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ABSTRACT

Fluorescence from green plant chloroplasts and green algac was studied in the
“picosecond time region using streak camera and interference filter techniques. The
measurements were done at low temperatures (10K--110K). The goal was to observe
and measure the lifetime of the fluorescence associated with light-harvesting complex-
protein (LHC) in the intact cell membrane in order to understand the pathways of
excitation energy transfer from LHC to the photosystems.

Low temperature time-resolved fluorescence studies at 660 nm, 670 nm and
680 nm showed that there were at least two emission bands in green plant chloroplasts.
The one with a shorter decay lifetime was seen clearly at very low temperature on the
shorter wavelength side. Three coupled kinetic equations were used in fitting the data.
Further analysis indicated that the short-lived emission band centered at 677 nm with a
9 + 1 ps lifetime. This strong early emission was attributed to system antennae, i.c.,
LHC. Its temperature dependence was explained by energy transfer and back transfer
kinetics. These processes involved excitation transfer from LHC to photosystem II
(PSII) core antennae with very high efficiency.

Our kinetic model was substantiated by studies on the green alga Chlamydomonas
reinhardii and its mutants. The fast fluorescence decay was also resolved from
fluorescence decay curves of wild type and from cells lacking photosystem I in the
same wavelength region. The mutant called LM15-4D1C which lacks LHC did not
show the emission band at 680 nm in the steady-state fluorescence spectrum and no fast
decay was observed in time-resolved fluorescence measurements. A strong emission
band around 681 nm appeared in the steady-state fluorescence spectrum of the mutant

B1 which does not contain PSIHI and corresponding time dependent data only showed a



slow decay. The study of Chlamydomonas reinhardii in 700 nm to 720 nm region
shows that LHC also provides excitation energy to photosystem I through LHCI, the

light-harvesting complex proteins closely associated with photosystem I.
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INTRODUCTION

Photosynthesis is the process in which green plants, algae and some types of
“bacteria capture solar energy and convert it into chemically useful energy that is used to
synthesize organic compounds from inorganic materials. The major outcome of
photosynthesis is the conversion of carbon dioxide and water to carbohydrates and

oxygen [1,2]. The overall reaction can be described with the following equation:

H,0+CO, _light , (CH,0)+O0,.

Here (CH,O) represents a carbohydrate. The fundamental and applied aspects of
photosynthesis interest a wide range of scientists. Detailed and comprehensive
knowledge of this process enables us to understand how nature handles energy capture
and conversion and may allow us to apply the knowledge to harvest and use solar
energy in the future.

The primary process of photosynthesis can be divided into two parts: a physical
part and a chemical part. The function of the physical part is of light capture and
transfer and that of the chemical part is to convert light energy into chemical energy
through a series of oxidation-reduction reactions. One of the things which interests
physicists is to find energy transfer pathways in the photosynthetic systems by using
physical methods. Investigating the physical part of photosynthesis provides
information about the organization and function of pigments involved and the
dependence of the photosynthetic system on its environment.

In green plants and green algae, photosynthesis occurs in a special organelle

called the chloroplast, the detailed structure of which is discussed in chapter 2.



Chlorophylls are the principal molecules in the chloroplast that absorb and transfer the
excitation energy. They associate with optical transparent polypeptides to form
complexes. A very small number of chlorophyll molecules are located in special sites

Vcalled reaction centers (RC) where photochemical reactions occur. Others serve as
“antennae”, part of them in contact with RCs and part of them distant. Those
functionally and spectrally defined pigment protein complexes form a large network to
channel the excitation energy to the RC [3,4]. Information of energy capture and
transfer can be obtained from spectroscopic studies. Fluorescence, for example, is the
“waste” of the photosynthesis. Under normal physiological conditions only up to 2%
of the excitation is released through this channel [5], but it has proved to be a valuable
probe in elucidating many processes (see review [6,7]) because it provides a direct
measure of the excited electronic state population that results from the absorption of
light and excitation transfer. The quantities usually measured are the wavelengths of
the fluorescence emission bands, their shapes, and their fluorescence rise and decay
times. Excitation transfer within photosynthetic systems is a highly efficient process;
the transfer time between molecules can be as short as picoseconds (10-12 s) or even
femtoseconds (10-15 s) [8]. Therefore studies in the short time region play a very
important role in the kinetics of photosynthesis.

The complexity of some photosynthetic systems and the spectral overlapping of
its components make the spectral study difficult. One way to enhance the resolution of
individual pigment-protein complexes in a complex spectrum is to vary the temperature.
At low temperatures, with the energy transfer and photochemical processes are still
active inside photosynthetic membranes [9], the spectra show more and clearer
structures and temperature-dependent changes of the spectra provide additional

information for elucidating the data at physiological temperatures.



In order to understand the working principles of the primary events of
photosynthesis, the following questions have usually been posed: what are the energy
transfer processes from the antenna part to the RCs and what are the pigment

'complexes involved in each of the processes? In this study, the rates of excitation
energy transfer between some of the pigment complexes of spinach chloroplasts and of
the green alga Chlamydomonas reinhardii (C, reinhardii) were measured by using
picosecond time-resolved fluorescence techniques at low temperatures and different
detection wavelengths. A short-lived fluorescence emission which corresponds to a
rapid energy transfer was resolved from spinach chloroplasts at low temperatures.
Further studies on the green alga C. reinhardii and its mutants provided information for
the origin of this fast transfer and substantiated our model for energy transfer
pathways. Chapter 2 gives an overview of the structure and organization of the
photosynthetic apparatus, a description of primary processes of photosynthesis, and a
brief review of the physical approaches to the study of photosynthesis. Chapter 3
contains the specific experimental procedures and the techniques used in this study.
Chapter 4 describes our study for resolving a short-lived fluorescence component from
green-plant chloroplasts at low temperatures. A kinetic model of energy transfer is
proposed to explain the results. Further study on the green alga C. reinhardii and its
various mutants, described in chapter 5, provides additional support to the assignment

of the origins of the fast energy transfer.



Chapter 2 Background
2.1 Overview of Photosynthesis Studies

Photosynthesis is a complex process. A knowledge of biology, chemistry,
engineering and physics is required to understand all of its working principles. From a
physical point of view, the photosynthetic apparatus is a very well organized system
with high heterogeniety. Since its mass densities, binding energies, optical properties
and other physical characteristics are similar to those of liquids and solids, many
principles of the liquid and solid state can be applied to study the physical properties of
the system [10]. However, care must be taken when applying these principles to

biological systems, since very specific details must be considered.

2.2 Structure and Function of the Photosynthetic Apparatus in Green Plants and

Green Algae

The interactions between pigment molecules that carry out photosynthesis require
a large complex network which leads to a multilevel-organized system. In this
overview, the organizational schemes of the photosynthetic apparatus will be described

in order from large scale to small scale.

A. Chloroplasts
In green plants and green algae, chloroplasts contain the basic photosynthetic
apparatus within the plant cells. A cell of a higher plant, shown in Fig. 2.1a, contains

typically 20 to 40 chloroplasts. Fig. 2.1b is a thin-section electron micrograph of a
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Fig. 2.1 Photosynthetic structures of higher plants: (a) a plant cell and its
organelles; (b) a thin-section electron micrograph of a spinach chloroplast.
Thylakoids are distinctly differentiated into stacked regions (grana) and unstacked
regions (stroma) (Micrograph courtesy of K.R. Miller).



chloroplast isolated from a spinach leaf. Its length is 5-7 pm on the long axis and it is
1-3 pum in thickness [11]. The chloroplast envelope membrane surrounds a stroma
containing soluble enzymes and thylakoid membranes. The sheet-like parts are the
| thylakoid membranes which actually exist as flattened vesicles. The stacked parts of
the thylakoids are called grana and the unstacked parts are the stromal thylakoids.
Processes of light harvesting, energy transduction and conversion are confined in
thylakoid membranes. The energy-storing products synthesized by the thylakoids are
utilized by enzymes to convert CO, to sugar in the stroma. A single chloroplast of the
green alga C. reinhardii has many features in common with those of green plant
chloroplasts although its shape is different. It contains a single cup-shaped chloroplast
which is filled with long thylakoid membranes without clear differentiation into grana

and stroma [11].

B. Light-Harvesting Complex Proteins and the Photosystems

The thylakoid membranes of the green plant and green algae chloroplasts contain
lipids and proteins in a weight ratio of about one to one. There are five major
functional assemblies within the membranes. Three of them are involved in the
excitation energy transfer processes. They are the light-harvesting complexes (LHC),
photosystem I (PSI), and photosystem II (PSII). The other two assemblies are the
carriers, the cytochrome bg-f complex, for electron and proton transport across the
membrane and the coupling factor complex for ATP (adenosine triphosphate) synthesis
to store chemical energy. Fig. 2.2 is an illustration of part of thylakoid membranes
which gives a topological view of the photosynthetic apparatus and processes. Those
assemblies composed of pigments and proteins are embedded within the lipid bilayer of

the membrane in a specific organization determined by their physical and chemical
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Five functional assemblies

embedding in lipid bilayer membranes are: LHC (light-harvesting complex), PSI
(photosystem I), PSII (photosystem II), Cyt b,-f (the cytochrome b,-f complex) and
CF,-CF, ATP synthetase complex. The sequence of photochemical reactions, electron
transport, ATP synthesis and oxidation of NADP+ are also shown. Other elements are:
Q, the electron acceptor of PSII; PQ, plastoquinone; PC, plastocyanin; X, the electron
acceptor of PSI; Fd, ferredoxin; Red, NADP* reductase; CF; and CF,, the ATPase.



properties [12-14].

LHC, composed of chlorophyll a/b proteins and other pigments, serves as the

primary system antenna. Its role is to absorb and transfer light to the photosystems.
Recent studies show that the LHC a/b-protein complex has various forms which
associate with different part of the photosystems [3,15,16].

PSI and PSII contain mainly chlorophyll g molecules. Each of these
photosystems has its own RC. About 1 out of 200 chlorophyll molecules in PSI and
PSII are associated with RCs. In the RC of PSII there is a dimer of chlorophyll a-
molecule (P680) with its absorption maximum around 680 nm. It becomes the primary
electron donor after excitation [17]. In the RC of PSI, a dimer of chlorophyll a-

molecule with its absorption maximum at 700 nm (P700), plays a similar role [18].

C. Chlorophyll Molecules and Protein Complexes

Chlorophyll molecules are the major pigments of photosynthesis. They are
associated with the polypeptides in the form of chlorophyll-protein complexes [19].
The chemical structures of chlorophyll a, chlorophyll b and an X-ray structure of a

bacteriochlorophyll a-protein from the green photosynthetic bacterium Prosthecochloris

aestuarii [20] are shown in Fig. 2.3. (As of this writing, structures of chlorophyll a/b
proteins have not yet been determined in atomic detail. However, the structures are
expected to be similar to that of the bacteriochlorophyll a-protein.) Probably a primary
function of the protein in these complexes is to maintain an optimal geometry for energy
transfer between molecules. About 50% of chlorophyll a molecules and almost all
chlorophyll b in higher plants and green algae belong to the chlorophyll a/b protein
complexes. Recent studies show that LHC is a trimer consisting of three monomers

with 8 chlorophyll a and 7 chlorophyll b per monomer [21-24]. Two other major



(b)

Fig. 2.3 Structures of chlorophyll molecule and pigment protein. (a) Structure of
chlorophyll a (R = CH,) and chlorophyll b (R = CHO). (b) X-ray structure of a
bacteriochlorophyll a-protein from the green photosynthetic bacterium Prosthecochioris
aestuarii. Bacteriochlorophylls (Bchl) (the numbered structures) attach to the backbone
which is formed by polypeptides. ( reproduced with permission from [20] ).
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functional chlorophyll a-protein complexes are associated with PSI and PSII
respectively. Their structures and compositions vary from pigment to pigment and are
still under investigation.

Absorption spectra of chlorophyll a and b in methanol are shown in Fig. 2.4a.
The spectral properties of the complex are different from those of individual chlorophyll
molecules in solution. For example, the absorption spectrum of intact chloroplast (Fig.
2.4b) is quite different from that of chlorophyll g or b in solution. The environment
within the chlorophyll-protein complex is responsible for the changes.

Because of their similar structure and thylakoid membrane organization of the
photosynthetic unit, the green plant chloroplasts and green algae can be described by

similar energy transfer kinetics.

2.3 Primary Processes of Photosynthesis

A. Physical Process: Excitation Energy Transfer

An electronic excited state of a molecule is created when it absorbs a photon.
There are a number of ways for this excited molecule to revert to the ground state: by
transferring the excitation energy to another molecule, by forming a triplet excited state
and phosphorescing, by fluorescing or undergoing other nonradiative processes such
as dissipating heat to the bath. Within the photosynthetic units most of the excitation
energy is transferred step by step quickly enough that it is trapped by the RC before
other processes destroy it. At the RC photochemical conversion can take place or,
instead, the exciton can hop back into the antenna pigment. An excitation may visit the
RC many times before it is used in the process of photochemical conversion. The

characteristic times for energy transfer from pigment to pigment vary from
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Fig. 2.4 Room temperature absorption spectra of (a) chlorophyll a (solid line) and
chilorophyll b (dashed line) in methanol and (b) spinach chloroplasts.
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femtoseconds to picoseconds, depending on the geometry and the environment of the

pigments [25-27].

