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The Origins of Nonphotochemical Quenching of Chlorophyll Fluorescence in
Photosynthesis. Direct Quenching by P680 Photosystem Il Enriched
Membranes at Low pH
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ABSTRACT. In most plants and algae, a down-regulation of photosynthesis under “excess” light conditions
occurs which is associated with a quenching of chlorophyfluorescence. This nonphotochemical
guenching of chlorophylh fluorescence most likely arises from a mechanism which protects photosystem

Il from excessive excitation and resulting photoinhibition. In this report, nonphotochemical quenching
of variable chlorophylk fluorescence was induced by low pH in photosystem Il enriched spinach thylakoid
membranes. The origin of quenching was investigated with picosecond fluorescence decay spectroscopy
in samples suspended in buffers ranging from pH 6.5 to pH 4.0. The yield of a relatively slow
(approximately 1.5 ns) fluorescence decay process associated with the photosystem Il reaction center
decreased with decreasing pH. There were no significant changes in the yield of faster decay components
associated with photosystem Il antenna chlorophyfocesses. These results suggest a reaction center
based rather than antenna chlorophyll based mechanism for nonphotochemical quenching in these
preparations. Measurements of the photosystem Il absorption cross section revealed no decrease in the
functional antenna size at low pH which also supports a reaction center quenching mechanism. The
kinetics of electron transfer in photosystem Il were investigated using a pump probe spectrometer which
measured simultaneously the flash-induced absorbance change at 820 nm (formation of oxidized
photosystem Il reaction center pigment, P68&nd the variable fluorescence yield (formation of reduced
photosystem Il, electron acceptor, Q. A large increase in the lifetime of P68@t low pH was correlated

with fluorescence quenching. After flash excitation of photosystem Il the loss of fluorescence quenching
occurred with the same kinetics as the reduction of P680 conflict with reaction center based quenching
mechanisms based on charge recombination between"R68DQ,~ , the oxidation rate of @ was
unaffected by low pH and under all conditions occurred at a slower rate than the reduction &f P680
Our data are discussed in terms of a model for low pH dependent nonphotochemical quenching in
photosystem Il based on direct quenching by P680

The light harvesting capability (antenna size) of photo-  Three processes contributingg® have been described.
system Il (PSI is a compromise between maximizing These are photoinhibition, light state transitions, and high-
electron transport under low light conditions and minimizing energy orApH-induced quenching. These processes can be
photoinhibition under excess light. The effective antenna separated both kinetically and by their differing sensitivity
size of PSll is believed to be actively regulated by several to uncouplers, electron transport, and enzyme inhibitors and
related processes which are cumulatively termed nonphoto-Y light quality and quantity (Quick & Stitt, 1989). Pho-
chemical quenchingglN), the dissipation of absorbed light  toinhibitory quenchingdl) is induced by exposure to excess

energy as heat in competition with photochemical utilization !i9ht, has been correlated with damage to PSII, and has the
in the reaction centers. slowest kinetics (hours) of onset and recovery (Aro et al.,

1993). Quenching by state transitiorgT is induced by
preferential excitation of PSII, involves the phosphorylation
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1 Abbreviations: Chl, chlorophyllAAgzo, flash-induced absorbance . .
increase at 820 nme,, minimal fluorescence yieldE,, maximal Much of the total fluorescence quenching observed during

fluorescence yieldgy, Fn — Fo; Qa, primary quinone electron acceptor induction of photosynthesis at moderate light intensities is
of photosystem IIgN, nonphotochemical quenching of chlorophgll due toqE (Quick & Horton, 1984), and the inhibition ‘UE

fluorescencegE, energy-dependent quenching of chloropfayfiuo- formation has been correlated with an increased susceptibility
rescence; LHCII, light harvesting complex associated with photosystem

