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ABSTRACT

The photosystem II (PSII) reaction center in higher
plants is susceptible to photoinhibitory molecular dam-
age of its component pigments and proteins upon pro-
longed exposure to excess light in air. Higher plants have
a limited capacity to avoid such damage through dissi-
pation, as heat, of excess absorbed light energy in the
PSII light-harvesting antenna. The most important pho-
toprotective heat dissipation mechanism, induced under
excess light conditions, includes a concerted effect of the
trans-thylakoid pH gradient (ApH) and the carotenoid
pigment interconversions of the xanthophyll cycle. Co-
incidentally, both the photoprotective mechanism and
photoinhibitory PSII damage decrease the PSII chloro-
phyll a (Chl a) fluorescence yield. In this paper we present
a comparative fluorescence lifetime analysis of the xantho-
phyll cycle- and photoinhibition-dependent changes in PSII
Chl a fluorescence. We analyze multifrequency phase and
modulation data using both multicomponent exponential
and bimodal Lorentzian fluorescence lifetime distribution
models; further, the lifetime data were obtained in parallel
with the steady-state fluorescence intensity. The photoinhi-
bition was characterized by a progressive decrease in the
center of the main fluorescence lifetime distribution from
~2 ns to ~0.5 ns after 90 min of high light exposure. The
damaging effects were consistent with an increased nonra-
diative decay path for the charge-separated state of the
PSII reaction center. In contrast, the ApH and xantho-
phyll cycle had concerted minor and major effects, re-
spectively, on the PSII fluorescence lifetimes and inten-
sity (Gilmore et al.,, 1996, Photosynth. Res., in press). The
minor change decreased both the width and lifetime cen-
ter of the longest lifetime distribution; we suggest that
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this change is associated with the ApH-induced activation
step, needed for binding of the deepoxidized xanthophyll
cycle pigments. The major change increased the fraction-
al intensity of a short lifetime distribution at the expense
of a longer lifetime distribution; we suggest that this
change is related to the concentration-dependent binding
of the deepoxidized xanthophylls in the PSII inner anten-
na. Further, both the photoinhibition and xanthophyll cy-
cle mechanisms had different effects on the relationship
between the fluorescence lifetimes and intensity. The ob-
served differences between the xanthophyll cycle and
photoinhibition mechanisms confirm and extend our cur-
rent basic model of PSII exciton dynamics, structure and
function.

INTRODUCTION

Plants have evolved biochemical and biophysical mecha-
nisms to adapt and protect themselves against excess light
in their environment (1-4). The research in this area has
focused on the following two different mechanisms that
serve a similar function, if not purpose, that being to de-
crease the efficiency of the photochemical reactions of pho-
tosystem II, PSIL% The first mechanism dissipates excess

TAbbreviations: A, antheraxanthin: BSA, bovine serum albumin; ¢,
lifetime center of fluorescence lifetime component x; Chl a, b,
chlorophyll a, b; CP, chlorophyll binding protein of photosystem
II inner antenna; DCMU, 3-(3,4-dichlorophenyl)-1.1-dimethylu-
rea; f,, fractional intensity of fluorescence lifetime component x;
F,, F',, maximal fluorescence intensity with all Q, reduced in
the absence, presence of nonphotochemical quenching; F,,,, max-
imal fluorescence intensity in the presence of photoinhibitory non-
photochemical quenching: F,, minimal fluorescence intensity with
all Q, oxidized; LHCIIb, main light-harvesting pigment—protein
complex (of photosystem II); PAM, pulse-amplitude modulation
fluorometer; PFD, photon flux density; PSI, photosystemn I; PSII,
photosystem IT; P680, special pair of chlerophylls of PSII reaction
center; Q,, primary quinone electron acceptor of PSII; V, viola-
xanthin; w,, width at half maximum of Lorentzian distribution
component x; Z, zeaxanthin; ApH, trans-thylakoid membrane pro-
ton gradient; <7>,<t>' = I ¢f,, average lifetime of Chl a flu-
orescence in the absence, presence of nonphotochemical fluores-
cence quenching; 7, lifetime of chlorophyll ¢ fluorescence from
PSII.
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Figure 1. Control of the antenna-mediated heat dissipation in the
PS1I antenna by photosynthetic events at the thylakoid membrane
level. Figure modified from Gilmore et al. (6).

absorbed light energy as heat in the light-harvesting pro-
cesses of the PSII antennae complexes and involves special
carotenoid pigments of the xanthophyll cycle (4-6); this
mechanism is to be referred to as the xanthophyll cycle-
dependent mechanism. The second mechanism converts the
PSII reaction center into a heat-dissipating center with a low
photochemical yield and primarily involves oxidative mo-
lecular degradation of the component pigments and proteins
of the reaction center; this mechanism is to be referred to as
the aerobic photoinhibition mechanism (7-10). It should be
noted that although excessive illumination under anaerobic
conditions also inhibits PSII function, anaerobic photoinhi-
bition effects are of a different biochemical nature than those
observed under the aerobic conditions of this and other stud-
ies (10—13); anaerobic conditions were not explored in this
paper.

Even though the xanthophyll-cycle and aerobic photo-
inhibition mechanisms are mediated by different biochemi-
cal changes, both are elicited in response to the absorption
of excess photons by the photosynthetic apparatus. Because
both mechanisms dissipate light energy as heat in the pho-
tosynthetic apparatus both also decrease (quench) the yield
of PSII chlorophyll (Chl) a fluorescence. Therefore, PSII flu-
orescence serves as a useful tool for quantifying the effects
of these mechanisms on the PSII photochemical apparatus:
for a review of PSII reactions, see Diner and Babcock (14),
and for a discussion on its fluorescence, see Govindjee (15).
With respect to this paper it is important to note that the
xanthophyll cycle and photoinhibition mechanisms are nor-
mally elicited in response to highly contrasting levels of ex-
cess absorbed light. The xanthophyll cycle-dependent mech-
anism generally responds to much lower and variable levels
of excess light (2,4), whereas the aerobic photoinhibition
mechanism is normally observed after prolonged and very
extreme excess light conditions (2,7,10). Indeed, studies of
aerobic photoinhibition often involve light intensities and ex-
posures far above those that would ever be experienced by
a plant under natural or physiological conditions (8-13,16).

It follows that the different sensitivity of the xanthophyll
cycle and photoinhibition mechanisms to excess light is at-
tributable to their different biochemical mechanisms. As
shown schematically in Fig. 1, the xanthophyll cycle mech-
anism is under complex influence of photosynthetic events
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at the thylakoid membrane level but is primarily controlled
by the trans-thylakoid pH gradient, ApH (6). The acidifica-
tion of the thylakoid lumen is believed to play two roles in
the xanthophyll cycle mechanism. First, the lumen pH acti-
vates the xanthophyll cycle deepoxidase enzyme (17), which
converts the diepoxide violaxanthin (V) to zeaxanthin (Z)
via the monoepoxide intermediate antheraxanthin (A) (18).
Second, the lower lumen pH protonates caarboxyl residues
at the lumenal side of the minor light-harvesting complexes
of PSII, namely, CP26 and CP29 (5,19-21). Bassi er al. (22)
showed that the minor CP26 and CP29 proteins were en-
riched in the xanthophyll cycle pigments. Thus, it was sug-
gested that upon protonation of the minor CP proteins, a
special binding interaction is stimulated between the minor
CP proteins and both the Z and A molecules (6,22,23); the
special interaction of these xanthophylls with the CP pro-
teins then results in an increased rate constant of heat dis-
sipation within the PSII antenna processes. The increased
heat dissipation competes with other pathways of antenna
de-excitation, decreasing the quantum yields of both the PSII
photochemistry and the fluorescence.

