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Theory of Fluorescence Induction in Photosystem Il: Derivation of
Analytical Expressions in a Model Including Exciton—Radical-Pair
Equilibrium and Restricted Energy Transfer Between
Photosynthetic Units

Jéréme Lavergne* and Hans-Wilhelm Trissl*
*Institut de Biologie Physico-Chimique, 75005 Paris, France; and *Abt. Biophysik, Fachbereich Biologie/Chemie, Universitat Osnabriick,
Osnabriick, Germany

ABSTRACT The theoretical relationships between the fluorescence and photochemical yields of PS |l and the fraction of open
reaction centers are examined in a general model endowed with the following features: i) a homogeneous, infinite PS Il domain;
i) exciton—radical-pair equilibrium; and iii) different rates of exciton transfer between core and peripheral antenna beds. Simple
analytical relations are derived for the yields and their time courses in induction experiments. The introduction of the exciton—
radical-pair equilibrium, for both the open and closed states of the trap, is shown to be equivalent to an irreversible trapping
scheme with modified parameters. Variation of the interunit transfer rate allows continuous modulation from the case of separated
units to the pure lake model. Broadly used relations for estimating the relative amount of reaction centers from the complementary
area of the fluorescence kinetics or the photochemical yield from fluorescence levels are examined in this framework. Their
dependence on parameters controlling exciton decay is discussed, allowing assessment of their range of applicability. An
experimental induction curve is analyzed, with a discussion of its decomposition into « and B contributions. The sigmoidicity
of the induction kinetics is characterized by a single parameter J related to Joliot's p, which is shown to depend on both the
connectivity of the photosynthetic units and reaction center parameters. On the other hand, the relation between J and the
extreme fluorescence levels (or the deviation from the linear Stern—Volmer dependence of 1/®; on the fraction of open traps)
is controlled only by antenna connectivity. Experimental data are consistent with a model of connected units for PS Il_, inter-

mediate between the pure lake model of unrestricted exciton transfer and the isolated units model.

INTRODUCTION

The yield of the chlorophyll fluorescence emitted by chlo-
roplasts is a sensitive measure of the redox state of the PS
II reaction center. It was originally shown by Duysens and
Sweers (1963) that the reduced state of the primary quinone
acceptor O, (closed center) induces a high fluorescence
yield, whereas the oxidized Q, (open center) is a quenching
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[; PS II; photosystem II; PSU, photosynthetic unit; Q,, Qp, primary and
secondary quinone acceptors of reaction center II; P-680, primary photo-
chemical donor (chlorophyll); RC, reaction center. Rate constants: k%, trap-
ping in PSUs with open RCs (charge separation); k%, charge separation in
isolated open RCs; k%, backreaction in PSUs with open RCs (charge re-
combination); k,, reduction of Q, (charge stabilization); k™, trapping in
PSUs with closed RCs; k'™, charge separation in isolated closed RCs;
k™4, backreaction in PSUs with closed RCs (charge recombination); k$",
nonradiative losses of the radical pair in open RCs; k%, nonradiative losses
of the radical pair in closed RCs; kY, losses in the core antenna; k%, losses
in the peripheral antenna; k., radiative decay of an antenna pigment (chlo-
rophyll); k,, interunit, core-to-core exciton transfer; k,,,, exciton transfer
from peripheral to core antenna; k,, exciton transfer from core to peripheral
antenna. Other symbols: A, peripheral antenna system; F, fluorescence in-
tensity (same indexing as for ®,); /, rate of photon absorption per PSU; J,
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state. The kinetics of the fluorescence rise from the open state
(minimum yield F,) to the closed state (maximal yield F,)
that are observed during a continuous illumination is called
fluorescence induction and has been widely used as a con-
venient tool for studying PS II (for reviews, see Lavorel and
Etienne, 1977; Govindjee and Jursinic, 1979; Lavorel et al.,
1986; van Gorkom, 1986). Throughout this text, “induction
kinetics” will refer to experimental conditions where electron
transfer is blocked beyond Q3, using for instance the in-
hibitor DCMU. Typical information derived from the induc-
tion curves concerns the antenna size, the content of active
PS 1II centers, and the heterogeneity of PS IL

The concept of exciton-radical pair equilibrium (or
reversible radical pair) has emerged from fast spectro-
scopic techniques suggesting that rapid equilibration of the
exciton occurs among all pigments of PS II (antenna + RC)
and that the exciton decay is significantly influenced by the
reversibility of the primary charge separation (van Gorkom,
1985; Schatz et al., 1988; Leibl et al., 1989; see Dau (1994)
for a review). In a recent paper (Trissl et al., 1993; see also
the accompanying comment paper, Holzwarth, 1993), the
problem of exciton trapping in a simple lake model (PS II

sigmoidicity parameter; N, number of pigments per RC (antenna size); p,
Joliot’s connection parameter; g, fraction of open RCs; R, radical pair; [RC],
concentration of reaction centers; U, core antenna system; z, concentration
of excitons (per reaction center); CDP(q), photochemical quantum yield for
Q, reduction; P(q), fluorescence yield; &, = ®(q = 1), ®,, = d(q = 0),
or =0, -,
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centers sharing excitation from an infinitely large pigment
bed; Robinson, 1967) was analyzed, introducing explicitly
the equilibrium between the exciton and the radical pair cre-
ated in a reaction center by photochemical trapping. Results
from this study led the authors to reexamine critically the
significance of parameters (complementary area and curva-
ture of the induction kinetics) broadly used in experimental
work.

The purpose of the present paper is twofold. First, we shall
analyze the mathematical methods that can be used for deal-
ing with such problems. It will be shown that the numerical
integration used by Trissl et al. (1993) can be replaced by an
exact analytical derivation that can be applied to a variety of
models featuring both exciton—radical-pair equilibrium and
limited antenna connectivity, even for heterogeneous an-
tenna systems. The outcome of this section (which may be
skipped by readers who are not interested primarily in math-
ematical aspects) consists of simple general expressions for
the fluorescence and photochemical yields as functions of the
amount of open traps and also of a simple general kinetic law
for the induction curves. This will lead us to reexamine and
to qualify some of the conclusions expressed by Trissl et al.
(1993) or Holzwarth (1993).

Unfortunately, some errors were present in Trissl et al.
(1993) (see Erratum, Biophys. J. 65, 982-983 (1993)): (i) In
data set 3 of Table 1, <I>p and F, were calculated with k, =
0, whereas F_, F, and F, used k, = (1.3 ns)™'. The conse-
quence was an apparent failure of the relation ¢, - F,/F, =
1, which is in fact fully valid, as will be shown. (ii) Another
error was noted by Falkowski et al. (1994), i.e., computing
(F/F,) - ®, instead of (F,/F,)/¢, (p. 983).

MATHEMATICAL ASPECTS

Analytical derivation for the exciton-radical pair
equilibrium model

The basic features of the model treated by Trissl et al. (1993)
were the following: i) Pure lake model: the reaction centers
are embedded in a common antenna system of infinite
size, and the diffusion of the exciton among all pigments
(antenna + RC) is assumed to be fast with respect to reac-
tions at the reaction center, so that the exciton density is
uniform. ii) Exciton—radical-pair equilibrium: explicit rate
constants for the trapping and detrapping of the exciton are
taken into account for both open and closed states of the
center. iii) A transient quenching process is taken into ac-
count, namely, quenching by the oxidized state (P-680%) of
the primary photochemical donor.

In the present treatment, we shall drop point iii) above,
because the effect of this transient quenching is in fact totally
negligible under the experimental conditions used for study-
ing fluorescence induction in the millisecond-to-second time
range. Indeed, this process has characteristic lifetimes on the
100-ns scale (reduction of P-680" by tyrosine Y, when the
oxygen-evolving enzyme has not been inactivated). Thus, the
quenching by P-680* may be ignored whenever the exciton
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creation rate is below, say, 1 (us center)™, which is usually
the case in induction experiments corresponding to ¢,, of
1-100 ms. This also applies to the treatment used by Trissl
et al. (1993) that simulated the induction by a train of infi-
nitely (in the limit) weak Dirac light pulses, spaced so that
the reactions caused by each pulse were totally relaxed before
the next pulse occurred. However, when the induction is
driven by submicrosecond intense light pulses, this and other
transient quenching processes are of important consequence,
and failure to recognize this may have been, as argued below,
the origin of some confusion in the literature.

Neglecting the quenching by P-680" leads to a system of
differential equations describing the exciton decay with first-
order or pseudo-first-order rate constants, namely, k, for de-
cay from the antenna (including the radiative pathway; &,,,);
gk and k%, for, respectively, trapping and detrapping by an
open center, (1 — g)ki* and k™ for trapping and detrapping
by a closed center, k, and k$* for, respectively, radical pair
decay in an open center through stabilization of charge (re-
duction of Q,) or nonradiative losses; and k% for nonradia-
tive losses from the radical pair in a closed center. We denote
by ¢ the fraction of open centers. Because g does not vary
during an infinitesimal flash, it appears as a constant in the
differential equations, and it has been directly associated
with the second-order rate constants for trapping, expressed
as the pseudo-first-order constants gk™ and (1 — g)k™. It
should be kept in mind that the rate constants k™ and k™
describe the effective trapping of excitons from the antenna
as a whole. If the excitation is homogeneously spread over
all chlorophylls (including the reaction center), the exciton
is found on the center with the probability 1/(N + 1) ~ 1/N
(where N is the antenna size). If a spectral heterogeneity
among the antenna pigments is taken into account, N may be
replaced by an effective antenna size, N, (Trissl, 1993; for
a discussion of the approximations involved, see Laible et al.,
1994). Thus, these two global rate constants are equal to the
corresponding intrinsic parameters for the naked center di-
vided by N. This reaction scheme, described in Fig. 1, as-
sumes that charge stabilization is achieved on reduction of
Q, (with the rate constant k,). Although this assumption is
correct on a nanosecond time scale, it probably is not on a
longer scale, because a significant recombination of Q is

charge
/kﬂ stabilization
Rox ox
ox %
qkt losses
X
K, ks
<7
losses 1-q)k*
(including S (1-a)k,
fluorescence, krad) k_l k.-ed

d d
Rre ———>> losses

FIGURE 1 Kinetic scheme of the exciton decay routes assuming exciton
radical pair equilibrium in the case of a lake model.
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expected to occur as long as a positive charge is present on
P-680" or on the secondary donor Y;. This is probably one
of the causes of the photochemical misses (5-9%) accounting
for the damping of the Kok cycle under a train of saturating
short flashes. For simplicity, we did not implement this ad-
ditional loss pathway in out treatment, but we indicate below
how this can be done. The scheme of Fig. 1 leads to the
following system:

dz
3 =~ gk + (1 - @)z
+ k% R* + k™ R™,  (1a)
dROX
o=~k +ky + KPR+ gk*z, (1)
dRred
” _(kred + k;ed)Rred + (1 —_ q)k:ed Z (10)

where z, R, and R™ stand for the concentrations of exciton,
radical pair in open centers, and radical pair in closed centers,
respectively. This system of linear differential equations can
be solved analytically. This need not be done, however, if one
is interested in the overall yields rather than in the detailed
kinetics of exciton decay. It suffices then to integrate the
above expressions from ¢ = 0 to ¢t = oo; thus (the initial
concentration of excitons is denoted by z,):

