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Sunflower (Helianthus annuus L.), cotton (Gassypium hirsutum
L.), tobacco (Nicotiana tabacum L.), sorghum (Sorghum bicoior
Moench.), amaranth (Amaranthus cruentus L.), and cytochrome b, f
complex-deficient transgenic tobacco leaves were used to test the
response of plants exposed to different light intensities and CO,
concentrations hefore and after photoinhibition at 4000 pmol pho-
tons m™2 57! and to thermoinhibition up to 45°C. Quantum yields
of photochemical and nonphotochemical excitation quenching (Y,
and Y,) and the corresponding relative rate constants for excitation
capture from the antenna-primary radical pair equilibrium system
(k'y and K'\)) were calculated from measured fluorescence param-
eters. The above treatments resulted in decreases in Y, and k', and
in approximately complementary increases in Yy and K’y under
normal and inhibitory conditions. The results were reproduced by a
mathematical model of electron/proton transport and O, evolution/
CO, assimilation in photosynthesis based on budget equations for
the intermediates of photosynthesis. Quantitative differences be-
tween model predictions and experiments are explainable, assum-
ing that electron transport is organized into domains that contain
relatively complete electron and proton transport chains (e.g. thy-
lakoids). With the complementation that occurs between the pho-
tochemical and nonphotochemical excitation quenching, the regu-
latory system can constantly maintain the shortest lifetime of
excitation necessary to avoid the formation of chlorophyll triplet
states and singlet oxygen.

In photosynthesis quanta are absorbed by chlorophylls
surrounding PSII and PSI, where excitations (excitons) are
created. The bulk of the chlorophyll forms a light-
harvesting complex at PSII, which is connected with the
reaction center via smaller peripheral antennae CP26,
CP24, and CP29 (Dainese et al., 1992; Green and Durnford,
1996). Excitons diffuse in light-harvesting complex at PSII
by hopping from chlorophyll to chlorophyll by a resonance
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mechanism or by a faster coherent mechanism, occasion-
ally visiting the reaction center chlorophyll P680, where an
exciton can mediate charge separation to form at first the
primary radical pair P6807 /Pheo™ (for review, see Krause
and Weis, 1991; Renger, 1992; van Grondelle et al., 1994;
Lavergne and Trissl, 1995). The primary radical pair is
reversible and the exciton can be returned to the antenna.
Alternatively, the separated charges can be stabilized by
transferring the electron to Q,. Exciton equilibration occurs
about an order of magnitude faster (10-15 ps) than the
actual lifetime of excitation (150-300 ps). Although the
charge separation process itself occurs within about 3 ps,
the reaction center chlorophyll shares the excitation with
other chlorophylls, which reduces approximately propor-
tionally the probability for charge separation, increasing
the lifetime of excitation to about 150 to 300 ps. If Q, is
singly reduced, the redox potential of the P680" /Pheo™
radical pair decreases due to electrical repulsion, which
shifts the equilibrium toward the antenna (van Mieghem et
al., 1995), slowing the double reduction of Q.

According to this model, the rate-limiting step is charge
separation plus stabilization on Q,, which is slower the
larger the antenna. In most cases the radical pair rapidly
recombines and an exciton continues diffusing around un-
til it is either quenched by thermal conversion or emitted as
fluorescence. The quantum yield of fluorescence is propor-

Abbreviations: Cyt b, f, Cyt bsf complex; ApH, pH gradient; F,
steady-state fluorescence yield in the dark; F’, steady-state fluo-
rescence yield in the light; F', pulse-saturated fluorescence yield
in the light; F,.,, highest pulse-saturated fluorescence yield in the
dark-adapted state; F’,, (lowest) fluorescence yield with open PSII
centers; kg, k; absolute rate constants for thermal dissipation of
excitation and fluorescence, respectively; ky,,, maximum possible
ky in numeric experiments; k'p, k'y, relative rate constants for
excitation quenching by photochemistry and by regulated thermal
dissipation, respectively; k'po, k'p when all reaction centers are
open; Pheo, the pheophytine acceptor of PSI; PPAD, photosyn-
thetic photon absorption density; PQ, plastoquinone; P680, PSII
center chlorophyll; (., the quinone acceptor of PSII; g5, photo-
chemical excitation quenching; 4y g, 4 total nonphotochemicat,
energy-dependent, and inhibitory excitation quenching, respec-
tively; Yy, quantum yield (probability) of regulatory nonphoto-
chemical excitation quenching; Y5, quantum yield of photoreaction
(of PSII electron transport).
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tional to the average lifetime of an exciton. The yield of
fluorescence is high (F', ) when the PSII acceptor side is
closed (Q, is reduced and the lifetime of the exciton is
long), and low (F',) when it is open (Q, is oxidized and the
lifetime of the exciton is short). The acceptor Q, can be
reduced by applying very high-intensity light that far ex-
ceeds the possible rate of Q, oxidation. However, under
sustained high-intensity light F’' is not stable and soon
decreases to about the same level as it was under Jow light.
This shows that as photochemical quenching is disabled,
another nonphotochemical quenching of excitation (qy) is
enabled to substitute for photochemical quenching. As a
result, the lifetime of excitation remains almost constant
when conditions for photosynthesis change, and the prob-
ability of uncontrolled production of oxidants and reduc-
tants that may lead to damaging reactions is constantly
kept at a minimum (Horton et al., 1988; Foyer et al., 1990).

One component of the gy, the g, is rapidly reversed at
low light iritensity, since it is related to the acidification of
the thylakoid lumen (Krause and Weis, 1991; Horton et al.,
1996). However, after a sufficiently long exposure under
high light (photoinhibition) or high temperature (ther-
moinhibition), g, is persistent for many hours (Havaux,
1993; for review, see Osmond, 1994). Proposed mechanisms
for the energy-dependent and inhibitory quenching are
different; the first is induced in the antenna via membrane
energization in the presence of zeaxanthin, whereas the
second is caused by damage (weakening) of the water-
splitting apparatus (Prasil et al., 1992; Havaux, 1993; Hor-
ton et al., 1996). In this work we compare quantum yields
(probabilities), Yy and Yy, and relative rate constants, k'p
and k', of photochemical and nonphotochemical quench-
ing in different uninhibited and in thermoinhibited and
photoinhibited leaves. We show that the relationship be-
tween these parameters is similar and independent of the
way the quenching is induced. Under most conditions
normally the relationship between Yp and Yy and k'p and
k' is approximately complementary, showing an efficient
control of the lifetime of excitation. However, under some
conditions in which the proton gradient and zeaxanthin
formation ‘may be limited, nonphotochemical quenching is
not able torcompletely substitute for the decreasing photo-
chemical gigenching. The experiment results will be com-
pared with model simulations.

