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Theoretical and experimental study of trapping times and antenna organization
in pea chloroplasts by means of the artificial fluorescence quencher
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The quenching effect of m-dinitrobenzene on the fluorescence under F,, and F, conditions as well as on
the light-gradient photovoltage, V, from pea chloroplasts with stacked thylakoids has been examined
theoretically and experimentally with respect to trapping times and antenna organizations (lake or separate
unit model). The rationale for these experiments was that the fluorescence is a probe for Photosystem II,
whereas the photovoltage is a probe for Photosystem I (Trissl, H.-W., Breton, J., Deprez, J. and Leibl, W.
(1987) Biochim. Biophys. Acta 893, 305-319). In Stern-Volmer plots, all three quantities (F,,., Fy, V)
could be described by straight lines with different slopes. Equations were derived which show that the ratio
of these slopes relates in a simple way the fluorescence decay time at F,, with the trapping times. With this
method we determined the trapping time in Photosystem I to be 97 + 10 ps. Furthermore, we have derived a
unified formalism for different photosystems having either different or alike antenna organizations. This
theory permits us to relate in a consistent way the present data to several other data reported in the
literature. However, it does not allow us to elucidate the organization of the PS I antenna, since the
theoretically expected difference between the lake and separate unit models was smaller than the experimen-
tal accuracy.

Introduction within the antenna system, and finally the trap-
ping and photochemical conversion by the reac-
tion centers. The absorption process creates an
excited singlet state that, in the general case, is
subject of various competing deactivation
processes, like radiationless internal conversion,

intersystem crossing to triplet states, fluorescence

The absolutely primary processes in photo-
synthesis are the absorption of photons by so-
called antenna pigments, the energy migration

Abbreviations: DCMU, 3-(3-,4-dichlorophenyl)-1,1-dimethyl-

urea; DMSO, dimethyl sulfoxide; DNB, m-dinitrobenzene; PS
I, Photosystem I of green plants; PS II, Photosystem II of
green plants; Q,, first quinone acceptor of Photosystem II;
RC, reaction center.
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and photochemistry, i.e., trapping (for review see
Refs. 1-3). A high quantum yield of photosynthe-
sis requires that the photochemical path is the
main decay route. Consequently the fluorescence
decay kinetics which probes the concentration of
the excited states in the antenna system can be
used for monitoring the trapping kinetics. This is a
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current way to measure trapping kinetics.

In chloroplasts from higher plants, containing
two types of photosystem (PS I and PS II), the
fluorescence originates mainly from PS II {4]. With
open RCs the PS II fluorescence intensity is termed
F,. Photosystem I is only weakly fluorescent [5-7].
Therefore, in experiments with slowly incoming
photons (continuous light) the PS I fluorescence
does not significantly interfere with the PS II
fluorescence. The yield of the PS II fluorescence
increases in a sigmoidal way to a maximal level,
F,.., as the concentration of the reduced first
quinone acceptor, Q,, increases (presence of the
inhibitor, DCMU) [8]. Detailed kinetic analysis of
these fluorescence induction curves has demon-
strated a heterogeneity of PS II, the a- and S-
centers (PS II, and PS Il) [9-11]. They differ in
various molecular properties [12]. For instance,
a-centers have a larger antenna size than S-centers
[10,13,14].

Another difference between a- and S-centers is
evident in fluorescence decay analysis by the single
photon timing technique [15}. If the fluorescence
decay in pea or spinach chloroplasts is analyzed
with four exponentials, a- and fB-centers can be
distinguished by their kinetics. PS II, appears
with a 190-270 ps component and PS II, with a
500-600 ps component [7,12]. Photosystem I is
contributing to the fluorescence with a 70-100 ps
phase. Closure of PS II, leads to a 1.9 ns phase
and closure of PS 11, to a 0.62 ns phase {7].

According to the heterogeneous photosystems
(PS I, PSII,, PS II,, and eventually unconnected
antenna pigments), fluorescence decay measure-
ments require sophisticated analysis that may in-
volve up to eight fit parameters (amplitudes and
time constants of four components) [15]. Handi-
caps for the determination of the trapping time in
PS I by the fluorescence method are the small
quantum yield and the fast decay, which is near
the instrumental time resolution. The reported
values range from 40 ps to 110 ps [16,17]. Particu-
larly when all RCs are open, there are three kinetic
phases which are rather close together and may
mix. However, when PS II is closed the kinetic
phases are more separated [7] (see also Table I).