[ -

=~k + gk + (1 — @k

(2a)
f zdt + k> f R*dr + k™9 f R™d1,
0 0 0
dROX
5 =0= = (k> +ky + k)
’ (2b)
f Ro*dt + gk f zdt,
0 0
® dRred
5= 0= —(k= + ki)
’ (20)

f R dr + (1 — g)kr f zdt.
] 0

We now have a system of linear algebraic equations with
the three integrals as unknowns. Solving this system gives

® ) %
fOZdt_‘I(ap+ad_B)+B+k1, (32)

o0 a =<}
f R*dt=gq-* f zds, (3b)
0 ks 0
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f Rt dr = (1 - g) kfid zdt, (30)
0

0

where
k>k,
%=k + R (42)
k* kS
TRk A (40)
kred kred
B kred + kred (4C)

We then obtain the yields for fluorescence () and pho-
tochemistry (®,):

©

k
rad — rad
Pilg) = % J, zdr B+k + (o, +a,— B’ (5a)
k oo
D,(q) = = f R dt
ZO [}
(5b)
aP

=qB+k1+(ap+ad—B)q'

As mentioned above, this treatment does not explicitly
take into account the additional losses occurring after Q;
formation through recombination with P-680* before the
oxidized equivalent is stabilized on the donor side. This de-
cay pathway can be introduced easily at this step. If we ex-
press its yield by 1 — ¢ (thus, ¢ = 0.95 denotes the stabi-
lization yield of Q;, then Eq. 5b (and further expressions
involving the photochemical yield, such as Eq. 10 below)
should be multiplied by ¢.

It is convenient to note that Egs. 5 have the general form

B+ Cq
@) = T4 g0 (6a)
2,0 = 55 (60)
with, in the present case,
a +ta,— B
_% d
J BrE (7a)
A= 7b
T Btk (70)
B= k 7
RN (70)
C=0 (7d)

When all centers are open (g = 1), the fluorescence yield
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is minimum and the photochemical yield maximum:

krad
Po= Bl = e R ®
a
— P
D,(1) = a, + oy +k (80)

When all centers are closed, the photochemical yield is
zero and the fluorescence yield maximum:

krad
q)m - (bf(o) - B + k] ’ (8C)
so that
6] a +a,+k
—m_p d 1
D, B+k (8d)

Expressions of the form of Eqs. 6 were previously derived
in a model that did not take an exciton—radical-pair equi-
librium explicitly into account (Lavergne and Leci, 1993). As
those authors noted, these expressions are also of the same
form as those originally derived by Joliot and Joliot (1964).
The parameter J is related to Joliot’s connection parameter

p by

p
=—. 9
=1 ©)
Following this earlier work, we obtain an analytical so-
lution for the fluorescence induction kinetics, noting that

~L_ 1 (), (10)

where I denotes the rate of exciton creation (per PS II center).
Thus,

d= - (%, 1
Crmaral\g 1) (1)

_JA-¢q)—Ing

X (12)

using the initial condition ¢ = 1 for r = 0. The fluorescence
induction kinetics are obtained by use of ¢ as a parameter,
by combining Eqgs. 12 and 6b. As expected, the curves com-
puted from the above expressions (see Fig. 6; the time scale
was normalized to hits per PSU by taking I = 1) are in perfect
agreement with the results obtained from numerical integra-
tion by Trissl et al. (1993).

From the form of Egs. 5, it may be realized that the
exciton—radical-pair model turns out to be homologous to a
model with irreversible decay and trapping processes, with
effective rate constants indicated in Fig. 2. It should be kept
in mind that this equivalence holds for the calculation of
overall yields but would not apply to that of the decay ki-
netics. Within this scope, this brings up a major simplifica-
tion, as we can replace the exciton-radical-pair equilibrium
model by the simple branched decay of Fig. 2. A similar
conclusion was reached by Dau (1994), who pointed out the
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stabilization of charge

o
k q/ separation

1
Z qo;,

losses in open centers

(1-9)B

losses in closed centers

FIGURE 2 Irreversible branched decay scheme equivalent to the scheme
of Fig. 1. e, oy, and B are defined in Eq. 4 a—.

formal homology of this problem with Butler’s bipartite
model (Butler and Kitajima, 1975; Butler, 1978).

Random walk in a network of states

The method described above consisted of writing the ap-
propriate set of differential equations for the exciton decay,
then integrating them to obtain yields. A very useful shortcut
can be found for dealing with such problems that may save
much intricate algebra. Instead of considering concentrations
of various species (excitons and radical pairs), we can treat
the problem as a random walk where the excitation may
adopt different and mutually exclusive states. This viewpoint
is justified because, as emphasized above, we are dealing
with a linear problem in which these various states do not
interact with one another (no exciton collision with another
exciton or radical pair). We can thus transform the kinetic
scheme into a random-walk network in which rate constants
are replaced by hopping probabilities between states, as
shown in Fig. 3. These probabilities are of the form

Py=; —, (13)
El=0 kij

where the k; may be read from Fig. 1. State A, stands for the
antenna exciton and states A, and A, stand for the radical pair
in an open or a closed center, respectively. The excitation is
initially created in the antenna (state A,). From this starting
point, an infinity of histories is possible for the random walk
[such as (4,A,), (A,A;A,A,)], where the last state indicates
where deactivation eventually occurs. Let us denote by

12
"
N
Ps1 Pso
A3

FIGURE 3 Equivalent random-walk network and transition probabilities
for the scheme of Fig. 1.

P2
AZ

=

Pio
Al
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P(i, j) the summed probability for all histories starting at i
and ending at j. We begin with P(1, 1) for which the first step
contribution is the direct decay from A, (probability p,,); the
next contributions will require three steps: jumping to A,,
jumping back to A,, and decaying in A,(p,,p,,p;;) and the
equivalent process with A,(p,3p;,p,)- Instead of summing
the infinite series of terms, we may notice that, when the
exciton is back on A,, it still has the probability P(1, 1) to
decay eventually in A,. Thus, one has

P(1,1) = pyy + popy P(1, 1) + piapy P(1, 1),  (14)

P
1 = piaPa — P3P

P(1,1) = (15)

Similarly,
P(1,2) = p1ypyy + ProPu P, 2) + p13py, P(1, 2), (16)

P12Pxn
1 = PPy — PusPa

Then the fluorescence and photochemical yields are

P(1,2) =

a7

@, = Fmap(q 1 18
f k[ ( ’ )a ( a)
k2
(I)p - k’z + kgxP(l, 2)’ (18b)

which is equivalent to Eqs. 5 when one is expressing the p;;
in terms of k;, using Eq. 13. This treatment thus gives the
yields directly, with no need for solving any linear system.

General model with heterogenous antenna
domains

The random-walk treatment proves to be especially useful
when one is dealing with more complex models in which
antenna heterogeneity is considered in addition to the
exciton-radical-pair equilibrium. We illustrate this with the
example pictured in Fig. 4. Here, we consider a peripheral
antenna A, containing no reaction centers but exchanging
excitons with photosynthetic units U, composed of a core
antenna and one reaction center. For generality, we also al-
low direct exciton transfer between the units U. This as-
sumption is not necessarily meant to portray a realistic physi-
cal situation, but the general expressions that we shall derive
will be readily applicable to subcases in which only A-U
transfers occur, or only U-U transfers (deleting A in this
case). As will be shown, the final expressions have a form
similar to Eqs. 6 and 12, warranting a broad generality in the
subsequent discussion.

In the scheme of Fig. 4, the units U are labeled ox or red,
depending on whether the state of the center is open or
closed. The fraction of U™ is g and that of U™ is (1 - q), and
these quantities are included in the pseudo-first-order rate
constants concerning transfer toward U°* or U™, The initial
distribution of excitons between A and U depends on the
relative cross sections of these antennas. We denote by a the
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Kk, Kya
<—A qKyyl{(1-9)Kkyy
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red —_— Rred
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FIGURE 4 Random-walk network for a heterogeneous antenna system
consisting of a peripheral antenna A, containing no reaction centers but
exchanging excitons with photosynthetic units U composed of a core an-
tenna and one reaction center. The trapping in U occurs according to the
exciton—radical-pair equilibrium model.

fraction of photons absorbed by A; thus (1 - a) is absorbed
by U, with (1 — a)q in open units and (1 - a)(1 - q) in closed
units.