MATERIALS AND METHODS

Sunflower (Helianthus annuus L.) plants used in ther-
moinhibition experiments were grown in 2-L pots in
growth cabinets (Sanyo-Gallempkamf, Loughborough,
UK) at 18/15°C and 28/18°C day/night temperatures, at
1000 umol quanta m™? s™* at the Institute of Plant Bio-
chemistry and Ecology (IBEV-CNR) near Rome. Plants
were watered daily to soil saturation and commercial lig-
uid fertilizer was added to the water twice a week. Cotton
(Gossypium hirsutum L.) and sunflower used in photoinhi-
bition experiments were grown in Tartu (Estonia) in a
homemade growth cabinet in 4-L pots in a peat-soil mix-
ture with adequate nutrition at 25/20°C and 14-/10-h day/

night regime and a PPFD of 650 pmol quanta m™2 s™".
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Wild-type and transgenic Cyt b, f-deficient tobacco (Nicoti-
ana tabacum L.) (Price et al., 1995) was grown in the same
growth cabinet under 170 to 250 (referred to as low-light-
grown) and 570 (high-light-grown) umol quanta m™2 s™".
Attached leaves of 30- to 40-d-old plants were used in
experiments. C, plants Sorghum bicolor (Moench.) and Ama-
ranthus cruentus (L.) were grown in a commercial soil con-
taining peat moss, vermiculite, and sand (2:1:1) in 4-L pots
ina greenhouse at Washington State University, Pullman,
at 30/24°C day/night temperatures under normal sunlight
plus sodium vapor lamps with maximum daily PPFD of

about 1500 umol quanta m™2 s~ on sunny days.

Gas Conditioning

Single leaves were enclosed in a chamber (diameter, 31
mm; height, 3 mm) and exposed to a gas flow rate of 0.5
mmol s~ ". The upper side of the leaf was sealed with agar
gel to the thermostated glass window to stabilize leaf tem-
perature within +0.5°C to that of the water bath. CO,
exchange and transpiration were recorded in parallel with
fluorescence measurements to quantify the photosynthetic
activity. Different O, concentrations were obtained by mix-
ing O, and N, at controlled rates. Water vapor pressure
was controlled by passing a part of the flow over water
warmed to 50°C; water vapor pressure difference between
the leaf and gas was constant at 15 mb independent of
temperature. Different CO, concentrations were obtained
by mixing pure CO, into the gas flow through a capillary
under controlled pressure difference.

Fluorescence Measurements

The leaf chamber was illuminated through a homemade
light guide of plastic fibers 1 mm in diameter (Toray poly-

. mer optical fiber, PF-series, Laser Components, Grébenzell,

Miinchen, Germany). By individual arrangement of each
fiber, light from two sources (Schott KL 1500, from Heinz
Walz, Effeltrich, Germany) was evenly superimposed over
the leaf area. One KL 1500 lamp provided 2-s pulses of
13,000 pmol quanta m~2 s7! for fluorescence saturation
and the other was used for actinic illumination. Far-red
light was obtained from the same source through an inter-
ference filter with maximum at 720 nm. Voltage control
and neutral density filters were used to reduce the light
intensity, which was measured by a LI-189 quantum sensor
(Li-Cor, Lincoln, NE). Using the same fiber arrangement,
chlorophyll fluorescence was measured from a 10 X 20
mm? spot on the leaf with a pulse-amplitude-modulated
fluorometer PAM 101 (Heinz Walz). A 1.6-kHz pulse fre-
quency was used at low actinic light and in the dark.

Experimental Routines

In the beginning of the experiments leaves were dark
adapted and F_,,, was measured by applying a saturation
flash. Then stomata were allowed to open and photosyn-
thesis was stabilized at a light intensity of 1300 umol m™2
577 in 295 (experiments with sorghum and amaranth) or

" 330 pwmol mol~! CO, and 21% O,. Thereafter, different CO,
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concentrations, O, concentrations, and light intensities
were applied to the leaf. The exposure under each partic-
ular condition lasted 4 to 5 min until CO, fixation, photo-
respiration, and energy-dependent fluorescence quenching
stabilized. Then a saturation flash was applied to obtain
F',, and about 10 s later the actinic light was replaced by
far-red illumination for 5 s to obtain F',. Under the far-red
light the recording trace rapidly dropped to a minimum in
about 0.5 s and then started to increase (probably because
of relaxation of the pH gradient). The minimum of the
recording was taken for F' . Between exposures to different
gas mixtures the leaf was allowed to regain the original net
CO, fixation rate at 300 pimol mol™' CO, and 21% O,.
Light-response curves were measured in sequence of de-
creasing PPADs, to avoid stomatal limitation. The dark-
adapted F_,,, obtained after the measurement of the light
curve was usually less than F_, measured before the
exposure of the leaf to saturating light intensities; there-
fore, F, .. measured in the beginning of the experiment
was used as the uninhibited maximum fluorescence yield.
However, in experiments with transgenic tobacco and C,
plants, F_ .., was not measured in the beginning of the
experiment and the F,, obtained after the measurement of
the light-response curve was used as F,,,. For this reason,
in these experiments F, ,, was probably underestimated,
but this only apparently decreased the sum of Yp + Y,y and
k'p + k'y (because a part of ky was considered as k4) and
did not influence the complementation of the two quantum
yields.

In thermoinhibition experiments the routine was re-
peated at different temperatures. At elevated temperatures
the measurements were not commenced before stomatal
opening and photosynthesis was stabilized. In photoinhi-
bition experiments this routine was repeated before and
after photoinhibition at 4000 umol m™2 s~ for different

lengths of time. In some experiments F,, and F were mea- .

sured in the dark after photoinhibition or thermoinhibition
and used for the calculation of Y and Y, in the dark-
adapted state.