'B. Chemical Process: Energy Conversion

A chemical process starts after the excitation energy is trapped by the RC. In
contrast to the antenna chlorophylls, the chlorophyll molecules located in the RC are
photochemically active. A “series scheme” has been found to be very successful to
describe the initial chemical process of photosynthesis (Fig. 2.5). When the primary
electron donor of PSII (P680) traps a exciton, it forms an excited state. Then P680
provides an electron which goes through a series of electron transfer components to
P700, P700 being previously photo-oxidized. H,O supplies the electrons needed to fill
the holes produced by P680 electron transfer, liberating oxygen molecules and creating
H* ions. During the electron transport from P680 to P700, ADP (adenosine
diphosphate) is converted to ATP and free energy is stored. When P700 is excited, it
donates an electron through an electron transport chain to convert NADP+ (nicotinamide
adenine dinucleotide phosphate) to NADPH (a reduced form of NADP+), thus storing
energy. A cyclic electron transport process occurs when there is insufficient NADP+ to
accept electrons. In this case, an electron generated from P700 flows back to the
oxidized form of P700 through an electron transport chain and ATP is generated
without NADPH formation. Eventually the energy-rich molecules ATP and NADPH
are used to convert CO, to glucose. The two photosystems work cooperatively to
complete the processes of photosynthesis. At least eight photons (with energy equal to
or greater than 1.8 eV for each) are required to drive the chemical reaction to produce
one O, and one carbohydrate (CH,O) unit and store approximately 4.8 eV of energy for
the use of biosynthesis [28,29].
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At the RC of PSII, the first three members in the electron transfer chain are those

of the electron donor P680, the primary electron acceptor pheophytin I and the electron
acceptor, a quinone Q. After the charge separation occurs between the P680 and I, the

| latter is reduced and it then delivers the electron to the quinone Q. In the case that Q is
reduced chemically or optically, it can not accept the electron from I anymore, thus the
electron transfer is blocked. A RC of PSII is closed if Q is reduced, otherwise it is

open.
2.4 Mechanism and Models of Energy Transfer

Understanding the mechanism of energy transfer in photosynthesis has been a
goal for decades. Both theoretical and experimental approaches have been made. A
noncoherent random-walk process is believed to be the mechanism of excitation
migration among molecules in the majority of cases (for discussion of the role of
coherence, see references [30]). The interaction between molecules which causes
energy transfer is a long range transition dipole-dipole interaction. The theory of this
process was developed by Forster [31]. The exciton transfer rate may be calculated

from

kpa = (/TRR)S 2.1).

Here kyy , is the energy transfer rate from the donor to the acceptor molecule; Ty, is

the lifetime of the donor; R is the distance between the donor and acceptor molecules

and R is called the critical transfer distance which is defined in eq. 2.2.
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In equation 2.2, ¢ is the speed of the light; n is the refractive index of the solvent;
v is optical frequency; I(v) is the spectral distribution of fluorescence of the donor
(measured in quanta per unit frequency) and o(v) is the optical cross-section of the
acceptor. This equation is an average of the R, factor over all mutual orientations of
the donor and acceptor transition dipoles [31]. We see therefore that the transfer rate
depends on the distance between the two molecules and the overlap of the fluorescence
spectrum of the donor with the absorption spectrum of the acceptor. The formula thus
provides a way to estimate the probabilities of energy transfer between molecules in a

given system.

A. Three Levels of Studies

Photosynthetic systems such as green-plant and green-alga chloroplasts are the
most complicated, with highly overlapping spectra. Therefore, to understand the
energy transfer processes in such systems one must approach the problem in many
ways. The methods used in time-dependent spectroscopic studies of excited state
kinetics have been classified according to three levels: the physical level, the

compartmental level and the decay level [32].

(i) Physical Level
Study at this level is based on the knowledge of the mechanisms described above

and a proposed or known structure of the system in which an individual molecule or
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pigment-protein complex is considered as the basic unit. The goal is to relate measured
observables with the physical quantities which describe the details of the mechanism of
the excitation migration in the system. Theoretical approaches have been made
A including the work of Knox [33,34], Pearlstein [35] and Paillotin [36,37]. A summary
of the work has been recently provided by Van Grondelle [27]. Generally it is assumed
that the antenna molecules or protein complexes occupy the sites of a regular lattice to
form an array and an exciton undergoes a random walk process from one molecule to
another until it is trapped by an RC. Physical quantities, such as the random walk
lifetime, first passage time and single-step hopping time are calculated from various
proposed models, which are in turn related to the experimentally measurable quantities.
As an example of a calculation at the “physical level”, Pearlstein proposed a
method to determine the first passage time experimentally [38]. In his simplest model
calculation, N antenna molecules and one RC are assumed to form a regular lattice
(N>>1). An exciton can be generated anywhere with an equal probability and executes
a random walk until it reaches the trap (RC). At the trap, it can be either returned to the
antenna or used to initialize the photochemical process. The random walk lifetime of an
exciton can be expressed as a function of the number of antenna molecules N, a factor
which depends on the geometry of the lattice, the Forster transfer rate between adjacent
antenna molecules, and the rates for an exciton to transfer into and out of the trap.
This lifetime is further related to the probability of exciting an RC and the first passage
time. From this relationship, the first passage time and other transfer rates can be
determined by measuring the fluorescence decay time at selected wavelengths which
excite different portions of the RC. The prediction gives a rather straightforward
relationship between the physical parameters and experimental observables which needs

to be studied further by experiment.
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Most of the studies at the physical level are based on the assumed or known
structures of the system on a molecular level. Since very little is known on details
about the arrangement of individual pigment molecules in most antenna complexes, the

- problem of relating experimental observations to specific structural features is difficult.
In addition, there are too many parameters to take into account in the model while only
a few of them are measurable, therefore the uncertainty of the solution is large. Indeed,
models at the physical level often involve assumptions or implications which are readily
dashed by experiment; for example, Freiberg’s report on the fluorescence measurement
of R. rubrum showed independence of the decay profile with excitation wavelength

[39], so the Pearlstein calculation would be difficult to use in this case.

(ii) Compartmental Level

A compartmental or species-associated level of study is based on the collective
properties of the various components, classified either by pigment type or by actual
units (PSI, PSII LHC, for example). Thus all microscopic details of the energy
transfer, trapping and detrapping processes are neglected. Model parameters are
commonly used to simulate the experimental curves. It is a useful approach for
simulation of excitation migration and for attempting to correlate the resulting
fluorescence properties from a model system. At this level, kinetic models are
proposed to associate with energy distribution, transfer rates and fluorescence spectiral
characteristics of the system. Details such as the structure related to the RC and antenna
size, the statistical considerations of energy transfer and arrival times are replaced by
phenomenological kinetic rate constants referring to processes within and between

components.
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For example, in a three-population kinetic model the time-dependence of the
excited state populations are expressed in terms of intrinsic fluorescence lifetimes,
excitation transfer rates between compartmental elements, absorption cross-sections,

“annihilation rates and so on [see chapter 3 for the equations]. The excited state
population is proportional to the fluorescence intensity at a particular wavelength;
therefore the solution of the equations can be used to simulate the profile of the
fluorescence decay curve. Wittmershaus ¢t al. studied the time-dependent fluorescence
decay of spinach chloroplasts at 77 K [40]. The decay profiles at 685 nm changed
upon exciting the sample at different intensities. Rise phase changes were mainly
observed in the 735 nm region, where a biphasic rise appeared at low excitation
intensity and a monophasic rise at high intensity. A three-population kinetic model was
used to fit the decay curves. For the data taken at 685 nm, the result suggests that
energy is transferred from a large pool of antenna chlorophyll to a small pool closely
connected to the RC of PSII and all exciton annihilation occurs in the small pool. For
the fluorescence at 735 nm, the biphasic rise and its sensitivity to the excitation intensity
are explained by a three-pools model. The three pools are “nearby” and “distant” pools
related to a third pool which is the only one contributing to fluorescence. The “nearby”
pool of excitation first flows into the fluorescing species at a high rate and after the
“nearby” pool’s initial population is transferred, the “distant” pool supplies its
excitation at a limited rate.

There are still more kinetic parameters in the models than experimental
observables, so it is still not sufficient to accurately determine all the parameters in the
model. However, study at the compartmental level is a lot better in this aspect than that
at the physical level. Two major efforts can be made to improve the solutions. One is

to vary the experimentally controllable parameters, such as the excitation intensity as in
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Wittmershaus’s work. The other is to get parameters from other independent

experiments or from the literature.

(i) Decay Level

Studies at this level involve extracting parameters directly from the experiments.
In the case of fluorescence decay measurements, it is generally assumed that each curve
can be described by a sum-of-exponentials convoluted with the system response of the
excitation pulse. Each decay lifetime might correspond to an eigenvalue of the matrix
of kinetic coefficients in the equations mentioned above (compartmental level). The
amplitude of a component is often assumed associated with the absorption cross-section
of the antenna pigments. By solving the kinetic equations at the compartmental level,
expressions for the decay lifetimes and amplitudes in terms of kinetic model parameters
can be obtained in principle [41]. While the decay-level fitting parameters are well
defined and related with the experimental data directly, their relationship with kinetic
parameters is not necessarily simple. As at the compartmental level, additional
information is needed from other sources to relate the picture to a deeper level.

Schatz ¢t al. measured time-dependent fluorescence of PSII particles isolated from
a blue-green alga Synechococcus by using photon counting techniques [42a]. The two-
exponential fit indicates decay lifetimes of 80 and 520 ps with open RC and 220 and
1300 ps with closed RC. The fluorescence yield increased 3-4 fold in the latter case. A
kinetic model of the primary reactions in the RCs of PSII was proposed which included
the rate constants for describing the processes of radiative decay, charge separation,
charge recombination and charge stabilization [42b]. The absorbance change measured
by pump-probe apparatus was used as the additional information in solving the kinetic

parameters. One of the interesting results from the model calculation was that the long-
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lived fluorescence component is the emission from equilibrated excited states of antenna
chlorophyll rather than the charge-recombination luminescence as suggested by Klimov
[43].

| Generally speaking, study at the physical level deals with more detailed physical
properties of the system; on the other hand, studies at the compartmental level and at the
decay level are more directly related to the experimental observables. There are
connections among the three levels of study. The compartmental parameters can be, in
some cases, related to the quantities at the physical level and a component at the decay
level can be expressed in terms of the compartmental parameters. In this study, the

methods of the compartmental level are used.

B. Spectral Studies and Kinetic Models For Energy Transfer in Chloroplasts at Low

Temperatures

For a quantitative description of the energy transfer process in a given case, two
kinds of information are required: the spectra associated with individual components
and their time behavior, which can be obtained from steady-state and time-resolved
fluorescence measurements, respectively. A very large number of papers have dealt
with the process of sorting out the compartments of the spectra of green plants and
green algae. The brief review here will concentrate only on two aspects of special
relevance to us: characterization of the emission bands in terms of pigment complexes
at low temperatures and picosecond fluorescence kinetics related to the energy transfer

between the pigment complexes.

(i) Steady-State Fluorescence Stu:iies

The fluorescence of in vivo photosynthetic systems is not homogeneous in origin.
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Steady-state emission spectra of spinach chloroplasts measured at room temperature
(dashed line) and 77 K (solid line) are shown in Fig. 2.6. At 295 K, the spectrum of
green plant chloroplasts contains a major band at 685 nm, mostly from PSII, and a
broad shoulder in the region of 710-740 nm attributed to PSI {27,44,45). The
spectrum at 77 K is markedly different from that at 295 K. Five emission bands,
F680, F685, F695, F720 and F735, are generally resolved [46-49])°. The spectrum of
green algae at 77 K is similar to that of green plant chloroplasts on the short wavelength
side, containing F680, F685 and F695, while at longer wavelengths the emission
bands are F707 and F717 which originate from PSI [50,51].

Characterization of the emission bands has been made in terms of the pigment-
protein complexes involved in the energy transfer processes or emission (sec a review
[45]). Assigning the origin of the emission bands has also been approached by
investigating isolated particles or photosynthetic mutants to reduce the complexity of the
photosynthetic system. Based on the facts that F680 disappears in mutant chloroplasts
missing LHC [48,49] and that the purified LHC has its emission maximum at 680 nm
[52-54], the emission band at 680 nm is assigned to LHC emission. The fluorescence
yields of F685 and F695 change with the redox state of the RC of PSII and the
similarity is observed in the study of isolated PSII particles and LHC-less mutants [55-
57). The F685 band is attributed mostly to PSII emission and probably a small part
contributed by LHC [58]. Most F695 is thought to originate from PSII. However,
there exists disagreement about the precise origin of the F695 [42,43,59-61]); a clear

consensus awaits further work. The emission band F720 of chloroplasts is attributed

* We use abbreviation “Fnnn” to denote fluorescent emission centered at nnn nm and
“Cnnn” for absorption band centered at nnn nm.
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Fig. 2.6 Fluorescence emission spectra of spinach chloroplasts at room temperature
(dashed line) and at 77 K (solid line).
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to the internal antenna (a pigment called C697) of PSI while F735 is attributed to a
pigment C705 which is part of the PSI complex [3,62]. The PSI fluorescence has been
studied extensively in isolated PSI particles (for details see [57,63,64]). Similar
‘studies on the green alga C. reinhardii and its various mutants were done by Garnier ¢t
al. [51]. Each emission band at 77 K was associated with a specific pigment. The
details are discussed in chapter S.