As mentioned above, this scheme can be simplified by use
of the irreversible branched decay equivalent to the exciton—
radical-pair model. This gives the network of Fig. 5. The
scheme directly features transition probabilities that we de-
duce from rate constants by using Eq. 13. The corresponding
rate constants may be read from Fig. 3, except k,, and kj,,
which are now the effective rate constants resulting from the
above simplification:

ko = k%, (19a)
ky=a, + ag + kY, (19b)
k= B + kV. (19¢)

The expressions for the p;; are summarized in Table 1. As
before, we denote by P(i, j) the total probability that an ex-
citon starting from A; eventually has to decay in A,. Clearly,
this probability does not depend on the previous history of

P2
AZ
P12
Pio P2
<2 A% pylpn
P13
P31 A3 Pso

FIGURE 5 Probability network corresponding to Fig. 4 using the irre-
versible branched decay of Fig. 2, equivalent to the exciton-radical-pair
model.
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TABLE 1 Transition probabilities for the network of Fig. 5

__ kK - Tk (= ok
P Ky + K Pn Ky + KA P Koy + KA
_ o, + oy + kP _ kya = (1~ ghkyy
P et K+ (ko +hon” P Tt ot B+ (It kin” T2 g+ g+ K+ (1= kou + ko’
B+k kya gkyy

P

pw:B‘*k}J*'qkuu'*kUA’ =B+kIU+quU+kUA’

P32

=B+k}J+quU+kUA

the exciton, preceding the arbitrary “start” at A;. Thus, for the
various probabilities P(i, 2) of decay in an open center (4,),
we can write the system

P(2,2) = p,y, + P P(3,2) + p, P(1, 2), (20a)
P(3a 2) = p32P(2, 2) + p31P(la 2), (2Ob)
P(1,2) = p,,P(2,2) + psP(3, 2), (20c)

where, for instance, the Eq. 20a means that the total prob-
ability to start at A, and eventually to decay at A, is the sum
of the probabilities to decay right away at A,, to hop to A,,
and eventually to decay in A,, starting from A,, and to hop
to A, and eventually to decay in A,, starting from A,. Solving
this linear system gives

1 —
P(2,2) = py—522, (21a)
_ Pt pupy
P(3,2) = py D > (21b)
_ Pt puby
P(l, 2) = P2 D ’ (210)
with
D =1 — (p;3p3Pn + P12P2sPn 1d)

+ PPy + PisPsy + PuPy)-

From these expressions, one can obtain the photochemical
yield as follows. The total yield of decay from A, is

®,=aP(1,2) + (1 - a)[gP(2,2) + (1 — 9)PG3,2)],

which takes into account the initial distribution of excitons.
Replacing the p; by their values in terms of rate constants,
one gets (skipping elementary but lengthy algebra)

_ (kya + kyy T ko) kay T kyg — akyg)
D, = kyq D’ ,

(23a)
where
D' = (kUA + kUU + k20)(kUA klO + kAU k30 + klO k30)

+ (kg — ko )kay kya + kyy kay + kyy kip)g-

(23b)

The photochemical yield is then obtained by

=P
o, o D,. 24
A few more steps are required to obtain the fluorescence
yield. Consistent with Eq. 22, we denote by ®, the yield for
total decay from A;. Then

®, = kg“cp + ky‘“‘cp + kg‘"(p (25)
f klO ! k20 2 k30 »

where a superscript accounts for a possible different &, from
the two types of antenna. We have already calculated ®,. The
problem of obtaining ®, is entirely homologous and amounts
to interchanging indexes 2 and 3 or, for the rate constants,
substituting k,, for k;, and g for (1 — g). This leaves the
denominator (Eq. 23b) unchanged and gives
D, = ky(1 - q) (26)
(kya + kyy + kyo)kay + kyp = akyy)
D’ )

®, is now easily obtained as 1 - ®, — P, (because the
exciton has to decay from one of the three domains). Thus,
using Eqgs. 23b and 25-26, we finally obtain

X+ Yq
®f(q) = DI 2

(27a)

with

X = (kya + kyy + kag)lk7g (kya + aksy) @27b)
+ kg (kay + kyg — aky)],

Y = (kyy — ksg)[kfoglalkys + kyy) — kya)

- kgd (kay + kyg — aky)].

(27¢)

Although they are complex in terms of elementary rate
constants, the expressions for ®, and ®; keep the simple
hyperbolic dependence on g shown in Egs. 6, with now

J= (kz — k30)(kAUkUA + kUUkAU + kUUklO)
(kUA + kUU + kzo)(kUAklo + kayky + kwkso) ’

(28a)

(kUA + kUU + k30)(kAU + klO - akw)

=
p(kUA + kUU + kZO)(kUA k10 + kAU k30 + klO k30) ’
(28b)

A
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B= kpy(kya + akyy) + kg (kay + kyg — akyy) (28¢)
kyakio + kay ksp T kigks,
C = (ky— k30)[k2d(a(kUA + kyy)
—kya) — ki (kay + kg — aky)]
(kya + kyy + koo )kya kig + kay kg + kyg Kyp)’

(28d)

First subcase: funneling model

In the current view of the organization of the PS II reaction
center complexes and their light-harvesting chlorophyll pro-
teins, the reaction center is immediately surrounded by core
antenna proteins including mostly chlorophyli-a, whereas
LHC-II, richer in chlorophyll-b, is located peripherally. It is
thus likely that RC-RC exciton transfers must occur via the
LHC II rather than through core—core transfers (see, how-
ever, the dimeric PS II models of Peter and Thornber, 1991
or Dainese and Bassi, 1991). This is essentially the case
treated by Butler (1978) in his tripartite model (with some
differences concerning the properties of the RCs). This situ-
ation can be modeled easily from the foregoing by taking
kyy = 0. The yields keep the same form as in Egs. 6, whereas
Egs. 28 become

Jv kAUkUA(kZO - k30)

= , (29a
(eom + o) ko Krg + K + Krgli)” 2%
(kya + ks )kay + ki — akyp)
A=« s 29b
P (kya Tt kyo)kyakig + kay ksg + Ky ksp) (29)
B= kfa (kys + aksy) + k5 (kay + kip — akyg) (29¢)

kUA klO + kAU k30 + k10 k30 ’

_ (kyp — kao)kinkyala — 1) — kSy (kay + kyg — ak,y)]
(kya + kyo)kya kig + kay kg + kyg K3p) )

C
(29d)

Second subcase: connected units

Although it is justified from a realistic point of view, the
foregoing model remains difficult to handle because of its
many parameters. To discuss the respective effects of rate
constants related to the RC and to the connectivity of the
antenna, we now consider another simple model that consists
of deleting the peripheral antenna A altogether (a = k,;, =
kya = 0) but allowing the U-U transfer. In fact, the funneling
effect in the PS II antenna that is due to the longer-
wavelength pigments in the core antenna is relatively minor
(Trissl, 1993), so that one does not lose a crucial parameter
by considering a homogeneous antenna. Then a finite rate
constant k;;, accounts for imperfect connectivity between PS
IT units. The limiting cases of zero (isolated units) or infinite
connectivity (lake model) are easily obtained by varying
accordingly. Equations 28 now become (we write kY, = k )

_ kUU (kzo - kso)

J=— ="
k30(kUU + k20)

(30a)
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_ kyyle, + ay — B)
B+ k)kyy + a, + oy + k) ’

_ a,(kyy + ky)
ko (kyy + k)

(30b)

_ oy (kyy + B+ k)

B+ k)kyy + a, + ag+ k)’
krad krad
B=—=—", 30c
ko B+ k) (30¢)
C= krad(k30 _ kzo)

k30(kUU + k20) (30d)

krad(ap + oy — B)
B+ k)Mkyy + a, +a; + k)’

The extreme fluorescence levels ®, and @, and the pho-
tochemical yield ® (1) are the same as derived for the lake
model (Eqs. 8). These quantities do not depend on the rate
of interunit transfer &y, (nor on J) and thus remain the same
irrespective of whether the connectivity is finite (connected
units), infinite (lake), or zero (isolated units).

Fluorescence induction curves according to the connected
units model are shown in Fig. 6 (a) for various values of k;,
(the corresponding values of J are indicated in the caption).
The other parameters are those estimated for « centers by
Roelofs et al. (1992). The rate constant k% (losses on the
closed center) plays an important role because it substantially
controls the maximal fluorescence yield ®,, (and also the
sigmoidicity parameter J, as further discussed below). The
requirement for a significant decay path on the closed center
was emphasized by Duysens (1979). An alternative possi-
bility accounting for the experimental range of the ®_/®_
ratio would be to assume a larger rate for decay in the antenna
(k,), implying a low photochemical yield of PS II (of ~0.7
instead of 0.9), as was proposed by Thielen and van Gorkom
(1981). However, this view is hardly consistent with the cur-
rent data for the decay rates in PS II and also with other
estimates of the quantum yield (Joliot et al., 1968).

General properties of the yield expressions

In spite of the complexity of our general model (from which
we derived the two simpler subcases described above), which
allows us to take into account both exciton~radical-pair equi-
librium at the level of the RC and imperfect transfer among
different antenna beds, the expressions relating the yields D,
and @, to q take the very simple hyperbolic forms of Egs. 6.
We would like now to describe some general consequences
of these expressions.

Joliot’s equation

With the definitions ®, = ®(1), &, = P(0), D (q) =
®(q) - P, and @ = P (0) = ¥, - D, we can rewrite Eq.
6a as
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FIGURE 6 (a) Theoretical fluorescence induction curves calculated for
different rate constants of interunit exciton transfer k;,,. The other rate con-
stants were taken from Roelofs et al. (1992) for a centers: k™ = 3.00 ns™!,

= =030ns", k, = 230 ns7!, & = 0.47 ns7!, k4 = 0.34 ns7!, kX =
0.00 s, k7 = 0.99 ns™, , = 0.30 ns™', Then, with k_, = 0.056 ns™, one
computes o, = 2.653 ns™, o, = 0.0011 ns™!, B = 0.350 ns™", J,,,, = 3.54,
and ®_/®_ = 4.54. The intensity of excitation was / = 1 s7'. @, Plot of the
results obtained for the lake model and isolated units by Trissl et al. (1993).
b) Normalized Stern—Volmer plots of the same set of fluorescence induction
curves. The &y, values (from isolated units to lake) are 0, 0.33, 1.00, 3.33,
and = ns™', and the J values are 0, 0.36, 0.90, 1.88, and 3.54.