Calculation of Quantum Yields and Rate Constants for
Excitation Quenching

For a system with well-connected PSII units in which
competitive quenchers capture excitation from a large total
pool, the main equation describing fluorescence in terms of
the rate constants of excitation capture is:

’ k,f
F' = m 1)
In Equation 1 and below we introduce relative rate con-
stants k'; = kj/(k; + ky), where j = f, P, or N. The rate
constants for fluorescence emission, k; and for basic non-
radiative excitation decay in the pigment bed, k,, are usu-
ally considered invariant in fluorescence analyses, so in
this work we have made use of this constancy and have
expressed other rate constants relative to the sum of the
two. Physically, this means that the absolute rate constant
for photochemical energy conversion from the total pig-

ment bed to stabilized charges, kp, and the absolute regu-
lated rate constant for nonphotochemical excitation
quenching, ky, are expressed relative to the basic physical
excitation decay rate. These relative rate constants, like the
absolute rate constants, are related to measured fluores-
cence values, except that now k; + kg = 1. When k'p is
turned to 0 by a saturating flash of light, Equation 1
becomes:

. 2
T @
Assuming that k'y, = 0 in a dark-adapted, uninhibited leaf,
the maximum possible pulse-saturated fluorescence yield
is F

Fmax = k’f (3)

Combining Equations 1 and 2, an expression for the quan-

tum yield of photochemical excitation quenching in terms
of F' and F’',,, was obtained (Genty et al., 1989):

Yp=1 P K 4

P T 14kptkN @

Combining Equations 1, 2, and 3, the following expression

for the quantum yield of nonphotochemical quenching that

occurs concurrently and competitively with photochemical

quenching has recently been derived (Genty et al., 1996):
Yo = o k'y .
NE T Fom 1% K7 T Ry ©)

We express the relative rate constants through measur-
able fluorescence terms as follows:

’ Fmax
k N= F’m -1 (6)
and
k, — Fmax Fmax 7
P T’ F’m . , ( )

Equation 7 accounts for the changes in k'p:caused by
acceptor-side reduction in some PSII centers; To detect
changes in k'po of open centers, F,, has to be used instead of
F:

Fmax Fmax 8
F, F, ®)

-
kPO—

Modeling Nonphotochemical Quenching

The general model of photosynthesis (Laisk and Eichel-
mann, 1989; Laisk et al., 1989; Laisk and Walker, 1989;
Laisk, 1993), in which transmembrane ApH is a parameter,
was used for modeling nonphotochemical excitation
quenching by introducing the following changes. PSII and
PSI have donor (D) and acceptor (A) side carriers that can
be reduced or oxidized. As a result, each of the photosys-
tems is a sum of the following partial states: A = D™A~;
B=D"A%;C=D"A"; D = DYA". Conversions between
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the states are characterized by the corresponding rate con-
stants: for donor-side re-reduction after oxidation (j), for
acceptor-side oxidation after reduction (g), and for electron
transfer from the donor to the acceptor side (n). All of these
reactions are allowed to reverse (constants are denoted by
primes). The rate constant for electron transport from the
donor to the acceptor side, 7, is a function of light intensity
and losses due to excitation quenching and fluorescence
(see “Appendix”). When applied to PSII, charge recombi-
nation and reversal of the donor-side reduction are forbid-
den (n’ = j* = 0), but these functions are active in PSI.
Electron and proton transport by PQ is described by bud-
get equations. The equation for electrons considers dona-
tion by PSII and cyclic electron transport (not activated in
these calculations) and consumption by oxidation at Cyt
bef. The oxidation rate is subject to photosynthetic control
by proton back-pressure plus an allosteric function of the
form of one- or two-proton equilibrium between the me-
dium and the allosteric site. The budget equation for pro-
tons considers that 1H™ /e~ is donated by water splitting
and 2H™ /e™ by PQ, assuming that the Q cycle is active.
Considering that 4H" / ATP are consumed, linear electron
transport exactly satisfies the e™/H" stoichiometry in pho-
tosynthesis, leaving no extra protons to generate the regu-
latory proton gradient and to compensate for leakage.
These functions are fulfilled by pseudocyclic electron flow
from the acceptor side of PSI, i.e. the Mehler-type O, re-
duction, and by the malate dehydrogenase-mediated shut-
tle of NADPH from the chloroplast to cytosol, where the
reducing equivalents are oxidized by mitochondria. In the
thylakoid protons are mostly bound to buffering struc-
tures. Free protons are consumed by ATP synthase and by
leakage that is proportional to the concentration difference
between the lumen and the stroma.

Fluorescence yields are calculated from the shallow-trap
antenna-radical pair equilibrium model assuming that the
quencher is activated only in the antenna. The primary
radical pair P680" /Pheo™ is considered to be in equilib-
rium with the excitons in the antenna. Correspondingly,
the antenna and the primary radical pair are considered
together and the nonradiative decay from the antenna and
from the primary radical pair state is described with the
help of one rate constant for photochemical and one for
nonphotochemical excitation quenching (the branched de-
cay scheme in figure 2 of Lavergne and Trissl, 1995). The
decrease of the redox potential of the primary radical pair
in the state of singly reduced Q, (van Mieghem et al., 1995)
is not accounted for, and the rate constant for nonradiative
decay is assumed to be independent of the reduction of Q,
(pure competition for excitation between the charge stabi-
lization from Pheo™ to Q., and nonphotochemical decay
processes in the antenna and in the radical pair state).
Fluorescence yields are calculated separately for closed and
open PSII, and the steady-state fluorescence is the sum of
the two. The nonphotochemically quenching sites are acti-
vated in a digital manner (yes/no), and the portion of
activated quenchers is determined by protonation of the
quenching sites in one-proton equilibrium. The protona-
tion is fast, but the following conformational change in the
antenna is slow.
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Thus, the electron transport chain is modeled with two
larger pools, PQ and NADPH, plus the pool of protons in
thylakoids, for which the differential budget equations is
numerically integrated. The portion of activated, nonpho-
tochemically quenching sites, N, is also described by a
numerically integrated differential equation. Differential
equations for photosystems (see “Appendix,” Eqs. A1-A5)
are solved analytically as quasi-stationary, expressing A, B,
C, and D as functions of donor- and acceptor-side variables
(PQ for PSII and PQ and NADPH for PSI) and light inten-
sity. This allows lengthening of the numeric integration
step, which is automatically controlled and varied from
about 0.01 to 20 ms, depending on the stiffness of the
situation.