A method different from fluorescence for de-
termination of trapping times recently became
available in the form of the time-resolved photo-
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electric ‘light-gradient” method [18-20j. This
method is based on a direct electrical detection of
the arrival and photochemical conversion of exci-
tons at the RC. The trapping time in PS I de-
termined by this method was reported to be 90 +
20 ps [21].

As will be shown in this study, a further way to
evaluate trapping times without the need of ex-
tremely high time resolution is the use of an
artificial quencher, like DNB, which combines the
measurement of fluorescence induction and pho-
tovoltage. In addition, artificial quenchers may
give information on the organization of antenna
systems.

An artificial quencher opens an additional
competing deactivation path for the singlet exci-
ton, thereby decreasing the yields of all other
decay paths, especially those of fluorescence and
trapping [22-24]. In the simplest model of a ho-
mogeneous system, the decreased yields of the
deactivation quantities can be described by the
Stern-Volmer equation, which predicts a linear
dependence of the reciprocal yield on the con-
centration of the quenching substance. Such linear
behavior has been found for the fluorescence at
the F, and F,, levels in the alga Chlorella vulgaris
and the cyanobacterium Cyanidium caldarium [24].

For PS II, ample evidence exists in favor of an
antenna system belonging to the matrix type, where
the excitation energy can freely migrate from one
unit to another. The evidence comes mostly from
fluorescence yield measurements when the system
is progressively moved from 100% open to 100%
closed RCs (fluorescence induction curves) [2,3].
The situation is less clear for PS I, whether or not
it belongs to the ‘separate units’ type, where the
excitation energy is restricted to a particular pho-
tosynthetic unit [2,25,26]. The question was
addressed recently by absorption spectroscopy [25]
and photovoltage measurements [21]. Here we at-
tempt to answer the question by means of the
artificial quencher, DNB [27].

This artificial quencher has already been used
to investigate antenna organizations [24]. It was
shown by a theoretical treatment that straight
lines in the Stern-Volmer plots are characteristic
for the matrix model and curves with positive
curvature for separate units. From the experimen-
tal finding of straight lines, the matrix model for*
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PS II was concluded [24). However, the degree of
curvature depends strongly on the statistical dis-
tribution of the quencher molecules and the as-
sumed rate constant for quenching. Therefore, in
practice, the possibility to discriminate between
the two models rests on the assessment of the
actual partition coefficient of the quencher be-
tween the water and the membrane phase and on
the actual quenching rate constant.

In the present study we extend the formalism
derived by Sonneveld et al. [24] by (i) including
the a-,B-heterogeneity of PS II and (ii) introduc-
ing a common fit parameter for the matrix and
separate unit model. This parameter is then used
to fit Stern-Volmer plots of fluorescence (i.e., PS
II) and photovoltage (i.e., PS I). Furthermore, we
measure the partition coefficient of DNB and use
it to calculate the quenching rate constant of a
chlorophyll-DNB collision complex. The numeri-
cal values then give a criterion for the feasibility
to distinguish by the ‘artificial quencher’ method
between a matrix and a separate unit model in the
case of PS L.

Materials and Methods

Stacked chloroplasts of 12-16-day-old pea
seedlings (Pisum sativum) were prepared as de-
scribed [28]. Mitochondria and other cell organelles
are discarded with the supernatant at the first
centrifugation step at 1000 X g. The envelope
membranes were disrupted by an osmotic shock
and the major part of them remained in the super-
natant of the second centrifugation at 10000 X g.
All media contained 5 mM MgCl,. The chloro-
plasts were stored until use at liquid nitrogen
temperature in a medium containing 30% ethylene
glycol. For all measurements this stock solution
was adjusted to 3.5 mM chlorophyll by diluting it
with 100 mM Sorbitol, 10 mM Tricine (pH 7.8),
10 mM NacCl and 5 mM MgCl,.

m-Dinitrobenzene was dissolved in DMSO as
stock solutions at appropriate concentrations (in-
cluding zero) so that the final DMSO concentra-
tion in the chloroplast suspension was 2% at any
DNB concentration. DCMU was dissolved in
DMSO at a concentration of 10 mM and added to
the chloroplasts to give a final concentration of
100 pM ([DCMU)]/[Chl] = 0.029). This resulted in

an additional DMSO concentration of 1%. DCMU
was always added before DNB. Control experi-
ments showed that 4% DMSO alone had no effect
on either the fluorescence induction curves or the
photovoltage.

