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Utilizing about 1 ps duration laser pulse excitation at 650 nm, it is demonstrated that the phenomenon of
singlet-triplet exciton annihilation can provide information on the domain size of photosynthetic systems
(number of chlorophyll molecules connected to each other by energy transfer). The domain sizes are
estimated from the shapes of the fluorescence yield vs. excitation-energy curves, from the number of photon
hits per molecule per pulse, and from the triplet quantum yield utilizing the master equation theory developed
by Paillotin, Geacintov and Breton (Paillotin, G. et al. (1983) Biophys J. 44, 65-77). The photosynthetic
systems investigated in this manner include light-harvesting chlorophyll-protein complexes (LHCP) isolated
by sodium dodecyl sulfate solubilization of spinach chloroplasts followed by polyacrylamide gel electrophore-
sis, aggregates of light-harvesting complexes (LHC), and Photosystem I particles (both prepared by Triton X
solubilization and sucrose gradient centrifugation), as well as chloroplasts and free chlorophyll a in pyridine
solution or polyacrylamide gels. The LHCP particles are characterized by approx. five connected chlorophyll
molecules per domain and a triplet quantum yield of approx. 0.2. The LHC complexes and chloroplasts are
examples of large domains (more than 240 molecules) with triplet quantum yields of approx. 0.08 and
0.10-0.15, respectively. The Photosystem I particles similarly constitute large domains, but the fluorescence
quenching is relatively inefficient, because of the apparently low triplet quantum yield of approx. 0.01.

Introduction extracted from chloroplasts by treatment with de-
tergents [3], the relatively small number of chloro-
phyll molecules form a domain with physical
boundaries which confine the motion of the exci-
tons. However, in the case of intact thylakoid
membranes in chloroplasts there appear to be no
such physical boundaries [4], and the domain size
can be loosely defined as the number of pigment
molecules over which the excitons can range dur-

A photosynthetic domain is defined as a collec-
tion of n chlorophyll molecules, over which exci-
tons can range in a photosynthetic system [1,2]. In
the case of small chlorophyll-protein complexes

* To whom correspondence should be addressed.

Abbreviations: LHCP, light-harvesting chlorophyll a,b-pro-
tein; LHC, light-harvesting chlorophyll-protein; PS I, Photo-
system I; OMA, optical multichannel analyzer.

ing their lifetimes.
Bimolecular exciton annihilation processes re-
sult from the interactions of two excitons and can,
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in principle, provide information about the size of
the domains. Annihilation phenomena result in a
decreased fluorescence yield, and, depending on
the system, a decrease in the fluorescence decay
time may or may not also be observable [1]. The
size of the domains plays a role in annihilation
effects, because at least two excitations must be
present in a domain if annihilation is to occur. At
a given level of excitation intensity, the probability
of creating two excitations in a small domain is
much lower than the probability of creating two
excitons in a larger domain [5]. Thus, the onset of
fluorescence quenching with increasing excitation
energy occurs at lower energies for large domains
more than for small domains, all other conditions
being equal.

Two types of exciton—exciton annihilation phe-
nomena have been identified: singlet-singlet and
singlet—triplet annthilation. The former process is
favored in picosecond laser pulse excitation ex-
periments, while singlet—triplet annihilation is
favored when the rate of creation of singlet exci-
tons is much lower than their decay rate; thus
singlet—triplet annihilation is favored in microsec-
ond duration laser pulse experiments [5].

Paillotin et al. [1} have formulated a master
equation theory which relates the excitation in-
tensity dependence of the fluorescence yield in
photosynthetic systems to domain sizes. This the-
ory was applied successfully by Van Grondelle et
al. [6] to determine the size and structure of an-
tenna complexes of photosynthetic bacteria. These
workers have more recently also formulated a de-
tailed theory of singlet—singlet annihilation and
have included random walk and the trapping of
excitons by open or closed reaction centers in their
formulation [7,8].

Singlet-triplet exciton annihilation has been in-
vestigated in photosynthetic bacteria by Monger
and Parson [9] and by Breton et al. in chloroplasts
[10] and in isolated light-harvesting chlorophyll-
protein (LHCP) complexes {11]. In Ref. 10, the
dependence of the fluorescence yield on laser pulse
energy was interpreted in terms of a set of coupled
differential equations, which were solved numeri-
cally. Clearly, such an approach is applicable only
in the case of large domains in which the exciton
density can be approximated by a continuous vari-
able function. In the case of small domains in
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which the number of excitons per domain is finite,
this approach is not valid and Paillotin et al. have
formulated a detailed master equation theory to
describe singlet—triplet annihilation phenomena in
domains of various sizes [2]. In this work we have
explored the applications of this theory to studies
of singlet—triplet exciton annihilation in photosyn-
thetic systems of different domain sizes consisting
of spinach chloroplasts and submembrane frac-
tions derived from chloroplasts. It is shown that
fluorescence yield versus excitation-energy curves
can provide semiquantitative estimates of domain
sizes, provided the quantum yield of triplet-excited
states can be estimated from fluorescence decay
times, or from other data.