Differential budget equations are also written for all
intermediates of the Calvin cycle, Suc and starch synthesis
pathways, considering maintenance of the phosphate pool
in chloroplasts by the phosphate translocator and the con-
trol of Suc synthesis by Fru-2,6-bisP and starch synthesis by
phosphoglyceric acid and other phosphates. Calvin-cycle
enzymes are activated by electron pressure at the acceptor
side of PSI and mediated by thioredoxin (for more details,
see Laisk and Eichelmann, 1989; Laisk et al., 1989; Laisk
and Walker, 1989; Laisk, 1993).

RESULTS

Interdependence between the Quantum Yields of
Photochemical and Nenphotochemical
Excitation Quenching

To compare the phenomenology of the stress-type g; and
rapidly reversible q; we related the Y, (Eq. 5) to that of Y,
(Eq. 4) (Fig. 1). A general feature of these relationships is
that when Y, decreases, then Yy increases in a rather
complementary way, i.e. Yy + Yp = constant = approxi-
mately 0.8 in a variety of treatments, including increasing
light, decreasing CO, and O, concentrations, and also after
thermoinhibition and photoinhibition. In some experi-
ments in which F,, was not measured in the beginning of
the experiment but only after the measurement of the
light-response curve (transgenic tobacco, C, plants), dark
F,/F,, was less than 0.25, and Yy +Yp was less than 0.8,
but this did not alter the complementation.

However, the relationship was not always complemen-
tary, since in some sunflower and cotton leaves (grown at
higher temperature or at low light) the increase in Yy, was
less than the decrease in Yy, although linearity was still
maintained (data not shown). A less than complementary
relationship between Yy and Y, was also obtained in sun-
flower after a long exposure to low light (PPFD of 220 umol
m~?s™" for several days) prior to photoinhibition (Fig. 1C,
0-h treatment). The calculation of Y, and Yp from F,, and
F values measured in the dark during treatments with high
temperature also shows a proportional but less than com-
plementary relationship between the two quantum yields
(white crosses on dark background, Fig. 1A). The same
calculation with F and F,, measured in the dark after
different degrees of photoinhibition reveals a complemen-
tary relationship, quite the same as typical for light mea-



Quantum yield of qy, Yy

Quantum yield of gy, Yn

Figure 1. Interdependence between the quantum yields of photochemical (Y, Eq. 4) and nonphotochemical (Yy, Eq. 5)
excitation quenching in thermoinhibited sunflower grown at 18°C (A), in thermoinhibited cotton (B), in photoinhibited
sunflower (C), in high-light-grown and low-light-grown wild-type (w.t.) and transgenic (tg.) Cyt b f-deficient tobacco leaves (D),
and in C, plants sorghum and amaranth (E). Y was decreased by increasing light intensity and decreasing CO, concentration
in 21 and 1.5% O, (A and Q), by increasing light intensity at 330 wmol mol™" CO, in 21% O, (B and E), or by increasing light
intensity in 330 pmol mol™" CO, and 1.5% O, (D). Filled symbols (A and C) were measurements in the dark; white crosses
on dark background (A) were measured in the dark at increased temperatures. Filled diamonds (C) were measured in the dark
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surements (filled diamonds in Fig. 1C). The linearity
between Yy and Yy was lost when Yp was severely sup-
pressed by limiting electron transport with very low CO,
and O, concentrations (left-most data points at lowest Y in
Fig. 1, A and C), but not when electron transport rate was
high and Y, was suppressed by very high PPAD in the
presence of electron transport (Fig. 1D, wild-type [w.t.]
tobacco grown at low light).

Low values of Yy and high values of Y, could be re-
corded only in uninhibited leaves under low light. In the
progress of thermoinhibition (Fig. 1, A and B) and photo-
inhibition (Fig. 1C), Yy, was relatively high and Yp was
relatively low already in the dark (filled data points in Fig.
1A) and at low light intensities, and Y, decreased further
when light intensity was increased and CO, concentration
was decreased. At 45°C there was a considerable portion of
thermoinhibited PSII centers, but the maximally quenched
F' . was exactly the same as at 25°C when there was no
irreversible inhibitory quenching. In the Cyt b.f-deficient
transgenic tobacco Yy stopped increasing at a rather low
ceiling, although Y}, continued to decrease. This ceiling was
different in different leaves, probably a function of the
degree of the expression of the Rieske protein in these
transgenic plants. In the C, plants sorghum and amaranth,
the relationship between Yy and Y, was exactly comple-
mentary at higher PPADs, but these two plants showed
interesting opposite behavior at low PPADs. In sorghum,
the steady-state F’ slightly increased; in amaranth, it de-
creased at low PPADs and then stayed constant. In Yy
versus Yp axes this is transformed into a decrease in Yp
without a sufficient increase in Yy for sorghum, and an
increase in Yy, without a decrease in Yp for amaranth.

Interdependence between the Rate Constants for
Photochemical and Nonphotochemical
Excitation Quenching

The average rate constant k', was calculated from Equa-
tion 7, k'po was calculated from Equation 8, and the rate
constant k' was calculated from Equation 6. The plot of
k'y versus k', represents in a more sensitive way the rela-
tionship between changes in g, and g, than the plot of Yy
versus Yy, since in cases in which a deviation from comple-
mentation occurs, both numerator and denominator
change in Equations 4 and 5. The average rate constant k',
decreases as a result of the PSII acceptor-side closure, and
k' concomitantly increases (Fig. 2). In normally developed
leaves, k' and k'p were also complementary within a
certain range, but usually the relationship was somewhat
sigmoidal: k' increased little in response to some initial
decrease in k' and then became complementary (Fig. 2, A
and C). Only in amaranth did k' increase at low PPADs
before the complementary relationship was established at
saturating PPADs. The increase of k' was less than com-
plementary in leaves exposed to low light before photoin-
hibition experiments (Fig. 2B), and in the Cyt b f-deficient
tobacco k' increased only to a certain ceiling (Fig. 2C). It
was expected that k' would not change while k'), was
increasing, but it did. In all experiments k'po decreased
with increasing k'y, but with the rate of about one-half of
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that of k'p (Fig. 2, C and D; in other figs. not shown but
similar). This decrease of k'pc was caused by a smaller
relative decrease in F’, than expected from Equation 1 with
increasing k'y. The relative quenching of F’, could be
enhanced by subtracting (0.3-0.5) F, from all F' values
since the pulse-amplitude-modulated fluorometer is re-
ported to be sensitive to the small constant fluorescence of
PSI (Genty et al., 1990). As a result, k'po could be made
closer to constant with increasing k'y, in agreement with
the notion that nonphotochemical quenching is competi-
tive for the photochemical quenching in an open reaction
center (data not shown).