@, —q(P, - P,(1+ )]

®,(g) = e SENE)
and we obtain
D) 1—g¢q
o T 1+Jg (32)

This quotient is often called the photochemical quenching
coefficient. Equation 32 is identical (we use p instead of J;
Eq. 9) to the equation derived under a much more restrictive
set of assumptions by Joliot and Joliot (1964). The broader
validity of this equation was pointed out before by Paillotin
(1976b) and by Butler (1980) in the case of the tripartite
model. This relation implies a linear dependence of @/
(@,(q)) on 1/(1 - g), with slope (1 + J) and intercept —J.
Such a double-reciprocal plot may be used for estimating the
value of J because @ (g) can be obtained by integrating the
induction curve (see below).
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Kinetic law

The integration procedure of Eqs. 10~12 remains fully valid
in the most general case considered here, and so does the
kinetic law, Eq. 12. As may be seen from Fig. 6 (a), the
parameter J is responsible for the degree of “sigmoidicity”
of the fluorescence induction. The case J = 0 corresponds
to an exponential kinetics reflecting the absence of exciton
transfer from closed to open PS II units.

It is worth emphasizing that, in spite of the complications
that were introduced in our general model (radical pair re-
versibility, consideration of two different pigment beds), the
dependence of the normalized variable fluorescence on g
(Eq. 32) is controlled by one parameter (J), and its time
course (Egs. 12 and 32) is entirely determined by J and by
the time-scaling factor /®(1). Thus, in principle, these pa-
rameters are directly accessible from experimental kinetics,
irrespectively of any particular model (complications that are
due to PS I heterogeneity will be discussed below).

The yield expressions and the kinetic law keep the same
form when one is considering an induction curve starting
with a fraction of centers in the closed state (thus, with the
initial fraction of open centers g, < 1). The apparent values
of ® (1) and J are then

o) = @ (1 33
1) = T2 20, (332)
J = qOJ' (33b)

These relations are useful because the experimental curves
obtained in the presence of DCMU frequently have an in-
creased F, with respect to the level observed in the absence
of an inhibitor. This reflects the reduction of @, in centers
where a semiquinone was present in the Qp, pocket before the
inhibitor was added. The effect of this prereduction of Q, on
the induction may be estimated from Eqs. 33.

Stern—Volmer relation

From Eq. 31, we get immediately

1 1+Jq
(Df(q) <Dm - q[q)m - (I)o(l + J)] )

(34)

Thus, the Stern—Volmer relation (linearity of ®(q)™ versus
q) is not obeyed in general, except in the special case when
@, = (1 + J) @, (this implies that C = O in Eq. 6a). For
the connected units model the deviations from Stern~Volmer
behavior are illustrated in Fig. 6 (B). The Stern—Volmer con-
dition is fulfilled in the lake model (irrespective of the
exciton—radical-pair equilibrium), as apparent from Eq. 5a.
More generally, as may be seen from inspection of Eq. 28d,
the condition C = 0 corresponds to two possibilities: i) the
first is a trivial one (and obviously unacceptable on experi-
mental grounds) where k,;, = k,,, meaning equal trapping by
open and closed RCs; ii) the second is that C will also ap-
proach zero (while A and B remain finite) when any of the
antenna transfer rate constants (k,;, k4, kyy) becomes very
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large (barring the special case when both k;; and k;, are
close to zero). Therefore, the deviation from the Stern—
Volmer relation may be taken as an indicator of the degree
of imperfect connectivity of units. As discussed below, J also
depends on the connectivity but, additionally, on properties
of the RC.

Complementarity of @, versus @,

From Eq. 31 one obtains

+J
— Pa) =g e (35)
Thus, when we use ® (1) = A/(1 + J),
®,
2@ = 2,02 (36)

showing that for a homogeneous PS II domain the photo-
chemical yield is linearly related to (®,, — ®,). This relation
does not hold, in general, when heterogenous contributions
are present, except when the different components keep an
identical value of the ratio /@ (1) = (JB - C)/A. As ar-
gued below, this condition is also necessary for a propor-
tionality relation between the number of RCs and the area of
the fluorescence induction (Eq. 41; see also Eq. 47). The
experimental demonstration by Bennoun and Li (1973) of the
complementary behavior of the photochemical and fluores-
cence yields during the induction kinetics suggests that the
PS I, and PS II; contributions meet this requirement, at least
approximately.

Complementary area of the fluorescence induction

Using Eq. 10 and expressing ®; as a function of time, it
follows from Eq. 36 that

1()

q®) =

f [®, — P(7)]dT, 37

which gives the familiar relation between the kinetics of g
and that of the complementary area of the fluorescence in-
duction first derived by Malkin and Kok (1966) and Murata
et al. (1966). This proportionality has also been reported in
Trissl et al. (1993). We obtain the total area ®, that corre-
sponds to a one-electron transfer per RC by taking t — :

19, (1)
P —_
or P

(38)

Again, these expressions are model independent and fol-
low simply from the complementarity between the fluores-
cence and photochemical yields. Their validity does not de-
pend on the degree of connectivity and is also verified in
models involving domains containing a finite number of
PSUs (Paillotin, 1976b; Den Hollander et al., 1983). How-
ever powerful, their practical applicability requires some
care because of the factor multiplying the integral. To ana-
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lyze this point further, we examine the relationship between
the number of reaction centers and the experimental fluo-
rescence area F, (obtained by integrating the kinetics of fluo-
rescence intensity rather than the quantum yield). Let us as-
sume a homogeneous array of PS II units with density [RC]
(the number of centers per illuminated area unit). The fluo-
rescence intensity is

F(q) = IIRC]®((q). (39
Thus
F,=IRC]D,, (40)
and, using Eqgs. 38 and 6,
om JB—-C
F, =[R = ———[RC]. 41
= R Gy = 5 RC] (1)

Thus, F, is related to the number of centers through a factor
depending on model parameters (e.g., rate constants). In the
connected units model, this factor is

JB-C = o ta,—B
A M aB+k)

(42)

On the one hand, the factor calculated in Eq. 42 does not
depend on &y, and is thus insensitive to connectivity. On the
other hand, it depends on the antenna size N (number of
light-harvesting pigments per RC) if the intrinsic trapping
properties of the center are assumed to be fixed. Indeed, as
we noted above, the effective rate constants for trapping an
exciton from the whole antenna may be estimated as the ratio
of intrinsic rate constants for the naked center, k™, divided
by N (k, = k/N). The same follows for @, a, and B. As
already mentioned, the case of heterogeneous pigments can
be accommodated by using an effective antenna size, V..
When expressed in terms of intrinsic parameters, the factor
in Eq. 41 reads as

JB—-C aim + aim — Bim
A =k 43)
ai,“‘( Nt k1>

This matter has an important bearing on the estimate of the
relative amounts of « and B centers from their contributions
to the fluorescence area, as discussed below.

A case in which the estimate of the amount of centers from
the fluorescence area is grossly in error is encountered when
only a fraction of centers have a blocked Qp pocket and
compete with uninhibited (permanently open) centers for ex-
citon trapping. This situation occurs when one is studying the
effect of a subsaturating concentration of DCMU and also,
according to Lavergne and Leci (1993), in the absence of
inhibitor when one is considering the ® P, kinetics that are
due to inactive PS II centers. Then, using Eqs 14-15, and 18
from the appendix in Lavergne and Leci (1993), one gets

o, O x

@, d" 1+J1-2 (44)
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where the primed quantities correspond to the induction

curve contributed by a fraction x of inhibited centers in the

presence of 1 — x permanent traps, whereas the unprimed

quantities refer as usual to total inhibition. Thus, the relative

area reflects only the relative variable fluorescence, and the

computation of the amount of centers x requires the knowl-
“edge of J.

Genty’s formula

Based on work of Kitajima and Butler (1975) and Schreiber
et al. (1986), Genty et al. (1989) proposed an expression for
estimating the photochemical yield of PS II during steady-
state electron flow from fluorescence levels:

(Dm B <Df(q)
o >

m

®,(q) = (45)
which is different from our Eq. 38. In our notation Genty’s
formula is equivalent to

o -d
Vo2 = I[RC] — q) f(q),

m

(46)

where v, is the rate of electron transfer through PS II (as
measured, e.g., from oxygen evolution, assuming the ab-
sence of a DCMU-type inhibitor; in the presence of such an
inhibitor —dg/dt may be used in place of v, ). Notice that Eqs.
45 and 46 may be written equally well in terms of ®; or F
because the I[RC] factor is eliminated in the ratio. Equation
45 is quite convenient because it requires only two mea-
surements: F (e.g., a steady-state fluorescence level) and F
(obtained by photoreducing all Q, by a brief intense light
pulse). It has been widely used for estimating the electron
transfer rate in the presence of the nonphotochemical
quenching that develops under steady-state illumination.

We would like to discuss the extent of its applicability.
Combining Eqgs. 6a and 6b, one gets

¢, -9 JB-C
o - AB q)p(q)-

m

(47

For calculating the factor multiplying ®,, we consider
again the connected units model. Using Egs. 42 and 30c, we
obtain:

JB-C a;,— B
1B =1+ .

(48)
P

This expression depends not on antenna parameters (size or
connectivity) but only on intrinsic center parameters (the 1/N
factors are eliminated when we write Eq. 48 in terms of
intrinsic rate constants). Using the set of rate constants (see
the caption to Fig. 6) of Roelofs et al. (1992) for PSII, we
obtain for Eq. 48 a value of 0.88, which suggests that omis-
sion of this correction may lead one to underestimate ®, by
~14%.