Theoretical aspects

Singlet-singlet annihilation can be neglected
when microsecond laser excitation pulses are
utilized because the probability of two singlet exci-
tons encountering one another is negligible [11].
Singlet excitons have a finite probability to decay
to chlorophyll triplet excitons; the latter transfer
their energy to carotenoid molecules to form caro-
tenoid triplet-excited states (rate constant, approx.
1-10® s7! and quantum yield approx. 10-15% in
chloroplasts [12]). As time increases after the onset
of the laser excitation pulse, the density of caro-
tenoid triplets increases [10], since their lifetime of
several microseconds is longer than the duration of
the laser pulse (approx. 0.7 us half width at half
maximum in our experiments). In the theory of
Paillotin et al. [2], a domain is assumed to contain
m carotenoid molecules. Each of these can be
transformed into a triplet-excited state which, sub-
sequently, can quench singlet excitons, and thus
lower the fluorescence yield. The number of caro-
tenoid triplet quenchers per domain is denoted by
i, where 0 i g m.

The other parameters in the theory are R, X
and Y which are defined as follows:

1)

where K, and K, are total rates of deactivation
of singlet excitons in domains which contain no
carotenoid triplet quenchers (i = 0), and the maxi-
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mum number of triplets (i = m) respectively. Fur-
thermore, if I is the fluence incident on the sam-
ple, and o, is the absorption cross section per
domain, Y is defined as the integrated number of
photons absorbed per pulse per domain:

o0
y=f0 0,1 dt (2)

The parameter X is the number of absorbed
photons per carotenoid molecule which are con-
verted to triplet excited states; it is a function of
the quantum yield of triplet formation x, and is
defined by:

X=xoY/m (3)

The experimentally measured fluorescence sig-
nal is F (integrated over the entire laser pulse),
and the fluorescence yield is defined as:

®(Y)=F/Y (4

In the limit of low Y (i =0; no fluorescence
quenching), the fluorescence yield is ®,, while in
the limit ¥ — oo (i = m: maximum quenching), the
yield is denoted by @,. We note that the parame-
ter R in eqn. 1 can also be defined in terms of the
yields such that R=,_/P,.

In the master equation theory [2] it is useful to
calculate a normalized fluorescence yield @’ rather
than the experimentally observable yield @. These
quantities are related as follows:

(X))~ P

(=", ",

O(X)/ R
ST ®)

Experimentally it is convenient to measure the
relative fluorescence yield @( X)/®,, and thus the
limits of the normalized yield @( X) are:

0<P(X)<10 ©)
and those of ®(X)/®P, are:

R<P(X)/P,<1.0 )
and we can rewrite Eqn. 5 as:

&/, =(1-R)P'(X)+R (8)

which relates the experimentally observed yield
&(X)/P, to the theoretically calculated yield
®’( X). In these equations R < 1.0, and R depends
on the fluorescence quenching efficiency of caro-
tenoid or other triplets. At high excitation intensi-
ties, X, the relative yield @( X)/®, is expected to
approach the value of R. Of course, if R =0, then
®(X )/, approaches zero as X — oo.

The theoretical yield @'( X) can be calculated
as a function of the parameter X according to the
following equation [2}:

m-—1

J= m= -1
1 mt (1-R)"’
Q' (X, m,R)=—~ -K
(Hom 8 X["’ L gt e

X(m=j)" " ""(j+(m=-j)R)’

xCxp{*_(m_j)X}] (9)

m-—j+ j/R

This equation can be conveniently evaluated by
computer, utilizing m and R as parameters. Some
typical @’( X) curves utilizing R = 0.03 and calcu-
lated for some different values of m are shown in
Fig. 1.

There are two important limits of Eqn. 9, one
for very large domains (m — ), and the other for
very small domains (m = 1). In the large domain
case [2] and for small values of R (efficient
quenching by carotenoid triplets):

X
\/1+ZE -1

P(X)=- 10
(X) X (10)
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Fig. 1. Fluorescence yield calculated according to Eqn. 9 for
different values of the parameter m (number of potential
triplet quenchers/domain) for a fixed value of the parameter
R =0.03.