The photoelectric measurements of the light-
gradient type were carried out in a capacitative
microcoaxial cell as described [21]. The optical
path was 0.1 mm. The photovoltage was picked-up
by a 500 MHz impedance converter, amplified,
and recorded on a 1 GHz oscilloscope equipped
with a digitizing camera.

The flash excitation occurred with a Q-switched
and frequency-doubled Nd-YAG laser which de-
livered pulses of 12 ns duration. Homogeneous
illumination of the sample was achieved by a
bifurcated light pipe with the common end placed
7 cm above the measuring cell.

The fluorescence induction curves were per-
formed in the same planar geometry as the photo-
electric measurements. A round spectroscopic
cuvette of 0.1 mm thickness was excited under 0°
from the normal with the same light pipe as used
for the photoelectric measurements. Fluorescence
emission was measured under 30° from the nor-
mal. The continuous excitation light for the fluo-
rescence induction and the preillumination came
from a modified slide projector equipped with a
photographic shutter. A wide band interference
filter (WB 550, Ditric Optics) restricted the wave-
length region of the exciting light to 530-570 nm.
Fluorescence was measured for wavelengths > 665
nm (edge filter, RG 665) using a large area photo-
diode (OSD 300).

Theory

The mechanism of DNB quenching

The fundamental condition in the work of Son-
neveld et al. [24] in distinguishing the matrix model
and the model of separate units was the proof of a
small average number of ‘active’ DNB molecules
in a photosynthetic unit. It was argued that out of
the large number of DNB molecules which might
be dissolved in a unit, only a small fraction for-
ming a collision complex with chlorophyll
quenches the excited state efficiently (‘active’ DNB
molecules, Chl- DNB). Since the authors did not
succeed in measuring the partition coefficient of



DNB, they defined implicitly a partition coeffi-
cient which relates the dissolved DNB with the
‘active’ complexes in the membrane. This parti-
tion coefficient was argued to be 2 by assuming
the same high quenching rate constant for the
collision complex as for the trap, i.e., ky=4-10"
s~ ! Then, at half quenching concentration, the
number of ‘active’ DNB-complexes is comparable
to the trap number, i.e., small.

We reach the same conclusion, but by different
arguments. These are based on the measured par-
tition coefficient of DNB and the assumption of
an equilibrium between separated chlorophyll and
DNB molecules, and collision complexes [27]. The
DNB molecules at large distance to chlorophyll
shall have no quenching power. Hence, we assume
an equilibrium for complex formation

k
Chl+ DNB= Chl- DNB
2

If all chlorophylls are equivalent, the concentra-
tion of the active complex in the membrane
calculates, according to [Chl - DNB],, = K - [Chl]],,
-[DNB],,, where K=k;/k, and the subscript
denotes concentrations in the membrane.

For the following discussion it is useful to
relate the average number of collision complexes
per photosynthetic unit, D, with the total DNB
concentration, [Q]. The photosynthetic unit will
consist of one RC plus its antenna. For conveni-
ence, we have defined a partition coefficient, T,
according to

I'= [DNB]w/[Q] &y

(This definition of a partition coefficient deviates
from the usual one, which is defined as [DNB] /¢,
where ¢, is the DNB concentration in the water
phase.) Considering that the antenna size, N, of a
given photosynthetic unit is defined as the ratio of
the chlorophyll concentration, [Chl], and the RC
concentration, [RC],, N, =[Chl},, /[RC],, belong-
ing to that unit, and that [DNB],_ =T]Q], the
number of active DNB molecules in a unit is:

D=KTN0[Q]’ )

It is this equation that yields the second abscissa
in Fig. 4b.
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Theory of DNB quenching without distinction be-
tween a- and B-centers

We first consider the matrix model in which
statistical effects are smeared out due to the large
number of photosynthetic units visited by an exci-
ton before it becomes trapped.