Il; P680, reaction center of photosystem II; Phe, pheophytin: Ps, Of PSII to photoinhibition (Krause & B_ehren‘i 198691E_ _
photosystem. has thus been proposed to be an indicator of an excitation
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energy quenching mechanism which safely releases absorbeiliners (1993). Excitation pulses of approximately 60 ps
energy as heat to serve a photoprotective role for PSIl duration at 665 nm were provided by a pulsed laser diode
(Horton & Ruban, 1992). (Hammamatsu PLP-01 with an LDHO067 laser head) operated
Numerous mechanisms have been proposed for high-at 10 MHz. The photon timing circuitry received reference
energy fluorescence quenching. They localize quenchingpulses from a fast avalanche photodiode (Hammamatsu
either in the antenna pigment bed (Crofts & Yerkes, 1994; S2381), and fluorescence was detected by a proximity-
Demmig-Adams, 1990; Genty et al., 1990; Ruban et al., focused microchannel plate photomultiplier (Hammamatsu
1992) or in the reaction center (Krieger et al., 1992; Noctor R2809U-11). The instrument response function had a half-
& Horton, 1990; Schreiber & Neubauer, 1990; Weis & Berry, Wwidth of 100 ps, and the time resolution limit after decon-
1987). Quenching in the antenna could involve LHCII and/ Vvolution was approximately 20 ps.
or the PSII core Chl antenna. Reaction center quenching Instrument response functions were determined by col-
could involve excitation trapping by a nonphotochemical lecting excitation scattered from a suspension of@Batex
quenching state of the reaction center (Weis & Berry, 1987), beads in distilled water before and after the determination
an energy-dissipating recombination reaction (Krieger et al., of every fluorescence decay. Individual fluorescence decays
1992; Schreiber & Neubauer, 1990), or a cyclic electron were collected until at least & 10* counts in the peak
transport pathway (Noctor & Horton, 1990). Distinguishing channel were attained.
between these possibilities has been the focus of much recent In each experiment, 50 mL of sample at a concentration
work and the origin of considerable controversy. The two of 2 ug of Chl at+b/mL was circulated through a flow-
proposed sites afE quenching (antenna and reaction center) through measuring cuvette with a 200 volume at a rate
are not mutually exclusive; it is possible that quenching of about 50 mL/min. For measurements at the minimal
occurs at both sites to different extents depending on fluorescence levelRy), the sample was kept completely in
environmental conditions and the organism under study. the dark except for the brief exposure (about 240 ms) to the
In vitro systems of PSII -enriched membranes and thyla- 1aser beam. For measurementsFat the sample flowed
koid membranes show an electron donor side inhibition of throudh a 2 mLglass bulb placed just before (approximately
PSII at low pH which is associated witf (Crofts & Horton, 200 ms) the measuring cuvette which was illuminated with
1991; Krieger et al., 1992; Krieger & Weis, 1990). Inhibition White light at an intensity of 200@Em= s The Fp,
of the donor side of PSII has been suggested by Schreibersamples were thus exposed & 1 min dark incubation
and Neubauer (1990) to be a prerequisite for either recom-followed by a 2 ssaturating light treatment (to close the
bination or cyclic electron transport quenching mechanisms. reaction centers) and a 200 ms dark interval just before
Alternatively, the inhibition of electron donation to PSIl may measurement.

allow the special pair Chl P680r the auxilliary Chl Z to Room temperature steady-state fluorescence emission
act as a quencher (Horton & Ruban, 1992; Thompson & SpeCtra were collected with a diode array based fluorometer
Brudvig, 1987). described previously (Brimble & Bruce, 1989). A spectrum

In this report, we investigate the origins of the low pH Was obtained for each sample at b&handFy, using the
induced gN observed in PSll-enriched membranes. Our S&Me circulating system used for collection of the picosecond

picosecond fluorescence spectroscopy measurements anguorescence decay data.

absorption cross-section measurements support a reaction FOr €ach experiment, fluorescence decay curves were
center based quenching mechanism, and our electron trans¢ollected at 675, 680, 685, 690, 695, and 700 nm. Model
port measurements strongly support direct quenching by CUrve fits were _generated byaconvolutlon_of the instrument
P680" rather than recombination or cyclic electron transport '€SPonse function with a sum of exponential decay compo-

mechanisms. nents. The decay curves from all six emission wavelengths
were modeled simultaneously using a global fitting routine,
EXPERIMENTAL PROCEDURES to determine the spectral shape of each decay component.