In spectral studies, it is generally assumed that the different fluorescence
components arise from different portions of the antenna pigment complex or from the
RCs themselves, but definite evidence to support this assumption is lacking. The
complexity of the network of deexcitation paths available in vivo has complicated the
analysis and interpretation of fluorescence in photosynthetic systems. The assignment

of an emission band to a particular photosynthetic pigment is tentative in most cases.

(ii) Time-Resolved Fluorescence Studies

Various kinetic models for excitation energy distribution and transfer have been
proposed based on the spectral properties and the time dependent behaviors of the
fluorescence (see recent reviews [7,65,66]). Fluorescence characteristics in the time
domain provide information about the path of excitation flow and excitation transfer,
trapping and even the repopulation of excited electronic states. In picosecond studies,
several groups have reported the detection of three to four decay components in the 50-
3000 ps time range [67-71] at room temperature. At low temperatures, time-dependent
fluorescence is investigated in two wavelength regions: wavelengths below 700 nm,
mainly associated with PSII kinetics, and those above 700 nm, associated with PSI

kinetics.



24

In the PSII emission region, measurements with intact thylakoids or isolated PSII
particles show that at least three exponentials are required to fit the decay curves [72-
75]. In Reisberg’s experiment, the three decay components were similar to those at
room temperatures and were thus assigned to have the same origin independent of
temperature, mainly from PSII [75]. However, one has to be careful in interpreting the
meaning of these decay lifetimes. In the previous studies, those decay components
were either related directly to the transfer rates in the kinetic model or converted to the
kinetic parameters such as excitation transfer rates and charge separation rates. Clear
and definite relationships between the transfer rates and emission bands are lacking.
There are some studies which investigated the time-dependent fluorescence at various
wavelengths and related transfer rates with specific emission bands. Avarmaa et al.
measured the time-dependent fluorescence of PSII particles at wavelengths 681, 685
and 695 nm at low temperatures [76]. A tentative scheme of excitation transfer was
proposed in which energy is transferred from light-harvesting system of PSII (F681
and F685) to the RC (F695). A time-resolved fluorescence spectra study done by
Mimuro ¢t al. provided a more complete picture of the time-dependent behavior of each
emission band [77]. An emission band at 680 nm appeared right after the excitation,
shifted to 685 nm within 160 ps and further shifted to 695 nm within 350 ps. The
entire process was explained as energy flow from LHCII to the. 685 nm component and
further to the 695 nm component, the latter two being assigned to PSII chlorophyll a.
However, no quantitative compartmental model was proposed.

Upon cooling, a remarkable change has been observed in the long wavelength
region where PSI emits (F735). A risetime of 50-150 ps and a decay time around 3 ns
are observed [75,78,79]. This is not seen at room temperature. Utilizing the streak

camera detecting system with the capability of measuring the fluorescence risetime in a
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picosecond order, Wittmershaus et al. measured time-resolved fluorescence from
spinach chloroplasts at 77 K and revealed a biphasic rise [40]. A three-pool kinetic
model was proposed to explain the data, as already mentioned in section 2.4.A. The
fluorescence kinetics in this region were extensively investigated on the various isolated
PSI particles which gave a detailed model [64,80,81].

The heterogeneous origin of the fluorescence from photosynthetic membranes is
clearly shown in these kinetic studies. Our knowledge of the whole process of the
energy transfer is limited by incomplete experimental data. Two useful approaches
have been made in this study to provide more information for better describing the
energy transfer process in photosynthesis. They are: (1) to relate the room temperature
data with low temperature data and (2) to relate the fluorescence origin of the

fluorescence assigned from steady-state spectra with time-dependent data.

2.5 Questions to be Answered

The goal of the study reported here is to identify and characterize a kinetic
component which gives information about energy transfer from LHC to PSII. The
spectral properties of this component have been studied at low temperatures [47,48].
The questions to be answered in the study are: what is the energy transfer rate and
pathway between LHC and PSII? How does this transfer process change with
different conditions and associate with other parts of the system? Time-dependent
fluorescence from spinach chloroplasts and the green alga C. reinhardii were measured

at low temperatures to investigate the questions posed.



Chapter 3. Materials and Methods
3.1 Sample Preparation

A. Spinach Chloroplasts

Fresh spinach leaves were obtained from a local supermarket (Chummy Bunny
brand). The sample preparation procedures for obtaining chloroplasts are those of
Breton, Roux and Whitmarsh [82]. The leaves were washed and ground in a buffer
solution of 20 mM Tris at pH 8.0, 0.4 mM sucrose and 20 mM KCIl. After
centrifugation at about 2000g for 1 minute the top and middle part of the pellet were
taken and resuspended in the same buffer. The sample was kept in the dark on ice until
use. Before low temperature measurements, the suspension of chloroplasts was diluted
with the same buffer solution and mixed with about 75 + 10% (v/v ratio) of glycerol to
a final concentration of 0.1 to 0.4 optical density (OD) at 532 nm in order to prevent

crystallization upon cooling.

. B. C. reinhardii and its Mutants

C. reinbardii and its mutants were kindly provided by Prof. L. Mets of the
University of Chicago. Wild-type C. reinhardii (DES15) and five different mutant
strains (called B4, LM15-4D1C, B1, 10-3C and 12-7) were studied. All of them were
grown under the same conditions. The cells were kept on agar plates for long-term
storage and inoculated in 100 ml of Tris-acetate phosphate (TAP) medium [83] in
200-ml Erlenmeyer flasks with a stirrer bar in each. The cells were placed on a

magnetic stirrer and grown in the dark at 25°C. They were extracted for use during the
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the growth curve (usually 4-6 days after inoculation), at a concentration of about 10°--

106 cells/ml.

“C. Sample Cooling

For steady-state measurements, a 4-mm diameter EPR tube (the name originates
from its use in electron paramagnetic resonance measurements) was used to contain the
sample. This was put into a liquid nitrogen dewar which had a clear finger for optical
measurements. To cool the sample to 77 K, it was necessary first to let the EPR tube
rest directly above the liquid nitrogen so that the sample froze from bottom to top to
prevent the tube from cracking. Then it was put quickly into the dewar.

For time-dependent fluorescence measurements, the sample was kept in a home-
made cuvette with 10 by 10 mm frontal area and 0.5 to 1 mm depth. Its back wall was
made of 4 mm thick glass to prevent reflected-beam excitation. When cooling the
chloroplasts, five-minute epoxy was used to seal the cuvette with the sample inside.
The cuvette was then attached to the cold finger of a closed-cycle helium refrigerator
system (CTI Cryogenics Model 21). The chamber was evaporated to 50 uwTorr by a
roughing pump and then cooled to the desired temperature. When cooling whole cells,
the same type of cuvette was used. In order to keep the cell structure unchanged -
during the cooling, the sample was frozen by dipping it into liquid nitrogen first, then
quickly attaching it to the cold finger of the cooling system to attain temperatures equal

to or lower than 77 K.
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3.2 Steady-State Spectra Measurements

A. Absorption Spectra
Absorption spectra were taken on a Perkin-Elmer UV/VIS spectrophotometer

model A—3 and plotted by a Perkin-Elmer 561 recorder. The cuvette was the same as

that used in the corresponding fluorescence measurement.

B. Emission and Excitation Spectra

Fluorescence emission and excitation spectra were taken on a Perkin-Elmer
spectrophotometer model MPF-66 controlled by a series 7000 professional computer.
The experimental configuration for measurements at 77 K is shown in Fig. 3.1. The
intensity of the excitation beam was controlled by the width of the slit S1 and filters
F1. Fluorescence was collected at a 90-degree angle. In order to collect more signal, a
50-mm focus lens L was added after the dewar to correct for the defocusing effect
caused by the shape of the dewar and the cuvette. Short-wavelength cutoff filters F2
were used in front of the emission slit S2. Sample concentrations were kept low ( OD
< (.1 at 680 nm ) to avoid reabsorption. The data were later transferred and analyzed

on a VAX computer (Digital Equipment Corporation).

3.3 Time-Resolved Fluorescence Measurements

A. General Description
The experimental layout is shown in Fig. 3.2. A single 1064-nm 30-ps pulse
was generated from an active-passive modelocked Nd3+:YAG (neodymium3+:yttrium

alumium garnet) laser [84,85] and a Pockels cell switchout system. The pulse was
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Fig. 3.1 The set up inside the sample housing of the Perkin-Elmer MPF-66
spectrophotometer for fluorescence measurements at liquid nitrogen temperature. S1
and S2 are excitation and emision slits respectively. F1 and F2 are filters. L is a focus

lens.
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Fig. 3.2 Experimental layout for time-resolved fluorescence measurements.
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Fig. 3.3 Schematic drawing of the laser, Pockels cell and amplifier system. HeNe
laser is used to align the system. FM and BM are front and back mirrors. B is a

Brewster window polarizer. ML is a

crystal of the acousto-optic modelocker, RF is its

radio-frequency generator. P1, P2 and P3 are polarizers. PC1 and PC2 are Pockels
cells controlled by a discriminator and time-delay system D.
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amplified by a second laser head to 400-600 pJ. A beam splitter was used to divide the
pulse into two parts. One was frequency doubled to excite the sample and the other
was used to trigger a GaAs:Cr semiconductor switch in order to trigger the streak
camera [86]. In most of the experiments, the excitation intensity was kept below
5x1013 photons/cm? per pulse in order to avoid nonlinear processes during the
excitation transfer [40,87]. The sample was mounted on the cold finger of a closed-
cycle helium refrigerator inside a vacuum chamber to attain low temperatures.
Fluorescence was collected at a 90-degree angle by a set of collecting lenses. Various
cutoff filters and interference filters were placed between the sample and lenses, the
configuration depending on the measurement. A streak camera-intensifier-optical
multichannel analyzer (OMA) system was used to detect, amplify and digitize the
signal. An EG&G Princeton Applied Research computer (Model 1215) was used to

control the experiment and record the data.

B. Laser System

A Nd3+:YAG laser, shown in Fig. 3.3, was used as an excitation source for the
time-dependent fluorescence measurements. Inside the laser cavity were a temperature
controlled acousto-optic modelocker and a flowing dye cell acting as an active and a
passive modelocker respectively. Kodak Q-switch dye dissolved in chlorobenzene was
used at a concentration which gave 9-12 pulses at full width half maximum (FWHM)
of the pulse train envelope. These pulses were 10 ns apart. Two Pockels cells with
three polarizers were used after the laser to select a single pulse out of the pulse train.
The three polarizers were set up with their polarization axes perpendicular to each other.
Two Pockels cells were controlled by a discriminator and a time delay system to select

the central pulse with an extinction greater than 104 (the extinction was defined as the
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ratio of the peak of the selected pulse to that of the pulse leaking through the Pockels
cell system). This 1064-nm 30-ps pulse was then amplified by an second laser head to
400-600 pJ. Pulse energy was measured by an Rj-7200 Energy Ratio Meter (Laser

" Precision Corporation). The typical pulse energy fluctuation at 532 nm was +15%.

C. Detecting System

Two streak cameras were used in the experiment. One was a lab-built streak
camera containing an image converter tube with a multi-alkali semi-transparent substrate
of S-20 type photocathode (Delli Delti Limited, Picotron 100). The other was a
Universal Temporal Disperser streak camera (Hamamatsu Photonics, Model C1587-01)
with a model N2367 streak tube which had an S-1 photocathode. The two tubes work
in a similar way. The main part of a streak camera is the photon-electron converter tube
with a GaAs:Cr switching circuit (Fig. 3.4 [85]). Photons incident on the
pﬂotocathode of the tube are converted into electrons. Those electrons are accelerated
by the high voltage between cathode and anode. A focus cone is placed between the
photocathode and anode to prevent electron beam dispersion. A time-dependent voltage
applies to the deflecting plates changed the flight direction of the electrons to convert
time information into spatial information. The arrival positions of the electrons at the
phosphore screen then reflects the time course of the incident light. The sweep rate
depends on the bias voltage and RC constant of the switching circuit. The starting time
of the sweep voltage is controlled by the arrival of the one part of the laser pulse at the
GaAs:Cr switch via an optical delay line. The signal on the phosphor screen of the
streak tube amplified by the intensifier is then imaged on the vidicon detector. An
optical multichannel analyzer (OMA) is coupled next to the detecting system to digitize

the signal.
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Fig. 3.4 Strcak camera image converter tube with GaAs:Cr switching circuit. Cl,
C2 and C3 are capacitors. R1 and R2 are resistors. H.V. is a high voltage power

supply.