For a system of equal photosynthetic units with
open traps, the fluorescence quantum yield is given
by:

kl
®r,= ky+k,+k,KTN,[Q] 3

where k; is the statistical average rate constant of
fluorescence, k, the statistical average rate con-
stant of all loss processes except artificial quench-
ing but including fluorescence, and k, is the stat-
istical average rate constant of trapping. (Note
that these rate constants refer to one photosyn-
thetic unit and are defined differently from those
by Sonneveld et al. [24], who use rate constants
referring to an excited chlorophyll molecule.) &, is
the rate constant for chlorophyll quenching by the
artificial quencher. Notice that the product term
to the right of k, equals the average number of
DNB molecules per photosynthetic unit, D, as
defined by Eqn. 2.

In the case of closed traps, the fluorescence
quantum yield is different. This may be accounted
for by a different quenching efficiency of the trap,
k;:

ke
Pr = ky+k{+k KTN,[Q]

()
Finally, the quantum yield of trapping (all traps
open), P, reads:

k,

iy ko KTN,[Q]

)

For convenience the expressions for the yields
(Eqgns. 3-5) will be normalized to the yields
without a quencher ([Q]=0) and written in the
usual reciprocal way after Stern-Volmer (Stern-
Volmer plots). The reciprocal normalized yields
are:

- k KTN,
Orin =1+ Z Q=14 mg [Q) ©)
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B kKN,
4‘rmw=1+’m[Q]—1+mrm[Q] O]
K KTN, .
¢"N—1+W[Q] =1+m Q) 8

where mp, my_, and m, are the slopes of the
resulting straight lines.

Note that the right-hand sides of Eqns. 6 and §
are identical. This is a direct consequence of the
assumption of the presence of one homogeneous
antenna system with competitive decay processes.
If in experiments which measure the slopes m
and m, by independent methods, different slopes
are found, it must be concluded that the assump-
tion of a single uniform photosynthetic unit is not
valid. This argument, among others, has been used
in Ref. 29 to show that the fluorescence at F, and
the light-gradient photovoltage originate from dif-
ferent photosystems.

We consider next the presence of two photosys-
tems with different rate constants. Hence, Eqns.
6—8 would have to be duplicated by indexing them
with ‘PS I’ and ‘PS II'. However, from the sim-
plifying assumption that all fluorescence is due to
PS 1II (see Discussion), it follows that there are no
equations for PS I corresponding to Eqns. 6 and 7.
Then, only one additional equation (corre-
sponding to Eqn. 8) is needed to describe the
trapping efficiency of PS I:

NPSI

KTk_N]
— 12 [Q=1+mP'[Q) )

@ L(PSDH =1+
wwESD ky+ kPS!

This equation implies the following plausible as-
sumptions: (i) the rate constant for quenching by
the artificial quencher; (ii) the rate constants of
the loss processes; and (iii) the partition coeffi-
cients, I', are the same for PS I and PS II (see
Discussion).

If one makes the further simplifying assump-
tion that PS I and PS II have the same antenna
size, then one obtains simple relations between the
slopes (my, my_, m;>') and the rate constants:

m{’S'= kitki _kit+ki (10)
mp ok + kST PST
mfs"= k+ ki zk,+k{ an
(I A

The approximation is valid when the photosyn-
thetic quantum yield is near 1. This is equivalent
to the condition k, > k,.

To find the correlation between the relative
yields measured here and the fluorescence decay
kinetics reported in the literature, we solve the
differential equation for the fate of the singlet
excited state, I *, under F_,, conditions (no artifi-
cial quencher present):

dr*
ar =13k ATk a2)
I*(t)y=1* e (kitkDr I* e !/ TFmax 13)

where 7, =1/(k,+ k). Hence, numerical val-
ues for the term (k, + k) appearing in Egns. 10
and 11 can be taken from fluorescence decay
measurements.

If we finally convert the rate constants into
exponential time constants (k =1/7), then Eqns.
10 and 11 adopt the simple form

PSI PS1
m T
e (10a)
mrs 1 ’T‘PS I
i (11a)
where 775" and 75! represent the usual average

trapping times of PS I and PS 11, respectively.

Theory of DNB guenching with consideration of a-
and B-centers

In this section we give starting equations for
the quenching of DNB, when the fluorescence
originates from two different units, for instance,
PS 1I, and PS II;. Here, both units shall be
assumed to be organized according to the matrix
model. The case of matrix units plus separate
units is considered later. The relative contribution
of a-centers to the fluorescence yield shall be A
and that of B-centers (1 — 4), with 0 < 4 < 1. Note,
that A is not the stoichiometric ratio of a- and
B-centers. With open traps, the fluorescence yield
in the absence of an artificial quencher is given by

Ak (1= Ak
kitk,, ki+tkeg

P (0) = APy +(1-A)Py = (14)

where the indices a and f refer to the a- and



B-centers. To obtain the expression for the fluo-
rescence yield at F,,, the rate constants, k, , and
k. g, in Eqn. 14 have to be substituted for &, and
k{g. In addition, one has to consider that the
relative fluorescence yield, 4, may be different for
F,and F_,,.

