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Arabidopsis thaliana leaves were examined in short-term (1 h)
and long-term (10 h) irradiance experiments involving growth, sat-
urating and excess light. Changes in photosynthetic and chlorophyll
fluorescence parameters and in populations of functional photosys-
tem 11 (PSIl) centers were independently measured. Xanthophyll
pigments, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)-
binding sites, the amounts of D1 protein, and the rates of D1 protein
synthesis were determined. These comprehensive studies revealed
that under growth or light-saturating conditions, photosynthetic
parameters remained largely unaltered. Photoprotection occurred
at light saturation indicated by a dark-reversible increase in non-
photochemical quenching accompanied by a 5-fold increase in
antheraxanthin and zeaxanthin. No consistent change in the con-
centrations of functional PSII centers, DCMU-binding sites, or D1
protein pool size occurred. D1 protein synthesis was rapid. In
excess irradiance, quantum yield of O, evolution and the efficiency
of PSII were reduced, associated with a 15- to 20-fold increase in
antheraxanthin and zeaxanthin and a sustained increase in nonpho-
tochemical quenching. A decrease in functional PSII center concen-
tration occurred, followed by a decline in the concentration of D1
protein; the latter, however, was not matched by a decrease in
DCMU-binding sites. In the most extreme treatments, DCMU-
binding site concentration remained 2 times greater than the con-
centration of D1 protein recognized by antibodies. D1 protein
synthesis rates remained unaltered at excess irradiances.

During the last decade studies of photosynthesis and
photoinhibition in higher plants have been driven by many
advances in our understanding and by the availability of
new techniques for in vivo and in vitro investigations.
Following the biochemical studies of Kyle et al. (1984) with
photoheterotrophic Chlamydomonas, attention has focused
on a central role for the synthesis and degradation of the
D1 protein of the heterodimer of the PSII reaction center
(Critchley, 1988; Barber and Andersson, 1992; Critchley et
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al., 1992; Prasil et al., 1992; Sundby et al., 1992, 1993; Aro et
al., 1993b). At the same time biophysical and physiological
studies have exploited Chl fluorescence analysis to inter-
pret PSII function in vivo (Bilger and Schreiber, 1986; Baker
and Horton, 1987; Bjérkman, 1987; Weis and Berry, 1987;
Krause, 1988; Krause and Weis, 1991). The recognition of a
potential role for the xanthophyll cycle in the dissipation of
excess photons (Demmig et al., 1987) has led to increased
attention to the structure and function of the light-harvest-
ing antennae of PSII and their relationships to reaction
center function under prolonged exposure to photon fluxes
in excess of those required to saturate photosynthesis (Hor-
ton et al., 1991; Demmig-Adams and Adams, 1992; Ruban
et al., 1993).

As was pointed out recently (Osmond, 1994), each of the
above approaches has developed its own culture of re-
search and, to an extent, its own set of interpretations
independent of the other. In spite of some attempts to
undertake comprehensive experiments (Bradbury and
Baker, 1986; Chow et al., 1989; Oquist et al., 1992; Aro et al.,
1993a), until now they have fallen short in one way or
another. It is now recognized, for example, that the D1
protein turnover cycle must be interpreted against a back-
ground of the populations of down-regulated PSII centers
with different functional attributes (Giersch and Krause,
1991; Walters and Horton, 1993; Long et al., 1994; Osmond,
1994).

The research reported here attempts to approach more
closely the desirable objective of a truly comprehensive
analysis of relationships between photosynthesis and pho-
toinhibition in Arabidopsis, an organism long favored for
genetic manipulation and long selected for growth under
poorly lit and poorly controlled laboratory conditions. Lit-
tle is known about the photosynthetic properties of labo-
ratory strains of Arabidopsis in anything approaching nat-

Abbreviations: D1, D1 reaction center protein of PSII; F_, F_,
and F,, maximal, initial or intrinsic, and variable Chl fluorescence,
respectively; Q,, primary electron accepting plastoquinone of
PSIT; g and gp, coefficients of nonphotochemical and photochem-
ical Chl fluorescence quenching, respectively.
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ural environments. Before embarking on investigations
into the genetic manipulation of PSII structure and func-
tion in this organism, it was deemed prudent to under-
stand and integrate these processes in the wild-type par-
ents as a point of reference.