34

D. Data Acquisition
After the signal emerging from the streak camera was amplified, it was imaged on
~a 500 by 500 two-dimensional diode array vidicon detector. A scanning electron beam
was used to read out the signal from each diode. The charge required to recharge the
diode elements was proportional to the signal intensity on the diode. Since the time
required to recharge a diode depends on the level to which the diode is discharged, the
recording of the signal by the system is not linear. The stronger the signal on a diode,
the fewer scans were needed to read out the signal. Therefore the number of scans
affected the system linearity response to the signal. Twenty scans were used for every
shot in the measurement which was tested to provide reasonable response linearity and
minimize further noise accumulation [85]. The process was controlled by an EG&G
Priceton Applied Research System Controller (model 1216) and a System Processor
(model 1215) computer. Data acquisition programs written in Forth [85] were used to
control the experiment and record the data. For each data curve with 470 data points, 5
preshots were taken to initiate the system, then 100 to 400 shots were added up to
improve the signal-to-noise ratio. The experimental data were stored on floppy disks
right after each measurement then transferred to the VAX computer for corrections and

analysis.

E. System Calibration

For each experiment, the system was calibrated as follows:

(i) Operating the streak camera in focus mode, i.e. with no sweep voltage on the
deflecting plates of the streak camera tube, a narrow slit image scattered from a piece of
paper was best imaged on the detector by adjusting the position of the paper and the

focus of the fluorescence collecting lenses. Limited by the spatial resolution of the
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streak camera tube, a 7-channel image from a 1 mm slit was accepted as the achievable
result. Practically, however, the excitation beam was expanded until its image in focus
mode was 10 to 13 channels wide to provide the maximum amount of fluorescence
from the sample with an acceptable loss of time resolution.

(ii) To calibrate the time linearity of the system, a laser pulse was sent through an
etalon which caused multi-reflections of the pulse spaced 125 ps apart. The system
was set to work in a linear region by adjusting the offset voltage and sweep voltage of
the deflecting plates of the streak camera tube, and the optical delay line which
controlled the arrival time of the laser pulse. An etalon curve, shown in Fig. 3.5, was
taken as a standard for time linearity and scale.

(iii) A fluorescence curve produced by excitation of rhodamine 6G in methanol,
which has a lifetime much longer than the time scale of our detecting window, was
taken as a reference for the channel-to-channel system response correction.

(iv) To correct for background light, a curve was taken by blocking the excitation
beam after each data curve.

Fluorescence lifetimes of several dye solutions were measured for comparison
with literature data (seec Table 3.1). Fig. 3.6 shows one-exponential fits of

fluorescence decay curves of malachite green in H,0 and rose bengal in H,0.

Table 3.1 Fluorescence lifetimes of dyes. Comparison with previous work.

Dye 1-exponential fit lifetime Previous results
Malachite green 3.0+£1.0 ps 20+1.0ps [88]
inH,0
Rose bengal 85.0+5.0 ps 90.0+5.0 ps  [89]

in H,0
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Fig. 3.5 Time-dependent intensity of an excitation pulse sent through an etalon. The
curve was taken from the measurement of the scattering light of the excitation pulse
from a piece of paper. An etalon causes multi-reflection of the pulse spaced 125 ps
apart.
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Fig. 3.6 Single-exponential fit of time-resolved fluorescence of (a) malachite green

in methanol, T = 5.7 ps and (b) rose bengal in water, T = 89.1 ps. The experimental
curve in each case is a sum of 100 shots. The long dashed line is the fit and the short
dashed line is the profile of excitation pulse.
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3.4 Data Analysis

A. Fourth-Derivative Analysis of Spectra

For the steady-state spectral analysis, a fourth-derivative method was used [90]
to better resolve the emission bands. The fourth-derivative spectra were obtained by
making four sequential differentiations of the fluorescence spectra. The differentiation
intervals were varied to optimize the signal-to-noise ratio and resolution (a typical

interval was 3-5 nm conresponding to 15 to 25 data points).

B. Data Correction

General: The time-resolved fluorescence was detected by an OMA 1II and
digitized by a computer as described in part 3.3 D. There were 470 data points per
curve, recording the intensity of the signal from 470 OMA channels. The regular
routine for taking data in the experiment contained the following steps: (1) a time
calibration curve was taken by sending a laser beam through an etalon to get a set of
pulses separated by 125 ps, to check the linearity of the time axis and get the time-to-
channel conversion factor (Fig. 3.5); (2) a rhodamine 6G fluorescence curve was taken
for channel-to-channel response correction; (3) an excitation curve from the light
scattered from a piece of paper was taken; (4) fluorescence curves from the sample
were taken and (5) a background curve after each fluorescence curve was taken, by
blocking the excitation beam.

Linearity correction: a particular error was caused by the electron beam scan. As
described in part 3.3.D, when the electron beam scanned the vidicon to read out the
signal, usually 20 scans were taken. There were differences among the signals with

different intensities. The stronger the signal, the greater the efficiency of the scan. An
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assumption was made to correct this system error. eq. 3.1 shows the relation between

the real signal S(i) and recorded fluorescence F(i).

l/a ]

{s®)} = {Fo) 3.1)

In this equation “{...}"” denotes an array and i denotes the i** point of a data curve
recorded by one OMA channel. a is the linearity factor determined as follows: for a
fixed fluorescence intensity from the sample, the signal was detected at various
intensity levels by adding neutral density filters in front of the streak camera, and then
eg. 3.1 was used to determine a. It is assumed that o is independent of i, therefore an
integrated value F over the whole range of i was used instead of {F(i)}. A setof F
numbers was plotted as a function of the transmittance of the neutral density filter used
in the measurement. The plot is on a log scale (Fig. 3.7). The slope of the straight line
obtained from least-squares fitting gives value of a.

Residual background correction: the main source of the background was room
light and the dark current of the streak tube. Fig. 3.8 shows a fluorescence curve
{D()} and a background curve {B()}.

Channel-to-channel response correction: we took a time dependent fluorescence
curve R(i) from a known long-lifetime dye (rhodamine 6G was used in our experiment)
with its time zero displaced from the detecting window (Fig. 3.9). The fluorescence
lifetime of rhodamine 6G in methanol is 3.5ns[91]. After the lifetime correction,
shown in eq. 3.2, the corrected rhodamine curve CR(i) gave a system channel-to-

channel response correction.
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Fig. 3.7 Determination of linearity response factor of the detecting system to
different level of the intensity of signal. Refer to the text for details.
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Fig. 3.8 Time-resolved fluorescence taken from a sample (upper curve) and the
residual background (lower curve).
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Fig. 3.9 The fluorescence decay curve of rhodamine 6G. The smooth curve was
obtained after smoothing the experimental one.
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{cr®} = { R }exp(w3.5ns) (3.2)

Here t is the real time, its relation to an OMA channel being calculated from the

measured etalon curve. The overall correction for a data curve D) is:

{p®)"*} - {B®)")

{cpi} =N . (3.3).
{cr@)}
Here N is a normalization factor:
D(peak) - B(peak) (3.4).

N =
[D(peak)] lla- [B (peak)] l/a

C. Least-Squares Fitting
A nonlinear least-squares fitting program was used to fit corrected time-dependent

fluorescence curves by a sum of up to 4 exponentials:
n
FO = ) A exp(vt) (3.5).
=1

Here A, and 7, are the amplitude and 1/e decay lifetime of the ith component,

respectively. The sum of the squares of differences between measured and fitted data

curves was used as the criteria for the best fitting. A typical result from the least-



squares fitting and the residual curve are shown in Fig. 3.10. This fitting provided the
general characteristics of the time dependence of the sample fluorescence at decay
level. Some of the parameters obtained from this fitting are used as references in the

model calculation described in section D., which is the study in compartmental level.

D. Kinetic Modeling:
A three-component kinetic model, shown in Fig. 3.11, was used to simulate the

experimental curves [92]. The following coupled kinetic equations were obtained

according to the model.
dN, (1)
2 = (N - NO][0,10) + kipNy @) + k5N 0]
1 :
- N, @® {? + [Nyg - Ny ]y, + [Ny - Ny ]y, + %N, 1) + 6,10}
1 . (3.6)
dN, (1) ‘
d2t = ( same as for N, with cyclic permutation of labels 1>2>3>1 )
dN; (1) :
di = ( same as for N, with cyclic permutation of labels 1>3>2>1 )

Here N, - N;(t) is the number of molecules in the ground state of the component i;
o, and ¢’ are the ground and excited state absorption cross-section of component i,
respectively (in cm?); I(t) is the excitation intensity in photons/cm?2 per pulse; 7; is the
intrinsic decay lifetime of component i; k;; is the excitation transfer rate from component

jtoiand ¥, is the annihilation rate of component i.
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Fig. 3.10 (a) A typical least-squares fitting result and (b) its residual curve. The
fitting parameters are: A, =77.1%; 1, =35.5 ps; A, = 22.9%; 1, = 243.2 ps.
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Fig. 3.11 Three-population kinetic model used in simulation of the experimental
measurements. Refer to text for details.
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During data simulation, some of the parameters were chosen from other
independent experiments or literature and the others were varied until the best fit was

obtained. The details will be mentioned in the data analysis part of each experiment.



Chapter 4. Low Temperature Time-Resolved Fluorescence Studies of

F680 in Green Plant Chloroplasts

4.1 Overview

The spectral and kinetic heterogeneities of the fluorescence emission of green
plant chloroplasts were reviewed in Chapter 2. The study reported here is to resolve
and characterize a specific kinetic component which is involved in the energy transfer

process in the green plant chloroplasts.

A. Spectral Characteristics of F680

Spectral studies of green plant chloroplasts at low temperatures show an emission
band appearing as a weak shoulder at the short wavelength side of the well known band
F685. F685 originates from PSII core antennae which are closely coupled to the PSII
RCs. The peak of the short wavelength emission has been reported over a range of 675
to 681 nm [48,49,93]. In the measurement of the spectra at different stages of greening
of maize leaves at 77 K, Garab ¢t al. [93] found that the fluorescence yield of the band
at 675 nm was higher when the leaf was in the earlier stage of greening, which was
interpreted in terms of an unfavorable arrangement for energy transfer between the
different chlorophyll forms at that stage. Butler proposed a three-component model
(tripartite model) to describe the energy transfer and photochemical processes in PSII
[94]. It was assumed in his model that the fluorescence band F680 at 77 K is
representative of the fluorescence from the chlorophyll a/b complex. This assumption
was upheld in their later experiment in which the isolated chlorophyll a/b complex has

its main emission band centered at 681 nm [48]. Rijgersberg et al. investigated the
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spectral properties of chloroplasts and subchloroplasts of various species of higher
plants and algae in great detail between 100 and 4.2 K [49,95]. An emission band near
680 nm (F680) was clearly observed at temperatures below 15 K. Closer examination
showed that F680 also exists at higher temperatures, and that its height was little
effected by the temperature change [95]. The maximum of the F680 emission is
reached when the excitation wavelength is at the carotenoid or the chlorophyll b
absorption maxima. Carotenoid and chlorophyll b are pigments in LHC. F680 has not
been detected in a chlorophyll b-less mutant which lacks LHC [49,55,95]. Purified
LHC showing an emission maximum at 680 nm was also reported by other groups
[53,96,97]. Therefore, F680 was tentatively attributed to LHC emission. A scheme
for energy transfer in chloroplasts was proposed by Rijgersberg to explain the
experimental results qualitatively. In his model F680 transfers its excitation energy to
PSI and PSII even at 4 K. The temperature dependence of the emission bands was
explained by changes in the thermal equilibrium between the energy levels of the
emission bands upon cooling. The reproducibility of the F680 emission band and its
absence in mutants without chlorophyll b showed that F680 was not simply a low
temperature artifact. However, these assignments were obtained tentatively based on

the spectral characteristics, and much less information was available on its kinetics.

B. Kinetics in the 680-685 nm Region

The kinetics of the two emission bands F680 and F685 have not been well
established mainly because of the complexity of the spectral properties in this region.
The fluorescence decay curves obtained by photon counting methods are usually
detected at 685 nm or at wavelengths below 690 nm and fit by three decay components.

The middle component, with a fluorescence decay lifetime of 200-300 ps and about
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50% of the total amplitude at 77 K, was generally thought to originate from LHC [see
review 7,45,65]. However, it was not clear how this component (obtained at the decay
level) is related directly to the kinetic parameters of LHC at the compartmental level.

~ Also, the fluorescence yield of this component seems much higher than the LHC
emission observed in the steady-state spectra. A closer examination is necessary to find
out the kinetics related to LHC emitting at 680 nm.

In the excitation-intensity-dependence study of F685 at 77 K, a three-population
model was found to fit adequately the data successfully [40]. In this model, LHC
(emitting at 680 nm) absorbs and transfers excitation energy to the proximal antenna of
PSII where annihilation occurs. One problem with the model is that a short intrinsic
lifetime of LHC had to be used in the data fitting which is expected to be on the order of
nanoseconds according to the model. It is possible that the fast decay is the
contribution from other emitters which can be clarified by measuring fluorescence over
an extended wavelength region.