A plot of this equation with R = 0.03 is identi-
cal in shape and position along the horizontal axis
to the m = oo curve shown in Fig. 1.

In the limit of small domains (m =1), and for
all values of R, Eqn. 9 reduces to:

¥(x)=5 (1-e %) (1)

This equation is also obtained from a simple
consideration of a Poisson distribution of photon
hits per domain, in which all hits, except for the
first one, contribute nothing to the fluorescence
{13).

Experimental methods

Sample preparation

Spinach chloroplasts were prepared according
to the procedures outlined in Ref. 14, and were
suspended in 0.4 M sucrose-Tris buffer solution
(50 mM, pH 8.0). These preparations exhibited the
usual absorption maximum at 677-678 nm and a
fluorescence emission maximum at 685 nm.

The light-harvesting chlorophyll-a/b-protein
(LHCP) complex described by Thornber [15] was
isolated from chloroplasts by the method de-
scribed by Van Metter {16]: this procedure in-
volved the solubilization of chloroplasts in sodium
dodecyl sulfate-Tris buffer, S mM MgCl, solution,
and subsequent electrophoresis on polyacrylamide
gels at room temperature. Three bands were ob-
tained, and a slice of the central band was cut out
from the gel and squeezed between two micro-
scope slides until the desired optical density at the
laser excitation wavelength selected was obtained.
These preparations exhibited absorption maxima
in the Soret region at 672 and at 652 nm, and the
672 nm/652 nm absorbance ratios varied in the
range 1.15-1.20; this ratio indicates that the chlo-
rophyll a/chlorophyll b ratio is close to unity. It
has been previously suggested that each protein
contains approx. three chlorophyll @ and three
chlorophyll b molecules [15,16].

Experiments were also performed utilizing the
electrophoretically most mobile band due to free
pigments; the corresponding gel slice was also
squeezed between two microscope slides until the
desired optical density at the excitation wave-
length was obtained. In other experiments, puri-
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fied chlorophyll ¢ (Sigma Chemicals, St. Louis,
MO) was dissolved in pyridine and the solutions
were placed in 1 mm pathlength cuvettes. Thus,
the fluorescence properties of free chlorophyli
molecules either in the gels or in solution exposed
to laser excitation were compared to those of the
chlorophyll protein complexes.

Aggregates of light-harvesting chlorophyll-pro-
tein (LHC) complexes were prepared from spinach
chloroplasts by the methods of Burke et al. [17].
Absorption maxima at 675 and 652 nm were ob-
served, and the ratio of 675,652 absorbance was
approx. 1.45. Appropriate dilutions were per-
formed with Tris buffer and these samples were
also contained in 1 mm pathlength cuvettes during
the experiments.

Photosystem I particles (PS I) were prepared by
Triton solubilization and sucrose gradient centri-
fugation according to methods previously de-
scribed by Mullet et al. [18]. An absorption maxi-
mum at 676-677 nm was observed, and shoulders
at about 630 and 590 nm (about 3.8- and 6.5-times
lower in amplitude, respectively, than the 676-677
nm peak) were also evident. These preparations
are believed to represent the Photosystem I an-
tenna complexes and are characterized by a ratio
of chlorophyll/P-700 of 110 + 10, and consist of
10-13 nm diameter protein complexes which are
believed to be aggregated [18].

Instrumentation

A schematic outline of an apparatus similar to
the one used in this work is shown in a previous
paper [10]. A Chromatix CMX-4 (Chromatix
Corp., Sunnyvale, CA) xenon flash lamp-pumped
dye laser (Rhodamine 640) operating at 650 nm
was utilized to excite the fluorescence of the sam-
ples. Utilizing a boxcar averager (Princeton Ap-
plied Research, Princeton, NJ, Model 610 main
frame with Model 162 plug-in units, 3 ns/point
time resolution), the time-dependent intensity pro-
file of the excitation laser pulse was determined; a
Hamamatsu R928 photomultiplier tube (Hama-
matsu Corp., Middlesex, NJ) was used as a detec-
tor in these experiments. In this manner the full
width at half maximum of the laser pulse was
found to be 700 ns [19].

In this work it was necessary to determine the
number of photons per unit area per pulse as
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accurately as possible. Therefore the spatial beam
profile was measured utilizing a photodiode
mounted behind a 0.005 cm diameter pin hole;
this assembly was in turn mounted on a microme-
ter-operated X — Y stage, which was oriented with
its plane vertical to the direction of the laser beam.
The pin hole-photodiode assembly was displaced
in both directions and the average intensities of
the laser pulses were recorded at each position; in
this manner, a two-dimensional representation of
the beam profile was obtained (Fig. 2A); the diam-
eter of the beam was estimated as shown in Fig.
2B, from which a beam area of 2-1073 ¢cm® was
obtained. Because the energy of the pulse falls
rather sharply near the boundaries, the inhomo-
geneities in the beam profiles were neglected. A
correction for this effect [20] would be smaller
than the other systematic errors inherent in these
experiments.