We have grown plants under optimal controlled condi-
tions of relatively low light intensity and then studied a
range of photosynthetic parameters under growth irradi-
ance, irradiance that saturates photosynthesis, and two
irradiances exceeding saturation (approaching 50 and 100%
of full sunlight) that result in significant photoinhibition.
Comprehensive measurements of photosynthetic light-re-
sponse curves, Chl fluorescence and fluorescence-quench-
ing parameters, PSII function in vivo, and xanthophyll
pigment composition have been made as a background to
changes in D1 protein synthesis, pool size, and properties
in each treatment.

MATERIALS AND METHODS
Plant Growth Conditions

Arabidopsis thaliang (cv Bensheim) seed was planted in
compost in 15-cm-deep pots and covered with plastic wrap
for 4 d of germination. Pots were then uncovered and
young plants exposed to 200 to 230 pmol m~? s~? from a
combination of fluorescent and incandescent sources in a
12-h day-night cycle with 22°C by day and 17°C at night.
Plants were irrigated with Hoagland solution in the morn-
ing and with water each afternoon. Leaves (2-3 cm?) were
sampled from plants in the 4 to 6 weeks after planting but
before flowering, which occurred after 6 weeks.

Experimental Irradiance Treatments

Selected rosette leaves of similar size and position (sim-
ilar age) were severed under water at the petiole and
floated, upperside up with petiole submerged, on distilled
water in metal or plastic trays. Trays were placed on a
gently shaking platform in a temperature-controlled (20°C)
water bath under a Philips HPLR 1000-W mercury vapor
lamp so that the movement also averaged the small varia-
tions in the light environment. All leaves were initially
exposed to 220 to 250 umol m ™2 s~ (growth light) to adjust
for 1 h. This irradiance was achieved by using layers of
shade cloth between the trays in addition to a glass heat
filter (Schott 115 Tempax), which also filtered out UV
wavelengths. Subsequently, either leaves continued to be
exposed at growth irradiance or some sheets of shade cloth
were removed to expose leaves to either 420 (saturating
light), 1350, or 2200 to 2300 umol m~2 s~ (irradiance in
excess of saturation) for up to 10 h. Concurrent measure-
ments of photosynthetic O, evolution, fluorescence param-
eters, fluorescence quenching, O, flash yield, [**CJDCMU-
binding site concentration, and D1 protein labeling were
made on the same batches of leaves that had been collected
in the early morning. All experiments were replicated on
separate days.
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Chl Fluorescence Quenching and Photosynthetic
Oxygen Evolution

Fluorescence parameters (F,/F,, and F_, dark adapted)
were measured on four leaves selected at frequent intervals
after transfer to treatments. Leaves were dark adapted for
10 min in the leaf clip of a Hansatech Plant Efficiency
Analyser (Hansatech Ltd., King’s Lynn, Norfolk, UK), op-
erated at 80% maximum excitation light (1870 pmol m™2
s™") for 5 s. Other leaves were sampled before and at
intervals during treatments at growth irradiance, saturat-
ing light, or excess irradiance for the simultaneous mea-
surement of photosynthetic O, evolution and modulated
Chl fluorescence (Seaton and Walker, 1992). The rate of O,
evolution of illuminated 1.5-cm? leaf discs, in. saturating
CO,, was measured in a leaf-disc electrode chamber (model
LD2; Hansatech) maintained at 20°C. Modulated Chl fluo-
rescence was simultaneously recorded using a PAM 101
Chiorophyil Fluorometer/FL 103 additionally equipped
with PAM 102/102-FR, PAM 103/Schott KL1500 electronic
flash lamp, and polyfurcated fiberoptic (H. Walz, Effel-
trich, Germany). At the end of the dark-adaptation period
(20-30 min), respiration rate and F, were recorded, fol-
lowed by a 1-s saturating flash to measure F,. (F,, values
from dark-adapted control leaves measured prior to any
experimental light treatments were used for determina-
tions of g,). An ascending series of actinic irradiances was
then programmed so that O, evolution rate and F, were
measured at steady state immediately followed by a satu-
rating flash to detect F_,, followed by a short “clark” period
with weak far-red light (3 W m™2, 735 nm) to ensure Q4
oxidation during F, measurement. Calculations of quench-
ing coefficients were made according to the method of
Bilger and Schreiber (1986) and Genty et al. (1989). Satu-
rating flashes were triggered, and signals were recorded
and analyzed with an IBM-compatible 385 computer
equipped with an analog-to-digital conversion board
(model IF-1, Hansatech).