At 77 K, Mimuro [77] obtained time-resolved spectra of spinach chloroplasts and
found an emission maximum appearing right after the excitation with a tendency to shift
from 680 nm to 685 nm over a time period of 160 ps, and further to 695 nm within 350
ps. The understanding of this result is that excitation energy transfer occurs from LHC
to the PSII antenna. Time-dependent fluorescence measurements will provide

information to resolve the emission components.

C. About This Study
The study reported here was designed to answer the following questions: (1)
What are the kinetic characteristics of the emission F680 at low temperatures? The

question should be answered by examining the fluorescence decay rate. If the emitting
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component is connected to the photosystems in the energy transfer chain, there must be
an efficient energy transfer between them. In this case a strong fluorescence emission
with a short decay lifetime should be observed. It is also possible that the emission
originates from dissociated chlorophyll g molecules induced by low temperature
damage. In this case a weak emission with a slow decay rate should be detected.

(2) Is F680 merely a low temperature effect? Or does it also reflect the kinetics
under physiological conditions? A temperature-dependent study over a wide range of
temperatures should provide information to answer the question.

By using picosecond streak camera and interference filter techniques, time-resolved
fluorescence decay curves were measured at various temperatures and wavelengths.

Special attention was paid to temperatures below 77 K.
4.2 Experimental Results

A. Spectral Properties of Spinach Chloroplasts at 77 K

Fig. 4.1 shows the fluorescence emission spectrum of spinach chloroplasts at
77 K. In the short-wavelength region two main emission bands are observed, at 685
nm (F685) and 695 nm (F695). The peak ratio of F685/F69S varied about 20% from
sample to sample. By examining the second or fourth derivatives of the spectrum, a
band around 680 nm (F680) was able to be resolved. In the long-wavelength region
there was a broad band centered at 735 nm (F735). The spectrum is consistent with the

measurements of other groups [95,98].
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Fig. 4.1 (a) Steady-state fluorescence emission spectrum of spinach chloroplasts at
77 K. (b) The foruth derivative of the spectrum in (a).
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B. Time-Resolved Fluorescence Measurements [99,100]

The emission spectrum of spinach chloroplasts at 77 K showed heavy
overlapping of F680 and F685. In order to resolve the two components, time-
dependent fluorescence was measured at various wavelengths. The idea was that if
these two emission bands emitted with different decay lifetimes at slightly different
wavelengths, contributions to a fluorescence decay curve from the two components
would vary as the detection wavelength changed. In the experiment, fluorescence
decay at 680 nm, 670 nm and 660 nm were recorded over a large temperature range
(295 K - 20 K). Bandpass interference filters, IF680, IF670 and IF660 with
bandwidths of 10 nm were used in the corresponding measurements. Emissions at 650
nm and shorter wavelengths were also checked at some temperatures. A very weak
short-lived component could be seen at 650 nm, its decay profile was similar to that
detected at 660 nm but with much lower intensity. No significant signal was detected at
wavelengths shorter than 650 nm. The fluorescence decay curve measured at 690 nm
showed more complicated rise, and decay profiles probably can be contributed to a
combination of F685 and F695 emission. This is not considered in this study.

Fluorescence curves measured at 295 K, 77 K and 20 K are shown in Fig. 4.2.
Differences among the room temperature time-dependent fluorescence at three
wavelengths (the first row of Fig. 4.2) were not distinguishable within the signal to
noise ratio. As the temperature dropped, a gradual change of the decay profile was
observable, especially at the shortest detection wavelength. A fast decay component
can be seen clearly at 20 K and 660 nm. By the simplest assumption, if there are two
emission bands centered at slightly different wavelengths, the one emitting at shorter

wavelength has a shorter fluorescence lifetime.



54

"(2ystiqnd ays jo
uotssiuuad yim 6] waly paonpoidal) siun Areniqle :3[eds [BIIAA [[E1A0 sd QS :9feos [BIUOZUOY WU ()99
1e Pa109[00 2asol) 10 SI0Ys Q0T :SI0Ys Q0T JO WINS 3y AIB WU )L9 PuE WU (89 IE Pa102[[09 BIRp QYL "Swel)
yoed ul padew Se saImeradwa) pue SYISUI[AABM SNOLIBA 1B PAINSEIL 0UIISAIONY paAjosal-auLl ¢’y ‘diq




35

In the experiments, the excitation pulse intensity was kept lower than 5x1013
photons/cm? so that exciton-exciton annihilation and other nonlinear effects could be
neglected [40,87]. The fluorescence intensity at 650 nm was much weaker than the
intensity at 660 nm even at higher excitation flux which excludes the possibility that the
measured signal was due to Raman emission from the sample buffer (the Raman peak
of the water excited at 532 nm is around 650 nm). In some of the measurements, the
fast decay component did not show clearly, which may have been caused by several
reasons. For example, seasonal changes in the Spinach; some uncontrolled difference
in sample preparations, both of which may result in low emission intensity in the 680-
685 nm region which can be seen in the steady-state spectra; sample cracking at low
temperatures causes the scattering of the excitation light which may change the profile

of the fluorescence decay curve.

C. Least-squares Fitting Results

A time-dependent fluorescence curve taken from spinach chloroplasts at 77 K is
shown in Fig. 4.3. The fluorescence was collected at 685 nm by using an IF685
interference filter with a 14-nm bandwidth. The smooth curve was generated by using
a set of parameters based on a photon counting result in reference [75] in which very
low excitation intensity was used. The parameters used for both data fittings are listed
in table 4.1. The two curves match reasonably well to within the noise. This provides
a basis for comparison of the data taken by the photon counting methods and streak
camera methods and shows that nonlinear effects can be neglected in our study even

though a much higher excitation intensity was used.
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Fig. 4.3 Time-resolved fluorescence at 77 K from spinach chloroplasts measured at
685 nm. The curve is the sum of 200 shots. The smooth curve is calculated by
adding three exponential decay components convolved with an excitation pulse
(smooth line). For details about parameters used in the calculation, refer to the text.
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Table 4.1 A comparison of fitting parameters from photon counting and streak
camera data.

A, T A, T A, G
(%) (Ps) (%) (ps) (%) (Ps)

photon counting 13 1520 49 320 38 140
data

streak camera 11.5 1520 49 320 39.5 140
data

Temperature-dependent measurements showed distinguishable fluorescence
decay profiles of F660, F670 and F680 at temperatures below 110 K. The analysis
here concentrates on the data collected at 77 K, 45 K and 20 K. At least two
exponential decay components were required to fit the curves. Table 4.2 lists the
results from a two-exponential nonlinear least-squares fitting of one group of data.
Results from other experiments were on the same order with about 20% fluctuation.

For the results at 20 K, shown in table 4.2, one component of 9 + 2 ps and
another of about 220 + 20 ps existed in all curves in various ratios. The shorter the
detection wavelength, the larger was the portion contributed by the fast decay
component. At higher temperature, the fast decay lifetime increased with temperature
and the slow decay lifetime remained basically the same (the change in the slow
lifetime was within 15% for most of the curves). The amplitude of the fast decay
component was found to contribute more at shorter wavelength, as observed in the
data measured at all temperatures. A third decay component could be added in some
of the curve fittings. Its lifetime was basically in the nanosecond region with large
variations and it had low amplitude. Since the fast decay lifetime is much less

affected by adding the third slow decay component and our system has a limited



Table 4.2 Two-exponential nonlinear least-squares fitting results.
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T, () T, ®9) AT A%
660 nm 8.94 228.7 91.1 8.9
20K 670 nm 10.5 185.3 76.2 23.8
680 nm 9.39 2344 63.5 36.5
660 nm 9.67 164.5 89.6 114
30K 670 nm 11.94 190.8 71.0 29.0
680 nm 12.18 2149 58.2 41.8
660 nm 11.18 303.7 87.4 12.6
45K 670 nm 12.27 233.7 72.9 27.1
680 nm 11.97 220.9 54.5 45.5
660 nm 14.32 218.0 78.5 21.5
77K 670 nm 13.33 218.4 65.0 35.0
680 nm 15.81 254.7 47.7 52.3
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ability to detect the long-time process, this slow decay was either averaged with the

second component or neglected.

4.3 Kinetic Analysis

A. Fluorescence Decay kinetics at 20 K

Utilizing the information from the least-squares fitting, a two-population kinetic
model (Fig. 4.4a) is proposed to explain the experimental results at 20 K. An
assumption is first made that component 1 emits around 680 nm while component 2
emits around 685 nm. The excitation transfer rate K,, in the model corresponds to
k,,N,, in €q. 3.6 (in our case, N,,<<N, and N, << N,; for details see [87]). The

kinetic equations 3.6 for describing the model then have the simple form

dt
dN, (9
dt

dN‘(t)—N o, I() [1+K N, (9
10%1 11 21 1 (41)

1
= Ny G,I(9 ’TN2(t) + K, N, (®
2

For curves measured at the same temperature, the same set of parameters was
used to generate the two curves N, (t) and N,(t) representing fluorescence decay from
F680 (Fggq(t)) and F685 (Fgges(1)) respectively. The total fluorescence decay curve

F,(t) collected at wavelength A was a linear combination of Fgg(t) and Fggs(t)

expressed as:

F, () = AyFego®) + ByFgas(t) (4.2)
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(b) F680

1500 ps 220 ps

K, = Kjqexp (- AE/KT)

Fig. 4.4 Two-population kinetic model used for simulating the time-resolved
fluorescence measured at 20 K (a) and at higher temperatures (b).
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The parameters used in the curve simulation were obtained as follows: N, and
Nzo. as well as G, and G, were chosen from literature first [80] and later adjusted so
that A, and B, were about equal when fitting 680 nm data at 20 K; T, was the
intrinsic fluorescence decay lifetime which was on the order of nanosecond [99-101];
the parameters K,,, T,, A; and B, were varied until 2 good simulation was obtained.

All curves measured at 20 K at emission wavelengths 650 nm, 660 nm, 670 nm
and 680 nm could be fit by the same group of parameters with different linear
combinations of Fggq(t) and Fges(t). This supports the idea of the two-component
model, i.c. component 1 absorbs light and transfers its excitation energy to component
2 very rapidly (the transfer rate is about 10 ps) and fluoresces at shorter wavelengths;
component 2, emitting at 685 nm, obtains most of its excitation energy from
component 1. Its lifetime is affected by other transfer and photoconversion processes.

Fig. 4.5 shows calculated fluorescence decay curves used to simulate the data at
20 K. The short dashed line and long dashed line represent the F680 and F685
components, respectively, and the solid line is the combination of the other two which
fits the fluorescence decay curve measured at 660 nm at 20 K.

The integrated fluorescence intensity I from a decay component was calculated

in a given time interval from the curves shown in Fig. 4.5 according to

5}

Tafhs 1y, 1) = AL ij(t) dt

Y

4.3)

2

Iges(A, ty, t)=B(R) J‘F&S(t) dt

4y
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Fig. 4.5 Curves generated from the kinetic model in Fig. 4.4a. The parameters used
are from the data simulation result of the fluorescence at 20 K collected through
IF660. The fast decay component (short dashed line) and the slow component (long

dashed line), and a sum of the two components (solid line) which fits the profile of the
experimental curve.
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Here A is the detection wavelength at which a fluorescence decay curve was
collected; t,-t, is the time interval during which fluorescence intensity was integrated.
Time-resolved emission spectra at 20 K were constructed from the time-integrated
fluorescence intensity. Two curves were obtained, one contributed by the emission of
the fast decay component and the other by the slow component. At the early time, i.c.
shortly after the excitation, F680 (circles) emits strongly as shown in Fig. 4.6a. It
diminishes when integrated over a long time period (Fig. 4.6b) compared with the
slow decay emission (squares). This shows that the spectrum in this wavelength
region is composed of at least two strongly overlapping bands. The two emission
bands were fit by gaussians with their amplitudes, peak positions and band widths
freely varying. The gaussian curves and the fitting parameters are also shown in Fig.
4.6. The solid line is for the fast component and the dashed line is for the slow
component. The fast component is centered at 677 £+ 2 nm with a band width of 19 +
1 nm and the longer lived component is centered at 683 + 2 nm with a band width of
21 + 1 nm. For convenience of comparison with others’ results, the terms F680 and

F685 are still used in the following discussion.