In the presence of an artificial quencher, differ-
ent antenna sizes of a- and B-centers may become
a factor. If the antenna size of a-centers is N, and
that of B-centers, M, the fluorescence yield at F,,
for exmple, reads:

Ak,
ky+ k, o+ kKTN,[Q]

¢FD(Q) =

. (- A)k,
ky+ k,_,, + quPMo[Q]

15)

The equation implies that (i) the rate constant for
quenching by the artificial quencher, (ii) the rate
constants of the loss processes, and (i) the parti-
tion coefficient, I, are the same for PS II and PS
II

B-

The expression for the reciprocal normalized

@' 10.00 -
N 0%
20%
8.00 b
40% B
6.00 A 60X B
80% p
4.00 -
100% B
2.00 -
0.0 - T T 1
0.0 1.00 2.00 3.00

[DNB] /mM

Fig. 1. The reciprocal normalized fluorescence yields arising
from two different photosystems (PS II, and PS Ilg) as a
function of the DNB concentration, according to Eqns. 15 and
16. The parameter was the stoichiometric ratio of the photosys-
tems (right column). To demonstrate a pronounced curvature
we chose M, = N,,. The other parameters are: kK, KI'N,=1.1-
10" 57, (k,+ k{,)"'=25ns and (k, + k{g)~1=620ps.
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yield follows directly from Eqn. 15:

£(0)
2, (Q)

Pr n (0, a, B) = (16)

Corresponding equations for the fluorescence yield
at F_ . can simply be obtained by the substitution
mentioned before.

In the general case, Eqn. 16 no longer gives a
straight line. An example is illustrated in Fig. 1,
which presents a set of curves calculated for dif-
ferent ratios of a- and B-centers by changing only
the parameter 4 and fixing the other parameters.
It is clearly seen that only pure populations of a-
and B-centers give straight lines in the Stern-
Volmer plots, whereas mixed populations display
negative curvatures.

Theory of DNB quenching for separate units

If only few quenching complexes in a unit are
responsible for the quenching effect and if no
excitation energy exchange takes place between
different units, it is necessary to consider units
with 0, 1, 2,... quenching complexes. The prob-
ability of a unit’s containing i quencher molecules
is given by Poisson’s formula:

e P.pf

Pi=—

i

a7

where D is given by Eqn. 1 and the trapping yield
for open traps in a separate unit model reads:

k,
"’-Zp(m—) as)

It is trivial to derive the analogous equations for
F, and F_,,.

The Stern-Volmer plots of Eqn. 18 and analo-
gous ones always display a positive curvature.
Therefore, it is conceivable that a negative curva-
ture due to the a,fB-heterogeneity and a positive
curvature due to the separate units may, in princ-
iple, cancel each other. This weakens the argument
of Sonneveld et al. [24] in favor of a matrix’
organization of the PS II antenna based on the
observed straight lines for F, and F,, , since the
a, 3-heterogeneity has not been included in their
theory.
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Results

Partition coefficient of DNB

The partition coefficient, I', of DNB between
water and thylakoid membranes was determined
by measuring the DNB concentration in the su-
pernatant after centrifugation of the chloroplasts
and measuring the membrane volume gravimciri-
cally. The membrane volume was also estimated
from literature data.

©

The amount of DNB dissolved in the mem-
branes was determined at a total DNB concentra-
tion of [Q] = 1 mM in 1 ml chloroplast suspension
(chlorophyll concentration of 3.5 mM). After pel-
letting the chloroplasts by centrifugation (5000 X
g), the DNB concentration in the supernatant, c,
was measured spectrophotometrically (€535, =
1.5-10* M~!-cm™1). The reference cuvette con-
tained the supernatant from a parallel experiment
carried out in much the same way, but omitting

(DNB] /mM
//’v datanl o
rd
/
) rd
o . 1
g ::::~§u-*““"~"“' . >
o 1
'3 L)
(T
1
J -0 light
1
100 ms
—>
time

©

photovoltage V
S mv/div
1

flash

10 ns/div

time

Fig. 2. (a) Examples of the effect of various concentrations of the quencher DNB on fluorescence induction curves from pea

chloroplasts in the presence of 100 pM DCMU. (b) Light-gradient photovoltage from pea chloroplasts in the absence of DCMU at

various concentrations of DNB (upper curves). The time-course of the exciting flash of 30 pJ /cm? is shown in the lower curve.
Averages of 20 traces.