Functional PSII-O, Flash Yield

The number of functional PSII reaction centers capable of
O, evolution in leaves was determined from the O, yield
per single-turnover flash during repetitive (10 Hz) flash
illumination and expressed on a Chl basis (Chow et al.,
1991). The duration of the flash, measured as the full width
at half-peak intensity, was approximately 2.5 s. A small
heating artifact due to the flashes was taken into account.
Background far-red light was used to avoid any limitation
of electron transport by PSI.

Carotenoid Pigment Determinations

Leaf carotenoid pigments, particularly the xanthophyll
cycle pigments violaxanthin, antheraxanthin, and zeaxan-
thin, were measured in samples taken before and during
the light treatments. Two discs (0.75 cm®) were punched
from leaves and stored in liquid nitrogen. Samples were
ground in liquid nitrogen and extracted in 100% acetone
(acetone-water mixtures were not as effective in extrac-
tion). Pigments were measured using the HPLC method
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and solvents A and B described by Gilmore and Yamamoto
(1991). The pigments were separated on a Spherisorb ODS1
column (Alltech Associates, Sydney, Australia) at a flow
rate of 1.5 mL min~" for solvent A and 1 mL min~" for
solvent B and with a 20-uL injection volume. Pigment
concentrations were calculated using standards as de-
scribed earlier (Robinson et al., 1993).

Measurements of D1 Protein Synthesis and Pool Size

Leaves were labeled routinely by floating them in culture
tray wells with petioles submerged in a solution of 50 Ci
(1.85 X 10° Bq) of carrier-free L-[*>S]Met in 3 mL of dis-
tilled water (13 nM). Labeling began 60 min prior to, and
continued throughout, the experimental treatments. Sam-
ples of two leaves chosen at random were taken 30 min
before and then at intervals during the experimental treat-
ments and were immediately frozen in liquid nitrogen.
Preliminary experiments with leaf discs established that
the rates of total L-[**S]Met uptake were similar in carrier-
free treatments and in treatments containing 0.1 mmM Met.
Uptake was linear for 8 h, but autoradiography of the discs
using a Phosphor Imager (model 400 S, Molecular Dynam-
ics, Sunnyvale, CA) showed that the label was much
greater at the edges of discs, and little label reached the
center of 9-mm diameter discs. Autoradiography of 1-[*°S]-
Met uptake into intact leaves showed that, although label
was concentrated in the vascular tissues, this mode of
delivery ensured label transfer to all cells in the tissue.

The frozen leaves were processed on the day of sampling
by grinding them with a mortar and pestle in ice-cold
isolation buffer (0.33 m sorbitol, 25 mm Tricine/KOH at pH
7.8, 5 mm MgCl,, 10 mm NaCl), and thylakoid membranes
were spun down in an Eppendorf centrifuge at 14,000 rpm
for 7 min. The pellet was washed once (in isolation buffer
lacking osmoticum) and resuspended in 100 pL of isolation
buffer, which yielded 0.5 to 1 mg Chl mL™". Chl was
determined by extraction from a 5-pL aliquot in 80% buff-
ered acetone and measured in a Hitachi U-3200 spectro-
photometer (Porra et al., 1989). The thylakoid isolation
procedure was carried out at 4°C.

Samples were suspended in solubilization buffer (0.1 M
Tris-HCI, pH 8.8, 5% glycerol, 3% lithium dodecyl sulfate,
0.3% DTT), loaded on an equal Chl basis on a lithium
dodecyl sulfate/15 to 23% polyacrylamide/4 M urea gra-
dient gel, and run overnight at 12 mA and 7°C. Gels were
dried following treatment with an enhancer containing
2,5-diphenyloxazole in methylnaphthalene. The signal
from labeled proteins was analyzed using the Phosphor
Imager. The gels were also autoradiographed and analyzed
by densitometry using a GS300 scanning densitometer
(Hoefer Scientific Instruments, San Francisco, CA). Gels
were also blotted onto nitrocellulose and allowed to react
with an antibody specific to the D1 protein. The immune
reaction was visualized using Enhanced Chemilumines-
cence (Amersham, UK) and quantified with the scanning
densitometer.

