fact that small amounts of oxidized Chl might be reduced to match the slower photoassembly process.
(~15%) can quench significant amounts of the fluorescence
(70%) already has implications about the connectivity of the ACKNOWLEDGMENT
antenna molecules in PSIl membranes, namely, that Chl' g\ 5 thanks Tom Owens for helpful discussions, par-
radicals in one PSII cgnter can quench fluorescence fromticularly about the proposed mechanism for £juenching.
other PSII centers. This would imply that antenna systems
from neighboring PSII are energetically connected, and that REFERENCES
excitation energy from an antenna could be used for Armon, D. 1. (1949)Plant Physiol, 241—15
gré)l(ljljccet::/tirzhotochemlstry by any one of many neighboring Aro, EY.-M., Virgin, I., & Andgrsson,yB. (1993Biochim. Biophys.

T L . Acta 1143 113-134.

The mechanisms of energy dissipation in plants under Bapcock, G. T., Ghanotakis, D. F., Ke, B., & Diner, B. A. (1983)
high-light conditions are being actively researched [see Long Biochim. Biophys. Acta 72276-286.
et al. (1994) and Horton et al. (1996) and references cited Beck, W. F., de Paula, J. C., & Brudvig, G. W. (19&5pchemistry
therein]. Nonphotochemical quenching within the antenna 24, 3035-3043.

. . Berthold, D. A., Babcock, G. T., & Yocum, C. F. (198EEBS
of PSII is thought to account for a considerable amount of Lett, 134 231—234.

the total quenching via the xanthophyll cycle (Demmig- pryce, D., Samson, G., & Carpenter, C. (198#ychemistry 36
Adams, 1990). In addition, quenching mechanisms within ~ 749-755.

the PSII reaction center have been considered (Schreiber &Buser, C. A., Thompson, L. K., Diner, B. A., & Brudvig, G. W.
Neubauer, 1990; Krieger et al., 1992). Although our work _ (1990)Biochemistry 298977-8985.

. Buser, C. A., Diner, B. A., & Brudvig, G. W. (199Biochemistry
does not address the question of whether fluorescence 31 11449-11459.

quenching due to Cht is important under physiological  pter, w. L. (1972)Proc. Natl. Acad. Sci. U.S.A. 69420-3422.
conditions, several observations suggest that, Chbuld Butler, W. L., Visser, J. W. M., & Simons, H. L. (197®jochim.
contribute to nonphotochemical fluorescence quenching. It  Biophys. Acta 292140-151.

has been found that acidification of thylakoid membranes Chen, G.-X., Blubaugh, D. J., Homann, P. H., Golbeck, J. H., &
causes an increase in nonphotochemical fluorescence quencrErChen'ae’ G. M. (1995Biochemistry 342317-2332.

ing [reviewed in Schreiber and Neubauer (1990) and Horton ‘igg'_ J., & Horton, P. (1991Biochim. Biophys. Acta 105887

et al. (1996)]. Increased quenching at low pH fits with @ pemmig-Adams, B. (1990Biochim. Biophys. Acta 1020—24.
role of Chk™ in nonphotochemical fluorescence quenching de Paula, J. C., Innes, J. B., & Brudvig, G. W. (198 chemistry
because formation of Chi was found to be enhanced at 24, 8114-8120. -

low pH in PSIl membranes at room temperature (Buser et Dul\%?é%ilgléé gh dMlgh (ft‘of%fﬁéﬁb Eéc'tzér(%%g?e;?“s‘gﬁﬁe t;’%f
al., 1992). In addition, Croft_s a”@' Horton (19_91) found t_hat Plant Physiologists, Ed.) pp 35372, University of Tokyo Press,
low pH-dependent quenching in PSII particles required  Tokyo.

oxidizing conditions, which would cause oxidation of Cyt Hillier, W., Lukins, P., Seibert, M., & Wydrzynski, T. (1997)
bsso and promote formation of Chit. However, alternative Biochemistry 3676-85.

explanations of pH-dependent quenching have been proposediorton, P., Ruban, A. V., & Walters, R. G. (1998hnu. Re. Plant

. . L. _ Physiol. Plant Mol. Biol. 47655-684.
including charge recombination between P6&nhd Q Hosh%lno, M.. Ikehara, K., InZamura, M., Seki. H., & Hama, Y.

(Krieger et al., 1992) or aggregation of the LHC II (Mul- (1981) Photochem. Photobiol. 345-81.

lineaux et al., 1993). It is not possible to rule out either of Krieger, A., Moya, I., & Weis, E. (1992Biochim. Biophys. Acta
these explanations given the current understanding of 1102 167-176.

quenching mechanisms in PSIl. However, a shortening of Kyle, D., Arntzen, C., Franck, F., & Inoue, Y. (198Bhotochem.
the fluorescence lifetime and a drop in the overall fluores- , Photobiol. 38 609-614.

. ] . hong, S. P., Humphries, S., & Falkowski, P. G. (1994inu. Re.
cence intensity were also seen in nonreduced versus reduced pjant physiol. Plant Mol. Biol. 45633-662.

chlorosomes and bacteriochlorophyiligomers (van Noort  miller, A.-F., & Brudvig, G. W. (1989)Biochemistry 288181
etal., 1997). Inthis case, the shortening of the fluorescence 8190. _ o _
lifetime and the drop in the fluorescence intensity may be Miller, A-F., & Brudvig, G. W. (1991)Biochim. Biophys. Acta

: - : : 1056 1—18.
ascribed to excited-state quenching by bacteriochlorophyll Mullineaux, C.. Pascal, A., Horton, P.. & Holzwarth, A. (1993)

c radicals. _ _ , Biochim. Biophys. Acta 11423—28.
While it is not possible from this work to say if the okayama, S., & Butler, W. L. (197Biochim. Biophys. Acta 267
fluorescence quenching due to ghlis important under 523-529.



Fluorescence Quenching in Photosystem Il Biochemistry, Vol. 36, No. 38, 19971359

Renger, G., & Schreiber, U. (1986) lright Emission by Plants Tamura, N., & Cheniae, G. (198Biochim. Biophys. Acta 890
and Bacteria(Govindjee, Amesz, J., & Fork, D. C., Eds.) pp 179-194.

=B7-619, Academic Press, Inc., New York. ! Tang, X.-S., Zheng, M., Chisholm, D. A., Dismukes, G. C., &
Schatz, G. H., Brock, H., & Holzwarth, A. R. (1988ophys. J. Diner. B A, (1936)Biochemistry 3514751484
Schréiber, u., & Neubauer, C. (199Bhotosynth. Res. 2279 van Gorkom, H. J. (1986) ihight Emission by Plants and Bacteria
293. (Govindjee, Amesz, J., & Fork, D. C., Eds.) pp 26289,
Schweitzer, R. H., & Brudvig, G. W. (1995) iRhotosynthesis: Academic Press, Inc., New York.
from Light to Biospher¢Mathis, P., Ed.) pp 807810, Kluwer van Noort, P. 1., Zhu, Y., LoBrutto, R., & Blankenship, R. E. (1997)
Academic Publishers, Dordrecht, The Netherlands. Biophys. J. 72316-325.

Schweitzer, R. H., & Brudvig, G. W. (199@iospectroscopy ,2
167-171. BI19709203