The intensity of the laser beam was varied by
placing individual (or stacks of) calibrated neutral
density filter(s) between the laser and the sample.
The transmittance of each stack of filters was
independently determined by placing a photodi-
ode or energy meter at the location of the sample.

The microscope slides or 1 mm cuvettes were
oriented at 45° to the incident laser beam and the
fluorescence was focussed, by means of two lenses,
onto the entrance slit of a flat-field spectrograph
(Jobin-Yvon Model UV200, f=4.5, Instruments
SA, Inc., Metuchen, NJ). The signal was detected

ENERGY
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Fig. 2. (A) Example of a laser beam profile determined with a
0.005 cm diameter aperture. (B) Energy variations along two
perpendicular directions (® and Q) through the center of the
beam in part (A). The effective area of the beam was calculated
utilizing an estimated value of the diameter d = 0.09 cm.

by an optical multichannel analyzer (OMA) sys-
tem consisting of a 1205D Vidicon detector and a
1205A console (Princeton Applied Research,
Princeton, NJ). The output of this OMA system
was fed into a display oscilloscope which allowed
for the viewing of the full fluorescence spectrum of
the sample after each laser shot, or the viewing of
the averaged fluorescence spectra after a large
number of laser shots. The relative intensities of
the fluorescence signals as a function of the laser
beam intensities were evaluated for an ap-
propriately averaged signal displayed in digital
form by the OMA console. In order to avoid
overload of the vidicon detection system at the
higher laser intensities, stacks of calibrated neutral
density filters were inserted as necessary between
the sample and the entrance slit of the spectro-
graph.

The energy of the laser beam was monitored in
two different ways: (1) utilizing a 45° beam splitter
and a calibrated photodiode, and (2) a portion of
the laser beam scattered from the sample was also
allowed to reach the spectrograph; thus, in each
experiment the intensity of the attenuated laser
line at 650 nm relative to the intensity of the
fluorescence signal in the 675-685 nm region of
the spectrum could be determined.

The laser beam intensity dependence of the
transmittance of the samples was also measured.
This was achieved by placing a photodiode behind
the samples along the direction of the laser beam.
By determining the intensity of the transmitted
light (integrated over the duration of the laser
pulse) relative to the intensity of the incident light,
it was possible to detect any bleaching effects
which may have occurred at high laser pulse en-
ergies.

Results and Discussion

The fluorescence yield @ in this work is defined
as the ratio of the fluorescence signal integrated
over the entire laser pulse width divided by the
total energy of the pulse incident on the sample.
The data are represented in terms of fluorescence
quenching curves which are plots of @ as a func-
tion of the fluence I. Typical data for free pig-
ments, LHCP and LHC are shown in Fig. 3A, and
for chloroplasts and PS I particles in Fig. 3B.
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Fig. 3. (A) Fluorescence yield as a function of the incident
fluence (650 nm excitation). O, 6-107°> M chlorophyll a in
pyridine (air saturated). Absorbance (650 nm)= 0.05; O, free
pigment band on gel slice; ®, LHCP, chlorophyll-protein com-
plexes on gel slice. The points represent data obtained with
three different samples (absorbance values, 0.28, 0.35 and 0.46
at 650 nm). a, LHC, light harvesting chlorophyll protein ag-
gregate in suspension (1 mm cuvette). Data obtained with two
different samples (absorbance, 0.30 and 0.40 at 650 nm). Curve
A: plot of Eqn. 10, adjusted along the horizontal axis to
provide the best fit to the experimental data. Curve B: plot of
Eqn. 13 and adjusted along the horizontal axis to fit the
experimental data. (B) Fluorescence yield as a function of
incident fluence for chloroplasts (CHPL) and PS I preparation
(650 nm excitation). The points represent data obtained with
two separate samples of each type of preparation (absorbance,
0.13, 0.33 for CHPL and 0.22 and 0.21 for PS I at 650 nm,
respectively). Both curves (A) are plots of Eqn. 10 adjusted
along the horizontal axis to provide the best fit to the experi-
mental data.