Numeric Experiments with the Model

The system of differential equations (see “Appendix”)
was integrated using Euler's method (Iserles, 1996).
Steady-state results were obtained by waiting until tran-
sient processes were completed after light intensity was
changed. The steady-state light-response curves of photo-
synthetic O, evolution rate and fluorescence parameters
were calculated for a CO,-limited case (5 um at the Rubisco
sites) under nonphotorespiratory conditions (Fig. 3). F'
did not reach the maximum of 1.0 even at the lowest PPAD
of 20 umol m™? s 7" because some ApH was always neces-
sary to drive photosynthesis and the corresponding drop in
lumen pH caused an initial small 4. This initial gy could
be changed by changing pKs, (set to 5.2) of the deprotona-
tion of the quenching sites. F'_ slightly decreased while
photosynthesis was lightlimited, but abruptly dropped
when light saturation was reached. This happened because
lumen pH slowly decreased while photosynthesis was light
limited but rapidly decreased around the inflection point of
the light-response curve of photosynthesis to saturation.
The speed of saturation of the light response depended on
the redox potential difference between PQ and PS1D (PSI
donor side). The midpoint redox potential value for PQ,
Epo was set to +0.117 V, and the results in Figure 3 were
calculated with the midpoint redox potential of Epg;p =
+0.15 V. The higher the Epg,p,, the sharper the inflection to
saturation, the larger the drop of F'_, immediately at the
inflection, and the less efficient the photosynthetic control
by proton back-pressure at Cyt bgf. F', continued to de-
crease under light saturation because lumen pH continued
to decrease due to the alternative electron transport via the
Mehler reaction from the acceptor side of PSIL Steady-state
F' slightly increased during the light-limited part of the
response, but dropped again under light saturation, vary-
ing only a little over the whole light curve.

Data from Figure 3 and other calculations are presented
as quantum yields and relative rate constants for excitation
quenching in Figure 4. There is approximate complemen-
tation between Y, and Yy when k', = &'p, which was the
obligatory condition for the complementation. When k'y =
4 and k' = 2, Yy did not extrapolate to the maximum,
equal to the maximum of Yy (Fig. 4, diamonds). As in
experimental results, Yy increased less than Y decreased
at low light intensities (high Y values), causing a slight
concavity of the Yy versus Yp dependence. This concavity
was caused by a buildup of electron pressure at the PSII
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Figure 2. Interdependence between the relative rate constant for nonphotochemical excitation quenching (k'y, Eq. 6) and
the average rate constant for photochemical excitation quenching (k'y, Eq. 7) and the photochemical rate constant for open
centers (kK'po, Eq. 8; filled symbols, only in C and D) in thermoinhibited cotton (A; data from Fig. 1B), in photoinhibited
sunflower (B; data from Fig. 1C), in wild-type (w.t.) and transgenic (tg.) tobacco (C; data from Fig. 1D), and in the C, plants

(D; data from Fig. 1E).

acceptor side under light limitation and was sensitive to
the rate of electron transfer from PSII to PQ. When V45
was decreased from 2 to 1 M s™', the concavity increased
(Fig. 4, triangles).

The same results are presented as relative rate constants
k'p and k'y in Figure 4B. In this presentation it is clearly
visible that the dependence of k' on k'p is not a straight
line but sigmoidal, a reflection of the slow decrease in
thylakoid pH at low PPADs and of the saturating proto-
nation equilibrium of the quenching sites (see “Appendix,”
Eq. A20) at low thylakoid pH. When pKj, for the protona-

tion of the quenching sites was increased from 5.2 to 5.7,
there was more nonphotochemical quenching at low
PPADs and the maximum possible k'y of 4 was closely
reached at the high PPADs (Fig. 4, crosses). The sigmoidic-
ity of the k' versus k', dependence increased when bip-
roton equilibrium was assumed in Equation A20 (see “Ap-
pendix”) for the protonation of the quenching sites (data
not shown). For all cases the modeled k', versus k' plots
were vertical, i.e. k'p did not change when k' increased,
as expected from the competition between g, and gy cen-
ters for excitation in the same antenna.
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Figure 3. Modeled light-response curves of O, evolution (solid line,
left ordinate), and fluorescence yields F' (steady-state), F',, (pulse-
saturated), and F', (dark) and lumen pH (dotted lines, right ordinate).
Model was under nonphotorespiratory conditions using parameters
given in the “Appendix.”

DISCUSSION

Approximate complementation between the quantum
yields of nonphotochemical and photochemical excitation
quenching has been found in Lamium galeobdolon leaves
exposed to different light intensities (Genty et al., 1996).
Our work shows that this approximately complementary
interdependence of the two quantum yields is a rather
universal phenomenon, independent of the way the pho-
tochemical yield was changed and quite the same for the
rapidly reversible g and for 4;. From the complementation
between the quantum yields of photochemical and non-
photochemical quenching, it follows that the sum of the
two is constant (about 0.8 in most leaves):

Y _ k’P + kIN _ 9
PN T 08 ®

from which
k'p + k,N =4 (10)

Equation 10 shows that the complementation of the
quantum yields also means the complementation of the
rate constants (in experiments in which k' + k' < 4 [Fig.
2, C and D), F,,.. probably did not reach the absolute
maximum because of short dark exposure). However, be-
cause of the competitiveness between photochemical and
nonphotochemical excitation decay, Y, always increases
when Y, decreases, even when ky stays constant. Thus,
although the presentation of the quantum yields Yy, and Yp
illustrates how well nonphotochemical quenching substi-
tutes for photochemical quenching, it is not sensitive
enough to investigate correlated variations in k'p and k'
Small deviations from the complementation of the quan-
tum yields (Figs. 1 and 4A) represent big deviations from
the complementation of the rate constants (Figs. 2 and 4B).
For example, in most of our experiments at low light in-
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tensities k' tended to increase less than k', decreased
(sigmoidicity), which reflects the buildup of the necessary
electron pressure to drive electron transport (Q, reduction),
accompanied by less than a complementary increase in the
nonphotochemical quenching due to a relatively slowly
decreasing thylakoid pH. This phase of the buildup of
electron pressure is also well reproduced, as shown in
Figure 4B, which shows that the initial sigmoidicity de-
pends on the rate constant for PQ reduction by PSII. An
exception was amaranth, in which k'y increased without a
decrease in k'p at low light (Figs. 1E and 2D). Possibly, in
this plant Q, was somewhat reduced in the dark by internal
reductants and became more oxidized at low light when
PSI was activated.