Under steady-state illumination in vivo, both v, and
(F,, - F)/F, decrease as a function of the intensity because
of the nonphotochemical quenching g/N. A linear relationship
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has been observed between these quantities under a broad
range of irradiance (with the exception of dim light), mark-
edly modulating gN (reviewed by Lavergne and Briantais,
1995). The present analysis suggests that this finding is not
trivial and brings relevant information as to the origin of gN.
First, the linear relationship is expected to hold if gN is due
to a quenching process in the antenna (as is believed to arise
from aggregation of LHC II), which would increase k, and
leave unchanged the proportionality factor (Egs. 47 and 48).
On the other hand, linearity should break down if gN were
due to the removal of a fraction of the PS II antenna (as in
a state-2 transition; this phenomenon may in fact account for
the dim-light deviation), because this would correspond to a
decrease of I in Eq. 46. A third possibility for gN is that it
involves a modification of the centers. If this modification is
assumed to affect all centers in a homogeneous way, then the
linearity should again break down (because an increase of a,
at the expense of a, will increase the proportionality factor
calculated in Eq. 48). In the case of an all-or-none process
affecting a fraction of the centers, the outcome depends on
the degree of connectivity. In a pure lake model, the con-
version of a fraction of centers to quenching sinks will affect
vo, and (F,, - F)/F, in the same proportion. If, however,
connectivity is finite, v, will be more diminished than (F,
- F)/F, when gN develops. This is easily seen in the extreme
case of isolated units. Let us assume that active units have
fluorescence yields ® (at steady state) and @, (under a satu-
rating pulse), while inactive units are blocked, say, at ®,. If
fdenotes the fraction of active units, the measured F and F |
will be

F=IRC®f+ ®,(1 - 1), (49a)
F, = [RCY(®, f + ®,(1 = f)), (49b)

where I[RC] indicates the rate of absorption in the whole
system (active and inactive units). Then

Fm—F_f(d)m—d)) (l)m
F, @, os+oa-j OO

whereas, under the above assumption, v, is just proportional
to the first factor,

f(@, - )
I

m

Significance of J

In the particular model analyzed by Joliot and Joliot (1964),
a parameter p, related to our J through Eq. 9, was defined as
the probability that an exciton hitting a closed RC will be
transmitted to an open RC. In the more general models de-
scribed here, this definition does not hold rigorously, but a
related physical meaning of p or J can nevertheless be given.
If we define the effective cross section of an open center by

®,(q)

a(q) = q (51)

where the photochemical yield @ is given by Eq. 6b, we see
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that antenna heterogeneity (i.e., core and peripheral antennas)
o(0) and finite connectivity, but we did not envisage domain het-
?‘m =J+ 1. (52)  erogeneities, such as a finite size of domains for exciton

Thus, (J + 1) expresses the relative increase in cross section
brought about by closing neighboring centers (o(1) is the
minimum cross section and ¢(0) the maximum one). It may
also be taken as an estimate of the effective number of units
that an exciton can visit during its lifetime when g = 0.

The parameter J depends on both antenna and center param-
eters. To analyze this in more detail, let us consider the expres-
sion found for J in the connected units model (Eq. 30a). Using
Eq. 7a, we can rewrite this expression as the product

Jo =1, ull 53

ke (ko + o, + ag + k)’ (53)
where the subscripts cu and lake refer to the connected units
model and the lake model, respectively. Inspection of Eq. 7a
shows that J, . is, as is intuitively clear, an increasing function
of the trapping efficiency of the open center (o, + oy and a
decreasing function of the trapping efficiency of the closed cen-
ter (8) and of losses in the antenna (k,). Furthermore, J,,, can
be expressed by the extreme fluorescence levels (using Eqs. 7a,
8a, and 8c):

p— (Dm
ke = 30 -1 (54

The decrease of J brought about by the second factor in Eq.
53 is specific for imperfect connectivity of the antenna system,
It makes J an increasing function of the rate of interunit transfer
kyy, or, more precisely, a decreasing function of the ratio of the
decay rate in open units (o, + o, + k,) over ky,.

Similar conclusions were attained in previous work by
Paillotin (1976b) where it was pointed out that the connection
parameter p accounts for two separate processes: the actual
exchange of excitons between units and the competition be-
tween centers for exciton capture. Paillotin derived the fol-
lowing equation for the connection parameter:

®,
p=w<1 —$>, (55)

o

in which w is the probability of an exciton’s leaving a PSU
with a closed RC (toward another PSU). An equation of the
same form is found in our formalism. Using Eqs. 7-9 and 30a
(connected units model), one obtains

kUU

CTB Tk +

(56)

which matches Paillotin’s definition.

APPLICATION TO EXPERIMENTAL DATA
Validity of the foregoing treatment
Extent of exciton migration in PS I

Our basic assumption is to consider PS II an infinite array
with an overall homogeneous character. We did consider

migration including a small number of PS II centers (Clay-
ton, 1967; Den Hollander et al., 1983). Thus, our modeling
belongs to the “lake” family, although, for brevity, we have
reserved the term “lake model” to unrestricted exciton dif-
fusion in a homogeneous antenna (the “free exciton move-
ment” case in the terminology of Paillotin, 1976b). In par-
ticular, our treatment does not apply to the case of a dimeric
arrangement of PS II centers (Rogner et al., 1987; Dainese
and Bassi, 1991; Peter and Thornber, 1991) insofar as one
assumes that privileged excitation transfer occurs between
the two partners of the dimer. Models of the domain type
have been considered in earlier literature (Clayton, 1967,
Paillotin, 1976a; Den Hollander et al., 1983). Expressions for
the yields as a function of g can be obtained in such models,
too. The derivation of a kinetic equation for the fluorescence
induction requires taking into account explicitly the evolu-
tion of the populations of domains with 0, 1, ...n closed cen-
ters through a master equation (Den Hollander et al., 1983).
In a previous report (Trissl and Lavergne, 1995), we exam-
ined the fitting of an experimental induction curve, using the
equation derived by Den Hollander et al. (1983). An accept-
able fit was obtained for a number of 4-5 centers per domain.

Obviously, it is expected that, when the number of centers
per domain is increased beyond (J + 1), such models will
become indistinguishable from the infinite PS II case. Con-
cerning the possibility that exciton transfer in PS I may be
organized in domains with a small number (<4) of centers per
domain, we believe that there is significant evidence against
its plausibility, although it may not be completely ruled out.
A first aspect is that fast spectroscopic techniques picture the
PS II reaction center as a shallow trap that is visited by the
exciton a number of times before stabilized trapping occurs
(exciton—radical-pair equilibrium model, van Gorkom, 1985;
Schatz et al., 1988; Leibl et al., 1989; Roelofs et al., 1992).
This will tend to minimize the effect of the local arrangement
of centers (for instance, in a dimeric structure). Furthermore,
there is substantial evidence showing that exciton migration
extends over many PSUs (Joliot et al., 1973; Paillotin, 1976a;
Trissl et al., 1987; Garab, 1992). An important argument is
the quasilinearity of the ®; versus 7,, (average fluorescence
lifetime) observed during the induction, which would not
hold for domains containing a small number of units
(Sorokin, 1971; Briantais et al., 1972; Moya, 1974; Paillotin,
1976b; Lavorel and Etienne, 1977).

The interpretation of the sigmoidicity of the fluorescence
induction (or the hyperbolic dependence of ®; on g) as re-
flecting excitonic connection of the RCs has been challenged
(Ley and Mauzerall, 1986; France et al., 1992) on the
grounds of an exponential saturation curve for charge sepa-
ration induced by short (in the microsecond or submicro-
second range) light pulses (see, however, Hemelrijk and van
Gorkom, 1992). We believe that this finding may be due to
quenching processes on short time scales, such as exciton—
exciton anihilation (Geacintov and Breton, 1987), quenching



Lavergne and Trissl

by triplet states (Wolff and Witt, 1969, Breton et al., 1979;
Geacintov and Breton, 1987), and P-680* (Butler, 1972,
Sonneveld et al., 1979, Deprez et al., 1983). Even in the case
of a “long” microsecond flash, a fluorescence rise (disap-
pearance of a quenching) occurs in the 30-50-us range
(Joliot, 1974; Robinson and Crofts, 1987), possibly as a re-
sult of a slow phase of P-680" reduction (see also Schlodder
et al., 1985). Such transient quenchings may severely affect
the correlation between the excitation energy and the product
yield (Deprez et al., 1990; Wulf and Trissl, 1994). In the
pump-probe double-flash experiments of Geacintov et al.
(1987) or France et al. (1992), 200-300-ps actinic flashes
were used, and the fluorescence was analyzed 100 us later
by a weak microsecond flash. Clearly, no increase of the
trapping cross section can be expected during the closure of
centers by the 200-ps pulse, because closed centers remain
in quenching state P-680* during the lifetime of the excitons.
The cross section may, on the contrary, decrease at high flash
energy as the result of singlet—singlet annihilation or quench-
ing by triplet states. Thus, the course of the decrease of g as
a function of the flash energy cannot be faster than an ex-
ponential, but, presumably, is slower. Even in the conser-
vative case of an exponential dependence, it should be re-
alized that the fluorescence yield detected by the probe flash
is expected to have a much less pronounced sigmoidicity as
a function of the actinic energy than that observed during
weak light induction. Assuming that g(€) = e, where € is
proportional to the flash energy, one has from Eq. 32
Ov(e)/Pvm = (1 — e—€)/(1 + Je—e€). This function has
no inflection point for J < 1, and, even for J = 1.5, the
sigmoidal character may be hard to discern, depending on the
experimental accuracy.