The primary aerobic photoinhibitory damage is believed
to be associated with singlet-oxygen- and oxygen-radical-
mediated degradation of the P680 Chl and protein compo-
nents of the PSII reaction center (see e.g. 8-13). The main
protein that is damaged and degraded in this process is the
D1 protein, but damage to the D2, CP43 and CP29 proteins
has also been implicated (see e.g. 10.11.16). One of the ma-
jor consequences of photoinhibition is a block in electron
transport on the acceptor side of the PSII reaction center,
the details of which are still being investigated. The cause
of the PSII Chl a fluorescence quenching during photoinhi-
bitory light treatment in air is also still being investigated.
Recent time-resolved (9,12) and steady-state (13) studies of
PSII Chl a fluorescence suggest that quenching by aerobic
photoinhibition is due to an effect on the primary charge-
separated state of the PSII reaction center; this effect may
increase the rate constant for a nonradiative decay pathway
from the charge-separated state. Kirilovsky er al. (13) sug-
gest that aerobic photoinhibition is a more complex sequence
of events involving modification of the acceptor-side reac-
tions of PSII, overreduction of the primary quinone electron
acceptor of PSII (Q,) and overoxidation of the donor-side
of PSII; the fluorescence quencher may be an oxidizing spe-
cies such as a Chl* cation or the P680" cation (9,24-26).
Although, the early stages of photoinhibition may involve
impaired function of Q4 and formation of doubly reduced
Q,2", Vass et al. (26) concluded that Q,*" does not accu-
mulate in response to prolonged aerobic photoinhibition and
thus is not responsible for the fluorescence quenching
(27,28).

As discussed above, and because it is clear that the xan-
thophyll cycle and photoinhibition PSII Chi a fluorescence
quenching mechanisms are due to different biochemical
changes, it was of paramount interest to determine and com-
pare their effects on the PSII Chl a fluorescence lifetime
distributions. Changes in the PSII Chl g fluorescence lifetime
distributions can yield valuable information about the pig-
ment—protein conformation and photochemical events in
PSII (6,27.29,30). We have compared the effects of these
two highly contrasting mechanisms under conditions of max-
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imal fluorescence, where all photochemical fluorescence
quenching by the primary electron acceptor of PSII (Q,) is
inhibited. This was done by including the herbicide 3-(3.4-
dichlorophenyl)-1,1-dimethylurea (DCMU) that keeps all Q,
in the Q4 state. Earlier time-resolved studies (6,29) showed
that under these conditions. the trans-thylakoid membrane
proton gradient (ApH) and xanthophyll cycle caused separate
and concerted changes in the Chl a-containing antennae pro-
tein conformation. It remained to be determined what types
of changes in the PSII Chl a fluorescence lifetimes, when
analyzed using a Lorentzian distribution model, are associ-
ated with the photoinhibitory mechanism, although it is well
established that photoinhibition is independent of both the
xanthophyll cycle and ApH (31-33). In this paper, we report
that comparative measurements of these two contrasting PSII
Chl a fluorescence quenching conditions revealed distinc-
tively different effects both on the fluorescence lifetime dis-
tributions and on the relationships between the average flu-
orescence lifetime and steady-state intensity.

MATERIALS AND METHODS

Time-resolved PSII Chl a fluorescence measurements. The PSII Chi
a fluorescence lifetimes were measured with a multifrequency cross-
correlation fluorometer (model K2, [SS Instruments, Urbana, IL,
USA). The average photon flux density (PFD) of the sinusoidally
modulated sample excitation was 22 = 2 pmol m~2 s~! at 610 nm
and was provided by a cavity-dumped rhodamine 6G dye laser (Co-
herent, Palo Alto) pumped by a mode-locked Nd-YAG laser (Co-
herent, Palo Alto). Data were collected at 16 separate frequencies
of the sinusoidally modulated excitation ranging from 7 to 300 MHz.
The frequencies were mixed randomly during acquisition to mini-
mize systematic errors from sample bleaching and heterogeneity.
The sample emission was collected under ‘‘magic-angle’” conditions
with the excitation and emission monochromator polarizers set at 0°
and 54.7°, respectively. Light scattering from a glycogen suspension
was used for the O ns lifetime reference. The shift in phase angles
(phase shift) and demodulation ratios (modulation) of the sample
fluorescence emission were recorded and analyzed as described be-
low. A complete explanation of the multifrequency cross-correlation
technique, including the equations describing the phase shift and
modulation, can be found in Govindjee et al. (27,30).

Plant material and thylakoid isolation. Seeds of wild-type barley
(Hordeum vulgare L. cv. Donaria) were kindly provided by Dr. D.
Simpson of the Carlsberg Research Laboratories, Copenhagen Val-
by, Denmark. Seeds were germinated on a heating pad in potting
soil covered with a layer of vermiculite. Plants were watered twice
daily and fertilized once with a 20 N:20 P:20 K fertilizer applied at
a concentration of 473 ppm N. Plants were grown in a glasshouse
with supplemental high-intensity discharge lamps; the minimum
PFD was 400 + 100 pmol photons m~2 s ! and the photoperiod was
14 h light and 10 h dark. Plants were harvested for thylakoid iso-
lation after 810 days growth; they were dark adapted for at least
12 h at room temperature, then cut at their base, wrapped in a wet
paper towel and chilled in the dark for 1-2 h in a bag of ice in a
4°C refrigerator. All thylakoid isolation procedures were performed
in a darkened cold room (7°C ) under dim green light using chilled
wares. The leaves (8-10 g) were cut into 2-3 cm pieces and ground
using 2-3 1 s bursts in a Waring blender in 100 mL of a slushy
grinding buffer containing 0.33 M dextrose, 50 mM Na,HPO,-7H,0,
50 mM KH,PO,, 25 mM KCl, 5 mM MgCl,, 0.1% bovine serum
albumin (BSA), 0.2% Na-ascorbate, pH 6.5. The brie was gently
vacuum filtered through 41 pm nylon filter (Spectra/Mesh). The fil-
trate was centrifuged for 10 min at 1500 g in an SS-34 (Sorvall)
rotor at 4°C. The chloroplast pellet was gently resuspended in 0.5-
1 mL of a buffer containing 0.33 M sorbitol, 4 mM EDTA, 5 mM
MgCl,. 2 mM MnCl,, 0.1 M HEPES, 0.2% BSA, pH 7.6. The basic
reaction mixture contained 0.1 M sucrose, 10 mM NaCl, 10 mM
KCl, 5 mM MgCl,. 10 mM Tricine, 1 mM KH,PO,, 0.2% BSA, pH
8.0. The following ingredients were added to the reaction mixture

immediately prior to the experiments: 30 mM Na-ascorbate to me-
diate V deepoxidation (17), 50 pM methylviologen to mediate linear
electron transport and 0.3 mM ATP to fuel ATP hydrolysis. The Chl
concentration was determined according to the equations of Graan
and Ort (34); similar results (not shown) were obtained with the
equations of Porra er al. (35).