Total D1 Protein Content: ['*C]DCMU Binding

Leaf samples were taken and thylakoids isolated as de-
scribed above. The total D1 protein content was then esti-
mated by measuring the specific binding of ['*C]DCMU to
the D1 protein. ['"*CIDCMU was added to suspensions of
thylakoids (50 um Chl) to give concentrations ranging from
80 to 300 nm. After dark equilibration of 3 min, the sus-
pensions were centrifuged in an Eppendorf microfuge for 3
min. The difference between the herbicide added to a thy-
lakoid suspension and the amount remaining in the super-
natant was taken as the amount of bound DCMU. The
number of DCMU-binding sites was determined by linear
regression in a double-reciprocal plot (Tischer and Strot-
mann, 1977; Chow et al., 1990).

RESULTS
Short-Term Experiments

Exposure of Arabidopsis leaves from plants grown at 220
pmol photons m~? s™! to saturating irradiance (420 umol
photons m~2 s™') for 1 h had no effect on dark-adapted
F,/F,, or F, (Fig. 1A), indicating no sustained effect on
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Figure 1. Dark-adapted (10 min) fluorescence parameters F, ((CJ)) and
F, /F,, (@) measured in Arabidopsis leaves as a function of time after
exposure to growth irradiance (250 umol photons m™? s7'; shaded
area) and after transfer to saturating (A) or excess irradiance (B) (420

or 2200 umol photons m~2 5™, respectively).
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photosynthetic efficiency. However, treatment at 10X
growth irradiance caused substantial photoinhibition dur-
ing this period, as indicated by the decline in dark-adapted
F,/F,, and elevation of F_ (Fig. 1B). These results were
confirmed by the photosynthetic and fluorescence-quench-
ing analyses displayed in Figure 2. After 1 h of treatment at
saturating irradiance there was no significant change in the
photosynthetic light-response curve (Fig. 2A), the light
dependence of the change in PSII efficiency (Fig. 2B), or the
light dependence of the changes in gy and qp (Fig. 2, C and
D). However, exposure to 2200 pmol photons m ™ ? s~ " led
to a large decrease in the quantum yield of O, evolution
(Fig. 2E) and the efficiency of PSII (Fig. 2F) within 20 min,
presumably related to the increase in gy (Fig. 2G). These
changes were even more pronounced after 1 h (Fig. 2, E-G).
It is particularly interesting that the maximum reduction in
PSHI efficiency and maximum g, were engaged at very low
light intensity after these photoinhibitory treatments (Fig.
2, F and G). The light dependence of the reduction state of
Q4 was not significantly different from controls in any of
these experiments (Fig. 2, D and H).
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Figure 2. Light-response curves for CO,-saturated photosynthesis (A
and E), PSIl efficiency (B and F), gy (C and G}, and gp (D and H) in
Arabidopsis leaves. Response functions were measured after expo-
sure to 250 umol photons m™2 s~ for 2 h (O) followed by 25 min ((3)
or 1 h (A) of treatment at saturating (A-D) or excess irradiance (E-H)
(420 or 2200 pmo! photons m~2 s, respectively).
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Figure 3. Changes in xanthophyll pigment composition of Arabidop-
sis leaves during exposure to saturating (A) or excess irradiance (B)
(420 or 2200 umol photons m~2 57, respectively). Conditions were
as in Figure 1. O, Violaxanthin; @, antheraxanthin plus zeaxanthin.

The changes in xanthophyll pigments in leaves during
treatments at 420 and 2200 wmol photons m™2 s ! are
shown in Figure 3, A and B, respectively. Only about 30%
of the total xanthophyll cycle pool was convarted to an-
theraxanthin and zeaxanthin at the lower, saturating irra-
diance (Fig. 3A), whereas in excess irradiance about 50% of
the pool was converted to antheraxanthin anc. zeaxanthin
within 20 min, followed by a slow, further increase during
the next 40 min. The sustained increase in zeaxanthin in
excess irradiance is presumably related to the sustained
and marked change in the light dependence of PSII effi-
ciency and gy, shown in Figure 2, B and C, versus Figure 2,
Fand G.