The fitting program used an optimized Levenberg/Marquat

Isolation of PSII-Enriched MembranesPSII enriched algorithm and was developed by Warren Zipfel (ICS, Ithaca,
thylakoid membranes were isolated from market spinach asyyy.
described in Ghanotakis et al. (1984). The membranes were  Simultaneous Detection of Pump Probe Fluorescence Yield
frozen in liquid nitrogen and stored at80 °C at @  and the Flash Induced Absorbance Change at 820 nm
concentration of about 2 mg of Chl/mL until use. Ghl  Associated with P680 Fluorescence was detected with the
andb concentrations were measured as in Zeigler and Egle pump probe flash fluorometer described in Falk et al. (1994).
(1965). The Chb/b ratio of the membranes was 1.65, and The pump flash (250 ns half-width, 620 nm) was generated
77 K fluorescence emission spectra were dominated by PSllpy a Phase-R DL-32 flash lamp pumped dye laser. The
peaks at 685 (F685) and 695 nm (F695) as compared to PShrobe flash (normally timed 60s after the pump flash) was
emission at 735 nm (F735). The F685/F735 ratio at 77 K g weak xenon flash covered with a Corning9% blue filter.
of the membranes was typically 4.0 (not shown). Simultaneous detection of P68By measurement of the

For all experiments, the PSll-enriched membranes wereflash induced absorbance change at 820 mAgf) was
resuspended in buffer containing 0.3 M sorbitol, 50 mM KCI, accomplished with the single beam spectrometer described
5 mM MgCl; and either 30 mM MES for pH 6:55.50r 30 in Samson and Bruce (1995). The measuring beam was
mM succinic acid for pH 5.54.0. There were no significant  generated by an 820 nm diode laser (Spindler and Hoya)
differences in any results at pH 5.5 between samples and the actinic flash by the flash lamp pumped dye laser
resuspended in MES or succinic acid buffers. described above.

Picosecond Fluorescence Spectroscopicosecond time- Measurements of Cla fluorescence yield andAgyo were
resolved fluorescence decay kinetics were determined withdone on the first flash of dark-adapted samples, or, alterna-
the single photon timing apparatus described in Bruce andtively, the data were averaged from 16 pump/probe flash
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kinetic models (bipartite, tripartite) most often used to relate
Fm and F, to absorbance cross sections and rates of
photochemistry (Butler & Strasser, 1977; Butler, 1978) were
developed prior to knowledge of the primary acceptor (Phe)
and that PSlI is a shallow trap (multiple visits of an exciton
to a reaction center before stable charge separation) (Dau,
1994). More data thaR,, andF, levels alone are required

to determine a molecular mechanism for nonphotochemical
guenching.

The exciton/radical pair equilibrium model (Shatz et al.,
1988) is currently the most successful at explaining excited
state dynamics of PSIl and the originsf andF,, (Dau,
1994). The model was developed to explain the picosecond
fluorescence decay kinetics of PSII and incorporates both
the concept of a shallow trap and the presence of Phe as
primary acceptor. The exciton/radical pair equilibrium model
separates the process of light capture and charge separation
leading to P680/Q, into two kinetic components and thus
predicts biexponential fluorescence decay kinetics in time-
resolved fluorescence investigations. At béthand Fy,
the first component of fluorescence emission) (reflects
an equilibrium between energy transfer in the antenna,

in PSll-enriched membranes suspended in buffers of varying pH. creation of P680*, and reversible radical pair (P&8he)
Values are the mean of three repeats; standard deviations are Show%rmation The éecond kinetic component)(is not in

pairs given at a frequency of 0.3 Hz following a series of
25 saturating Xe flashes (at a frequency of 2 Hz). The

suspensions of PSll-enriched membranes used for those

measurements were dark-incubated for 10 min at a-€hl
concentration of 1@g/mL. One min before measurements,
200uM FeCN was added to the samples to avoid accumula-
tion of reduced @ during the repetitive flash treatment.
Effective absorption cross sections were determined from

flash intensity saturation curves for both variable fluorescence

yield (Fy) and AAgz Which were generated by changing the
intensity of the pump flash with a neutral density filter
wedge. Each dark-adapted and preflashed sample wa
exposed to only one pump flash, requiring the use of multiple
samples to construct each saturation curve. Cross section
were calculated by fitting the saturation curves to a Poisson
probability distribution as in Falk et al. (1994).

The lifetime of Q~ was determined by measuring
fluorescence yield with the probe flash at various times after
a saturating pump laser flash. The time interval between
pump and probe was varied from 28 to 10 ms.