Xanthophyll cycle-dependent nonphorochemical quenching of
PS11 Chl a fluorescence. Prior to actinic illumination, the chloroplast
envelopes were osmotically ruptured by diluting the chloroplast sus-
pension, obtained above, 10-fold in a 5 mM MgCl, solution (0.5—
1.0 mL) for 15 s in a magnetically stirred, water-jacketed reaction
cuvette (15°C). The thylakoid membranes, thus obtained, were
brought to a final concentration of 15 uM Chl @ + b in the reaction
mixture described above.

To induce V deepoxidation. the thylakoid membrane suspension
was illuminated for 15 min, from the top of the cuvette, through the
fiber-optic probe of the pulse-amplitude modulation (PAM) 103
chlorophyll fluorometer (Heinz-Walz, Effeltrich. Germany) with a
white light provided by a microscope lamp (Unitron), passed
through a Corning CS1-75 infrared filter; the PFD measured at the
surface of the reaction mixture was 500 pmol m~2 s~!. To vary the
degree of V deepoxidation, dithiothreitol (36) was added at varying
low concentrations, 0.25<X<1 mM, prior to the white light illu-
mination. For conditions of high V deepoxidation dithiothreitol was
omitted for the first 15 min of illumination; then, in all cases di-
thiothreitol (3 mM) was added for two purposes: (1) to inhibit any
further V deepoxidation (36) and (2) to reduce the y-subunits of the
chloroplast coupling factor and activate ATPase activity (37.38).
Also, in all cases, the white light illumination was continued for a
total of 20 min at which point the sample was darkened. A 1.5 mL
portion of this light-treated chloroplast suspension was frozen im-
mediately in a microfuge tube by immersion in liquid nitrogen and
stored at —80°C until the pigment content was analyzed by HPLC
according to Gilmore and Yamamoto (39). Another 1.5 mL portion
of the light-treated thylakoid suspension was removed and mixed in
1.5 mL of the same reaction mixture such that the final [Chl a + b]
= 7.5 pM; 10 uM DCMU was added to ensure reduction of the
primary quinone electron acceptor of PSII. Q, and all other reagent
concentrations remain unchanged (see Fig. 1 legend for details). This
mixture, which was placed in the dark on ice for around 5 min,
contained an activated ATPase, a ApH, and Z + A and consequently
had a lowered or ‘‘quenched’’ yield of PSII Chl a fluorescence due
to xanthophyll cycle-dependent nonphotochemical quenching.

The thylakoid sample under the quenched PSH Chl a fluorescence
conditions was then transferred from the ice to a 1 X 1 cm quartz
fluorescence cuvette and placed in the stirred sample compartment
(2°C) of the multifrequency cross-correlation fluorometer apparatus
described above; the temperature of the sample was allowed to
equilibrate for 5 min prior to data acquisition. The multifrequency
phase shift and modulation data for the quenched sample conditions
were obtained as described earlier (6,29). After the lifetime mea-
surements, the sample was immediately (<15 s) placed under the
fiberoptic probe of the PAM fluorometer while the quenched PSII
Chl a fluorescence intensity (F' ) was measured with the pulsed
measuring beam set at 100 kHz and with an additional strong white
light (PFD = 500 wmol m~2 s™'). After measuring the F’,, fluores-
cence intensity for 10-15 s, 2 M nigericin was added to the sample
to uncouple the ApH and reverse all xanthophyll cycle-dependent
nonphotochemical quenching of the PSII Chl a fluorescence. Fol-
lowing the addition of nigericin, the maximal fluorescence intensity
(F.,) under the unquenched sample conditions was measured for at
least 60 s. The level of xanthophyll cycle-dependent nonphotochem-
ical quenching of the PSII Chl a fluorescence intensity was calcu-
lated as (F,/F', — 1). The multifrequency phase shift and modula-
tion ratio data were then collected for the unquenched sample con-
ditions as described above.

Photoinhibitory nonphotochemical quenching of PSI Chl a fluo-
rescence. The sample preparation for photoinhibitory quenching
was exactly as described above for the xanthophyll cycle-dependent
nonphotochemical quenching conditions except that all samples
were treated with 3 mM dithiothreitol prior to the 20 min PFD =
500 wmol m~? s !, white light illumination. After this white light
illumination, the samples were diluted with reaction mixture such
that all other ingredients remained the same, the final Chl a + b



concentration was 7.5 pM, and DCMU was 10 uM. The samples
were then treated with 2 pM nigericin 10 uncouple the ApH and,
thus, ensure that there was no xanthophyll cycle-dependent nonpho-
tochemical quenching of the PSII Chl a fluorescence. The PSII Chl
a fluorescence lifetime (phase shift and modulation) data were ac-
quired for these samples as described above. The samples were
transferred back 1o the 15°C cuvette used for the white light illu-
mination above. The PSII Chl a fluorescence intensity was contin-
uvously monitored with the PAM measuring beam set at 100 kHz
and starting from the maximal intensity F,, as the photoinhibitory
light treatment was administered for periods ranging from 5 to 90
min. The high-intensity white light used for the photoinhibitory
treatment was provided by a Schott model K1500 lamp passed
through a Walz DT-Cyan infrared filter and the PAM fiberoptic
probe: the PFD measured at the surface of the samples was 4500
pmol m=2 s, At the end of each photoinhibitory light treatment,
the final PSII Chl « fluorescence intensity (F,;) was determined. The
level of the photoinhibitory nonphotochemical quenching of PSII
Chl a fluorescence was calculated as (F/F; — 1). The samples were
placed back into a 1 X 1 ¢m quartz fluorescence cuvette and the
multifrequency phase shift and modulation data were obtained, as
described above.

Analysis of multifrequency cross-correlation phase shift and mod-
ulation data. The acquired multifrequency phase shift and modu-
lation data were fit to fluorescence lifetimes with either a bimodal
Lorentzian distribution model or a multicomponent discrete expo-
nential model using Globals Unlimited© software (Laboratory for
Fluorescence Dynamics, Physics Department, University of Illinois
at Urbana—Champaign. Urbana, IL). The fluorescence lifetime data
were analyzed and presented as the lifetime centers (c,) and their
respective fractional intensities (f,). The x? values for the fits did not
improve by inclusion of more than the reported number of Loren-
tzian distributions or discrete exponential components; inclusion of
another lifetime component either resulted in a duplicate lifetime
value and/or in components with physically suspect values.