The labeling of D1 protein in Arabidopsis leaves with
[**S]L-Met was not responsive to irradiance. The inset to
Figure 4 shows that the rate of incorporation was similar in
the 220 pmol photons m™2 s™' pretreatment and after
transfer to both 420 and 2200 umol photons ra™2 s~ . The
total amount of D1 protein, as measured by [**CIDCMU
binding, was more or less constant throughout these treat-
ments (Fig. 5A) and there was no change in the K for
DCMU binding (data not shown). Yet, as would be ex-
pected from Figures 1 and 2, the concentration of func-
tional PSII centers declined markedly during ~he 1-h treat-
ment in excess light (Fig. 5B). There were only small
changes in both parameters when measured at light
saturation.
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Figure 4. Time course of incorporation of [**S]Met into D1 protein of
Arabidopsis leaves exposed to saturating or excess irradiance (420
[O, @ or 2200 (A, A] pmol m™2 577, respectively). Inset shows
short-term incorporation after 1 h of prelabeling at 220 umol photons
m~2 57" (shaded area) in each case. The rates at the two treatment
irradiances are not significantly different (O, r? = 0.85; y = 31x +
37.76; @, r2 = 0,92; y = 38.3x + 23.5).

Long-Term Experiments

The short-term experiments were repeated with an ex-
tended range of treatment conditions and for longer peri-
ods. Dark-adapted fluorescence parameters, measured as a
function of time of exposure at four irradiances (220, 420,
1350, and 2300 umol photons m™? s™'), were comparable
with those in Figure 1 (data not shown). After 10 h of
treatment, there was less than 20% decline in dark-adapted
F,/F,, and less than 20% increase in F in the two lower
irradiance treatments. Treatment at 1350 pmol photons
m~?s7" led to a steady value of dark-adapted F,/F,, at 0.4
to 0.5 within 100 min and remained there throughout the
10-h treatment; F, doubled but more slowly than at the
highest irradiance. At 2300 umol photons m 2 s~ !, F /F,,
declined to between 0.2 and 0.4 within 100 min and re-
mained there; F, doubled but more rapidly than at 1350
umol photons m "2 571, As had been observed in the short-
term experiments, there was no effect of treatment irradi-
ance on the labeling of D1 protein by 1-[**S]Met (Fig. 4).

Photosynthesis and fluorescence quenching were moni-
tored during the first 6 h of these treatments, yielding data
generally consistent with those shown in Figure 2, i.e. at
growth irradiance there were no changes in photosynthetic
properties or fluorescence-quenching coefficients when ini-
tial controls were compared to 1- and 6-h treatments (data
not shown). In leaves transferred to 420 wmol photons m ™2
s~! there were only small changes in light-response curves
of photosynthetic O, evolution, or gp, after 6 h (Fig. 6, A
and D), but gy in weak light increased markedly following
6 h of exposure at this irradiance (Fig. 6C), and the effi-
ciency of PSII in weak light was reduced a little (Fig. 6B).

Treatment at 1350 pumol photons m™>s™' for Thled toa
reduction in the apparent quantum yield but not the max-
imum rate of O, evolution (Fig. 6E). The maximum rate
was decreased after 6 h, indicative of early photoacclima-
tion to the higher irradiance, in spite of persistent lowering
of the quantum yield of O, evolution and efficiency of PSII
(Fig. 6F). The light response of g was not altered by these
treatments (Fig. 6H), but within 1 h there was a marked
and sustained increase in gy measured at low irradiance
(Fig. 6G) and a 30 to 40% decline in efficiency of PSII
measured at low irradiance (Fig. 6F) consistent with results
shown in Figure 2. These tendencies were even more evi-
dent in 2200 umol photons m~2 s~ ! treatments. After only
20 min there was a pronounced decline in the apparent
quantum yield of photosynthetic O, evolution without a
change in maximum rate, but within 3 h both parameters
were massively depressed (Fig. 6I). Again, the light re-
sponse of g, was not much affected by this treatment, but
qn increased dramatically (Fig. 6K), especially at low light,
consistent with a large decline in PSII efficiency (Fig. 6]).
The decline in efficiency of PSII as indicated by the decline
in dark-adapted F,/F,, was well correlated with the per-
centage of functional PSII centers measured by O, flash
yield (Fig. 7).