DNB. ¢, was found to be ¢, =0.70 + 0.07 mM.

To determine the membrane volume by the
gravimetric method, we washed out the salts by
suspending the pellet in distilled water and sedi-
mented the membranes again. After repeating this
step, the sample was dried for 1 h at 70°C. The
weight of the remaining lipid and proteins was
28 +2 pg. The density of the membranes was
estimated by centrifugation of BBY particles
through a discontinuous sucrose gradient to be
1.20 to 1.25 g/cm’. Taking a specific weight of
1.23 g/cm’, a membrane volume of 23 +2 ul is
calculated for our standard conditions. From this
volume and the spectroscopically determined ¢, a
DNB concentration in the thylakoid membranes
of [DNB],, =13 +2 mM was calculated. Hence,
the partition coefficient is I'=13 + 2 at our stan-
dard chlorophyll concentration of 3.5 mM.

The volume of thylakoid membranes was also
estimated from the area one chlorophyl molecule
occupies in the membrane, which is quoted to be
2.2 nm? in Refs. 30 and 31. Assuming the mem-
brane thickness to be 5 nm, a membrane volume
of 23 pl calculates for our standard conditions (1
ml; [Chl]=3.5 mM). This volume yields also a
partition coefficient for DNB of I'=13. In the
study by Sonneveld et al. a partition coefficient of
2.5 was assumed [24].

-1
(DF_N 127

10 1

6 1 2 3 4 5 &
[ONB] /mM
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Fluorescence quenching

The quenching effect of DNB on typical fluo-
rescence induction curves from stacked pea chlo-
roplasts in the presence of DCMU is illustrated in
Fig. 2a. The inhibitor was added in the dark and
the photoshutter was opened after a 20 min dark-
adaptation period. The dependence of F, on the
DNB concentration was also measured in the ab-
sence of DCMU (curves not shown). Variations in
the F, level by measuring without or with DCMU
fell within the noise level and other experimental
errors. We found ratios of F,, /F,=4.4-4.8 for
different chloroplast preparations.

In Fig. 3a the dependences of the reciprocal
fluorescence yields (normalized to the respective
yields without the artificial quencher) on the DNB
concentration are plotted. The data of F,, and
F, were subjected to a linear regression routine.
The corresponding slopes are m £, =157 mM™!
and m; =030 mM~'. There might be a small
systematic deviation (in form of a negative curva-
ture) of the data of F,. However, the deviation is
within the experimental error.

Photovoltage quenching

The quenching effect of DNB on typical light-
gradient photovoltage signals from stacked pea
chloroplasts in the absence of DCMU is shown in

®;La.o E @

o 1 2 3 a4 5 B
[DNB] /mM

Fig. 3. (a) Stern-Volmer plots of F, and F,,,. The solid straight lines result from a simultaneous fit by the parameter k K T'N,

assuming the matrix model. (b) Stern-Volmer plot of the photovoltage according to the simultaneous fit. The photovoltage was

measured in the absence (O) and presence (@) of 100 tM DCMU (preillumination). The correlation coefficients of the three linear
regressions were within » = 0.990 + 0.002.
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Fig. 2b. The rising kinetics is given by the flash
duration (lower trace), whereas the decay is given
by an R - C decay of the measuring cell [32,33]. At
the chosen excitation energy of 30 pJ/cm’ the
photovoltage amplitude responds in a linear way
to the number of photosynthetic charge sep-
arations [21]. For further data analysis, readings
of the peak photovoltage were made.

