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I. INTRODUCTION

A. FOREWORD

This investigation is concerned with the detailed study of the pri-
mary processes in photosynthesis, in particular that of photosystem II.
Photosystem II, according to the presently accepted hypothesis, has a bulk
pigment system consisting of chlorophyll a (Chl a) and accessory pigment
molecules which acts as a light antenna system and a reaction center which
traps the energy collected by the bulk pigments and uses it to perform a
chemical reaction which leads to the production of oxygen. The primary
events in photosystem II can be described as follows. After a photon is
absorbed by the bulk pigment in photosystem II, the excitation energy
migrates among the pigment molecules until it 1s finally trapped 1n the
reaction center. ‘ The excitation energy can also be lost by radiative
decay, known as fluorescence, or by non-radiative decay. A fter the
excitation energy 1s trapped at the reaction center, this energy is used to
drive an oxidation-reduction reaction or it mmay be lost by radiative or non-
radiative decay. The reaction center can also act as a center for the re-
combination reaction of the primary oxidant and the primary reductant.
These then are the primary processes we are concerned with. Our goal
18 to understand these processes 1n greater detail.

To study the primary events in the bulk pigment system, we have
determined the rates and efficiencies of the three possible processes
of the excitation energy following the absorption of a photon, namely,

fluorescence, radiationless loss and trapping, by measurement of the
!
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fluorescence lifetime (see Chapter III). We have shown that the mechanism
o; =nergy transfer between Chl a in vivo 18 due to the Frster mechanism
by the measurement of the polarization of fluorescence. The polarization
of fluorescence measured is assumed not to be due to loose chlorophyll-
protein complexes within the chloroplasts (see Chapter IV). To study the
primary events 1n the reaction center, we use the information obtained
from delayed emission measurements. The relationship of the rate of
delayed emission to the rate of photochemical reaction has led us to
postulate that there exi1sts another process that can occur in the reaction
center. We postulate that intersystem crossing to the excited triplet
state occurs within the reaction center and 1ts rate competes with the
rate of the oxidation-reduction reaction. Theoretical curves based on
this postulate agree with the experimental decay of delayed emission
(see Chapter I (E) and Chapter V). By using fluorescence transient,
thermoluminescence and chemiluminescence measurements, we have
further experimental proof that chemical recombination reaction does
occur at the reaction center (see Chapter V). The detailsﬁ of the chemical
reaction, at reaction center II, leading to oxygen evolution are also
discussed (Appendix I).

. To put this investigation 1n 1ts proper framework, a brief outline
of the currently accepted model for photosynthesis and then a review

of the avalable research on the primary processes of photosynthesis

will be presented below.



B. PHOTOSYNTHESIS -~ A BRIEF REVIEW

The modern dogma of photosynf:b.e.‘sf»is1 -4 of green plants is based
mainly on two concepts, the photosynthetic unit and two light reactions.
A photosynthetic unit is now conceived to be a structural unit that will
perform a one electron photochemical oxidation-reduction reaction upon
the absorption of one quantum of light. The unit consists of 200 to 300
molecules of Chl a, which absorb the light and act cooperatively to transfer
the absorbed energy to a site where this energy is converted to chemical
free energy. This site is called a reaction center. In higher plants,
other pigments such as Chlorophyll b (Chl b) and carotenoids are also found
and they act as accessory pigments transferring their absorbed quanta to
Chl a. 5 As will be discussed later, there are two types of units and re-
action centers -~ - one responsible for oxygen evolution and the other for
the ultimate reduction of nicotinamide adenine dinucleotide phosphate
(NADP-’)-. The reaction center for the oxygen evolving unit has not been
1solated chemically (see Refs. 6 and 7) An as yet unknown molecule
called Q8 1s postulated to act as the primary oxidant, and a hypothetical
molecule called 29 acts as the prumary reductant. The concept of the
photosynthetic unit 1s based on the flashing light experiments of Emerson
and Arnold. 10 They found, by using a series of short (10-5 sec) intense
light flashes spaced 10“2 secs apart, that the maximum vyield 18 one
molecule of oxygen evolved for approximately two thousand four hundred
chlorophyll molecules. Experiments with different dark times 1nsured
that the enzymatic dark reaction did not limit the oxygen evolving process.