RESULTS AND DISCUSSION

Steady-State and Time-Regad Fluorescence Emission.

equilibrium with these primary processes andrat(open
reaction centers) results from “charge stabilization” or
electron transfer from Phdo Qa. At F, the reaction center
already contains £, and the second component arises from
the relaxation of the primary radical pair to ground state.
This relaxation to ground is a distinct and much slower
process than the rapid recombination of PE8he which
leads to P680*.

Identification of PSlI-Associated Fluorescence Decay
Components. To gain more insight into the origins of
fluorescence quenching by low pH, we applied picosecond
fluorescence spectroscopy to resolve the fluorescence emis-

ion atF, andF,, into a sum of kinetic components which

could be analyzed in terms of the exciton/radical pair

%quilibration model. We found the decay kinetics of PSII-

enriched membranes to be modeled well with a sum of four
exponential decay components at béthand F,, (Figure

2). At pH 6.5, the fastest decay component (C1) had very
similar lifetimes (approximately 90 ps) and amplitudes at
both F, andFn,. Although this decay component was not
significantly red shifted compared to the other decay
components, its lifetime, relatively low amplitude, and the
similarity in both lifetime and amplitude &, andF,, suggest

an origin in PSI. The second fastest decay component (C2)

Steady-state fluorescence emission spectra (not shown) weréad a lifetime of approximately 350 psRfwhich increased

determined atF,, and F, for PSll-enriched membranes
suspended in buffer of varying pH from 4 to 6.5 as described
under Experimental Procedures. As reported by Kreiger et
al. results showe#, (Fn, — Fo) to be strongly quenched at
low pH while F, was not (Figure 1). This selective
quenching ofF, is usually interpreted to be consistent with

to 500 ps afF,. The relative amplitude of this component
decreased by a factor of 4 upon PSilI trap closure (transition
from F, to F,), suggesting an origin in PSII. The third decay
component (C3) had a lifetime of 730 ps in open centers
and 1.3 ns in closed centers. The relative amplitude of this
component increased by approximately 3 times upon PSl|

a reaction center based mechanism for nonphotochemicatrap closure. The amplitude of the fourth component was
guenching as competition between an antenna-based quenctsmaller in open than closed centers, and the lifetime was
ing mechanism and energy trapping by the reaction centerapproximately 1.7 ns in open centers and 2.4 ns in closed

is expected to decrease thglevel.
Although measurements of relative changeEgrandF,
are often used as primary evidence for the site of honpho-

centers. The major changes in decay components observed
upon trap closure were the concomitant decrease in amplitude
of C2 and the increase in amplitude and lifetime of C3.

tochemical quenching, they are indirect. Accurate measures Previous fluorescence decay experiments with pea thyla-
of F, are often difficult, and many factors can influence koids showed four exponential decay components associated
fluorescence yield (Samson & Bruce, 1995, 1996). The with PSII and were analyzed in terms of the exciton radical
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FiGUrRe 2: Decay-associated spectra for the four components usedcoupled to its very short lifetime in their study (260 ps)
in the global fitting analysis of picosecond fluorescence decays jndicates an origin in PSI similar to the conclusion we have

obtained at 680, 685, 690, 695, and 700 nm from PSll-enriched : .
membranes at pH 6.5. Data in the top panel are for memloranesreached regarding C1 in the current study. In contrast, Vass

with closed reaction centerg), and data in the lower panel are €t al- (1993) found the lifetime of their “C1” to be much
for membranes with open centerS,). The filled squares show longer and to increase dramatically a4 indicative of an

the spectra for the fastest decay component, “C1”, which had a origin in PSIl. These results suggest a lower amount of
lsn(::TJIan::SOnggvesﬂ‘llg 282i?racefgﬁetrﬁea[‘g 28,,5 d%ig;/ocpoenqggg‘éﬁs-woh?:ﬁcontaminant PSI in the PSII preparation used by Vass et al.
had a lifetime of 500 ps in closed centers and 360 ps in open’centers.(lggs)' In addition to preparation differences, variations in
Filled circles show the “C3” component, which had a lifetime of the degree of overlap between unresolved decay components
1.3 ns in closed centers and 730 ps in open centers. Open circlesnay also contribute to differences seen in the three studies.
show the “C4” component, which had a lifetime of 2.4 ns in closed However, in all three studies, the lifetime of a component

centers and 1.7 ns in open centers. The data presented are the meaQ$milar to C2 in this study increased and its amplitude
of at least three independent experiments, and standard deviations

are shown. The uncertainty in the lifetimes is approximately 10%. decreased upon transition frdfgto Fr, and both the lifetime