B. Kinetics at Higher Temperatures .
Data analysis at 20 K suggests a two-population kinetics. Naturally one asks
whether this kinetic model can also be used to explain the data at higher temperatures.
The results from the least-squares fitting showed a longer apparent lifetime as the
temperature increased. The increase in lifetime seems to indicate a slower forward
transfer rate. However, one would expect the energy transfer to be faster at higher

temperatures.
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This conflict can be resolved by introducing a back transfer rate which varies with
temperature according to the Boltzmann factor. The relation between forward and

backward transfer rates is [102]

K ,/K,, = exp(-AE/kT) (4.4)

Here K,, and K, , are the forward and backward energy transfer rate respectively;
AE is the energy difference between the two components, AE=E,-E, in our case; k is
the Boltzmann constant and T is the absolute temperature. Considering the two
emission bands at 677 nm and 683 nm, the energy difference between the two energy
levels is only 0.016 eV which gives a K, to K,, ratio of 0.088 at 77 K. This back
transfer affects the fluorescence decay profile considerably. A set of fluorescence
decay curves are shown in Fig. 4.7, calculated based on the parameters in the kinetic
model in Fig. 4.4a with an additional energy back transfer rates varying with
temperature. This indicates that inclusion of back transfer may yield good fits for
higher temperature data.

Under the trial assumption that the forward transfer rate and other parameters
remained the same as at 20 K, an extension of the kinetic model (Fig. 4.4b) was used
for data simulation for the fluorescence measured at 77 K. The whole set of decay
curves can be fit fairly well. Then the 45 K data were predicted from the known
parameters. Therefore, the trial assumption was accepted and used in the following
studies.

Fig. 4.8 shows the experimental curves with the theoretical fitting at various

wavelengths and temperatures. An excitation pulse profile is illustrated only in the
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(@) T=100K, K{,/Ky; = 0.13
®) T=77K, K 5/K,; =0.088
(c) T=20K, K»/Ky; =0.0002

Fig. 4.7 Simulated time-resolved fluorescence decay curves at various temperatures
calculated from the kinetic model in Fig. 4.4b. Parameters are from the fitting of 20 K
680 nm data except K, which is calculated according to eq. 4.4.
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680-nm, 77-K decay curve frame. The theoretical fitting at higher temperatures and
longer wavelengths is not quite as good as those at 20 K. Two reasons could be
considered: (1) the data at 680 nm may include some of the emission from longer
wavelength components, for example F695 and at higher temperatures more
complicated processes should be involved; and (2) emission bands shift as temperature
changes, a fact which was not considered in the calculation. The reconstructed spectra
at higher temperatures gave profiles similar to those at 20 K. The results of the fitting
reconstructed emission bands at 45 K and 77 K show a 2 to 3.5 nm red shift of the
peaks of F680 and F685 and a band width 24 + 6 nm. The accuracy of the spectral
curves at higher temperature is not as good as that of at 20 K, therefore, is insufficient
to provide the emission peak and bandwidth changes with temperature.

Rijgersberg's study showed that the difference between absorption and emission
peaks of Bchl of P. aestuarii increased as temperature dropped and the bands became
narrower [95]. The emission peak of F827 shifted to longer wavelength less than 2 nm
as the temperature changed from 80 K to 4 K. The effect has not been observed in the
spectra of green plant chloroplasts and green algae because of the complexity of the
structures. However, an assumption was made in our study that the blue shift of the
emission peak in our case should be of the same order of magnitude, which could
induce a 1.5% error in the transfer rate calculation.

The fluorescence intensities of the two components were plotted as a function of
temperature (Fig. 4.9). The intensity of F680 shows a change which is less than 10%
in the temperature region 110 K to 20 K.
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4.4 Summary and Discussion

Low temperature time-resolved fluorescence of spinach chloroplasts was
_measured at 660 nm, 670 nm and 680 nm in the temperature region 110 K to 20 K. As
the temperature dropped, a fast decay component became obvious which could be seen
clearly in the 660 nm decay curve taken at 20 K. A two-population kinetic model, with
the consideration of temperature-dependent transfer process, can explain the
experimental data very well in a temperature range of 20 K to 77 K. At 20 K, the
fluorescence lifetime of the short lived component is about 9 ps and the slow decay
component has a lifetime of 220 ps. The fast decay component still exists at higher
temperatures (30-110 K) but the apparent fluorescence lifetime increases which is
explained by an increase of energy back transfer and more spectral overlapping. The
emission bands reconstructed from the two fluorescence decay components at 20 K are
centered at 677 nm and 683 nm respectively with a bandwidth of about 20 nm. The
short-wavelength band with a fast fluorescence decay which emits strongly at early
time. The fluorescence yield of the fast decay component is much lower than the slow
one. The reconstructed emission bands at higher temperatures show similar profiles as
those at 20 K. The fluorescence intensity of F680 has a minor changé with
temperature.

The analysis shows that the fast decay component of the time-resolved
fluorescence corresponds. to the emission band “F680” originally identified at low
temperature by Satoh and Butler [48] and Rijgersberg et al. [49]. The high transfer rate
between F680 and F685 implies good coupling between the two emission components.
The spectral and kinetic properties of F680 in this study supports the propésed kinetic

model [40] in which F680 is attributed to LHC emission and F685 is from PSII core
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antenna. Therefore, it is concluded that LHC, as the system antenna, absorbs light and
transfers energy to PSII core antenna with high efficiency (the transfer rate is about
10 ps). The wransfer processes and excitation distribution are affected by temperature.

.The forward transfer process can be taken to be insensitive to the temperature at least in
the temperature region studied, so it is possible that similar transfer occurs at room
temperature. The signal-to-noise ratio of the data was not good enough to examine the
detailed changes of the forward transfer rate as the temperature varied.

In our study, F680 emits strongly at early time and diminishes in the spectrum
when integrated over a long time period. This explains why a low fluorescence yield at
680 nm has always been observed in steady-state emission spectra. Excitation transfer
from F680 to F685 is very fast showing the same tendency of energy flow as that in
Mimuro’s experiment but with a different time scale. F680 shifted to F685 “within
100 ps™ as reported recently in his more detailed study and analysis [103]. A recent
time-dependent anisotropy absorption recovery measurement on PSII particles shows
an efficient transfer between photosynthetic pigments in PSII particles with an 8 ps rate
constant at room temperature [104]. This fast process was assigned to energy transfer
from LHCII to PSII core antenna. LHCII, in their definition, is part of the LHC which
are closely associated with PSII. The fluorescence decay time of F680 in the study is
much shorter than that reported in [40]. It is possible that the fluorescence collected at
685 nm has some F680 component but is not well resolved at that wavelength,
therefore the short intrinsic lifetime (75 ps) in their case is effectively shortened by this
10 ps decay. How this fast decay relates to the middle decay component from photon
counting measurements is still not clear. One possible explanation is that the very fast
transfer is from LHC to PSII as we proposed in the model and that there is another part

of LHC which transfers energy to PSI at different rate (similar to the middle component
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from the photon counting data, for example). The idea that LHC serves as the antenna
for both photosystems is also suggested in the other studies [40,105]. Therefore, a
study on structurally modified systems which lack one or more parts of the system is
'ncccssary to provide information for testing the idea. In the next chapter, we report the
results of studies on the green alga C. reinhardii and its photosynthetic mutants using

the same methods.



Chapter § Studi$ of the Green Alga Chlamvdomonas reinhardii and its
Mutants at 77 K

'5.1 Overview

As reported in the preceding chapters, a fast energy transfer process related to
LHC was found in the kinetic study of green-plant chloroplasts and was tentatively
attributed to transfer of excitation from LHC to PSII. Studies on C. reinhardii and its
mutants were designed to provide further information about energy transfer pathways
between LHC and other photosynthetic pigments. The results reported in this chapter
support the picture obtained from the study on spinach chloroplasts in the 680-685 nm
wavelength region. Furthermore, time-resolved fluorescence at long wavelengths
which is thought to be partly related with the energy transfer process from LHC was
extensively measured. Kinetic models are suggested to explain the results at the PSI

emission wavelengths.

A. Chlamvdomonas reinhardii

C. reinhardii is a unicellular green alga containing a single chloroplast. Studies
have shown that the molecular organization of chlorophyll in C. reinhardii is essentially
similar to that in higher plants [106,107]. About 50% of the chlorophylls in C.
reinhardii chloroplasts are in the form of chlorophyll 2/b protein complexes which serve
as system antennae. Other chlorophylls are associated with PSI and PSII, acting as
core antennae and RCs [108]. The energy transfer kinetics of C. reinhardii chloroplast
can be described by a model similar to that of the green-plant chloroplast [27,45].
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Because of the complexity of molecular organization and heavy overlapping of
emission bands of green-plant and green-alga chloroplasts, it is difficult to get a
complete and detailed picture about excitation distribution and transfer in such systems.
"Thus properties of the photosynthetic pigments of higher plants are often derived from
investigations of detergent isolated subchloroplast particles. However, the fragment
isolation may cause lesions and disconnection of photosystem components, which in
turn certainly changes energy transfer processes. Particular attention has therefore been
paid to the study of photosynthetic mutants which are deficient in one or more
chlorophyll-protein complexes and show part of the activities being suppressed.
Because of the ease of handling cultures of algal cells, C. reinhardii and its mutants
have proved to be excellent systems for study [for example, see references
50,51,59,104]. Various mutants have been used to reduce the complexity of the
system and to allow assignment of fluorescence components consistently to parts of the
system. Those studies can also provide useful information for elucidating similar

processes in higher plants.

B. Spectral Studies of C. reinhardii and its Mutants at Low Temperatures
Fluorescence emission spectra of wild type and all mutant strains of C. reinhardii
at 295 K are similar, containing a main emission band around 685 nm, while their
spectra show significant differences among different mutants at low temperatures [51].
Absorption, linear dichroism, fluorescence excitation and emission spectra at low
temperatures were studied by several groups in an attempt to identify the different
photosynthetic pigments and their functions [51,59,109-111]. The emission spectrum
of wild type C. reinhardii at 77 K usually exhibited three bands, F685, F695 and F717
corresponding to the emissions F68S, F695 and F735 of higher-plant chloroplasts
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respectively. F680 can be resolved by closer examination and attributed to LHC
emission [112].

The relationship between low-temperature fluorescence emission bands of whole
“cells and chlorophyll-protein complexes was studied in detail by Garnier ¢t al. [51].
Fluorescence spectra of wild type C. reinhardii and eight mutants, as well as some
isolated particles, were measured at 77 K. Emission bands were resolved and assigned
to the different chlorophyll-protein complexes. The results are summarized in table
5.1.

Table 5.1 The components and functions of chlorophyll-protein complexes of C.
reinhardii and their emission bands at 77 K [51].

chlorophyll-protein composition function as emission peak
complex at 77 K (nm)
CPO chl g, chib LHCI 707
CP0a chla PSI 703
CPI chla PSI core 715
CPII chla, chlb LHC 682
CPIII chla PSII 696
CPIV chla PSII 686
(CPV unknown)

Two energy flow pathways were proposed to describe the excitation transfer from
antennae to RCs of photosystems. The pigment called CPII, corresponding to LHC in
green-plant chloroplasts, transfers part of its excitation energy to PSII core antenna
(CPIV and CPIII) and then to RCs of PSII. CPII also provides excitation to CP0, i.e.
LHCI, the peripheral antenna of PSI. The energy from CPO is further transferred to
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CP0a then to the core antenna of PSI (CPI) which is directly associated with RCs of
PSI. Karapetyan ¢t al. had a different conclusion about energy transfer from LHC to
other components [109]. In their experiment, the fluorescence spectra of those samples
“with an active PSII exhibited a band at 685-688 nm which was assigned to the emission
of antenna chlorophyll of PSII. A strong emission band with a maximum at 680 nm
was observed in the spectrum of the mutant missing PSII. Therefore they concluded
that F680 is the emission of the chlorophyll that is not energetically associated with

PSI.

C. Time-Resolved Fluorescence Studies at Low Temperatures

Although much work has been done to identify the origin of each of its emission
bands, not much is known about the kinetics of C. reinhardii at low temperatures.
Room-temperature picosecond fluorescence decay measurement in the 680 nm region
indicated heterogeneity of the kinetics similar to that of green-plant chloroplasts
[113,114]. At least three exponential decay components were required to fit
fluorescence decay from wild type Qr.ginhargii. Studies of PSI and PSII mutants
(lacking PSI and PSII respectively) provided more information about the fast decay
(89 ps) in wild type, i.e., it turned out to be an average of two fast components (53 ps
and 152 ps) arising from excitation transfer and trapping related to PSI and PSII.
Moya and Garcia studied phase fluorimetric lifetime spectra of green algae at 77 K [74].
Emission spectra and the mean value of the lifetime at each emission wavelength were
measured. Up to seven emission bands were resolved, each of them with a single
exponential decay time. An interesting result was that the band at 689 nm,
corresponding to F685 of green-plant chloroplasts and having a 530-ps lifetime, was

assigned to PSII emission rather than the LHC. The assignment disagrees with the one
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in green plants (see chapter 4.1). The band emitting at 714.4 nm was attributed to a
component directly associated with P700. Recently, a low-temperature picosecond-
decay-kinetics study and other spectral properties of C. reinhardii mutants lacking both

-PSI and PSII was reported [115]. These studies agreed with the existence of at Jeast
two types of LHCP, each of them connecting with one photosystem [109,110]. An
efficient energy transfer was found within the complex while the transfer between
different LHCPs seemed to be absent or very weak which is in contrast with the model
of Garnier [51].