RESULTS

Comparison of the effects of photoinhibition and
xanthophyll cycle-dependent changes on the PSII Chl a
fluorescence lifetimes and intensity

Figure 2 shows representative multifrequency phase shift
(open symbols) and modulation (cross-filled symbols) data
obtained with barley thylakoids subjected to conditions of
relatively high and low levels of either (A) xanthophyll cy-
cle-dependent or (B) photoinhibition nonphotochemical
quenching of the PSII Chl « fluorescence. The high (squares)
and low (circles) levels of the xanthophyll cycle-dependent
fluorescence quenching conditions in Fig. 2A were obtained
with barley thylakoids in the presence of an ATPase-medi-
ated ApH and high and low Z + A concentrations, 35.8 and
7.4 mmol Z + A (mol Chl a + b)7!, respectively. Clearly.
the sampie with the high Z + A concentration, [Z + A],
compared to the one with low [Z + A], had lower phase
shift values and higher modulation, especially at the higher
frequencies; this indicated a lower average PSH Chl a flu-
orescence lifetime in the high [Z + A] sample. The phase
shift and modulation data in Fig. 2C were measured using
the same high and low [Z + A] barley thylakoid samples
from Fig. 2A afier treatment of the samples with nigericin
to uncouple the ApH and eliminate the xanthophyil cycle-
dependent nonphotochemical fluorescence quenching. Un-
coupling the ApH with nigericin increased the phase shift
and decreased the modulation resulting in the same final lev-
els for both samples. It was clear that the [Z + A] did not
affect the PSII Chl g fluorescence phase and modulation
without a ApH. The high and low levels of the photoinhi-
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Figure 2. The multifrequency phase shift (open symbols) and mod-
ulation (cross filled symbols) values describing the PSII Chl a flu-
orescence in barley thylakoids under conditions relating to either
xanthophyll cycle-dependent (A,C) or photoinhibitory (B,D)
quenching. A shows effects of high and low Z + A concentration
(squares [Z + A] = 35.8, circles [Z + A] = 7.4 mmol Z + A mol™!
Chl @ + b) in barley thylakoids with a ApH. C shows the effects of
uncoupling the ApH in the barley thylakoid samples in A; the levels
of the Z + A remain unchanged between A and C. B shows the
effects of exposure to a high PFD for 90 min (squares) and 5 min
(circles) of barley thylakoids with an uncoupled ApH and only low
[Z + A] (=7 mmol Z + A [mol Chl ¢ + b]-"). D shows the same
barley thylakoid samples and conditions as in B before any exposure
to the high PFD. The phase shift = tan~'(S[A, w]/G[\, ®]) and mod-
ulation = (S?[A. w] + GZ[A,])'2, where S(\. w) and G(\, w) are the
normalized sine and cosine Fourier transforms of the fluorescence
intensity I(A. t), see Govindjee et al. (22,32). In addition to the
variable levels of [Z + A] mentioned above, the unquenched (3 mL)
thylakoid reaction mixtures in C and D contained 7.5 pM Chl a +
b, 10 uM DCMU, 2 wM nigericin, 30 mM Na-ascorbate, 50 pM
methylviologen, 0.3 mM ATP, 0.1 M sucrose, 10 mM NaCl, 10 mM
KCl, 5 mM MgCl,, 10 mM Tricine, 1 mM KH,PO,, 0.2 % BSA,
pH 8.0. The quenched sample reaction mixtures in A were the same
as in C except without nigericin; the quenched sample reaction
mixtures in B were the same as in D,

bitory nonphotochemical fluorescence quenching in Fig. 2B
were obtained with barley thylakoids treated for a long time
(90 min, squares) or a short time (5 min, circles), respec-
tively, with the high PFD (4500 pmol photons m™ s™') at
15°C in the absence of a ApH and with only low levels of
Z + A. In the sample treated for 90 min, the phase shift was
lower and the modulation was higher than in the 5 min sam-
ple, indicating a clearly lowered average PSII Chl a fluores-
cence lifetime in the 90 min sample. The phase shift and
modulation data in Fig. 2D simply show the control photo-
inhibition data measured prior to the high (90 min) and low
(5 min) thylakoid samples shown in Fig. 2B. It is clear in
Fig. 2D that both samples started out with similar phase shift
and modulation prior to the photoinhibitory treatments.
Table 1 shows a comparison of the mean = SE values for
the x? values of the phase shift and modulation ratio data fit
to either a bimodal Lorentzian distribution analysis (Loren-
tzian) or a three-component exponential analysis (exponen-
tial) for the PSII Chl a fluorescence lifetimes. The data rep-
resent all the (n) analyzed samples under the quenched and
unquenched conditions for both the xanthophyll cycle-de-
pendent and photoinhibition quenching mechanisms. Over-
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Table 1.

The reduced x? values for the fits of the multifrequency phase and modulation data to both bimodal Lorentzian distribution analysis

(Lorentzian) and three-component exponential analysis (exponential) for barley thylakoids

Xanthophyll cycle* (n = 19)

Photoinhibitiont (n = 7)

Unquenched Quenched Unquenched Quenched
x> (Lorentzian) 1.53 = 0.32 236 = 0.21 0.66 £ 0.07 31+ 027
x° (exponential) 1.67 + 0.29 242 * 0.20 1.06 = 0.12 1.39 £ 0.24

*Unquenched sample conditions were defined in Fig. 1C (no ApH and varying levels of [Z + Al). Quenched sample conditions were defined
in Fig. TA (an ATPase-mediated ApH and varying levels of [Z + A)).

tUnquenched sample conditions were defined in Fig. 1D (no ApH, low [Z + A] and no exposure to excessive PFD). Quenched sample
conditions were defined in Fig. IB (no ApH, low [Z + A] and varying times of exposure to excessive PFD).

all, the quality of the fits was roughly equivalent for both
mechanisms. The residuals were randomly distributed
around the mean in all cases with little or no indication of
a systematic error with respect to frequency. In contrast to
the unquenched sample conditions, the x? values were slight-
ly larger in the quenched sample conditions because of a
lower overall signal-to-noise ratio.

The bimodal Lorentzian model resulted in slightly better
fits (lower x2 values) on average for all conditions and both
quenching mechanisms when compared to the three-com-
ponent exponential decay model. Therefore, our explanation
of the relationship between the PSII Chl « fluorescence in-
tensity and the fluorescence lifetime components is primarily
based on the Lorentzian distribution model. Further, the fol-
lowing analysis of the time-resolved data using the Loren-
tzian distribution model accepts the following three physical
assumptions: (1) that the lifetime of the excited state of Chl
is strongly influenced by its physical environment, (2) that
the various pigment—protein complexes that contain (bind)
Chl, like other proteins studied (40), exist in a distribution
of multiple conformational substates or shapes and (3) that
the different conformational substates may interconvert
within the time scale of the Chl* excited state lifetime
(27,30).