See Experimental Procedures for details of the measurementdnd amplitude of a component similar to C3 of this study
technique and global decay analysis procedure. increased upon transition froff, to Fn. In terms of the

exiton radical pair model, it is likely that much of “C2” in
pair model with the assumption that two forms of PSII (PSII all three studies was related to energy transfer, trapping, and
o and PSIIB) contributed to the observed kinetics (Roelofs primary radical pair formation &, and Fr, (ta) and most
et al., 1992). The authors assigned values of 250 ps (PSllof “C3” to charge stabilization &, and primary radical pair
a) and 320 ps (PSIB) for ta, 520 ps (PSlia) and 670 ps relaxation atFn, (7g).

(PSII p) for 7g at Fo and 380 ps (PSlé) and 650 ps (PSlI Effect of Low pH on PSIl-Associated Fluorescence Decay
p) for 7a, 1.8 ns (PSlia) and 2.9 ns (PSIp) for 7z at F. Components Kreiger et al. (1992) showed that most of the
These values fora andzg are reasonably close to the values F, quenching induced by low pH in isolated PSII particles
of C2 (360 ps) and C3 (730 ps) B and C2 (500 ps) and  was associated with changes in only one of the decay
C3 (1.3 ns) atFm found in the present study. There are, components, C3, whose amplitude decreased by a factor of
however, large variations found in the relative lifetimes and approximately 2 and whose lifetime decreased from 1.7 ns
amplitudes of decay components found in two previous to 650 ps as pH decreased from 6.5 to 4.0. However, the
studies of PSll-enriched membranes (Krieger et al., 1992; results of their study depended upon the kinetic analysis of
Vass et al., 1993). This most likely results from differences individual fluorescence decay curves taken at only one
in the PSll-enriched preparations. For example, the data ofemission wavelength (681 nm) for each condition and pH.
Krieger et al. (1992) were similar to the current study in In the present study, we expanded upon the experiments of
that the amplitudes and lifetimes of the fastest decay Krieger et al. (1992) by applying global decay analysis to a
component (C1) were reasonably constantFatand F,. set of fluorescence decays collected at five emission wave-
Athough not stated by Krieger et al., this behavior of C1 lengths for each condition and pH (Figure 2 and Figure 3).
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Our data support the work done by .Krle'ger et al. (1992) Table 1: Absorbance Cross Section of PSIl Determined from Flash
and showed that most of th#&, quenching induced by low  saturation Curves foF, and AAgz at pH 6.5 and 59

pH arose from quenching of only one of the decay compo-
nents, C3, whose amplitude decreased by a factor of

absorbance cross section of PSIR(A

approximately 2 and whose lifetime decreased from 1.3 ns___S3mPle pPH6.5 PHS.0

to 700 ps as pH decreased from 6.5 to 4.0. The relative dark-adapted ZvAB g;i g? ggig
o - . - ,

contr_lbutlon of _each decay component (Ilft_eum_e times preflashed F, 3818 3544

amplitude) toF, is plotted as a function of pH in Figure 3 Ao 37423 37426

and is seen to Closely.fo”OW the, quenching. The yield a Cross sections were determined for dark adapted samples exposed
of the C1 component is unaffected by pH, and that of C4 5 gnly 1 flash and to samples exposed to 16 preflashes (0.5 Hz).

decreases somewhat at low pH. The relative yield of the values are the means and standard deviations of three independent
C2 component is shown to increase at low pH which was measures. The excitation wavelength was 620 nm.
also observed by Krieger et al. (1992).