Changes in xanthophyll pigments resembled those ob-
served previously (Fig. 3). There was no interconversion to
zeaxanthin at the growth irradiance, and within 1 h only
18% of the violaxanthin was converted to antheraxanthin
and zeaxanthin at 420 umol photons m ?s7} compared
with 53% at 1350 and 2300 umol photons m~2 s~ (Table I).
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Figure 5. Changes in the concentrations of DCMU-binding sites (A)
and functional PSIl centers (B) in Arabidopsis leaves exposed to
saturating or excess irradiance (420 or 2200 wmol photons m™2s™1,
respectively). Note that initially the concentration of PSIl centers
determined by these two methods is comparable.
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Figure 6. Light-response curves for CO,-satu-
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scribed in Figures 1, 2, and 7 as well as additional repeat experiments
undertaken by undergraduate students listed in the acknowledgments
(P = 0.821; y = 122.6x — 10.0).
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After 10 h of exposure the xanthophyll cycle pools nearly
doubled in each of the highest irradiance treatments, with
all of the additional xanthophylls present in the de-epoxi-
dated form (Table I).

The longer times used in these experiments and the
comprehensive quantitative estimation of D1 protein using
two different methods extended the observations shown in
Figure 5. Figure 8, A and B, shows that at growth irradiance
and 420 pmol photons m™? s~" there were no major neg-
ative changes in the normalized concentrations of anti-

Table I. Effects of irradiance and exposure time on xanthophyll
cycle pigment composition in Arabidopsis leaves from plants
grown at 220 uwmol photons m=2 s=' (means of triplicate analyses)

Time of Exposure (h)

Fraction Irradiance
8] 1 10
wmol photons
m2s7!

Total xanthophyll cycle 250 429 37.8 483
pigments® {(mmol mol~" Chi) 420 429 419 494
1350 429 359 613

2200 429 35.7 638

Antheraxanthin plus zeaxanthin 250 43 3.0 29
(mmol mol™" Chl) 420 43 6.1 156
1350 43 193 49.2

2200 4.3 185 513

2 Violaxanthin plus antheraxanthin plus zeaxanthin.
p
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Figure 8. Time courses of changes in normalized concentrations of
functional PSHI centers (O), antibody-detectable D1 protein ({J), and
DCMU-binding sites (A) during exposure to growth irradiance
(A), light saturation (B), 6X growth irradiance (C), or (D) 10X
growth irradiance (220, 420, 1350, or 2300 umol photons m™2 577,
respectively).

body-detectable D1 protein, ['*CIDCMU-binding sites, or
functional PSII centers measured by O, flash yield. At 1350
pmol photons m™2 s~* the concentration of [**CIDCMU-
binding sites declined very slowly over 10 h, whereas that
of D1 protein remained unchanged for 1 h and subse-
quently declined to 50%. In contrast functional PSII centers
declined by 30% in the 1st h and remained at about 20 to
40% in the 5- to 10-h treatments (Fig. 8C). At the highest
irradiance all three measures of PSII reaction center prop-
erties declined, but the sequence was similar to that shown
in Figure 8C, and the initial phases of the time courses were
more rapid. Thus, ["*C]DCMU-binding site concentration
declined more slowly than D1 protein concentration and
this in turn was slower than the decline in functional PSII
center concentration (Fig. 8D). After 5 h at 2300 umol
photons m™2 s™" these parameters were only marginally
more depressed than those after 10 h at 1350 wmol photons
m~?s™". After 10 h at the highest irradiance the concen-
tration of antibody-detectable D1 protein equaled that of
functional PSII centers at 7 h, but ['"*CIDCMU-binding site
concentrations remained more than twice as great. Again,
there was no change in the K for DCMU binding.