Figure 3 compares, using three-dimensional surface plots,
the PSII Chl a fluorescence lifetime distributions under con-
ditions of varying levels of xanthophyll cycle-dependent (A)
or photoinhibition-dependent (B) nonphotochemical quench-
ing of PSIl Chl a fluorescence. In the absence of either xan-
thophyll cycle-dependent or photoinhibitory nonphotochem-
ical quenching on the PSIT Chl a fluorescence lifetime dis-
tributions (not shown) were homogeneous, being distin-
guished by a main lifetime distribution center ¢, = 1.9 ns,
a fractional intensity f;, = 93% and a width w, =~ 0.8 ns; the
much narrower minor (f, = 7%) lifetime distribution (c,)
was centered in the 20-200 ps range, see Gilmore ef al. (29).
These conditions corresponded to the maximal PSII Chl a
fluorescence yield, F,,, described in the Materials and Meth-
ods.

Figure 3A illustrates the effects that the ATPase-mediated
ApH and xanthophyll cycle deepoxidation exert on the flu-
orescence lifetime distributions. The sample conditions cor-
responded to a quenched or decreased yield for the PSII Chl
a fluorescence intensity (F’,,) as described in the Materials
and Methods. The surface of the three-dimensional plot in
Fig. 3A was plotted using the average width and lifetime
center values for both the Lorentzian distributions with the

ApH (see Fig. 3 legend). The symbols show the relationship
between the average lifetime center values (¢, = 1.6 ns, ¢,
= 0.4 ns) and the actual f; and f, fractional intensity values
(circles and squares, respectively) and (F /F',, — 1) values.
Both, the lifetime center and width values of the longer life-
time distribution decrease to ¢, = 1.6 ns and w; = 0.3 ns
from those without a ApH, namely, ¢, = 1.9 ns and w,
0.75 ns. Importantly, however, the lifetime centers of the two
distributions (Fig. 3A) remained constant independent of the
fluorescence intensity (F,/F’,, — 1). What is also clear in
Fig. 3A is that as the PSII Chl a4 fluorescence intensity is
decreased (with increasing values for F/F’ -1) the fractional
intensity of the 0.4 ns distribution (f,, white arrow) increases
at the expense of f, (dark arrow). As described by Gilmore
et al. (29) the predicted curvilinear function was used to plot
the surface of the three-dimensional plot that describes the
relationship between the f, and f, fractional intensities and
(F./F'., — 1). The inset next to Fig. 3A shows that the f,
fractional intensity correlates with increasing concentrations
of Z + A; these data are from the same samples and con-
ditions as shown in Fig. 3A. These results confirm and ex-
tend those reported earlier with barley wild-type thylakoids
in Gilmore er al. (29).

Figure 3B shows the effects of varying times of exposure
to the highly excessive photoinhibitory PFD on the PSII Chl
a fluorescence lifetime distributions in barley thylakoids.
The experimental conditions further included the absence of
a ApH and only low levels of Z + A (see Fig. 3 legend) in
the barley thylakoid samples. It is stressed that although
these conditions are physiologically harsh and unnatural, that
they are, in comparison, very consistent with similar exper-
imental conditions routinely used in the current literature to
study photoinhibition (8-13). These sample conditions cor-
responded to a decreased yield of PSII Chl a fluorescence
(F,;) as described in the Materials and Methods. Figure 3B
shows that the photoinhibitory treatments progressively de-
crease the lifetime center value ¢, (white arrow); all the other
Lorentzian distribution parameters remained within the giv-
en standard error ranges listed in the Fig. 3 legend. The inset
next to Fig. 3B shows the slow kinetics of the decreases in
the fluorescence lifetime center ¢, during exposure to the
high photoinhibitory PFD. The surface of Fig. 3B was plot-
ted using the average fractional intensity and width values
for all the photoinhibition samples: the relationship between
the lifetime center ¢, and (F,/F,; — 1) fit well to the linear
equation ([F/F,;, — 1] = [c; X —0.695] + 1.68: n = 7; r*
= (.98), which was used to plot the ¢, lifetime center values

E1



Figure 3. Relationship between the
PSII Chl 4 fluorescence intensity and
the bimodal Lorentzian fluorescence
lifetime distributions in barley thyla-
koids under conditions of (A) varying
levels of xanthophyll cycle-depen-
dent energy dissipation and (B) vary-
ing levels of photoinhibition energy
dissipation. The conditions for A in-
cluded the presence of an ATPase-
mediated ApH and varying levels of
[Z + A]. The surface of Fig. 3A was
plotted using the average lifetime
centers (¢; = 1.61 = 0.02 ns, ¢, =
040 * 0.03 ns) and widths (w,=
0.30 * 0.02 ns, w, = 1.06 = 0.06 ns)
for all thylakoid samples under these
conditions. The modeled changes in
the fractional intensity values shown
in the surface plot A were obtained
as described by Gilmore ez al. (29) by
substituting the following equality for
F',, = —0839(f,) + 1.196 (* =
0.897) for varying levels of (F /F',
— 1), where F was normalized to 1
and f, is the fractional intensity of the
0.4 ns distribution (see arrow); the
sample size was n = 19 (squares for
f; and open circles for f}). The inset
to the right of Fig. 3A shows the lin-
ear relationship between the number
of Z + A molecules per PSII (on a
total Chl a + b basis estimated as de-
scribed by Gilmore er al. (29)) and
the fractional intensity of f, under the
same conditions and in the same thy-
lakoid samples as in Fig. 3A. The
conditions for B included the absence
of a ApH, low, = 7 mmol Z + A (mol
Chl a + b)!, and varying times of
exposure to the high, excessive PFD;
the inset next to Fig. 3B shows the
kinetics of the decrease in the lifetime
center value of ¢; during exposure to
the high PFD. The surface of Fig. 3B
was plotted using the average frac-
tional intensity (f; = 0.92 * 0.00, f,
= 0.08 = 01) and width (w,= 0.72
* 0.02 ns, w, = 0.01 = 0.00 ns) pa-
rameters for all the thylakoid samples
under these conditions.

Lractional lufensity

Fracrronal lnfensity

for the surface plot. The solid square symbols show that the
decreases in the lifetime center (c,, correlated highly with
the decreased fluorescence intensity (F,/F,; — 1) measured
in parallel.