D. About This Study

In the fluorescence kinetic study of green plant chloroplasts at low temperatures
described in chapter 4, the fast fluorescence decay was assigned to LHC emission
(F680) which was tentatively related to an efficient energy transfer from LHC to PSII.
The remaining questions were: is this fast transfer between LHC and PSII only, or is it
also related to PSI? and how is it affected by the change of different parts of the
system? The spectral properties of the wild type and three kinds of mutant strains of C.
reinhardii were studied at 77 K. The mutants used in our experiments included those
with PSI deficiency, PSII deficiency and a double mutant strain missing both PSI and
LHC. Based on the large amount of available spectral information, the time-resolved
fluorescence was selectively measured at various wavelengths and analyzed using a
proposed kinetic model. The results show that the emission band around 680 nm also
exists in C. reinbardii and has a short fluorescence lifetime similar to that of green plant
chloroplasts. This fast decay is related to an efficient energy transfer from LHC to PSII

core antenna. LHC also transfers excitation to LHCI but at a different rate.
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5.2 Characteristics and Spectral Properties of Mutant Strains of C. reinhardii [116]

The photosynthetically deficient mutants of C. reinhardii used in the experiments

-wcre acetate-requiring and photosensitive, showing normal growth in the dark [117].

The measurements of steady-state fluorescence spectra were described in section 3.2B.

The biogenetic characteristics and our measurements of fluorescence spectral properties
of various strains at 77 K are described as follows.

DES135: a wild type strain of C. reinhardii which is the progenitor for the mutants
B4, B1 and LM15-4D1C described below. Its fluorescence spectrum at 77 K is shown
in Fig. 5.1a. The emission bands F685 and F695 are clear while only a shoulder
around 717 nm is seen. F680 can be resolved in a fourth-derivative spectrum
(Fig.5.1b).

B4: a nuclear PSI deficient mutant which produces PSII and LHC even when
grown in the dark. The spectrum (Fig. 5.2) shows a dramatic increase of a broad band
around 707 nm compared with the spectrum of DES15. Other emission bands at
shorter wavelengths are difficult to distinguish; only the 685 nm band can be seen.

B1: achloroplast mutation with a deletion of psbA, the gene encoding the D1
protein of PSII [118]. This mutant does not contain PSII. As shown in Fig. 5.3, there
is a very strong emission band at 681 nm and a shoulder at longer wavelengths. The
emission F685 and F695 have disappeared.

LM15-4D1C: a double mutant carrying the B4 mutation causing PSI deficiency
and also a mutant called DS521 that causes deficiency in most of the LHC complexes.
The emission bands F685 and F695 can be seen in the spectrum (Fig. 5.4). There is an
emission band centered at 719 nm which probably originates from the remaining PSI

particles since the fluorescence intensities of all bands in this spectrum are much



79

| | I |
% - (a) L
=
=
& - N
| %%
&
@ 7 e
[#]
=
[-3]
& - _
[-5]
| %5
()
=
= - n
I I I =
660 680 700 _ 720 740 760
| | | |
685 nm
(b)
7 679 nm 695 nm -
I I T |
660 680 700 720 740 760

Wavelength (nm)

Fig. 5.1 (a) Steady-state fluorescence emission spectrum of DES15 at.77 K and (b)
the fourth derivative of the spectrum in (a). The wavelength resolution of the spec
is 0.2 nm. :



80

Fluorescence (arb. units)

| | T |
660 680 700 720 740 760
Wavelength (nm)

Fig. 5.2 Steady-state fluorescence emission spectrum of B4, a PSI deficient mutant,
at 77 K. The wavelength resolution of the spectrum is 0.2 nm.
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Fig. §.3 Steady-state fluorescence emission spectrum of B1, a PSII deficient
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Fig. 5.4 Steady-state fluorescence emission spectrum of LM15-4D1C, a double
mutant which lacks LHC and PSI, at 77 K. The wavelength resolution of the spectrum
is 0.2 nm.
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lower than those of wild type emission.

10-3C: a mutant missing PSI. The spectrum (Fig. 5.5) shows emission at 685
nm and 707 nm, similar to that of B4. F680, F695 can be distinguished from its

_derivative spectrum.

Although mutant strain 10-3C were derived from slightly different wild type cells,
this should not effect the results relevant to our analysis [116].

The chlorophyll-protein complex contents of wild type and mutant C, reinhardii
used in the measurements are listed in Table 5.2. The protein-complex pigments are

classified in the same terms as for green-plant chloroplasts.

Table 5.2 Complexes content of the wild type and mutant strains of C, reinhardii.

LHC PSII LHCI PSI
DES15 + + + +
B4 + + + -
Bl + - + +
LM15-4D1C - + + -
10-3C + + + -

The spectra of DES15, B4, B1, and 10-3C at 77 K exhibit characteristics similar
to those of spectra observed with C, reinhardii by several groups [51,109-111] with
minor differences in relative intensities of emission bands. No published data have
been found to be compared with the spectrum of LM15-4D1C at 77 K. The emission
bands shown in most of the spectra are consistent with the properties of the mutants

excepted the F719 in LM15-4D1C spectrum.
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Fig. 5.5 Steady-state fluorescence emission spectrum of 10-3C, a PSI deficient
mutant, at 77 K. The wavelength resolution of the spectrum is 0.2 nm.
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The spectra of wild type and the PSI mutant 10-3C are normalized at 685 nm
(Fig. 5.6). Two spectra have the same profile at wavelengths shorter than 685 nm.
The increasing emission at 707 nm in the spectrum of 10-3C is due to the deficiency of

"PSI traps, i.e., LHCI fluoresces strongly when the PSI core complex is missing from
the system. Similar results are also observed from the comparison of spectra of wild
type with that of B4 (Fig. 5.7).

The emission spectrum of B1 contains a strong band at 681 nm and a shoulder at
about 717 nm. A comparison of spectrum of B1 with that of DES1S5 is shown in Fig.
5.8. F685 and F695 are not seen in the spectrum of Bl. The measurement indicated
that at least a major part of excitation energy in LHC flows into PSII pigments in cells
which have functional PSII.

Fig. 5.9a shows spectra of 10-3C and LM15-4D1C normalized at 685 nm. The
difference spectrum of 10-3C and LM15-4D1C (Fig. 5.9b) has two bands at 680 and
706 nm which represents the emissions from LHC and LHCI respectively. Spectra of
other LHC-containing sample also show the existence of LHC emission, i.e., F680
(Fig. 5.10). The fluorescence yield of F685 and F695 of LM15-4D1C are low, which
indicates that the absorption cross-section of PSII core antenna is small and LHC is the
major pigment to harvest light energy in the wild type cells.

By investigating the low-temperature fluorescence spectra of the wild type and
different mutant strains, assignments and statements were made according to the
characteristics of the samples. (1) LHC, the origin of F680, is mostly connected with
PSII core antennas. However, its relation with LHCI is not clear. (2) The pigment
emitting at 707 nm is LHCI which transfers excitation energy to PSI. In the case that

the PSI core complex is deficient, the intensity of F707 increases dramatically.
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Fig. 5.6 A comparison of steady-state fluorescence emission spectra of DES15
(solid line) and 10-3C (dashed line) at 77 K. Spectra are normalized at 685 nm.
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Fig. 5.7 A comparison of steady-state fluorescence emission spectra of DES15
(solid line) and B4 (dashed line) at 77 K. Spectra are normalized at 685 nm.
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Fig. 5.8 A comparison of steady-state fluorescence emission spectra of DES15
(solid line) and B1 (dashed line) at 77 K normalized at the peak.
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Fig. 5.10 A comparison of steady-state fluorescence emission spectra of DES15
(solid line) and ILM15-4D1C (dashed line) at 77 K normalized at the peak.
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5.3 Time-Resolved Fluorescence at 77 K

The question remaining in the spectral studies is that of whether LHC (the 680 nm
“emitting species) serves as the system antenna delivering excitation energy to both PSII
and PSI. If the answer is “yes,” what are the energy transfer rates? This question can
be answered by examining the excitation kinetics of those pigments. Several
measurements have been made here to provide information about energy transfer
pathways between LHC and photosynthetic pigments. If the fast transfer in the short-
wavelength region can be found in both wild type and PSI deficient mutants and it
disappears in the mutants lacking LHC or lacking PSII, its relationship with LHC and
PSI is confirmed. The existence of transfef from LHC (F680) to LHCI (F707) can be
investigated by measuring the decay kinetics of F680 in the PSTI deficient mutant and
the rise phase of F707, to see whether LHCI is directly excited or gets excitation from

other pigments.

A. The F680 Region

Time-resolved fluorescence of DES1S5, B4, 10-3C, Bl and LM15-4D1C was
measured at 660 nm, 670 nm and 680 nm at 77 ‘K. A preliminary data analysis was
done by using two-exponential least-squares fitting routine. The results from DES15,
B4 and 10-3C contained components with decay times of about 15 ps and 160 to 200
ps. The ratio of the amplitudes of the two components varied with detection
wavelength. The fast decay contributs a larger portion of the taltol fluorescence at
shorter wavelengths. This analysis shows characteristics similar to those observed in

the same type of measurement of green-plant chloroplasts. There is no significant
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difference between the data on wild type and the PSI-deficient mutants (i.e., B4 and
10-3C) at the wavelengths measured.

In contrast, the fluorescence decay curves collected at 660 nm, 670 nm and 680
‘nm from LM15-4D1C, a double mutant missing LHC and PSI, have the same rise and
decay profiles at early time. Two-exponential fitting gives decay times of 110 ps and
500 ps. The 100 ps-decay component contributes more on the longer wavelength side.
The fast decay resolved from wild type and PSI mutant data (on the order of 15 ps) was
not found in this measurement. In fact, a nanosecond decay component was seen at
shorter wavelengths with a very low amplitude, probably originating from dissociated
chlorophyll a molecules.

Fig. 5.11 shows a comparison of the rise and decay of fluorescence detected at
660 nm, 670 nm and 680 nm from the various samples. The wild type and PSI mutant
(DES15 and 10-3C respectively) show a significant wavelength-dependent change of
the rise and decay profiles, while LM15-4D1C does not.

The fluorescence decay curves of B1 at 660 nm and 670 nm only show one
exponential decay with a lifetime of about 650 to 780 ps. An additional component
with a 40 ps lifetime is needed for the 680 nm-data. A time-resolved fluorescence
curve of B1 measured at 670 nm at 77 K is shown in Fig. 5.12. Note that at room
temperature, the decay lifetime of LHC in solvent is about 0.8 to 6 ns [105,112]. At
low temperatures, the similar decay lifetime is assumed. The single exponential decay
of B1 in 660 nm to 780 nm region in our measurement is a little shorter than the lifetime
of dissociated LHC. It is possible that there is still some part of LHC which still
involved in the energy transfer process, for example to PSI, and because of the signal-
to-noise ratio, it cannot be resolved. In the next section, the study in the longer

wavelength region will give aspect to this point.
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Fig. 5.11 Time-resolved fluorescence rise and decay profiles at 77 K from (a)
DES15, (b) 10-3C and (¢c) LM15-4D1C. In each case, fluorescence measured at
various wavelengths are plotted as short dashed line (F660), long dashed line (F670)
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Fig. 5.12 Time-resolved fluorescence of B1 at 77 K measured at 670 nm. The
dashed line is the profile of the excitation pulse.
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B. The F715 Region

Time-resolved fluorescence was recorded at 700 nm, 710 nm and 720 nm from
various mutant strains. The results for DES15 and one of the PSI mutants, 10-3C,
“measured at 720 nm, are shown in Fig. 5.13. A complicated rise phase which changed
with detection wavelength was observed for DES15 and PSI-deficient mutants. The
fluorescence decay of the PSI-deficient mutants is slower than that of the wild type.
Two-exponential least-squares fitting showed a lifetime about 100 ps with a negative
amplitude and a longer decay, on the order of several hundred picoseconds, with
positive amplitude. The decay curves of B1, a PSII-deficient mutant, in this region
show similarity to those of DES1S. A fitting component with a negative amplitude
usually indicates a delayed rise of fluorescence. No rise delay was found from the

time-resolved fluorescence of LM15-4D1C in this region.

5.4 Kinetic Analysis

A. The F680 Region

The same kinetic model as the one used for green plant chloroplasts data in the
same wavelength region (Fig. 4.5) was used to simulate the decay curves. The results
are listed in Table 5.3. For each group of data, i.e. fluorescence detected at 660 nm,
670 nm and 680 nm from one sample, the same parameters could be used except the

weights (A, and A,) of fluorescence contributed by different populations.



g—
N
E
L
s —
'g-
8-
i
s _
g
ke

- (b)

\
— \ Y
T T — — —
0 50 100 150 200 250 300
Time (ps)

96

Fig. 5.13 Time-resolved fluorescence measured at 710 nm at 77 K from (a) DES15
and (b) 10-3C. Each curve is a sum of 100 shots. One OMA channel corresponds to

0.665 ps.
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Table 5.3 Parameters used in kinetic model simulations in the F680 region.

sample Nio Ny G, O, T k), 3 k),
' (1/em?) (cm?) (ps) (I/ps)  (ps)  (l/ps)

widtype 102 101 1017 108 1500  1/15 180  1/140
PSI-minus 1020 101 1017 108 1600  1/15 210  1/140

Time-resolved fluorescence and the theoretical fitting curves of DES15 and 10-3C
at 660 nm, 670 nm and 680 nm are shown in Fig. 5.14 and Fig. 5.15 respectively.