In the Stern-Volmer formulation k' is an average over a
part of open reaction centers and the complementary part
of closed centers; therefore, its decrease is mainly caused
by increasing the number of closed reaction centers. Thus,
data in Figures 1 and 2 present a positive relationship
between the PSII acceptor-side closure and nonphoto-
chemical excitation quenching. However, it has been
proven that at least the g quenching is not directly related
to the reduction of Q, but is induced by low thylakoid pH,
and neither the active PSII, the S-state transitions, nor a
cycle around PSII are required for gy quenching (Crofts and
Yerkes, 1994). To explain the relationship between the Q,
reduction and gy quenching, the low thylakoid pH (which
induces gp quenching) and Q, reduction must be corre-
lated. Such correlation is expected because high ApH is
generated when ATP consumption is limited and Q, be-
comes highly reduced when electron acceptors are limiting.
In general, the decrease in photochemical excitation
quenching reflects the back-pressure of electrons; the in-
crease in nonphotochemical excitation quenching reflects
the back-pressure of protons. However, it is not obvious
that the pH dependence of the process must be such that
the resulting increase in the nonphotochemical quenching
constant must be complementary to the decrease in the
photochemical quenching constant. In the numeric experi-
ments with the model, only sigmoidal interdependencies
between k'y, and k'p, were obtained (Fig. 4B), which re-
flected the assumed one-proton equilibrium at the quench-
ing sites (the sigmoidicity was enhanced when biproton
equilibrium was assumed). Such sigmoidicity qualitatively
agreed with some experiments (Fig. 2, A and B), but not
with others (Fig. 2C, w.t. tobacco; Fig. 2D). A complex
equilibrium condition for the protonation of the quenching
sites may be postulated that will produce nearly linear
dependence between k'y and k'p, but it seems to be a
formal solution to the problem.

The approximate complementation between k' and k',
would also be possible to explain if the PQ and proton
pools were not bulk pools, but rather were restricted to the
neighborhood of individual PSII complexes, or at least if
they formed domains that accommodate many intercon-
nected PSII and Cyt bef, but no connection is allowed
between the domains. In this case it is only necessary that
complete PQ reduction (resulting in Q, reduction) and
maximum proton gradient (resulting in complete nonpho-
tochemical quenching) would occur simultaneously in
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those domains. This condition is rather likely to be filled
because PQ reduction is the result of a strong photosyn-
thetic control of its oxidation rate at Cyt b f caused by high
proton gradient. The driving force for transmembrane pro-
ton translocation is strongest when PQ reduction is at a
maximum. Kinetic evidence that PSII and Cyt b, f are com-
plexed in a way that cross-diffusion of PQ between the
domains is restricted (Joliot et al., 1992, 1993; Andree et al.,
1995) supports our model. Actually, it is not even necessary
that PSII and Cyt bf form pairs. Rather, big domains, e.g.
single thylakoids, are allowed if nonphotochemical
quenching is regulated by luminal pH simultaneously for
all PSII in the thylakoid. If the most acidic pH is achieved
at different threshold light intensities in different thyla-
koids (e.g. because of gradients inside the leaf), the sigmoi-
dal functions of single thylakoids are shifted with respect
to each other and the sigmoidicity of the response will be
smoothed. Our mathematical model is based on the as-
sumption of bulk pools of PQ, protons, and NADPH and
uniform external conditions (CO, and light) and cannot
mimic such compartmented photosynthesis. Thus, the dis-
crepancies between model simulations and experimental
results may point to structural differences that lead to
different kinetic behavior.

In the numeric experiments maximum k', and maximum
k'; were equal only if so postulated (k'y,,, = k'p = 4), but
not when k'y,, = 2. Data obtained with the Cyt b f-
deficient tobacco showed a similar behavior (Fig. 2C): in
these leaves g quenching developed with a rather normal
speed at low light intensities, but then it reached a ceiling,
probably because luminal pH did not decrease subse-
quently. In normally developed leaves, usually ky,, = k'p
(= approximately 4), for which a mechanistic reason is
expected. For example, the condition that k', = k'p is

expected if a photochemically active and highly fluorescent
center changes into a nonfluorescent and photochemically
less active state (Weis and Berry, 1987; Krieger and Weis,
1992, 1993), maintaining the same rate constant of excita-
tion capture as the fluorescent state. Such a center-
quenching mechanism, based on the slow water splitting
that creates oxidized sites on the donor side and facilitates
back-reaction from the acceptor side of PSIL, is generally
believed to be the basis for inhibitory quenchings (Schre-
iber and Neubauer, 1987, 1990; Prasil et al., 1992; Havaux,
1993), and was originally proposed also for the gg-type
reversible quenching (Weis and Berry, 1987). From this
aspect it is noteworthy that the same interdependence be-
tween the quantum yijelds and rate constants of photo-
chemical and nonphotochemical quenching was observed
in our experiments whether the quenching was gy or 4; (e.g.
measurements in the dark after progressive photoinhibi-
tion; Figs. 1C and 2B), which points to the possible simi-
larity in the mechanisms of g5 and g,.

As an alternative explanation, in photoinhibited (maybe
also in thermoinhibited) leaves the persistent quenching
might be caused by a kind of long-lived gg-type antenna
quenching caused by zeaxanthin and low pH induced by
ATP hydrolysis in the dark (Gilmore and Bjérkman, 1994a,
1994b) or chlororespiration (Ting and Owens, 1993), which
may stay even after ApH has relaxed (Ting and Owens,
1994). However, if one assumes that the dark ApH is the
cause of the inhibitory quenching, it is difficult to explain
the closely complementary relationship between k', and
k'y in the dark (Fig. 2B), which would mean a similarly
close relationship between ApH and Q, reduction as dis-
cussed above, but in the dark.