The fact that a hyperbolic dependence of the photochemi-
cal yield on the amount of open centers was established
through oxygen-evolution measurements (Joliot et al., 1971),
independently from (but in approximate agreement with)
fluorescence data is a strong argument against models that
reject excitonic connection as the major cause for the sig-
moidal induction curves. The v{ew of connected PS II is also
supported by the finding of an increased antenna size in mu-
tants that have a normal chlorophyll content but a smaller
number of PS II centers (Joliot et al., 1973).

Rapid exciton equilibration

In the mathematical formulation that we have used, the spa-
tial location of the exciton is disregarded, allowing us to
consider situations such as that of an exciton in antenna bed
A or U as well-defined states. Similarly, the spatial distri-
bution of open/closed centers is not taken into account. This
considerable simplification could be questioned in the case
of a strongly diffusion-limited trapping process. However, as
argued above, PS 1I photochemistry is actually trap limited.
In his recent review, Dau (1994) concludes that the available
evidence supports the concept of rapid exciton equilibration
among all pigments of the PS II antenna. Furthermore, it
appears that, even considering a diffusion-limited process,
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the inaccuracy involved in ignoring spatial coordinates of the
excitons and centers is actually quite small. This emerges
from comparison with the results of studies of exciton ran-
dom walk that used the master equation approach (Paillotin,
1976a; Paillotin et al., 1983; Den Hollander et al., 1983) or
the Monte Carlo method (Sebban and Barbet, 1985; Hoff and
Fischer, 1993) or N coupled differential equations controlled
by a Pauli master equation (Laible et al., 1994). For instance,
we verified that the relations deduced from our treatment
simulate quite accurately the Monte Carlo results reported by
Hoff and Fischer (1993) for the whole range of parameters
(from trap to diffusion limitation) assayed by these authors.

Radical pair reversibility

The implementation of the exciton-radical-pair equilibrium
in the analysis of decay yields amounts to the introduction
of modified rate constants (that we denoted a and B) in an
equivalent irreversible scheme (Fig. 2; see also Dau, 1994).
It should be realized that the description of the radical-pair
dynamics in terms of rate constants may be an oversimpli-
fication because it neglects the evolution of the pair toward
a manifold of substates. A first aspect that should be con-
sidered in that respect is spin dephasing. The pair P*I" is
initially created in its singlet state, but a singlet—triplet mix-
ing process will then take place, and only the singlet state can
recombine to an exciton. The dynamics of this process cannot
be described by rate constants but requires a proper quantum-
mechanical treatment (stochastic Liouville equation; see
Haberkorn and Michel Beyerle, 1979, and the review by
Hoff, 1981). It was, however, argued by van Gorkom (1985)
that spin dephasing is probably slow with respect to the equi-
librium with the exciton state (this fast equilibrium, together
with the initial zero rate of the spin dephasing, could actually
be responsible for delaying the process). A slow rate for
singlet—triplet mixing was reported in the recent study by
Volk et al. (1993) showing that, in the D,D,cytbs,, reaction
center, spin dephasing occurs in the 100-ns time range (see
also Groot et al., 1994). The light reemission from PS II is
slightly enhanced by a magnetic field that decreases the yield
of triplet formation (Rademaker et al., 1979), but most of the
effect is probably due to an effect on delayed rather than
prompt fluorescence (Hoff, 1981).

Whereas spin dephasing is probably a negligible pertur-
bation in the exciton—radical-pair model, another type of evo-
lution of the radical pair may have to be considered. Wood-
bury and Parson (1984) introduced the idea of a relaxation
process in the free energy of the radical pair in the bacterial
RC (and a similar view was proposed for PS II by Schlodder
and Brettel, 1988). Further support for this concept was re-
cently reported by Peloquin et al. (1994) and Woodbury et
al. (1994), who proposed a “dynamic solvation model” in
which the stabilization (AG) of charge separation is rapidly
increasing following initial radical-pair formation. If this
model applies to PS II, then the use of rate constants for
modeling the radical pair reversibility loses relevance. It is
still possible, however, to use probabilities (the p; as in Figs.
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3 and 5; i.e. the overall probability for state i to decay toward
state j) that retain a clear physical sense.

Analysis of an experimental induction curve

An experimental fluorescence induction curve from spinach
thylakoids poisoned with DCMU is shown in Fig. 7 (a). In
agreement with the concept of a/f heterogeneity (Melis and
Homann, 1976, Melis and Duysens, 1979; for a recent review
see Lavergne and Briantais, 1995), the data cannot be fitted

3
2 PS i,
8
(7]
o
[o]
3
o=
PS Il
0 " 1 " 1 i 1 " 1 i
0 40 80 120 160 200
018 ?=0.382
0.00 b)-"\ e
VoL . . .
-0.15 . : : .
0.15 ) -
c ¥=0.077
® 000 Iy\v ...............
< N/
=3 _015 1 1 1 L
o
=015
(7]
o d),\ ¥*=0.053
~ 000 [ A
.0.15 . l . 1 . | . L
0.15
e),\ 1'=0.273
0.00 F+¥———=
..\;- \' .....
-0.15 1 " | N L . 1
0 40 80 120 160 200

time /ms

FIGURE 7 Experimental fluorescence induction curve and illustration of
various fitting procedures. (a) @, experimental datapoints, with normal-
ization at F, = 1. Spinach thylakoids at 10-mM Chl in a medium containing
0.3-M sucrose, 8-mM MgCl,, 10-mM NaCl, and 25-mM MES, pH 6.5, with
addition of 1-uM gramicidin and 20-pM DCMU. The cuvette was cylin-
drical, with an internal diameter of 3.2 mm. Actinic illumination was pro-
vided by symmetrically arranged arrays of light-emitting diodes (Hewlett
Packard HLMA CL00, emission peak ~594 nm). Fluorescence was detected
at 90° by a photodiode trough, a low-fluorescence Ulano Rubilith gelatin
filter, and a long-path (30-mm) Schott RG-665 filter (a small correction was
measured and applied for the residual offset that was due to stray light and
filter fluorescence). The solid curve superimposed upon the data points is
the result of the five-parameter fit also described in (c). The corresponding
individual contributions of PS II, and PS II, are also shown, with their
vertical origin arbitrarily shifted at zero. (b)(e) Plots of residuals (experi-
mental curve, F*® — calculated curve, F*) for the various fitting procedures
described in the text. The values of x* = Z(F*P - F**)? are indicated in each
panel and may be used to rate the qualities of the fits. The values of the fitted
parameters corresponding to (b)—(e) are indicated in Table 2.
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satisfactorily under the assumption of a single homogeneous
system (see the larger residuals in Fig. 7 (b)). Much better
fits (residuals in Fig. 7 (¢) and (d)) can be obtained by as-
suming that, in addition to the main « component, a second
(B) contribution is present, accounting for the slow “tail” of
the induction curve.

According to the foregoing (Eqs. 12, 32, and 39), the con-
tribution of any individual homogeneous PS II array to the
variable fluorescence induction kinetics can be expressed
analytically as a function of three phenomenological param-
eters: an amplitude parameter, F™ ( = I[RC]®™), a rate pa-
rameter, /® (1), and the sigmoidicity parameter J. Within the
general assumptions discussed in the preceding section, the
functional dependence of the kinetics with respect to these
parameters is the same, irrespective of detailed assumptions
regarding antenna heterogeneity and connectivity, rate con-
stants governing the exciton—radical-pair equilibrium, etc. If,
however, the whole fluorescence curve (including the F) is
taken into account, a fourth parameter is required that may
or may not be constrained by the other ones, depending on
the assumed model. For instance, if the extreme lake model
is assumed, the sigmoidicity parameter J is strictly related to
the F,_/F, ratio (Eq. 54). Depending on the investigator’s
concern, the analysis of the fluorescence induction can be
focused on the phenomenological parameters controlling the
variable part (e.g., when the primary interest is a decompo-
sition into a and 8 components, without specifying detailed
rate constants) or on a global analysis of the whole curve
including the F_, which means using Eq. 6a rather than Egq.
32 (e.g., when absolute yields or effects of rate constants are
of interest). We have applied the first strategy in the fits
corresponding to Fig. 7 (b)~(d) and the second one in the
case of Fig. 7 (e).

In the first approach, the decomposition of an experimen-
tal curve (variable part) into @ and B contributions can be
obtained by running a nonlinear minimization procedure in-
volving adjustment of six parameters (or five, if the o com-
ponent is assumed exponential, i.e., with J = 0). We believe
that this method of direct adjustment of the experimental
curve is far more reliable than the usual procedure implying
a semilog plot of the kinetics of the complementary area of
fluorescence. The latter is extremely sensitive to the deter-
mination of the asymptotic level of fluorescence F_, as
pointed out by Bell and Hipkins (1985), and a further inac-
curacy is involved in the determination of the amplitude and
slope of the exponential component in the semilog plot.
These problems are altogether avoided in the direct fit of the
induction curve when analytical expressions are used for the
a as well as for the B component.

The fitting procedure used in Fig. 7 was Marquardt’s al-
gorithm according to Press et al. (1986). The F, level was
first subtracted from the experimental induction curve, and
the variable part was adjusted as a sum of two components
(or only one in the case of Fig. 7 (b)). The routine requires
the computation of the derivatives of the evaluation function
with respect to each parameter: we obtained these analytically
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with respect to F{ and I® (1), (using Eqgs. 32 and 12) and nu-
merically with respect to J. We obtained the g(¢) function
from the implicit Eq. 12, using a Newton—Raphson algorithm
(Press et al., 1986). When it was taken into account, the 3
component was assumed either exponential, involving two
parameters (rate constant and amplitude) or sigmoidal (three
parameters). Fig. 7 (b)—(e) shows the residuals obtained in
various cases, with parameters indicated in Table 2.