In Table 2 we show data from barley thylakoid samples
before, after 5 min and after 90 min of the photoinhibitory
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high-PFD treatment. These data were fit to the three-com-
ponent exponential decay model. The data in Table 2 show
that with increasing time of exposure to the photoinhibitory
PFD, the largest change is the decrease in the lifetime center
of the main =2 ns component (c,) that itself is likely attrib-
utable to the PSII charge separation process (9,27.41); thus,

Table 2. Effects of increasing times of exposure to excessive photon flux density (photoinhibition) on the lifetime centers (c, = ns) and
fractional inteunsities (f,) for a three-component exponential fluorescence decay meodel in barley thylakoids; also shown are the calculated
average PSII Chl a fluorescence lifetimes >7< and <7>' and the reduced x° values for the fits*

Exposure ¢ (f) ¢ (1) ¢ (fy) X
0 min 5.80 (0.116) 1.87 (0.753) 0.37 (0.13D) <1> = 2.129 1.336
5 min 6.66 (0.066) 1.49 (0.717) 0.35 (0.217) <7>' = 1.584 0.603

90 min 4,23 (0.104) 0.75 (0.603) 0.16 (0.293) <7>' = 0.939 2.206

*<r> or <1>' = X ¢,f, for each exposure condition.
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Figure 4. The linear relationship between the changes in the average
fluorescence lifetimes measured as (<7>/<7>' — 1) and the de-
creases in the average lifetime of PSII Chl ¢ fluorescence as affected
by the xanthophyll cycle (squares) and photoinhibition (circles) non-
photochemical quenching mechanisms. The linear regression statis-
tics of the fits are shown in Table 2. The height of the gray box at
the bottom of Fig. 4 represents the value of the y-intercept for the
xanthophyll cycle plot. See list of abbreviations for definition of
symbols used.

the decreases in the average lifetime from <7>> in the un-
quenched time = 0 sample to <7’ in the 5 and 90 min-
treated samples are explained mostly by the decrease in c,.
However, in the 90 min sample there are also clear decreases
in both ¢| and ¢; components. Although the physical origin
of the slow ¢, lifetime component is questionable and pos-
sibly attributable to “*free Chl,”" the fast ¢; component is
most likely attributable to PSI and the fast exciton equili-
bration processes throughout the antennae Chl (27,41). In
any case, the patterns of these decreases were significant
because it is known that quenching of PSII Chl a fluores-
cence due to the accumulation of doubly reduced Q,, Q,2-,
in the PSII reaction center is distinguishable by the forma-
tion of a long (=10 ns) component (12,27,28). No such long-
lifetime component was observed in our photoinhibition
samples using either the Lorentzian (Fig. 3) or multiexpo-
nential analysis (Table 2).

Different effects of xanthophyll cycle-dependent and
photoinhibition nonphotochemical quenching mechanisms
on the relationship between the decreased intensity and
average lifetimes of PSII Chl a fluorescence

In Fig. 4 we compare the effects of the xanthophyll cycle-
dependent (square) and photoinhibitory (circles) PSII Chl a
fluorescence quenching mechanisms with respect to the re-
lationship between the decrease in the average fluorescence
lifetime and the decrease in the fluorescence intensity. We
calculated the average lifetimes and measured the intensity

Table 3. Linear regression statistics* for the plots of xanthophyll
cycle-dependent and photoinhibition-dependent of quenching the
PSII Chl a fluorescence. F /(F', or F;) - 1. against the decrease
in the average PSIl Chl a fluorescence lifetime, <t>/<t>' — |,
shown in Fig. 4

Model Equation: (<+>/<7>' — 1) = slope (F,/[F',, or F,| — 1)

+ intercept
Xanthophyll cycle Photoinhibition
n 19 14+
Slope (P) 0.79 + 0.08 0.81 * 0.03
(1.28 X 107%) (1.52 X 101
Intercept (P) 0.17 £ 0.03 —-0.02 + 0.02
(2.36 X 107%) (0.5
re 0.85 + 0.08) 0.98 + 0.07

*r2. coefficient of determination; P. probability for null hypothesis

of the slope or intercept parameter. The values given are the
mean * SE.

+tSample size includes the zero time sample measurements for all
seven samples that were treated under the photoinhibitory con-
ditions for more than 5 min,

FThis P-value can be disregarded for the reasons explained in the
text.

for each sample in the presence of the xanthophyll cycle-
dependent and photoinhibition nonphotochemical quenching
(<1>" and F', and F,,) and in their absence (<1> and F,)
as described in the Materials and Methods. The average life-
times <7> and <{t>' were calculated from a three-compo-
nent exponential fluorescence decay model for the PSII Chl
a fluorescence as described in Table 2 above. In Table 3 we
provide the linear regression statistics of the data fits shown
in Fig. 4. First, it is clear from the values of the coefficients
of determination (#2) that both mechanisms show significant
linear relationships between the decreasing PSII Ch! ¢ flu-
orescence intensity (F/[F’, or F ;] — 1) and the decreasing
average lifetime calculated as (<7>/<7>' — 1). More im-
portantly. however. Fig. 4 and Table 3 both show that the
y-intercept values for the intensity vs the average lifetime
plots of these two different fluorescence quenching mecha-
nisms are significantly different. For the xanthophyll cycle-
dependent quenching mechanism (Fig. 4, squares) there is a
clear and statistically significant (low P-value) y-intercept of
0.17 = 0.03. The photoinhibition mechanism shows an in-
tercept standard error range virtually at or below the origin.
This intercept (—0.02 = 0.02) has a very low standard error
but has a high P-value; the high P-value can be disregarded
and is attributable only to the relative uncertainty of an in-
tercept that has a very small absolute value because it is very
close to the origin. In this case, the statistics in Table 3
indicate that there was certainly no overlap within the SE
ranges of the y-intercept values between the photoinhibitory
and xanthophyll cycle-dependent quenching mechanisms.

DISCUSSION

The novelty of resuits in this paper lies in showing that the
xanthophyll cycle- and photoinhibition-dependent mecha-
nisms are distinguishable by their differing effects on the
PSII Chl a fluorescence lifetimes and steady-state fluores-
cence intensity. We discuss these effects with respect to our
current basic model of PSII exciton dynamics, structure and



Photochemistry and Photobiology, 1996, 64(3) 559

1. Maximal PSII
Chl a Fluorescence Yield

hv
hv hv

LHCIIb*

2. Photoinhibition
High Excess Light
No ApH

3. Xanthophyll Cycle
Excess Light
With ApH

Tf=2ns

neutral
lumen pH

v

neutral

Figure 5. A schematic comparison of the xanthophyll cycle and photoinhibition nonphotochemical mechanisms on maximal yields of PSII
Chl a fluorescence. The role of the peripheral PSII antenna, LHCIIb, is described in the text. Absorbed light energy (hv) leads to the excited
state of the peripheral antenna (LHCIIb*) and the inner antenna (CP*). The CPs are shown to be enriched with the xanthophyll cycle
pigments V] and [Z + A]. The absorbed light energy from the antennae causes the formation of the singlet excited P680 (P680*) special
pair Chl in the core PSII reaction center D1/D2 complex; the D1/D2 complex is shown to contain the reduced primary quinone electron
acceptor., Q, 7, as in our experimental conditions. Condition 1 (top) describes the maximal PSII Chl ¢ fluorescence conditions that exist in
the absence of either the xanthophyll cycle or photoinhibition effects. Maximal PSIT fluorescence conditions are also shown here as having
a high ratio of V t0 Z + A = [V] as well as unprotonated CP proteins (—COOQ ). Condition 2 (left) shows the effects of exposure to high
PFD that lead to photoinhibitory damage in the absence of a ApH and independent of V deepoxidation. Here, it is proposed that increased
concentrations of oxidized Chl species, such as Chl cations or [Chl*], are the most likely quenchers of the Chl 4 fluorescence. The decreased
size of the core PSII reaction center D1/D2 compartment symbolizes the high light-induced degradation of PSIL. The thickness of the 7,
arrows and the shading of the core PSII unit symbolize the increased heat dissipation in the PSIT core and decrease in 7; when compared to
condition 1. Photoinhibition effects are proposed to be relatively homogeneous for all PSII units. Condition 3 (right) shows the complex
effects associated with the ApH (low-lumen pH) and the xanthophyll cycle nonphotochemical quenching mechanism. Here the CP proteins
are shown to be protonated (COOH) and the overall conformation of the inner antennae is shown to be different than under condition 1.
The PSII units with a higher [Z + A] are shaded and have shorter 7; values than those with high [V]. As under condition 2, the thickness

of the 7, arrows and the shading of the PSII unit symbolize the increased heat dissipation and decreased ,.