While the fluorescence yield exhibits a promi-
nent decrease as a function of increasing fluence,
there was no observable change in the transmit-
tance of the chlorophyll-protein samples under the
same conditions of excitation; this is illustrated for
the LHC and LHCP samples in Fig. 4. These
results show that the observed drop in @ is not
due to a depopulation of ground state pigment
molecules subjected to intense irradiation, and can
be attributed to exciton annihilation [21,22]. In the
case of the free pigments and dilute chlorophyll a
solutions, however, the drop in @ with increasing
fluence (Fig. 3A) can be attributed to ground-state
depletion. Changes in the transmittance of such
dilute chlorophyll a (in pyridine) solutions have
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Fig. 4. Transmittance (integrated over the entire duration of the
laser pulse at the excitation wavelength of 650 nm) of LHCP
and LHC samples as a function of the fluence.

been observed [19] and occur at the same levels of
excitation at which decreases in ¢ are also evident.
Thus, the photophysical basis of the fluorescence
quenching curves observed with the free pigments
is quite different from the exciton annihilation
phenomena which give rise to the decreases in @
with increasing Y in the case of the LHCP, LHC,
PS I and chloroplast samples.

It is of interest to compare the relative excita-
tion levels at which the fluorescence yields @ begin
to decline for the different preparations. This is
best achieved by evaluating the quantity oI, which
is equal to the number of photons absorbed per
molecule per pulse, for each type of sample where
0 =3.81-10"%".¢ cm’ is the molecular absorption
cross section at the excitation wavelength and e is
the molar absorption coefficient. Values of € are
available in the literature for chlorophyll a [23],
LHCP [24], PS I [25] and chloroplasts [26}, and we
have utilized these values and absorption spectra
to estimate o at 650 nm for the different prepara-
tions. The following values of the cross-sections at
650 nm were utlized: 0.6-107'® (chloroplasts),
1.1-107' (LHCP and LHC), 0.8-107'¢ (PS I)
and 0.95-107'® cm? (chlorophyll a in pyridine).
Schematic representations of the fluorescence
quenching curves as function of o/ are compared
in Fig. 5. We arbitrarily denote the onset of
quenching by the ol values at which the yields @
are reduced to 0.9; this onset occurs when there
are approx. 0.3 hits per molecule in the case of
LHCP, only approx. 0.01-0.02 hits per molecule
in the case of LHC and chloroplasts, and approx.
0.2 hits per molecule in the case of the PS I
particles.

This comparison constitutes a qualitative illus-
tration of the domain size effect [5,11]. The LHCP
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Fig. 5. Plots of fluorescence quenching curves for the different
preparations in Fig. 3 and 4 as a function of absorbed photon
hits per molecule. (a/).

complexes in this preparation contain about six
chlorophyll molecules, and about two hits per
chlorophyll-protein complex per pulse are neces-
sary to observe a decrease in the yield. In the case
of the LHC preparations and chloroplasts, the
chlorophyli-protein complexes are aggregated; this
gives rise to exciton transfer between complexes
and thus to a larger domain size. Thus, comparing
the o/ values for the LHCP and LHC system, it
appears that the domain size (number of molecules
per domain) is at least 0.3/0.02 = 15 times larger
for LHC (and chloroplasts) than for the com-
plexes. Such comparisons, however, are only ap-
proximate, since the shapes of the fluorescence
quenching curves depend on domain size (Fig. 1),
and the yield of triplets may be quite different in
the different systems. Thus, the position of the @
curves with respect to the fluence depends not
only on Y, the number of absorbed photon hits
per domain, but also on the triplet yield per
quencher, x,/m. A more detailed analysis of these
effects is therefore necessary.

Dilute chlorophyll a solutions and free pigments

In these systems the chlorophyll molecules are
far apart from one another, and thus no energy
transfer between different molecules, or bimolecu-
lar excited state annihilation, can occur. Therefore
the behavior of dilute chlorophyll solutions,
specifically variations of @ as a function of the
fluence, can be modeled by a set of coupled first-
order differential equations describing the time
dependence of the concentrations of ground state,
first singlet-excited state and triplet-excited mole-
cules [19]). Brandimarte [19] has analyzed such
systems in detail, utilizing the same type of laser

pulse excitation as in this work, by solving this set
of differential equations numerically and fitting
the fluorescence quenching curves to experimental
@ vs. [ and transmittance vs. [ data (5-107° M
chlorophyll ¢ in air-saturated pyridine). Excellent
fits were obtained, and it was shown that the
decrease in @ with increasing fluence can be at-
tributed mostly to the promotion of the chloro-
phyll @ molecules to the triplet excited state, thus
leading to a significant depopulation of ground
state and singlet excited states. This phenomenon
can occur with the type of laser excitation used in
this and Brandimarte’s work, because the triplet
lifetime of 430 ns observed in air-saturated pyri-
dine solutions (Mathis, P., private communication)
1s comparable to the laser pulse width of approx.
700 ns. We shall not further analyze the dilute
chlorophyll a case, since details have been de-
scribed elsewhere [19]; we note only that the be-
havior of the fluorescence yield vs. I curves for the
free pigments dispersed in the gel slices is the
same, within experimental error, as the fluores-
cence yield curves for the dilute chlorophyll a
solutions.