(The light intensity used for the experiment was not intense enough to
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excite each and every individual molecule of Chl a in the unit, but enough
to excite each unit.) Emerson and Lewxsll showed that the quantum re-
quirement was no less than eight quanta for every oxygen molecule
ewlved. These experiments imply that eight quanta absorbed by any
eight of the 2400 chlorophyll molecules will evolve one molecule of oxygen.
Assuming that each quantum absorbed is processed by one reaction center,
it follows that 300 chlorophyll molecules are associated with one reaction
center. This then 1s the concept of the photosynthetic unit. Numerous other
experiments, for example, the study of the Hill reaction as a function of
the size of the particles prepared by fragmentation of the chloroplasts,
the ratio of total number of chlorophyll molecules to enzymes like
cytochromes which participate 1n dark reactions, 13 and the study of energy
transfer, 3.5 have supported the existence of the photosynthetic unit.

The second im portant concept 1s that of the two light reactions.
In 1957 Emerson, Chalmers and Cederstrand 14 discovered that the rate
of oxygen evolution with a combination of two wavelengths of light, a wave-
length smaller than 685 nm and a wavelength longer than 685 nm, 1s
greater than the sum of the rates of oxygen evolved as measured separately
with each wavelength. This "enhancement' in oxygen evolution led to the
necessity of postulating another photochemical reaction (cf. Emerson and
Rabmothchl 5). Detailed action spectra for the '""enhancement' of oxygen

15,16 8,17,18

evolution (the Emerson effect), the decline 1n fluorescence yield,

on combining far red light (710 nm) with red light (650 nm), the oxidation of
P‘70019 and cytochromes20 with far red light and their reduction with red

light led to the proposal that the two photoreactions have two different
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. 21 . . )
pigment systems (cf. Duysens and Amesz ). Pigment system II contains
a laxge proportion of the accessory pigment, Chl a 673, some Chl a 683 and

the active chlorophyll I (P680), while pigment system I contains some

%
accessory pigments, some Chl a 673, and a large proportion of Chl a 683,
Chl a 693 and the reaction center P700 (see ref. 1). These and numerous
other experiments1 -4 led to the acceptance of a model for green plant
photosynthesis, formulated by Hill and Bendall, 22 based on the cooperative
interaction of two light reactions. One light reaction, known as photoreac-
tion II (because the photoreaction 1s associated with pigment system II),
oxidizes an intermediate Z and reduces a substance called Q. Through

a dark reaction, oxidized Z reacts with water to evolve oxygen (see Ap-
pendix I), the reduced Q, also through dark reactions, transports its
electron through a series of Lntermedlate523 to P700, the reaction center
for the light reaction, known as photoreaction I (because 1t 15 associated
with pigment system I). Part of the energy of the photoreaction 1s stored
1n adenosine triphosphate (ATP)24 which 1s made by the dark reactions.
Light reaction I oxidizes P700 and reduces a hypothetical substance called

XZS. Again through a series of dark reactions, reduced X transfers its

26

+
electron to NADP . ATP and reduced NADP are then used to fix CO2

into simple sugars either by the Calvin Cycle27 or the C4 dicarboxylic

acid cycle.28 This then is the general framework on which photosynthesis
is based.
Although the Hill-Bendall model for photosynthesis is well es- -

tablished, alternate models have been recently proposed. 29,30 Also,
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important questions, such as how does the energy migrate to the reaction
center, what are the properties of the reaction centers that trap and store
energy so efficiently, how 18 oxygen evolved, how is ATP made and many
others, remain to be answered. Finding the answers to these questions

1s complicated by the fact that the molecular architecture of the photo-
synthetic unit 18 not fully known and by the fact that the measurements one
can make on the system are restricted by the Limitations of the instruments
used. For this thesis, the primary processes 1n photosystem II have

been studied. Information was obtained from measurements of fluorescence
lifetime, delayed emission, fluorescence transient and of chemilumin-
escence. Information concerning photoreaction II that was gained from such

measurements in this thesis and that found by earlier investigators will be

discussed 1n the following sections.