In Fig. 3b, the dependences of the reciprocal
peak photovoltage (normalized to the respective
yields without the artificial quencher) on the DNB
concentration are plotted. The limited solubility of
DNB does not permit concentrations higher than
6 mM. The figure included two sets of experi-
ments. In one DCMU was present and in the
other it was omitted. Taking into account all data
from the two sets, the slope of the linear regres-
sion is m, =0.102 mM~!. When the data for
+DCMU (closed circles) and —DCMU (open
circles) are subjected separately to the linear re-
gression routine, slightly different slopes were ob-
tained, m,(—DCMU) = 0.106 mM~! and
my(+DCMU) = 0.096 mM~!. However, the dif-
ference is near other experimental errors (small
fluctuations of the laser energy or slight variations
of the 100 pm spacing of the electrodes between
different fillings).

Discussion

Trapping times derived from the slopes of the
Stern-Volmer plots

The trapping time of PS I can be calculated
from the mean fluorescence decay time at F_,,,

Tmax = 1.5 18, obtained from the literature, and the

m;

TABLE I
FLUORESCENCE RATE CONSTANTS AND YIELDS

ratio of the slopes m, and m, obtained from
the present data. Since it has been shown that the
photovoltage originates only from PS I [29], one
can equate m, =m"S!, The trapping time follows
from Eqn. 10a

m
7 =‘rpm~#=97j:10ps

This value is in good agreement with the value
found by the four-component analysis of fluores-
cence decay [7] (Table I) and by the analysis of
the rising kinetics of the PS I photovoltage [21].
The average trapping time of PS II, without
considering the heterogeneity of a- and B-centers,
can be calculated in the same way from the mean
fluorescence decay time at F,,, and the ratio of
the slopes m, and m r, according to Eqn. 11a:

mp,
aFs 1 =T e > = 287430 ps

The such calculated average PS II trapping time is
within the range obtained by three- and four-com-
ponent analysis of fluorescence decay [15].

Simultaneous fit without a-, f-heterogeneity

We next want to fit simultaneously the three
sets of our quenching data with one parameter,
k,KTN,, under the assumption that PS I and PS
II have the same antenna size and that PS II is
homogeneous. PS I and PS II shall be described
by a matrix model. Accordingly, Eqns. 6, 7 and 9
are valid.

Taking the fluorescence decay time at F, .,

Rate constants (time constants in brackets) and yields of fluorescence under F,,,, and F, conditions taken from the four-component
decay analysis in Ref. [7]. The yields were calculated by multiplying the area under the spectral curves with the respective time

constant.

Froax E,

rate constant yield rate constant yield

(ky+ k) (™) (%) (ky+ k) (s~ (%)
PSII, 5.4-10° (1.9ns) 76 3.7-10° (270 ps) 50
PSIIg 1.6-10° (620 ps) 19 1.9-10° (530 ps) 32
PSI 1.0-10'° (100 ps) 6 1.2-10'° (85 ps) 18




(k,+ k])"'=1.50 ns, the corresponding quench-
ing line in Fig. 3a is fit by k,KT'N,=1.10-10"
s~ 1. If we insert this value into Eqn. 9 we obtain
for (k,+ kPS1)~1 =100 ps and for (k, + kS 1)1
=285 ps. As can be expected, these latter two
values lie reasonably close to the ones determined
in the previous paragraph. However, the essence
of this fit is to obtain a numerical value for the
product kK, KI'N,.

Simultaneous fit with a-, B-heterogeneity

It is obvious that the present quenching data
alone do not allow for a separation of a- and
B-centers. However, our quenching data shall now
be used as a test for the four-component analysis
of fluorescence reported by Schatz and Holzwarth
{7]. This will give a more confident determination
of the parameter k KI'N,. We attempt to fit
simultaneously the three sets of our data by the
parameters k KI'N,, A(F,, ) and A(F,) under
the assumption that PS II,, PS II; and PS I are
described by a matrix model. A further fit param-
eter was the relative antenna size of B-centers,
M =f-N,.

Stern-Volmer plots for different values of A are
shown in Fig. 4a (solid lines) together with the
experimental data. Good fits by Eqns. 15 and 16
and analogous ones that lie within the experimen-
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tal error could be obtained with:
kyKTN,=(1.10+0.02)-10? s~
£=0.55+0.03

A(Fpy,) =0.80+0.06
A(E,)=0-1

The condition that the term k KT'N, and f shall
be the same for F,, , F, and V turned out to be a
convergence criterion for just these two parame-
ters. The relative fluorescence yield at F, agrees
with the ones given by Schatz and Holzwarth in
Ref. 7. The extremely wide range of A(F,) that
fits our data is due to the particular combination
of relative rate constants and antenna sizes valid
for pea chloroplasts. In contrast to F,,,, there is
hardly any dependence of the slope of F, on 4.