Light-harvesting chlorophyll-protein complexes

In the case of the LHCP complexes which are
small in size, Eqn. 11 should be the most suitable
one to describe the fluorescence yield as a function
of the excitation energy. However, before attempt-
ing to fit this equation to the experimental results,
it is necessary to consider the photophysical
processes which occur in these chlorophyll-protein
complexes in more detail.

The LHCP particles are believed to contain at
least one carotenoid molecule [27]. We assume that
only one triplet excited state can be created per
protein complex and thus m = 1. The lack of any
changes in the transmittance at the excitation
wavelength (Fig. 4) suggests that there is no sig-
nificant depopulation of ground state chlorophyll
molecules during the pulse; as in chlororoplasts
[12], chlorophyll singlets are rapidly converted to
chlorophyll triplets, which in turn are rapidly
quenched by energy transfer to carotenoid mole-
cules. Consistent with this picture, Shepanski et al.
[28] have found that formation of carotenoid tri-
plets in LHCP particles occurs within less than 5
ns after excitation with a laser pulse (4+ 1 ns



width) within the chlorophyll absorption band;
furthermore, they determined that the lifetime of
these carotenoid triplets is 8.7 + 0.5 ps. The life-
time of the quencher is thus about 10 times longer
than the laser pulse width, justifying one of the
critical assumptions made in the derivation of
Eqgn. 8.

The connection between the experimentally de-
termined fluorescence quenching curves and the
theoretically derived equations is made via Eqn. §,
utilizing either one of the Eqns. 9-11. In the case
of the LHCP complexes which constitute a small
domain, Eqn. 11 is inserted into Eqn. 8 and the
best fit to the data is obtained with R =0.2 (Fig.
3A) according to the equation:

®(X)/D(0)=08 &'(X)+0.2 (13)

This equation implies that the fluorescence yield
of LHCP complexes is 20% when there is one
carotenoid triplet per complex. However, caro-
tenoid triplets are known to be very efficient
quenchers of the chlorophyll fluorescence
[10,28,29-31], and it is thus unlikely that there
would be such a large residual fluorescence (ap-
prox. 20%) in the relatively small LHCP particles
which contain only about six chlorophyll mole-
cules per carotenoid triplet. Another explanation
for the residual 20% fluorescence may be the pres-
ence of one unconnected or poorly connected
chlorophyll molecule. The presence of such uncou-
pled or weakly coupled molecules may be due to
the detergent treatment and solubilization of the
chlorophyll-protein complexes during their isola-
tion. Such treatment may perturb the conforma-
tions of at least some of the pigment molecules,
thus giving rise to a background fluorescence of
approx. 20% which is not subject to quenching by
exciton—exciton annihilation. Searle et al. [32] have
recently measured the fluorescence decay profile
of chlorophyll-a/b protein complexes isolated
from barley by solubilization with sodium dodecyl
sulfate and gel electrophoresis (similar to our iso-
lation procedure). They find that the fluorescence
decay profile of their preparations is characterized
by two components, one with a lifetime of 2.55 ns
and an amplitude of 80%, and the other with a
lifetime of 4.55 ns and an amplitude of 20%. This
latter component exhibits decay kinetics similar to
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those of free chlorophyll molecules, and is thus
likely to be due to one unconnected chlorophyll
molecule /protein complex. The presence of one
such unconnected molecule in our LHCP com-
plexes could thus easily account for the 20% back-
ground fluorescence.

The validity of applying Egns. 8 and 11 to the
interpretation of the LHCP fluorescence quench-
ing curves can be further tested by determining if
the values of x,, the carotenoid triplet quantum
yield, are reasonable. When X =1, the value of
&’( X)=0.63, and the value of ®(X)/P(0)is 0.71
(from Eqn. 13). Such a reduction in the yield
occurs when the fluence I=8-10"" photons -
cm 2. We can thus write;

X=l.0=x0% ol (14)

where we have substituted no for g,, the cross-sec-
tion per domain, and where n = 5 is the number of
(connected) chlorophyll molecules per domain.
Utilizing the value of o given earlier in this paper
and with m = 1, we obtain x, = 0.23.