function as presented in Gilmore et al. (29). According to
that study of the PSII Chl a fluorescence lifetimes and in-
tensity, the presence or concentration of LHCIIb does not
affect the PSII Chl a fluorescence lifetimes, the quantum
yield of PSII photochemistry or the xanthophyll cycle-de-
pendent nonphotochemical quenching mechanism. We note
that these conclusions contradict earlier held theories that the
exciton lifetime should be directly related to the PSII Chl a4
+ b antenna size or N, (41-43). However, Gilmore et al.
(29) presented the first direct comparison of the effects of
N, on the PSII Chl a fluorescence lifetimes in both native
(nondetergent-treated) thylakoid membranes and leaves;
moreover, both the in vivo levels of PSII photochemical ef-
ficiency and xanthophyll cycle-dependent nonphotochemical
quenching (NPQ) were preserved. Thus, we conclude that
discrepancies between the Gilmore et al. (29) data and ideas
and those of other researchers working with detergent-treat-
ed subchloroptast particles and membranes (44,45) may be
attributable to the effects of detergent on the delicate in vivo
energy transfer processes of PSII. Further, our data confirm
and extend the results and conclusions obtained indepen-
dently by Briantais et al. (46} as well as by Lin and Knox

(47) that showed the main light-harvesting pigment—protein
complex of PSII (LHCIIb)-dependent fluorescence compo-
nent is very short-lived («100 ps) and therefore does not
make a substantial contribution to the PSII average fluores-
cence lifetime or steady-state intensity at room temperature.
Figure 5 summarizes some of the current concepts; here, we
depict LHCIIb as having a primarily light-harvesting role
and a negligible quantum yield for fluorescence due to a
rapid and efficient transfer of absorbed energy to the PSII
inner antenna (CP) and reaction center core (D1/D2) com-
plex.

According to our interpretations of the PSIT Chl a fluo-
rescence lifetimes and intensity, condition 1 at the top of
Fig. 5 represents the maximal in vive PSH Chl a fluorescence
quantum yield. Maximal fluorescence conditions minimally
include the absence of a trans-thylakoid ApH (neutral lumen
pH) and the presence of the reduced primary quinone elec-
tron acceptor of PSII, Q,~. as well as an intact reaction cen-
ter. In our experiments, we met all three of the necessary
conditions for maximal PSII Chl a fluorescence by utilizing
the uncoupler nigericin to inhibit the ApH, adding DCMU
to prevent oxidation of Q, ", use of healthy thylakoids (start-
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ing with PSII quantum efficiency, F/F,, values of 0.789 =
0.001), as well as avoidance of exposure of the thylakoids
to excess light for extended periods. Here we depict the max-
imal PSII Chl a fluorescence yield as a condition where the
unprotonated PSII units (CP—D1/D2) have a similar main
fluorescence lifetime distribution (f = 0.9) centered around
2 ns with a steady width around 0.8 ns. A relatively ho-
mogeneous conformation of the unprotonated PSII units is
proposed to explain the main single fluorescence lifetime
distribution under the maximal fluorescence conditions.

Condition 2 of Fig. 5 shows that exposure to excess light
for extended periods, under the same conditions that would
yield maximal PSII Chl a fluorescence, causes what we have
defined here as aerobic photoinhibitory damage. As shown
in the Results section, with increasing time of exposure to
excess light there is a progressive decrease in the lifetime
center of the main PSII Chl a fluorescence lifetime distri-
bution (c;). denoted here as 7. The photoinhibitory condi-
tions in this study are quite similar in terms of atmospheric
oxygen concentration, PFD and duration of light exposure
to those used in similar studies where the patterns of P680
and D1 degradation were well documented (8,10,11). There-
fore., we envision that the most likely cause of the gradual
decrease in T; is symptomatic with the gradual oxidative deg-
radation of the component pigment-proteins of PSII (mainly
D1), as well as degradation and loss of the special P680 Chl
of the PSII reaction center. Our time-resolved aerobic pho-
toinhibition data and conclusions (see Table 2, Fig. 3) were
also, in fact, quite similar to those of Renger et al. (9) who
also showed a substantial decrease in the lifetime of all the
fluorescence lifetime components, including the main 2 ns
component that is associated with the charge-separation pro-
cess (9,27,41), in response to increased exposure to excess
PFD.

We did not see the pattern of fluorescence and lifetime
changes that distinguish the presence of doubly reduced Q,,
namely, the formation of a very long lifetime component
(=10 ns) that itself has been attributed to the slow spin de-
phasing and recombination of the triplet radical pair to P680
(12,27.28). Therefore. we conclude that the fluorescence
guenching under these photoinhibitory conditions is not due
to an accumulation of Q,>~. Vass et al. (12) concluded in-
dependently that Q,%- does not accumulate under aerobic
conditions similar to those in this study. Overall, our pho-
toinhibition results are consistent with a gradual increase in
the rate constant of a nonradiative decay pathway from the
charge-separated state of the PSII reaction center: perhaps,
the fluorescence quencher is related to the concentration and
or redox potential of an oxidizing species such as a Chl*
cation and or the P680~ cation as suggested by others
(9,13,24.25). We conclude that the photoinhibition effects
are relatively homogenous for all the PSH units.