Krieger et al. (1992) proposed that recombination between energy, their fluorescence decay kinetics could be similar
Qa~ and P680 was responsible for the quenching Bf to those of open centers. Undgr measurement conditions,
and of their C3 component at low pH. They suggested that the “quenched” centers containing P68@ould appear as
the probability of recombination was increased due to the “open centers”, and the amplitude of decay components
increased lifetime of P680at low pH (Meyer et al., 1989).  associated with “closed” centers would be decreased. A
In order for the recombination to result in decreased model invoking P680 as quencher would thus assume that
fluorescence yield, Krieger et al. (1992) suggested the the trapping efficiency of P680is very similar to that of
following: “For some reasons, in the low pH state the free P680 and that the subsequent loss of excitation by relaxation
energy change related to recombination of P68D,~ may to the ground state occurs on a similar time scale as charge
not be sufficient to create excited states of the reaction centerstabilization in open reaction centers.
and, thus, energy would be lost as heat.” Implicit to this  To verify both the idea of reaction center based quenching
model is the idea that the origin d¥, fluorescence is  and the hypothesis that P68acts as the quencher, we used
recombination between £Q and P680 which leads to more direct techniques to study the absorbance cross section
excitation of the reaction center. As well described in a of PSIl and the lifetime of P680as a function of pH.
recent review by Dau (1994), recombination betweegn Q Absorbance Cross Sections, Lifetime of P§&thd Origin
and P680 is an unlikely source of variable fluorescence. of Fluorescence Quenching at Low pH in PSII-Enriched
More consistent with recent data (Dau, 1994) is the exciton Membranes.To differentiate between antenna and reaction
radical pair model which proposes the origin of variable center quenching mechanisms and to avoid the assumptions
fluorescence to result from a relatively long-lived radical pair made when inferring cross-section changes figpandF,
in equilibrium with energy transfer and trapping in closed changes alone, we measured the absorption cross section of
centers (Schatz et al., 1988). PSII directly. To decrease the effective absorbance cross

In terms of this model, the pH-sensitive C3 component at section of PSII, a quenching mechanism must compete with
Fm arises from the slow relaxation of the radical pair (P680  energy transfer, trapping, and/or primary radical pair produc-
Phe) to the ground state when charge stabilization (electron tion. Antenna quenching mechanisms which introduce
transfer from Pheto Qa) no longer occurs in the presence additional competitive deexcitation pathways in the antenna
of Qa~. In both the current study and that of Krieger et al. are of this type. In contrast, quenching mechanisms which
(1992), the selective loss of amplitude of this “C3” compo- create completely quenched reaction centers in a non
nent indicates that the amount of radical pair formation and competitive way will not affect the absorbance cross section
relaxation is dramatically reduced at low pH. Furthermore, of the remaining centers. Mechanisms which lose energy
as the faster decay components were unaffected in bothvia alternative electron transport after primary radical pair
studies by low pH, it appears that excitation energy transfer production (PSIl cyclic) or recombination of the reduced
to and trapping by the reaction center are relatively unaffectedsecondary electron acceptorQ and P68® would be of
by low pH. this type. The creation of a quenching center containing

These results strongly support a reaction center basedP680+ as direct irreversible quencher would also not
mechanism for low pH induced quenching of PSll-enriched decrease the cross section of the remaining unquenched PSII
membranes. The loss of the “C3” decay component could centers. See Mauzerall and Greenbaum (1989) for a review
result from an alteration of the reaction center by low pH of absorbance cross-section determinations and theory.
which leads to a much faster relaxation of the primary radical We determined PSII absorbance cross sections from light
pair to the ground state or from an alternative electron saturation curves of both pump probe fluorescence yield and
acceptor that oxidizes Phe Either of these mechansims the formation of P680 as measured by the flash-induced
would have to occur on a time scale roughly equivalant to absorbance increase at 820 nxA§,q) as described under
that of electron transfer from Phe to.@ open centers in  Experimental Procedures (Table 1). Cross sections were
order to explain the observed decay kinetics. determined from dark-adapted samples exposed to only one

Another possibility is direct quenching by P680Previ- flash and from preflashed samples. As shown in Table 1,
ous studies have shown the lifetime of P6&0 be increased  the absorbance cross section of PSIl in preflashed samples
dramatically at low pH (Meyer et al.,, 1989) . Under was the same when measured by either technique and was
conditions of saturating illumination, such as that used to not decreased at low pH. For single- flash samples, the
measurd-,, the probability of an exciton reaching a reaction absorbance cross section was slightly smaller when measured
center containing P680is greatly increased. If reaction by the variable fluorescence technique as compared to the
centers containing P680trap excitons with the same  AAgy technique. However, suspension at low pH did not
efficiency as open centers but then quench the excitationdecrease the absorbance cross section as measured by either
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experiments, and standard deviations are shown. See text for furthefeasures.