The carotenoid triplet yield can be estimated
from the fluorescence decay time 7, and the inter-
system crossing constant k;,=1-108 s~! for chlo-
rophyll a molecules [33]. This approach is feasible
because Bowers and Porter [33] found that the
sum of fluorescence and triplet yields is nearly
unity in polar solvents, in which chlorophyll mole-
cules do not form oligomeric aggregates [34]. As-
suming further that the conversion of chlorophyll
triplets to carotenoid triplets is (almost) 100%
efficient [12], the relationship between =, k,, and

Xo 18
Xo=kis 7 (15)

The value of 7; for LHCP, or similar complexes
has been previously determined by several groups.
Lotshaw et al. [35] obtain biphasic decays of 1.2
and 3.3 ns with nearly equal amplitudes; Nord-
lund and Knox [36] report a value of 3.1 + 0.3 ns
utilizing picosecond laser excitation and a streak-
camera technique. Utilizing phase methods, Moya
and Tapie [37] report heterogeneous fluorescence
in monomeric light-harvesting protein complexes
with 7, = 2.5-3.0 ns. II'ina et al. [38] report a value
of approx. 4.1 ns for a monomeric form of a
light-harvesting chlorophyll-protein complex iso-
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lated by sodium dodecyl sulfate-gel electrophore-
sis. Utilizing average values of 7, in the range of
2.5-4.0 ns and- utilizing Eqn. 15, values of x, in
the range of 0.25-0.40 can be estimated. There-
fore, our value of x, = 0.23 is consistent with this
range of numbers. Shepanski et al. [28] have found
experimentally, utilizing a 4 ns wide nitrogen laser
excitation pulse, that the triplet quantum yield is
only 5%. The reason for this discrepancy is not
known, but may be due to differences in the
excitation pulse widths.

We conclude that the limiting form of Eqn. 9,
as expressed by Eqn. 11, gives an adequate repre-
sentation of the fluorescence quenching curves ob-
served with LHCP complexes, provided tha: x, =
0.2 and that about 20% of the fluorescence can be
attributed to unconnected or ‘dead’ chlorophyll
fluorescence. Van Metter [16] did not observe any
contributions of such unconnected molecules in
his circular dichroism and fluorescence polariza-
tion studies of LHCP complexes. However, fluo-
rescence yields under conditions of exciton annihi-
lation and fluorescence decay profiles [32] are
more sensitive to the presence of such minor fluo-
rescence-emitting, unconnected chlorophyll com-
ponents.

Light-harvesting complexes

The characterics of these preparations have been
described by Mullet and Arntzen [39]; sheet-like
aggregates of highly organized particulate subunits
are observed, which are believed to be individual
light-harvesting pigment-protein complexes, with
diameters of 6-10 nm. Under the conditions of
our experiments (no added MgCl,) the LHC were
shown to be interconnected in lamellar sheets, but
not stacked on top of one another [39].

As expected for such large aggregates of chloro-
phyll-protein complexes, the onset of fluorescence
quenching occurs at energies which are about 15-
times lower than those observed for the individual
LHCP complexes. This observation is consistent
with a delocalization of the excitons over a domain
which is at least 50-60 molecules in size. A more
accurate lower limit of the domain size can be
obtained by comparing the fits of the different
theoretical curves shown in Fig. 1 to the experi-
mental data. The best fits are obtained in the
m — oo limit and for R = 0; this is shown by the

solid line, which is a plot of Eqn. 10 (or of Eqn. 8
with R =0), superimposed on the experimental
LHC data in Fig. 3A. In practice it is difficult to
differentiate between the best fits to the experi-
mental data of any of the theoretical curves for
which m > 40. Thus, since we assume that there
are m possible carotenoid tripletes per domain,
and the number n/m of chlorophyll molecules per
carotenoid molecule is approx. six, the minimum
domain size for LHC aggregates is n = 240.

According to Eqgn. 10, @®(X)=0.732 when
X/R=1. The exact value of R cannot be de-
termined from the experimental data, but it is
evident that R must be less than 0.1 (Fig. 3A).
Also from Fig. 3A, X/R=1 when I=7-10"
photons-cm™? per pulse. Using o=1.1-10"1°
cm? (assumed to be similar to the LHCP values at
650 nm), and n/m = 6, we obtain;

Xo=22R (16)

since R < 0.1, x, <0.22. According to Nordlund
and Knox [36], =, in LHC is 1.2 + 0.5 ns, and
Moya et al. [40] give a value of approx. 0.8 ns.
Using this latter value of 7, and Eqn. 15, we
estimate that x,=0.08. Thus the value of R
estimated from Eqn. 16 is approx. 0.04, which is
consistent with the experimental data.