Condition 3 of Fig. 5 shows the sequential, switchlike
changes that are associated with the xanthophyll cycle-de-
pendent nonphotochemical quenching conditions. As ex-
plained in the introduction, the xanthophyll cycle mechanism
1s stimulated under excess light conditions that cause a trans-
thylakoid ApH and thus acidify the chloroplast lumen; the
chloroplast lumen acidification is a necessary precondition
both for V deepoxidation to Z + A (17) as well as proton-
ation of carboxyl groups (COO™) of the CP proteins at the

lumenal surface of the thylakoid membrane (5,19-21). It is
suggested that the protonation of the carboxyl groups of the
CP proteins causes a conformational switch or change in the
Chl a-containing antennae proteins; this switch decreases the
fluorescence lifetime center (1) and width (w) of the longer
distribution when compared to unprotonated (maximal flu-
orescence) condition 1 shown at the top of Fig. 5. This ApH-
dependent shift 1s independent of the [Z + A] and is prob-
ably also associated with the positive y-intercept in the plot
of the average lifetime versus the intensity as described in
the Results (Fig. 4). The clear, positive y-axis intercept in
the xanthophyll cycle-dependent plot for barley thylakoids
in Fig. 4 was consistent with our previous report with spin-
ach and lettuce thylakoids (6). We suggest the constant y-in-
tercept change is due to the ApH-dependent conformational
changes in the Chl a-containing PSII antennae proteins; such
conformational changes should have been a constant factor
in our experiments because of the constant ATPase-mediated
ApH. We tentatively attribute the difference between the flu-
orescence intensity (F /F’' — 1) and the average PSII Chl
a fluorescence lifetime (<t>/<7>" — 1) during the xantho-
phyll cycle-dependent quenching (Fig. 4) to a change in the
effective absorption cross section of the thylakoid samples
associated with the pH-dependent conformational changes in
the Chl g-containing antennae complexes. The changes in
the ¢, component probably represent the low-lumen pH ac-
tivation of the binding sites for Z + A in the inner antenna
and the increases in the f, fractional intensity represent the
concentration-dependent binding of Z + A. In contrast to
the changes in the width and lifetime center of the ¢, com-
ponent, it is clear that the f, (and f,) fractional intensities are
directly proportional to the [Z + A] (Fig. 3). Thus, we hy-
pothesize that together these changes reflect the molecular
sequence of events that cause xanthophyll cycle-dependent
nonphotochemical quenching. We propose that the site of
action of the xanthophylls is in the inner antenna complexes
of PSII because the chlorina £104 barley mutant, which is
highly deficient in the Chl b-containing LHCIIb retains near
wild-type levels of the minor CP proteins of the PSII inner
antenna (48) as well as wild-type levels of [Z + Al-depen-
dent quenching (29).

Consistent with the model based on the above time-re-
solved data on barley thylakoids, a similar two-stage model
was earlier proposed by Gilmore and Yamamoto (49) in the
general form of the following model linear equation that
yielded the best statistical fit to variations in xanthophyll
cycle-dependent nonphotochemical quenching in isolated
pea and lettuce thylakoids:

F/Fow—1=x[Z + A][H"] + x,[H*] + constant

where the x, term describes the [Z + A] concentration-de-
pendent variable component at a given lumen proton con-
centration, [H*], and the x, term describes a [Z + Al-inde-
pendent but lumen [H*]-dependent variable. Thus, we point
out here the obvious respective analogies between x; term
in the linear equation above and the [Z + Al-dependent
changes in the f, component (Fig. 3) and the x, term and the
ApH-dependent changes in the ¢, component (also in Fig.
3). We conclude that the two-stage models proposed by Gil-
more et al. (29) and Gilmore and Yamamoto (49) and in this
paper may account for the majority of ‘‘zeaxanthin-indepen-



dent”” but ApH-dependent PSII Chl a fluorescence quench-
ing in both leaves and chloroplasts (50-52). Indeed, these
models predict high levels of fluorescence quenching with
low levels of deepoxidized xanthophylls and high lumen
[H*]. First, it is important to consider that there are always
background levels of [Z + A] of around 1 to 2 mol Z + A
per PSII unit (based on a total Chl ¢ + b basis) in fully dark-
adapted barley, pea, lettuce and spinach leaf and chloroplast
materials (6,29,49.53); it 1s also important to consider that
even after high levels of deepoxidation in isolated chloro-
plasts there are normally fewer than 10 mol of Z + A per
PSII. Further, it is well known that significant levels of Z +
A exist in both the chloroplast envelope (54,55) and stromal
lamellae (56-58). In sum, it is clear that the net maximal
levels of Z + A molecules per absolute PSII unit could be
significantly less than 10. Nevertheless, if one assumes that
a majority (even 50%) of the dark background levels Z +
A are functionally associated with PSII in the granal thyla-
koids, then it is clear that given both a high enough lumen
[H*] and binding constant for the xanthophylls (relative to
the protonated CP) that a majority of the PSII units could
switch to the ‘‘quenched’ conformation, without need for
further deepoxidation. Thus, the stoichiometry of [Z + Al,
relative to the absolute PSII unit, points to the likelihood
that the xanthophylls act in a switch-like manner; this is
inasmuch as their relatively low concentrations probably ex-
clude them from exerting any gradual type of change at the
level of inter- or intra-protein organization and conforma-
tion. With respect to the so-called xanthophyll cycle-inde-
pendent fluorescence quenching, the ApH effects on the (¢,)
fluorescence lifetimes of the ‘‘unquenched’” PSII units may
be considerable (perhaps more than 20-30 %) and quite vari-
able between ditferent plant species; indeed, the absolute
lifetime values were significantly different for each plant
species examined so far, including lettuce and spinach (6)
and barley (29). Further, we conclude that the ApH-depen-
dent ([Z + A]-independent) changes to ¢, cannot be attrib-
uted to DCMU- and Na-ascorbate-sensitive effects on the
PSII donor side reactions (59). This is because the presence
of both DCMU and Na-ascorbate in all the experimental
samples in this paper should have completely inhibited all
PSII Chi ¢ fluorescence quenching due to ApH-induced in-
hibition of the PSII donor side reactions (6.59)

The ideas that the xanthophyll cycle mechanism is an all
or none reaction for individual PSII units (Fig. 5, lower
right), while photoinhibition is a slower progressive decay
(Fig. 5, lower left) are similar to those earlier reviewed by
Krause (1), but this paper contains the first direct time-re-
solved confirmation of both these hypotheses. Our two-stage
model for xanthophyll cycle-dependent nonphotochemical
quenching is similar to the model proposed by Weis and
Berry (60) to explain the effects of nonphotochemical fluo-
rescence quenching on the quantum yield of PSII photo-
chemistry. Further, our interpretations of the different effects
of the xanthophyll cycle and photoinhibition mechanisms on
the Chl a fluorescence lifetimes are consistent with the well-
established different effects that these mechanisms have on
the steady-state PSII Chl ¢ fluorescence intensity parameters
when PSII photochemistry and Q, oxidation is not inhibited
by DCMU (as they were in this study). It is firmly estab-
lished that the xanthophyll cycle mechanism decreases the
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minimal PSII Chl 4 fluorescence yield, F,, when PSII pho-
tochemistry is at a maximum (when all Q, is oxidized), in
direct proportion to the maximal fluorescence yield, F,,
when PSII photochemistry is at a minimum (when all Q, is
reduced) (2,4-6,53). However, photoinhibition normally in-
creases the F, level while decreasing the F,, level (2,7,31—
33). Indeed, the idea that the photoinhibition affects the
charge-separated state of the reaction center (9,13,this paper)
while the xanthophyll quenching affects the PSII antenna
conformation and, thus energy delivery from the antenna to
the P680 Chl (4-6,this paper), would according to all cur-
rently accepted models of PSII exciton kinetics, structure
and function explain the different effects on F_ and F,, (see
review by Dau (61)).
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