Although the center-quenching model better explains the
complementation between photochemical and nonphoto-
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- chemical excitation quenching, it is unable to explain the
role of zeaxanthin in quenching, which is located in the
antenna, and several other kinetic phenomena (Horton and
Ruban, 1994; Ting and Owens, 1994). A proposed mecha-
nism of antenna quenching explains gg as excitation
quenching in the minor CP24 and CP29 complexes of the
antenna caused by too close an interaction between chlo-
rophylls that are displaced as a result of ligand protonation
(Crofts and Yerkes, 1994). Also, zeaxanthin may be confor-
mationally moved into contact with chlorophylls when
proteins are protonated (Horton and Ruban, 1994; Horton
et al., 1994, 1996; Owens, 1994). In our mathematical model
this protonation was assumed to be fast but the conforma-
tional change slow (see “Appendix,” Eqs. A20 and A21).
Development of nonphotochemical quenching in antenna
must cause no change in the rate constant k'po. This was
confirmed in the model calculations (Fig. 4B). In all exper-
iments k', did not stay constant but decreased when &’y
increased (Fig. 2, C and D). The reason for this was rela-
tively less quenching of F’, than expected from the com-
petitive antenna quenching. There is the possibility that the
F’, quenching might be curtailed by a simultaneous in-
crease in F', caused by permanent reduction of Q, at a
small fraction of PSII, which is very likely under inhibitory
conditions, and the possibility that a part of F',, as mea-
sured by the pulse-amplitude-modulated fluorometer, may
come from PSI (Genty et al.,, 1990). Therefore, we cannot
state for sure that the actual quenching of F', in open
centers really was smaller than predicted by the monopar-
tite antenna quenching model.

In summary, our experimental results show an approx-
imately complementary relationship between the quantum
yields of nonphotochemical and photochemical excitation
quenching under energized and inhibitory conditions.
Much of that complementation is the result of competition
between the photochemical and nonphotochemical ways of
excitation quenching, but expression of the results as rela-
tive rate constants shows a correlated increase in k', with
a decrease in k'p, which are rather closely complementary
in some experiments.

The parallel development of Q, reduction (which causes
the decrease in k') and transmembrane ApH (which causes
the increase in ky) could be quantitatively explained by
the present knowledge of photosynthesis, organized in a
mathematical model. Thermodynamically, the model rep-
resents photosynthesis as driven by downhill flow of pro-
tons and electrons. Under rate-limiting conditions down-
stream, the pressure of electrons causes decreased pho-
tochemical excitation quenching, and the pressure of
protons causes increased nonphotochemical excitation
quenching. The complementation of the two types of
quenching indicates a good balancing of electron and pro-
ton pressures. Complete complementation of the two types
of quenching was not achieved with the functions used in
the model. Differences between experimental results and
mode] simulations may be explained assuming that elec-
tron transport is organized in domains that contain rela-
tively complete electron and proton transport chains. This
may be the reflection at the leaf level of the organization of
the photosynthetic machinery in thylakoids. Whether in
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bulk or in domains, the complementation of the rate con-
stants for photochemical and nonphotochemical quenching
ensures that the steady-state fluorescence yield in the light
F' stays close to the dark-adapted F,. This guarantees that
the average lifetime of excitation stays constantly at a
minimum, whether or not photochemistry is possible. Min-
imal lifetimes of excitation help to avoid the formation of
triplet-state chlorophylls, production of reactive oxygen
species, and radicals. It is logical that as the capacity for
photochemical quenching decreases, that of nonphoto-
chemical quenching increases to minimize damage due to
singlet oxygen or photoinhibition. But it must not increase
more than the decrease in photochemical quenching, or too
large a fraction of the excited states would be dissipated.
Selection of organisms with a precise (complementary)
control between the two forms of quenching could be
expected on an evolutionary time scale.

APPENDIX
Mathematical Model

PSIT and PSI have donor (D) and acceptor (A) side car-
riers that can be reduced or oxidized. As a result, each of
the photosystems is a sum of the following partial states:
A=D A";B=D"A%;C=D"A"; D =D"A". PSIl and
interphotosystem electron transport are described by the
following system of differential equations:

dA ) .
E=—(;’+q)A+q’B +jC=0 (A1)
dB ) )
G =9A-G g +mB+n'C+D=0 (A2)
dc
ﬁzj’A+nB—(q+j+n’)C+q’D=O (A3)
D | .
ﬁ=]B+qC—(]+q)D=0 (A3)
A+B+C+D=PS2T (A5)
APQ™ Vi — Vi + Vi
dt 2 (A6)
dHI  Viemy(Vis + HER X V) = Vi X HPR X V3,
dt Vgt a4
(A7)

where PS2T is the total of PSII and the rate constants are j
for donor-side reduction, n for donor-acceptor transport,
and g for acceptor-side oxidation. Rate constants for re-
verse reactions are supplied by primes. PQ™ is reduced PQ
and HI, stands for free plus bound hydrogen ions in thy-
lakoid lumen. Reaction rates are V with subscript reaction
numbers: 45 for PQ reduction by PSII acceptor side; 42 for
plastoquinol oxidation by PSI via the Cyt b, f complex; 46
for cyclic electron flow from PSI acceptor side (not acti-
vated in these calculations); 44 for proton leak; and 12 for
ATP synthase. Instead of cyclic electron flow, electron pres-
sure at the acceptor side of PSI is released by activating
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NADP-malate dehydrogenase and shuttling reducing
equivalents out of the chloroplast, and by introducing an
alternative electron flow away from the PSI acceptor side
as the Mehler reaction (equations not shown here). HER is
proton/electron ratio for plastoquinol oxidation; HER = 2
when the Q cycle is active. HPR (=4) is the proton/phos-
phate ratio for ATP synthase. V,,emp Vinyr and Vg, denote
the volumes of thylakoid membrane, thylakoid lumen, and
stroma, respectively: Chl = 3.89 X 10 *molm™2, V.., =
225 X Chl, Lm™? Vg, = 10X V and V, = 10 X
Vv

memb/

memb*

Constants in Equations Al to A7 are related to leaf
parameters as follows. The total number of PSII centers,

parp - CH2
=PSRN V.os (A8)

where PS2T is expressed in mol L™! in thylakoid mem-
brane volume, Chi2 is the molar amount of chlorophyll
around PSII (in calculations, 0.45 of the total), PSU2 is the
photosynthetic unit of PSII (200 Chl). The fraction of PSII
with reduced acceptor-side PS2Q~ = A + C and that with
oxidized acceptor-side PS2Q = B + D = PS2T — PS2(Q)™.