detalils.

technique. These data strongly support a reaction centerduenching after a single-turnover flash to compare to the
based quenching mechanism for the nonphotochemicalkinetics of Q™ oxidation.
guenching of PSll-enriched membranes at low pH. Kinetics of the Quenching of Fat Low pH. The time

The amplitude of the\Ag,o signal used to determine the course of fluorescence quenching was measured with the
absorption cross sections increased at low pH (Figure 4).pump probe fluorometer described under Experimental
This was due to the longer decay time of the signal at low Procedures. Figure 5 compares the amplitude of fluorescence
pH (impaired electron donation to P69avhich allows more elicited by the probe flash at different time intervals (from
of the transient absorbance change to be detected by ouB0 us to 10 ms) after the saturating pump flash at pH 4.0,
limited time resolution (approximately is) kinetic spec- 4.5,5.0, and 6.5. In Figure 5, the samples were exposed to
trophotometer. At lower pH, the number of impaired PSIlI a series of 25 Xe preflashes, and the data are the average of

centers increased, and the resulting increaseAiso the following 16 pump/probe flash pairs. Data collected from
amplitude was correlated with the quenchind-gfis shown da_rk-adapte_d samples exposed to only one pump/probe flash
in Figure 4. At least part of the microsecond\y, signal pair were similar to those of the preflashed samples (hot

still present at pH 6.5 is likely due to contaminant PSI. This shown).
results in an underestimation of the relative change in The fluoresence is observed to first rise to a maximal level
amplitude ofAAgyo and complicates direct comparisons to and then decrease as the time interval between pump and
the relative change in amplitude &f,. The AAgy data probe flash increases. The increase in fluorescence vyield
confirm previous reports (Meyer et al., 1989) of inhibition on a microsecond time scale reflects the loss of quenching
of P680 reduction at low pH and show a correlation between states produced by the actinic flash as previously described
the quenching ofF, and the number of reaction centers by Mauzerall (1972). The fluorescence decay is on a
containing P680. Kreiger and Weis (1990) previously millisecond time scale and follows the kinetics of oxidation
showed that preillumination increased the degreeFpf  of Qa~. Due to the impaired acceptor side associated with
quenching in low-pH samples. We found that a few single- PSIlI enriched membrane preparations, this decay is consider-
turnover flashes were sufficient to stimulate theguenching ably slower than that found in intact thylakoids (Renger et
at low pH and furthermore that this increased quenching wasal., 1993). It is clear that most of the quenching of variable
correlated with an increase in tlieAg;o amplitude (data not  fluorescence observed at low pH is observed in the micro-
shown). The preflash treatment did not modify the origin second rise component rather than the millisecond decay
of the low pH inducedr, quenching as judged by the similar component. At pH 5 and 4.5, quenching is dramatic at time
effective PSIl absorbance cross sections in dark-adapted andntervals less than 1 ms but is completely relieved by 5 ms
preflashed samples (Table 1). These data strongly suppor@after the pump flash. The rise and decay kinetics at pH 4.0
the tight correlation observed betwe&h quenching and  are very similar to those at pH 4.5 although there appears to
number of PSII centers containing P680 be an additional quenching at all time intervals. The origin
Schrieber and Neubauer (1990) have previously proposedof this extra quenching at very low pH is thus not related to
that either PSII cyclic electron transport or recombination long-lived quenching states produced by the actinic flash and
of Qa~/P680" would be stimulated by an increase in P680 may represent a fast (nanosecond) recombination reaction
lifetime and that these are possible mechanisms of non-at pH 4. The millisecond fluorescence decay kinetics (which
photochemical quenching at low pH. To differentiate reflect the rate of oxidation of ) are unaffected by low
between direct quenching by P68@nd either of these pH. These data clearly show that most of the quenching of
mechanisms, we determined the time course of fluorescencevariable fluorescence at low pH (down to pH 4.5) in PSII-
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