The residuals shown in Fig. 7 (¢) were obtained for the best
fit of the experimental curve, assuming the traditional view
of PS Il as an array of isolated units, with J = 0 (five-
parameter fit). It may be compared with Fig. 7 (b), where the
absence of the 3 contribution was assumed (three-parameters
fit). The curve drawn in Fig. 7 (a) is the kinetics computed
in the five-parameter fit: as may be seen, the quality of the
fit is quite satisfactory. A slight improvement was, however,
obtained in the procedure used for Fig. 7 (¢) where the pa-
rameter J of the B contribution was freely adjustable (six-
parameter fit), imposing no a priori assumption on the degree
of connectivity of PS II,. Similar parameters were obtained
in the two latter cases for the a component. This component
appears to have a large J value in the particular experiment
shown in Fig. 7 (J = 2.45), which is thus at the top of the
experimental range for this parameter. This may be com-
pared with Fig. 4 of our previous paper (Trissl and Lavergne,
1995), where another experimental curve was analyzed,
yielding a smaller J (==1.5) and also a larger 8 component.
The slightly improved fit obtained in the six-parameter ad-
justment (Fig. 7 (d)) compared with the classical model used
in Fig. 7 (c) shows that the experimental evidence allows the
possibility of a certain degree of connectivity of PS II,. It is
clear, however, that the J value for this component is, at any
rate, much smaller than that of PS II,.

No significant change of the best-fit parameters was ob-
tained when the five-parameter search procedure was run
either on the 200-ms section of the induction shown in the
figure, on a shorter section (down to 50 ms), or on the whole
(1.3-s) experimental range. This suggests that if a third
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(slower) component were involved, its amplitude would have
to be quite small. We do not exclude, however, that a treat-
ment such as that designed by Hsu et al. (1989), using an
adjustable asymptote with the goal of determining the slow-
est exponential contribution, might reveal the presence of
such a component. The -y phase described by these authors
(Hsu and Lee, 1991) has an amplitude of less than 1% of
F?, and there is no evidence so far that it is related to a
photoreduction of Q,. The satisfactory stability of the pa-
rameter set obtained by our method when we vary the ana-
lyzed section shows its robustness and insensitivity to the
experimenter’s decision regarding the attainment of the as-
ymptote.

The further use of the parameters thus derived, for esti-
mating rate constants or the relative amount of the two types
of PS II units, is model dependent. Nevertheless, one can
directly obtain the complementary areas of each contribution
from these parameters, using Eq. 38, as

F

Fo= .0 (57)

As emphasized above, the relative concentration of the
reaction centers belonging to each type of PS II is not in
general simply proportional to the corresponding area, de-
pending on the factor that appears in Eq. 41:

RCT = Fr A FD a,(B + k)
[RC] = 1D,(1)JB—~C  I1P,(1) ky(t, + g — B)’

(58

where the latter expression, using Eq. 42, is restricted to the
connected units model.

The two rightmost columns in Table 2 shows estimates of
the interunit transfer rate k. For the curves shown in Fig.
7 (c) and (d) the computation was based on the following
assumptions. We assumed that the effective rate constants
(rather than intrinsic rate constants for “naked centers”) for
exciton trapping were the same in PS I1, and PS Il ;. This view

TABLE 2 Fitted and computed parameters for the curves shown in Fig. 7

Fit Parameters

sznel PSII, PS I, Relative

in B Area ke, kB,
Fig. 7 Fm 1P, (1) J Fm 10 (1) J (%) (ns™) (ns™")
(b) 347 0.093 1.88 - - - - 2.07 -
() 2.97 0.099 2.51 0.51 0.046 - 27 3.59 -
(d) 3.02 0.100 242 0.47 0.047 0.68 25 3.32 0.52
(e) 3.21 0.095 2.14 0.26 0.065 - 10 1.8 -

In rows (b)(d), the parameters corresponding to the best fit of the variable part of the experimental curve of Fig. 7 (a) are indicated in the first columns.
The fitting constraints were: no § component in (b) (three-parameter fit); exponential 8 component in (c) (five-parameter fit); sigmoidal B component in
(d) (six-parameter fit). The relative B area was computed according to Eq. 57. The interunit transfer rate kyy was computed from the following assumptions:
connected units model with the same rate constants as indicated in the caption to Fig. 6, except k, = 0.4 ns™, k7* = 0.50 ns™', and "¢ = 1.169 ns™' (thus
a, = 2.654 ns™', a, = 0.0011 ns™", and B = 0.141 ns™'). As explained in the text, the modified rate constants were chosen to match the F_/F ratio of 5.65
obtained after subtracting the offset (25% of F,) assumed for the PSI contribution. Row (e) indicates the results of a different procedure, assuming the following
constraints: the rate constants «,, @, and 3 are kept at the same values as above (for both PS I, and PS I1); the rate (I) of photon absorption per PSU
is the same in PS II, and PS 1L, (same antenna size); the interunit transfer rate is negligible in PS I, (J® = 0); the adjustable parameters are k% (imposing
k§ = 0.30 ns™"), k%, and the relative amount of PS IIg. The best fit was obtained at the lower limit allowed for k¢ (0.30 ns™"), k¥ = 1.67 ns™, a fraction
of PS 11, RCs of 32%, and other parameters as indicated in the table. The corresponding @ /@, ratios were 6.66 and 2.39 for PS 11, and PS 115, respectively.
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is compatible with the rate constants (and their accuracy
range) estimated by Roelofs et al. (1992) for both contribu-
tions, implying that the intrinsic rate constants must be sig-
nificantly different (so that the effect of the smaller N® turns
out to be roughly compensated). This implies that the two
contributions have the same ®_/®, ratio and also that the
relative amount of both photosystems can be directly ob-
tained from the respective fluorescence areas (i.e., a fraction
of B PSUs near 25%). This also means that both components
have the same photochemical yield, so that the ratio of the
rate parameters I® (1) gives the ratio of the absorbed in-
tensities or antenna sizes. Thus, under this assumption, a ratio
of N*/NB = 2.1 is obtained in the procedures shown in Fig.
7 (c) and (d).

The set of parameters estimated by Roelofs et al. (1992)
implies that ®_/®_ = 4.5 (see the caption of Fig. 6). Al-
though the raw ®_/®, of the curve in Fig. 7 (a) is close to
this value, one should take into account the offset caused by
the (fixed) fluorescence emission from PS I. As suggested by
Trissl et al. (1993), the contribution of PS I to the fluores-
cence yield can be estimated to ~25% of F, from the known
trapping time of 7, ~ 90 ps and the relation

krad
kl + kPSI ’ (5 9)
t

PSI —
o5 =

provided that the spectral recording covers the main fluo-
rescence emission bands (680 nm < A < 750 nm). Applying
this correction to the curve of Fig. 7 (a), we get a value of
@ /@, = 5.6 for the PS II contribution. To account for this
constraint, we modified some of the rate constants in the
following way. For the rate of antenna losses we adopted a
value k, = 0.4 ns!, which is in the reported range for the
fluorescence lifetime in LHC IL. For k%%, we adopted a value
of 0.5 ns™', as determined by Pokorny and Trissl (to be pub-
lished). The value of k™ = 1.169 ns™' is then required to
match the ®_/®P_ value, with all other rate constants kept at
the values indicated in the caption of Fig. 6. The resulting
estimates of k,, are indicated in Table 2, suggesting a value
near 3 ns™! for PS II ).

If one had adopted the hypothesis that the intrinsic rate
constants were identical for the “naked” a and B RCs, dif-
ferent results would have been obtained for the relative an-
tenna sizes and [RC] fractions of both contributions. The
smaller N* would entail a larger photochemical yield D,(1)
for PS Il, so that the ratio (=2.1) of the /® (1) parameters
of Table 2 (Fig. 7 (c) or (d)) would imply N¥/NP = 2.3,
Similarly, using Eqgs. 43 and 58 would yield a relative frac-
tion of [RC]? of 32%, whereas the relative area (Fig. 7 (c))
is 27 %.

The residuals shown in Fig. 7 () illustrate an investigation
of a specific model of PS II, based on the assumption that
its lower photochemical efficiency is due not to a smaller
antenna size but to increased quenching, caused, for instance,
by neighboring PS I units. The simplest way to do this is to
constrain all rate constants to keep identical values in PS II
and PS I, except k; and kyy. For simplicity, we assumed
ky,® = 0, because it is clear (from comparison of Figs. 7 (c)
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and (d)) that satisfactory fits imply a small J for the 8 con-
tribution. The increased k, in PS Il is meant to mimick the
additional quenching process, and a decreased k is ex-
pected from the dilution of PS II units within PS I units. The
large k8 needed to account for the slow rate of the o con-
tribution entails a diminished ®_/®,, which has to be com-
pensated for by an increase in the ®_/®_ of the o contri-
bution. Under our set of rules, this means diminishing £, and
it turned out that the best fit under such conditions would
require an unacceptably low value of this rate constant. We
thus adopted k¢ = 0.3 ns™' as the lowest acceptable value.
The resulting parameters are indicated in Table 2 and in its
legend. This model (see Table 2) provides an additional il-
lustration of a case in which the fraction of B centers (32%)
is different from their relative fluorescence area (10%). How-
ever, as may be seen from the residuals plot and the x? value
in Fig. 7 (e), the resulting fit is far less satisfactory than those
of Fig. 7 (c¢) and (d), which does not support a model of PS
Il as “quenched PS 1I,.”

The rather satisfactory fits of experimental induction ki-
netics by two-component models (Fig. 7 (¢) and (d)) does not
exclude that such models may represent an oversimplifica-
tion. None of the residual plots shown in Fig. 7 (b)e) is
random, and this may suggest that finer heterogeneities are
involved. A greater number of discrete contributions may be
envisaged that may arise for instance from granal, margin,
and stromal regions (Albertsson et al., 1990) or from a con-
tinuous distribution of antenna sizes (Joliot et al., 1973). A
related effect may be expected from the unavoidable light
gradient resulting from the absorption of light by the top
membrane layers with respect to the illumination beam
(Leibl and Trissl, 1990; Paillotin et al., 1993; Meszéna and
Westerhoff, 1994). Although a detailed discussion of these
possibilities is beyond the scope of the present paper, a few
remarks can be made. A continuous distribution of antenna
sizes or a light-gradient effect should blur the sigmoidicity
of the observed curve with respect to that of the individual
components. Thus, the apparent J would be decreased. This
may affect the discussion given below, inferring a limited
rate of interunit transfer from the comparison of J with the
®_ /P, ratio.