Excitation rate (ERqy») per chlorophyll s™! depends on
the PPAD:

PPAD
ERene =~ (A9)

(for PSI additional far-red excitation is allowed). The rate
constant n for electron transport from the donor to the
acceptor side of PSII is dependent on the excitation rate of
PSII chlorophyll, considering losses for fluorescence and
nonradiative decay:

P

n = PSU2 X ER¢ypp X m

(A10)

where k' is the effective rate constant for charge stabiliza-
tion and k'y is that for nonphotochemical excitation
quenching (rate constants k' have the same relative mean-
ing as in Eq. 1). Donor-side rate constant j is preset fast for
PSIL, but it is photosynthetically controlled by Cyt by f and
ApH for PSI. Electron transport rate from PSII acceptor side
to PQ is expressed as follows:

V., 45(PS2Q" X PQ — PS2Q X PQ~/KkE,s)

[ (U N R
m45PQ Km45PQ Km45PQ‘
PQ = PQT — PQ~ (A12)

where V., is the maximum turnover rate of the reaction,
PQT is the total concentration of PQ, PQ and PQ™ are the
concentrations of oxidized and reduced PQ in the mem-
brane, subscripts at K, indicate the substrate form, and
kE,s is the equilibrium constant calculated from the differ-
ence of redox potentials as described by Laisk and Walker

(1989). Accordingly, the PSII acceptor-side rate constants of
electron transfer are the following:

Vm45 X PQ
g= T & (1 R PQ N PQ~ ) (A13)
masPQ Kpsspo  Kmasro-
and
, Vs X PQ7 [kEys
,e 5 50 (A14)
PS2T X Kiuspol 1 + Koasro X 45PQ-

Fluorescence yields are calculated as follows. For open
PSII centers:

1
G Ty (A15)
For closed PSII centers:
F.= ! Al6
" TRy (A16)

For the mixture of closed and open centers in the steady
state:
. F'y X PS2Q + F'yy X PS2Q°
F= PS2T

(A17)

In Equations A15 to A17, we have assumed that k; = 1 and
neglected the thermal decay k,, a nonphysical assumption,
but it allows one to scale the fluorescence to F,, = 1. The
rate of plastoquinol oxidation by the Cyt bsf complex:

Vi = Vin X CFpp X
[PO~ X PS1D — PQ X PSID~/(kEs» X Hl/HIg)]

PO PO )
PS1T X Kyopg-t 1 + 70—+
42rQ ( Km42PQ~ Km42PQ
(A18)
where CF,, is a photosynthetic control factor:
1
CEp = (A19)

HI,\*
()
Photosynthetic control of plastoquinol oxidation is exe-
cuted by proton back-pressure, which shifts the equilib-
rium in Equation Al8 (Because of obligatory Q-cycle
2H*/e are transported in reaction 42, consequently, the
ratio of proton concentrations must be in square [Dave
Kramer, personal communication].) and/or by a regulatory
control factor CF,,, which is activated by one- or two-
proton equilibrium between the catalytic site and free pro- -
tons (in calculations in this work, only proton back-
pressure was controlling the electron flow). Similarly to
Equations A13 and A14, the first and second term of Equa-
tion A18 form the donor-side forward and reverse rate
constants for PSI. At the acceptor side of PSI NADPH is
assumed to form a free pool, mathematically treated like
PQ at PSIIL. Calvin-cycle enzymes are activated by electron
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pressure at the acceptor side of PSI, mediated by thiore-
doxin.

Along with the transport of each electron, three protons
are accumulated in the thylakoid lumen, one at PSII and
two at Cyt bgf, with the help of the active Q cycle. The
concentration of free protons in the thylakoid HIy, is calcu-
lated using buffer equations (Laisk and Eichelmann, 1989;
Laisk and Walker, 1989). Accumulated protons are con-
sumed for ATP synthesis (four per ATP) and can leak out
proportionally with the concentration difference. Free pro-
tons in the thylakoid immediately protonate quenching
sites QH, which is modeled by a single-proton equilibrium
with an equilibrium constant kEs, calculated from the pre-
set pKsq:

(Hly/kEs) '
H=—F7"—F7 A20
OF = T3 (T, kEw) (A20)
The rate constant of nonphotochemical excitation quench-
ing k'\ is calculated from a differential equation that con-
siders the relatively slow conformational change of the
quenching sites:

dk'y

- RCs X (QH X kK'nm — k') (A21)
where k'\, is the maximum possible k'y; and RCs, deter-
mines the rate of equilibration. Equation A21 describes an
exponential approach of k' to the level QH X k'y,., where
QH varies from 0 to 1.

Some parameter values used in the calculations: CO,
concentration, 5 uM at the carboxylation sites (usual in C,
plants at the external atmospheric CO, concentration);
midpoint redox potentials: PSII acceptor quinone, —0.24 V;
PQ, +0.117 V (the difference is set to ensure fast electron
flow from Q, to PQ and to correctly simulate light-dark
transients in fluorescence); PSI donor side, +0.15 V (set
lower than usual to ensure photosynthetic control at Cyt
bef by proton back-pressure; this value may be increased
when the ratio of proton concentrations is in square in Eq.
A18); PQT = 7 mM in the membrane (compares with mea-
sured PQ pools; Laisk et al., 1992); V_,, = 1 M s~ (ensures
adequate steady-state rate in the presence of proton gradi-
ent); K 4opo- = 0.1 mm (makes PQ™ oxidation rate largely
independent of PQ™ concentration); pKy, = 4.5 (set low to
switch off allosteric control of electron transport through
Cyt bsf); Vinas = 2 M 5~ (ensures maximum PSII electron
transport rate about five times faster than necessary for
steady-state photosynthesis; Laisk et al., 1992); K ,45pq = 1
mM (makes PQ reduction rate largely independent of PQ
concentration; Laisk et al., 1992); pK;, = 5.2 (ensures the
wide range of gg change in dark-light transients and small
qe at very low PPADs); RCy, = 0.1 577 (sets the relaxation
rate for gg); k¢ = 1 (relative unity); ky = 0 (not important in
relative scale if k, = 1 and ky is present); k'p = 4 (ensures
realistic quantum yield of photosynthesis and the correct
F,/F, ratio); k'\, = 4 (ensures complementation between
gn and gp); j = 1 X 10° (ensures fast re-reduction of PSII
donor side); j = #’ = 0 (no charge recombination from Q,,
no reversal of donor side reduction); pH, = 8.04 (in stro-
ma).
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