Chloroplasts

The behavior of chloroplasts is similar to the
behavior of the LHC preparations. Eqn, 10 for
large domains (and R = 0) also provides an excel-
lent fit to the experimental data (Fig. 3B). Thus
the domain size in chloroplasts is also more than
240 molecules which is consistent with estimates
from singlet-singlet exciton annihilation quench-
ing techniques [4,20]. For X/R = 1.0, the experi-
mental value of 7 is 8-10" photons-cm™ 2
Chemical analysis shows that there are about five
chlorophyll (a + b) molecules per carotenoid
molecules [41]. Thus, the value of n/m = 5-6 is
probably as appropriate for chloroplasts as it is for
the LHCP and LHC preparations. Utilizing these
values and 6 =6.9-10"" cm?, we obtained 3.0
R < x,<3.6 R. The value of x, in chloroplasts
depends on the state of the Photosystem II reac-
tion centers and varies from 0.05 to 0.15 [12], the
latter value corresponding to closed reaction



centers. In these experiments, the samples were
excited with laser pulses at a rate of 10 Hz, and no
particular precautions were taken to keep the sam-
ples in the dark. Thus the triplet yields are esti-
mated to be in the range of x,=0.10-0.15 under
these conditions. The corresponding values of R
are about 0.025-0.050, which again is consistent
with the experimental observations of R <0.1.

PS I particles

The position of the fluorescence quenching
curve along the horizontal axis is similar for the PS
I and LHCP preparations (Figs. 3 and 5); about
the same number of photon hits per molecule is
required to bring about a similar reduction in @.
However, the shapes of the two curves are differ-
ent, the decline in @ with increasing fluence being
more gradual in the case of the PS I particles; Eqn.
10 (or Egn. 8 with R = 0) provides a good fit to
the experimental data.

The nature of the long-lived fluorescence
quenchers in PS I particles at room temperature
has not been well characterized. The number of
carotenoid molecules per chlorophyll molecule is
above n/m > 20 in PS I [41]. Thus, the possibility
that chlorophyll triplets act as long-lived quenchers
in PS I particles cannot be entirely excluded; in
that case we note that the ratio n/m would be
equal to unity. Since the nature of the quenchers is
not known under our experimental conditions, the
ratio n/m must be treated as an unknown quan-
tity with n/m < 20.

The fluorescence decay time in PS I prepara-
tions is known to be quite short at room tempera-
ture, about 100 ps or less [42,43]. According to
Eqn. 15, the triplet quantum yield is thus expected
to be approx. 0.01 or less. This lower yield of
triplets is expected to result in a shift of the PS I
fluorescence quenching curves to higher excitation
energies by a factor of 10-15 with respect to
chloroplasts; such a shift is actually observed ex-
perimentally (Fig. 3B).

From Fig. 3B, it is found that X/R =1 when
the fluence I = 1 - 10'® photons - cm ~?; noting that
R < 0.3 (Fig. 3B) we obtain:

1.2R 0.36
Phdaas
Xo Xo

with x,=0.01, n/m < 36. This value of chloro-

n/m=
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phyll molecules per potential triplet quencher is
within the limits discussed above. Thus, the theory
provides an adequate explanation of the data indi-
cating, from the shape of the experimentally ob-
served fluorescence quenching curve and Fig. 1,
that m > 40. This in turn implies that the PS I
particles constitute large domains of aggregated
protein complexes [18] with m > 40.

Conclusions

Using laser pulses of either picosecond or mi-
crosecond duration, singlet-singlet [1,6] or sing-
let—triplet annihilation can be utilized to estimate
the size of photosynthetic systems. In the picosec-
ond method it is necessary to determine accurately
the number of excitations per molecule; the shape
of the fluorescence yield vs. fluorescence curves
(which depend on the ratio of monomolecular to
bimolecular decay rates) and the positions of this
curve on the fluence axis, provide information on
domain size. In the microsecond method, it is
necessary to know the triplet quantum yield, as
well as the number of excitations per molecule.
Again the shapes and positions of the fluorescence
yield vs. fluence curves determine the size of the
domains. In both cases, only lower limits of do-
main sizes can be estimated if the size of the
photosynthetic systems is greater than approx.
200-250 pigment molecules. In the case of chloro-
plasts, both methods provide similar lower limits
of domain sizes (more than 240 molecules). De-
pending on the types of laser available to the
experimenter, either the picosecond or microsec-
ond laser technique in suitable for the estimation
of photosynthetic domain sizes.
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