DISCUSSION

These comprehensive experiments permit, perhaps for
the first time, an insight into the catena of interactive
processes in photosynthesis, photoacclimation, photopro-
tection, and photoinhibition that have been researched in
our laboratories, and those of many others, during the last
decade. For the purposes of this discussion, and without
becoming preoccupied for the moment with mechanisms,

we accept that (a) the gy indicates photoprotective pro-
cesses, leading to dissipation of excitation energy as heat,
of which at least one element is associated with the accu-
mulation of antheraxanthin and zeaxanthin in thylakoid
membranes (Demmig et al, 1987; Bilger and Bjorkman,
1990; Horton et al., 1991, Krause and Weis, 1991; Demmig-
Adams and Adams, 1992); (b) the gp indicates the extent of
Qa reduction associated with functional PSII complexes
and that highly reduced Q, pools have been suggested to
potentiate processes of photoinhibitory damage (Krause,
1988; Krause and Weis, 1991; Présil et al., 1992; Aro et al,,
1993b); (c) both of the above processes lower the efficiency
of PSII and the balance, capacity, and duration of these
processes determine the extent, reversibility, and func-
tional consequences of the down-regulation of PSII (Oquist
et al., 1992; Osmond et al., 1993; Critchley and Russell,
1994); (d) dark-adapted Chl fluorescence parameters F, /F,,
and changes in F, may serve to indicate the extent, revers-
ibility, and functional consequences of changes in PSII
efficiency (Krause, 1988; Franklin et al., 1992; C)quist et al.,
1992; Osmond, 1994); (e) slowly reversible, extensive re-
duction in PSII efficiency (signaled by low values of dark-
adapted F,/F,, and elevated F,) reflects some functional
dynamic of the D1 protein of the reaction center (Osmond,
1994).

The Arabidopsis plants used here were grown under
about 10% full sunlight, somewhat higher light intensity
than commonly used for laboratory culture of these plants
but nevertheless close to natural shade in average summer
sunlight. Our experiments show that all photosynthetic
parameters measured remain stable throughout 6 to 10 h at
this growth irradiance. These processes also remain rela-
tively stable when irradiance is doubled and photosynthe-
sis is saturated. Thus, the light dependence of photosyn-
thetic O, evolution and of gp remains unchanged
throughout. Nevertheless, the incomplete interconversion
of xanthophylls at light saturation and the small (10-20%)
increase in the zeaxanthin content of these plants after 10 h
are correlated with more rapid engagement of gy at low
irradiance and with a small reduction in PSII efficiency
indicated by fluorescence analysis in actinic light. Dark-
adapted fluorescence shows that these changes relax
quickly. Little consistently detectable change in the concen-
trations of functional PSII centers, D1 pool size, or DCMU-
binding sites was observed, even after prolonged (6~10 h)
illumination. Under these conditions the reduction state of
the Q, pool did not decrease below about 20% (g, = 0.8)
and gy averaged 25 to 50% of its maximum value. The
ratios of gp/qN during these treatments were always
greater than 1.0, indicating a balance between a low Q,
reduction state and weak engagement of photoprotective
processes that together support high photosynthetic effi-
ciency. It is remarkable that this relative stability of all
functional and structural parameters of leaf photosynthetic
and PSII performance persists against a background of
maximum rates of D1 protein turnover as measured by
rates of incorporation of radiolabeled amino acid.

At higher irradiances excess photon absorption had
marked effects on the composition and function of PSIIL
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These changes, leading to sustained reduction in the effi-
ciency of PSII (Figs. 2F and 6]) occurred when the ratio of
gp/qn Was less than 1.0. For example, at 1350 pmol photons
m~2 57! (Fig. 6, G and H), this ratio was about 1.0 at the
start of the experiment and somewhat less after 6 h, be-
cause of an increase in gy. The increase in gy at low
irradiance following exposure to excess photons appears to
reflect the transformation of more than half of the violax-
anthin pool to antheraxanthin and zeaxanthin (Fig. 3B;
Table I). This is consistent with the notion that both zeax-
anthin and ApH are essential for engagement of gy (Gil-
more and Yamamoto, 1991; Ruban et al., 1993). The sus-
tained high gy observed in our experiments could also be
due to sustained adenylate charge (Gilmore and Bjorkman,
1994) or a photoinhibitory component of gy. The light-
response curves do not extend far enough to define g, at
2200 pmol photons m™2 s7!, either in controls or after
treatments. In spite of the increased, sustained engagement
of gy, irradiance-dependent changes in g are very similar
for all light treatments.