An important clue for analyzing such problems is the “re-
prise effect” described by Joliot et al. (1973) (see also
Lavorel and Etienne, 1977). After a first complete induction
curve from dark-adapted material is monitored, a second il-
lumination is given before the recombination of closed RCs
is completed. The second curve thus obtained is not super-
imposable upon the corresponding final portion of the dark-
adapted one but is markedly faster. The interpretation given
by Joliot et al. (1973) is a heterogeneity of antenna sizes. The
final portion of the dark-adapted induction is dominated by
contributions from “slow” domains with smaller antenna
sizes. If the recombination process does not depend on the
antenna size, this selection will be absent in the initial state
of the second experiment, accounting for faster kinetics. Al-
though this effect is expected to be due predominantly to the
/B heterogeneity, especially if the recombination of PS II,
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is slower than that of PS II, (Melis and Homann, 1976;
Thielen and van Gorkom, 1981), some data suggest that it is
also present in the individual « contribution (Thielen and van
Gorkom, 1981). Further investigation of this problem is
needed before a definite conclusion is reached on the degree
of heterogeneity of the o contribution.

Lake model versus finite connectivity

The numerical estimates shown in Table 2 suggest that the
interunit transfer rate k,;;, is not infinitely large but has a value
in the same range as the trapping rate constant (k" or « ). Fig.
8 shows a plot of the theoretical dependence of J on ky; in
the connected units model, adopting for all other rate con-
stants the Roelofs set (caption of Fig. 6). As may be seen, the
experimental range of J (1-2.5) implies a range of 1-6 ns™
for ky;, and thus suggests that the organization of PS II, lies
midway between the lake and isolated units cases.

This conclusion can be attained on a more general basis,
i.e. without adopting a detailed set of rate constants values.
Experimental induction curves provide two basic constraints
that should be accommodated by theoretical modeling. The
ratio F,_/F, is typically 4 (range of 3-5). On the other hand,
the sigmoidicity corresponds to J in the 1-2.5 range (typi-
cally 1.5). It is obvious that these constraints are not con-
sistent with the simple lake model of unrestricted exciton
diffusion, because for this case Eq. 54 predicts a much too
small typical value of ®_/®_ = 2.5 for J = 1.5. The con-
tradiction is especially significant if one takes into account
the offset caused by PS I fluorescence (which we estimate to
~25% of the F,) to the measured fluorescence levels. The
®_/®, ratio of PS II computed by subtracting this offset is
significantly larger than the apparent ®_/® . If we take the
values estimated for the experimental curve of Fig. 7 (a), J,,,
(=®,/®, - 1) is 4.6, whereas the fitted J value is ~2.5.
Equation 54 is also the condition for the applicability of the
Stern-Volmer relation (see Eq. 34). As documented in Fig.
9, a marked deviation from the Stern—Volmer behavior is

4
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- experimental range
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| separate units
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FIGURE 8 Dependence of the sigmoidicity parameter J on the rate con-
stant of interunit exciton transfer, k. Rate constants as in Fig. 6.
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FIGURE 9 Normalized Stern—Volmer plots for « centers resulting from
the best fit to the data of Fig. 7 (a) under the assumption of 8 centers’ being
isolated units (five-parameters fit of Fig. 7 (c)). Effect of subtracting a
constant fluorescence level (25% of the experimental F,) as a result of PS
I before data analysis.

observed for the « contribution in the kinetics of Fig. 7 (a),
consistent with significant limitation of the interunit transfer.

In his study of the dependence of the average fluorescence
lifetime 7,, on ®,, Moya (1974) had similarly concluded in
favor of a connected units model, with a value of & in the
range 1 ns? to 1.7 ns™!. This was inferred from the slight
negative concavity of this relationship, whereas the pure
lake model would predict a linear dependence. Moya no-
ticed that this curvature could not be ascribed to the offset
that is due to PS I fluorescence, which would actually
cause an opposite concavity (and may thus minimize the
experimental curvature). Using equations derived for the
tripartite model that corresponds to the funneling model
described above, Butler (1980) also reported that experi-
mental data were in better agreement with PS II being
organized as a connected package rather than a matrix
(i.e., lake).

Connectivity in other photosystems
Photosystem |

No variable fluorescence from PS I occurs under routine (i.e.,
oxidizing) experimental conditions because the reduced pri-
mary acceptor does not accumulate and the accessible closed
state of the center, P-7007, is an efficient quencher. In the
presence of dithionite, however, the reduced acceptor can be
photoaccumulated, and a fluorescence rise is observed (Tke-
gami, 1976). The connectivity of PS I units was investigated
under such conditions in algae by Delepelaire and Bennoun
(1978), who observed a twofold enlargement of the cross
section of the remaining open centers when 80% of the cen-
ters were closed. The value of J in PS I is thus close to 1. The
available data do not allow a choice between the lake model
or a more restricted connectivity.
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Purple bacteria

In contrast with PS I or PS II, the P* state of the reaction
center of purple bacteria is not an efficient quencher and, in
fact, the F,_/F, ratio is larger when centers are closed in the
P*Q, state than in the PQ, state (3.3 and 2.0, respectively
in R. rubrum, according to Kingma et al., 1983). The Stern—
Volmer behavior (linearity of (d™) ! versus the amount of
open centers) has been demonstrated in this strain by Vre-
denberg and Duysens (1963) when the centers become closed
by accumulation of the P* 0, state. This result was confirmed
and extended to the PQ; state by Kingma et al. (1983).
Therefore, the lake model applies to a good approximation
in this material, with J near 1 or 2.3 on accumulation of,
respectively, PQ; or P*Q,.

The picture that emerges from recent investigations
(Timpmann et al., 1993, Otte et al., 1993, Beeckman et al.,
1994, Xiao et al., 1994) of the decay lifetimes or fluorescence
action spectra in various purple bacteria is clearly different
from the case of PS II with respect to radical pair revers-
ibility. In these bacteria, the transfer from the antenna to the
open RC appears to be the rate-limiting step in the trapping
process, and the probability for backtransfer of the excitation
from the trap to the antenna has been found in the range of
5-30%. To account for the data of Duysens and co-workers
showing efficient energy transfer from closed to open cen-
ters, a larger escape probability must occur when centers are
closed in the PQ," state. If one assumes rapid exciton equili-
bration in the antenna and a rate-limiting step between an-
tenna and RC (similarly to the bipartite model of Butler and
Kitajima, 1975), the problem can be handled in the present
framework, using the funneling model, with A standing for
the antenna and U for the RC. One can then obtain the con-
straints imposed on the rate constants to account simulta-
neously for the Stern—Volmer behavior (i.e., | C/Bl « 1; Eq.
6a) and the experimental values of ® (1) and F,_/F,. The
relative escape probabilities from the open/closed center can
also be directly obtained if one adopts the lake model (Fig.
3) as a starting point (in agreement with Duysens’ findings).
Then, using Eqgs. 15 and 18, one has

P
Fooo ——, 60a
1 —pyupy (602)

Pio
F oo ——— 60b
1= pupy (600)

where the escape probabilities are p,, and p;, from, respec-
tively, the open and closed centers. Assuming that p,, ~ 1
(imposed by the high photochemical yield) and p,, ~ p,,, one
gets

— . 61
F 1-p, D)

The escape probabilities in R. rubrum have been experi-
mentally estimated by Timpmann et al. (1993), who found
that p,; = 25 * 5% and p;;, = 40 * 5% and thus an upper
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estimate of 1.45 for the right-hand part of Eq. 61, to be com-
pared with the F, /F, ratio of 2.

CONCLUSION

The main purpose of this work was to derive explicit for-
mulas for the analysis of fluorescence induction curves in a
theoretical framework including exciton-radical-pair equi-
librium and the possibility of modulating the efficiency of
exciton transfer between PS II units. We have shown that
these features do not preclude the outcome of simple general
expressions and, in particular, do not affect the kinetic law
derived in a more restrictive model by Joliot and Joliot
(1964). The exciton—radical-pair equilibrium model is prop-
erly taken into account by adapting the values of the rate
constants in an equivalent scheme with irreversible decay.
The parameter J, controlling the sigmoidicity of the fluo-
rescence induction, depends on both the decay pathway on
the closed center and the efficiency of interunit transfer (k).
Interestingly, the latter parameter specifically affects the re-
lation between J and ®,_/®_ and, in a related way, the degree
of curvature in the Stern-Volmer plot (1/®; versus g). The
analysis of experimental results along these lines supports the
view of a limited interunit transfer (finite k,;;;) rather than the
pure lake model with free-exciton motion. We believe that
the functional antenna organization of PS II represents an
intermediate case well discernable from the extremes,
namely, the lake and the separate unit models.

In the comment paper accompanying the paper by Trissl
et al. (1993), Holzwarth (1993) asked the provocative ques-
tion: “Is it time to throw away your apparatus for chlorophyll
fluorescence induction?” This was motivated by the some-
what detructive picture emerging from the paper by Trissl et
al. We hope that the present results will prompt a negative
answer to Holzwarth’s question. The analytical formulas that
we have established allow a clarification of the conclusions
attained in the paper by Trissl et al. (1993) from results ob-
tained by numerical integration. One of these conclusions,
rejecting the validity of Eq. 38, was merely an error. Others
remain valid, such as the fact that broadly used relations
between fluorescence area and the amount of centers, or be-
tween fluorescence levels and the photochemical yield, are
not independent of the assumed set of rate constants for ex-
citon migration and decay. This does not mean, however, that
these relations are meaningless or useless, provided that the
nature of their “model dependence” is clearly realized.
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