An extended analysis of our fluorescence data
that takes into account the contribution of PS I to
the total fluorescence (data taken from Ref. 7) did
not display marked differences.

The quenching rate constant and the antenna size
The equilibrium constant, K, can be estimated
from the complex formation between bacteriophe-
ophytin and DNB reported in Ref. 27. From the
ratio of the association and dissociation rate con-

GE; 2.09 C)

[DNB] /mM

Fig. 4. (a) Stern-Volmer plots of F,,, and F,, taking into account a- and B-heterogeneity. Solid lines: matrix model for a- and

B-centers. Dashed lines: matrix model for a-centers and separate units model for B-centers. For the derivation of the fit parameters

see text. Contribution of B-centers to the fluorescence yield (1 — 4) as indicated. (b) Stern-Volmer plots of the photovoltage according

to the simultaneous fit (matrix model, solid straight line) and fits with a separate unit model according to Eqns. 17 and 18 (dashed

curved lines). The fit parameters for the separate unit case are: K =0.113, '=13, N, =280 and k= 2.75:10° s~ (lower dashed
curve) or k, = 3.14-10° s, respectively (upper dashed curve).
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stants quoted in this reference, K=0.113 M™!
follows. Assuming that this equilibrium constant
is also valid in thylakoid membranes, and from
our measured partition coefficient, I'=13, we
calculate for the product

kg N,=75-101 57!

and note that this number is indefinite by the
unknown actual equilibrium constant K that was
not determined by us. The product k- N, corre-
sponds to the quenching rate constant, k;, in
Sonneveld’s work, who assumed ky=4-10" s7!
[24]. Holten et al. [27] give an estimate of k4 > 10"
s~
The quenching rate constant of k4= 7.5-10"
s~ ! found by us is 2—3-times larger than the rate
constant for the photochemical charge separation
in the RC of PS I [34). The difference may be
interpreted by the assumption that the excitation
energy is deactivated when it visits a Chl- DNB
complex for the first time, whereas it is converted
by the photochemical trap of PS I after the second
to third visit. This interpretation agrees remark-
ably well with the conclusions of Owens et al. [34].

In independent experiments we have measured
the antenna size of PS I of our pea chloroplasts to
be N, =280 (unpublished data). This allows to
calculate the quenching rate constant for DNB in
a photosynthetic unit to be k,=2.7-10% s~ 1,

Fit of the PS I photovoltage with a separate unit
model

With the quenching rate constant determined
in this way, it is now possible to calculate a fit to
the photovoltage data with the equations derived
for the separate unit model. Using Eqn. 1, 17 and
18 we obtain the dashed curve in Fig. 4b.

It is obvious that the PS I data are as well
described by a separate unit model as by a matrix
model. The positive curvature is too small to
exceed the experimental error. Therefore, no dis-
tinction is possible between the two extreme mod-
els of antenna organization.

We also tried to fit the F, data with a separate
unit model for B-centers and a lake model for
a-centers (Fig. 4a, dashed lines). In this case we
did not find common values for kK, KI'N, and 4
terms that fitted our data and gave fluorescence

yields lying in the range given in Ref. 7 (Table I).
However, a 20% difference in the term k KT'N,
for a- and B-centers sufficed for a good fit.

Conclusions

The application of the artificial fluorescence
quencher DNB upon pea chloroplasts has revealed
the following results:

(1) The existence of a- and B-centers may re-
sult in a negative curvature of the Stern-Volmer
plots as predicted by Eqn. 15. This curvature is
opposed to the positive curvature predicted for
separate unit models. Since the curvatures might
cancel each other so as to yield an apparent straight
line, the experimental observation of straight lines
by Sonneveld et al. [24] and ourselves cannot be
taken as a stringent criterion to distinguish differ-
ent organizations of antenna systems.

(2) The mean trapping time in PS I was de-
duced to be 97 £+ 10 ps by measuring the quench-
ing effect on a non-time resolved photovoltage
and using the time constant of the fluorescence
decay at F_,,

(3) Similarly the mean average trapping time in
PS II has been determined to be 285 ps by mea-
suring the quenching effect on F, and using the
time constant of the fluorescence decay at F_,,.

(4) A chlorophyll-DNB complex is a more effi-
cient trap than the reaction center of PS L
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