The loss of PSII efficiency is well portrayed by the de-
cline in F_/F, and increase in F, of dark-adapted fluores-
cence and correlates well with the loss of PSII reaction
center function measured by O, flash yield, as pointed out
previously (Chow et al., 1989; Oquist et al., 1992). At 1350
pmol photons m~2 s™7, there was no net loss of D1 protein
_until between 5 and 10 h of treatment, but substantial
reduction of PSII center efficiency and functional PSII oc-
curred. At 2200 pwmol photons m™2 57}, the rate of decline
in PSII center efficiency also exceeded the net loss of D1
protein. Significantly, in both treatments the decline in
DCMU-binding site concentration was much slower and
D1 protein turnover was not accelerated. These measures
of the turnover rates and concentrations of D1 protein and
the measures of PSII center function suggest the following
catena of processes during photoinhibition in vivo: A sig-
nificant decrease in PSII reaction center efficiency occurs
rapidly in Arabidopsis when excess photons are absorbed at
6 and 10X growth irradiance. We cannot easily distinguish
whether the decline in the percentage of functional PSII
centers is due to partial down-regulation of all, or complete
down-regulation of some, PSII centers. However, the na-
ture of the change in the light-response curves of photo-
synthetic O, evolution in leaves (Figs. 2E and 6G) and of O,
flash yield in down-regulated PSII centers (Oquist et al.,
1992) favors the complete down-regulation of a proportion
of the PSII center population (Osmond, 1994).

Changes in the D1 protein in down-regulated PSII may
follow, and apparent net loss of D1 protein is observed at
prolonged excess irradiances. Because there was no differ-
ence in the synthesis of D1 protein in any of these treat-
ments, consistent with experiments on several other spe-
cies under similar conditions (Critchley et al., 1992; Geiken
et al., 1992; Syme et al, 1992), the role of D1 protein
turnover in leaves remains obscure.

The discrepancy between the changes in D1 protein con-
centration measured by antibody binding and DCMU
binding reveals the complexity of D1 degradation (turn-
over) in vivo. It has been shown that D1 protein degrada-
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tion in vitro may occur by cleavage on either the luminal or
the stromal side of the thylakoid membrane (Barber and
Andersson, 1992; Aro et al., 1993b). Cleavage on the stro-
mal side, between transmembrane helices IV and V, should
result in loss of DCMU-binding sites (Greenberg et al.,
1987; De La Rivas et al., 1993) and, if this was the only site
of proteolysis, one would expect equivalence in the anti-
body-detectable D1 protein and DCMU-binding site con-
centrations. Some studies of low-temperature photoinhibi-
tion of peas in vitro seem to indicate this form of acceptor-
side proteolysis (Shipton and Barber, 1994), but other
studies of spinach under these conditions (Chow et al.,
1989) show that DCMU-binding site concentrations can
remain well above functional PSII center concentrations.
However, if cleavage occurs on the luminal sicle, between
transmembrane helices I and II (Shipton and Berber, 1991),
the resulting 23-kD fragment might continue to bind
DCMU. It is not readily apparent why this fragment does
not show up on autoradiographs and western blots. Nev-
ertheless, our data may suggest that, in the course of pho-
toinhibition in Arabidopsis in vivo under 10X growth irra-
diance, proteolysis of D1 protein, following loss of PSII
center function, preferentially occurs on the luminal, or
donor, side of the PSII reaction center, leaving many
DCMU-binding sites intact. However, it is evident from the
partial loss of DCMU-binding site concentration that stro-
mal side proteolysis also occurs. Concurrent donor- and
acceptor-side proteolysis can be induced in isolated PSII
centers (Friso et al., 1993).

Our data confirm earlier suggestions that down-regula-
tion of PSII to a nonfunctional, potentially dissipative cen-
ter prgpedes turnover of the D1 protein (Krieger and Weis,
1992; Oquist et al., 1992; van Wijk and van Hasselt, 1993).
These down-regulated PSII centers also seem to serve as
dissipative centers when active centers are closed, and their
slightly lower trapping efficiency is reflected in the in-
crease in dark-adapted F,, which commonly precedes and
is then sustained during photoinhibition (Giersch and
Krause, 1991; Anderson and Aro, 1994; Critchley and Rus-
sell, 1994). Further research is needed to clarify the mech-
anisms involved, but our observations help identify the
processes of down-regulation of PSII centers and D1 pro-
tein turnover with a catena of events ranging from dynamic
photoprotection to photoinhibition during exposure to
photon excess.
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