The intensity ratio of the two emissions varied at different wavelengths.
Population one contributed more at shorter wavelength. The fast decay of population
one is mainly determined by the transfer rate k,,. The two lifetimes 1, and 1, are less
dependent on both the detecting wavelength and the sample. Fig. 5.16 shows a plot of
integrated fluorescence intensities of the fast decay and the slow decay at different
wavelengths from DES15 and 10-3C integrated over a time period from O ps to 100 ps.

The results indicate that the energy transfer rates between the two populations are
essentially the same within the wild type and PSI mutants and also agree with the data
obtained from chloroplasts of higher plants. The fast component in the decay curves
did not show as clearly compared with that in the green plant chloroplasts data,
probably because of stronger scattering in the sample.

Based on kinetic analysis similar to that of green-plant chloroplast case and the
fact that the fast decay disappears from the sample missing either PSII or LHC, the
origin of the fast decay is clear, i.e. it is related to energy transfer between LHC and

PSII core antenna. The excitation generated in LHC migrates among the chlorophylls
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Fig. 5.14 Time-resolved fluorescence of DES15 at 77 K measured at (a) 660 nni,
(b) 670 nm and (c) 680 nm with the theoretical fit. The dashed line in each frame is the
profile of the excitation pulse. One OMA channel corresponds to 0.862 ps.
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Fig. 5.15 Time-resolved fluorescence of 10-3C at 77 K measured at (a) 660 nm,
(b) 670 nm and (c) 680 nm with the theoretical fit. The dashed line in each frame is the
profile of the excitation pulse. One OMA channel corresponds to 0.862 ps.
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(a) DES15, (b) 1(-3C.
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within the LHC complex and transfers through the boundary of LHC to PSII, the
overall process taking place with an average rate of (15 ps)-1.

'B. The F715region

Time-resolved fluorescence measured in this region showed different rise and
decay profiles changing with detection wavelength and sample, indicating a complicated
energy transfer kinetics involving many components. Based on the knowledge of the
contents of the photosynthetic components and their spectral characteristics, two kinetic
models were used in the model simulation (shown in Fig. 5.17). It was assumed in the
data fitting that LHCI, CP0Oa and PSI core antenna are the major emitters contributing to
the fluorescence in the 700 to 720 nm region and that the emission bands of LHCI,
CPOa and PSI core antenna are centered at 707 nm, 703 nm and 715 nm respectively.
In model a, the system antenna LHC transfers its excitation energy to both PSII and
LHCI then PSI. The latter also absorbs excitation directly. LHCI provides
excitation to both CPOa and the PSI core antenna. In model b, only part of LHC
is associated with LHCI, and excitation flows through an energy transfer chain:
LHC -> LHCI -> CP0a -> PSI core.

The fitting parameters used in the simulation of the fluorescence decay curves of
various samples are listed in table 5.4. Populations 1 to 4 represent LHC, LHCI, CPOa
and the PSI core antenna, respectively. The parameters for the consistent part of the
sample were kept the same whenever possible. In model a, T, was chosen to be 15 ps
for wild type and the PSI-deficient mutant, as the energy transfer rate from LHC to
PSII obtained from the previous studies is (15 ps)-1. It was set equal to 1000 ps for the
case of B1 since PSII is missing from this mutant. The population of the PSI core

antenna was set to zero in the case of PSl-deficient mutant. The back transfer rates
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Fig. 5.17 Kinetic models proposed to fit experimental curves measured in the
wavelength region where PSI emits. The arrows indicate excitation transfer pathways
and K;s are the transfer rate constants. Back transfer paths are not labelled and are
discussed in the text. Numbers in quote marks represent emission peak wavelengths
of hypothesized component fluorescence bands.
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Table 5.4 Parameters used in kinetic model simulation of fluorescence in PSI emission

region.

model a model b
Symbol DES15 10-3C B1 DES15 10-3C B1
N,, (1016 10000 10000 7000 1500 1500 1500
N,, cm?3) 3000 3000 3000 3000 3000 3000
Nj, 500 500 500 300 300 300
Nyo 500 0 500 300 3 300
c, (10-19 100 100 100 100 100 100
o, cm) 100 100 100 100 100 100
o, 1 1 1 1 1 1
G, 1 0 1 1 1 1
7,  (Ps) 15 15 1000 1000 1000 1500
1, 2000 2000 2000 2000 2000 2000
1 2000 1500 2000 2000 2000 2000
T, 15 15 75 100 100
ky, (psh) (1001 (1001 (150! (60)! (60)1 (60)1
ksy (1501  (150)!  (150)! (33)1 (33)1 (33)!
kys (100)1 0 (100)? 0 0 0
k3 0 0 0 (75)! (75)1 (75)!
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required in this model were much smaller than values calculated according to the
Boltzmann factor. Comparison of the experimentally-deduced back transfer rates with
the rates from model simulations are shown in table 5.5. With model b, the population

-of LHC was less than that in model g which suggests that only part of LHC transfers
excitation to LHCI and this part of LHC is not associated with PSII. The model b back
transfer rates used in the data fitting were very close to those estimated by the
Boltzmann distribution (see table 5.5). The major difference from model a is that a
smaller number of LHC had to be used; the fluorescence decay lifetime of this part of
LHC does not depend on the existence of PSII. Time-resolved fluorescence of DES15,
10-3C and B1 with their theoretical curves from model b are shown in Fig. 5.18 to Fig.
5.20. The fitting curves using model a are quite similar to those of from model b, so
they are not shown here.

Table 5.5 Ratio of energy transfer and back transfer rates used in the model simulation
at 77 K.

K»/Ks, Ko/Kyp K3/Kyy
calculated according to 4.506 0.052 0.011
the Boltzmann factor
obtained from model a 0.745 0.025
obtained from model b 4.4 0.03

Both models can be used to obtain reasonable results. The fitting in model a is
sensitive to the change of transfer rates between LHCI and CPQa, while in model b, the
ratio of LHC to LHCI and the decay lifetime of the PSI core antenna are the main

factors which effect the fluorescence profiles. The fitting parameters used in the
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Fig. 5.18 Time-resolved fluorescence of DES15 at 77 K measured at (a) 700 nm,
(b) 710 nm and (c) 720 nm with the theoretical fit using model b in Fig. 5.17. The
dashed line in each frame is the profile of the excitation pulse. One OMA channel
corresponds to 0.665 ps.
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Fig. 5.19 Time-resolved fluorescence of 10-3C at 77 K measured at (a) 700 nm,
(b) 710 nm and (c) 720 nm with the theoretical fit using model b in Fig. 5.17. The
dashed line in each frame is the profile of the excitation pulse. One OMA channel
corresponds to 0.665 ps.
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Fig. 5§20 Time-resolved fluorescence of B at 77 K measured at (a) 700 nm, (b)
710 nm and (c¢) 720 nm with the theoretical fit using model b in Fig. 5.17. The dashed
line in each frame is the profile of the excitation pulse. One OMA channel corresponds
to 0.862
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calculation were highly hypothetical. However, one thing is clear: that an energy
transfer to LHCI is necessary. It is this transfer which causes the rise delay of the
F707 component. It is reasonable to assign LHC as the pigment which provides

excitation energy to LHCI with a rate of (60 ps)! in model a and (100 ps)-1in model b.

5.5 Summary and Discussion

Time-resolved fluorescence of wild type and mutant C. reinhardii was measured
at various wavelengths at 77 K. Particular attention was paid in two regions: the
wavelengths around 680 nm where LHC emits and the wavelengths from 700 nm to
720 nm where PSI and its associated parts emit. The goal was to find energy transfer
pathways and transfer rates between LHC and other part of the system.

At short wavelengths, a fast decay was resolved from the fluorescence decay of
those samples which contain both LHC and PSII. Kinetic analysis shows that this
short-lived component originates from LHC emission which transfers its excitation
energy to PSII core antenna with a high efficiency. This transfer was not seen in the
mutant strains missing either PSII or LHC. The steady-state emission spectrum of B1,
a PSII-deficient mutant, shows a strong band at 681 nm which arises from the increase
of the fluorescence lifetime of F680 from 15 ps to 700 ps. F685 and F695 in the
spectrum of LM15-4D1C, a mutant without LHC, have much lower fluorescence yields
than they have in the spectrum of wild type. These facts indicate that LHC and PSII
core antenna are closely coupled and the PSII core antenna gets most of its excitation
from LHC. The experimental results on wild type C. reinhardii at 77 K gen_erally agree
with those obtained from green-plant chloroplasts (in chapter 4). The studies of

various mutant strains provide further information about the kinetic connection between
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LHC and PSII. The tentative assignment in chapter 4 that the short-lived component
originates from LHC which transfers excitation to PSII efficiently is therefore
confirmed.

- The fluorescence at long wavelengths showed a rise delay in all samples
containing LHC. Its apparent rise time was found to be 120 + 20 ps. Deficiency of
PSI mainly affects the decay time in this region. Two kinetic models were proposed to
simulate fluorescence decay curves. Model g was proposed upon analogy with the
F735 emission in PSI of green-plant chloroplasts [40]. In model g, LHC which
provides excitation to LHCI originates from the same photosynthetic pigment as the one
providing excitation to PSII, but at different rate. And CPOa is an alternative trap of
antenna excitation energy that competes with the PS] reaction center and core antenna
closely associated with it. All the energy back transfer rates obtained from this model
fitting are very small, therefore negligible. Model b was based on a chain-model
proposed by Garnier gt al. [S1]. A rather small amount of LHC is required to supply
the excitation to LHCI. This supports the model that LHC has two kinetically
distinguishable parts which provide excitation to PSI and PSII separately. The transfer
rates which are faster than in model 3 were obtained and the back transfer rates between
different components are needed with values close to the calculation according to the
Boltzmann factor. The results indicated that LHCI, the peripheral antenna of PSI,
obtains at least part of its excitation from LHC. The transfer rate from LHC to LHCl is
in a range of (60 ps)! to (100 ps)!. Both models support the view that there exists a
large amount of LHC, the origin of the F680, which provide excitation to both
photosystems. Further distinction between the model g and b can be made i)y studying
a mutant which lacks the CPOa species.
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A delayed and multiphasic rise of the fluorescence was observed in the PSI
emission region at 77 K. Its apparent rise time of 120 + 20 ps agrees very well with
the results from green-plant chloroplasts at 735 nm where PSI emits. In the latter case,

-a 50 —150 ps rise time was found from multi-exponential least-squares fitting of photon
counting data [75,78]. It was resolved into a biphasic rise in a higher time resolution
measurement [40]. The delayed rise was related to the rate-limiting step of transfer
from LHC to PSI antenna with subsequent rapid transfer to C705, the emitter at
735 nm.

The transfer kinetics at room temperature are quite different. Recent studies by
Holzwarth et al. [119] on green-plant chloroplasts and by Owens gt al. [120] on green
algae show different fluorescence characteristics than those from low temperature
measurements. The fluorescence rise and decay from PSI do not depend on the
excitation wavelength which is in contrast with the result at 77 K [64], explained by
rapid excitation equilibration among the various pigments. No rise time longer than 20
ps was observed in the room temperature data. We can easily understand this major
difference by assuming that one of the forward transfer steps is “uphill” [121]. In
either model a or b the emitter of F707 precedes that of F703 in the sequence. Their
energy level difference can be taken to be only 0.01 eV and the ratio of forward and
backward trahsfcr rate is about (.68 at room temperature, so thermal equilibrium can be
reached in a short time. Since the forward transfer is an uphill transfer, the transfer rate
could be much smaller at 77 K than at room temperature which will effect the rise time
of fluorescence. This aspect helps us to understand the difference between room
temperature and 77 K results from both green algae and green-plant chloroplasts. It

also shows the importance of a detailed kinetic study over a wide temperature range.
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It is suggested for further studies that (1) in the F715 region, the investigation of

a mutant which lacks CPOa would be very interesting. This should be able to
distinguish the two kinetic models introduced in this chapter. Such a study will tell
-whether CPQa acts as the middle component delivering excitation from LHCI to the PSI
core antenna or as an alternative trap competing with the PSI core antenna. (2) A
temperature dependence study in the long wavelength PSI-emission region will be very
informative. Both time-resolved and steady-state fluorescence of green-plant
chloroplasts and green algae show marked differences between room temperature and
low temperature data. Some steady-state measurements have been done over a wide
temperature region (for example, see [64,95]), however, most of the time-resolved
fluorescence measurements have only been done at room temperature and at 77 K. Itis
clear that a temperature dependence study will be helpful to understand the changes and

provide information about the connection between kinetics at different temperatures.
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