C. FLUORESCENCE LIFETIME

After a photon 15 absorbed by a Chl a molecule in 10-15 seconds,
the energy can remain 1n the excited state, (¢rer¥), for only a lLimited time
before i1t relaxes back to the ground state. To be useful in photosynthesis,
the energy must migrate to a reaction center (within the lifetime of the
excited state). One of the methods of deactivation of the excited state 1s
by the emission of a photon. This emission is commonly known as
fluorescence. By measuring the decay rate of fluorescence one can
determine the lifetime of the excited state.

The rate of decay of the excited state of the bulk chlorophyll is

, the rate of radiationless transition, @_., the rate of

governed by «@ ¢

h
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fluorescence and ) the rate of trapping. The rate of change of N: (the

concentration of the excited singlet state)with time (t) ) is given by

dN’:(t) .
T G(t) - (01h +a at) N_(t) (1)

where G(t) is the rate of generation of the excited singlet state. Assuming
that

Glt) = N (0) § (1)

*
and @, are independent of time and of Ns » the solution to

and at’ ah e

equation 1 can be written as

N: (t) = Ns*(o) exp (-t/¢) (2)
where ‘t: = T i (3)
@ ta ta

The excited state is shown to decay exponentially with an average lifetime

of ¥ . If all the traps are closed, so that there 18 no transfer to the trap,
H

the excited state will decay exponentially but with a lifetime ’Cl where

T = (4)

Two basic methods have been used to measure the fluorescence
lifetime in photosynthesis -- the flash 1:echn1qu.e31"35 and the phase dela.y:"’é-41
method. The flash technique employs a flash of light with a cut- off time
shorter than that of the lifetime of fluorescence one wishes to measure.

This flash of light 18 used to excite the fluorescent sample and the re-

sultant fluorescence is detected with a photomultiplier. The signal from



the photomultiplier is displayed on a fast-time resolution oscilloscope.
This method has the advantage that one can directly obtain information
concerning the decay kinetics; one can see whether the decay 15 exponential
or non-exponential and whether there is more than one decay component.
In photosynthetic measurements, however, the fluorescence lifetime 18

so short that the measurements are limited both by the decay time of the
exciting flash and by the response of the photomultiplier. The true time
course of the fluorescence decay is modified by both the flash decay and
the lag in the response of the photomultiplier. To obtain the true Lifetime

C 31, 32
of the fluorescence, one must use the convolution integral. L

A
F(t) =/t E(t-u)f(u)du (5)
o

where F(t) 1s the experimentally measured fluorescence decay, E(t) 1s
the experimentally measured time response of the system (lamp + photo -
multiplier) and £(t) 1s the true time course of fluorescence. A modification
of the convolution integral, ''the method of moments,"31 can also be used
to eliminate the influence of the instrument response time from the observed
decay time.

The second method of measuring fluorescence lifetime, the phase
delay method, 18 a more sensitive technique in that the phase and hence
the lifetime can be measured to a greater precision than the direct flash
technique with present technology. Its drawbacks are that there are

numerous possibilities of systematic errors and that it 1s an indirect

method. The phase delay technique 1s based on the fact that if light with
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amplitude M and modulated with frequency f, such that its intensity I(t) is

described by the following equation,

I{t) = M cos 24ft (6)
excites a species, which decays exponentially as e t/?.', the fluorescent
light (F) is described by the following equation.

F(t) =M cos ¢ cos (2wft-¢) (7)

where tan ¢ =2mfT

Hence the fluorescence lifetime can be obtained by measuring the phase
lag between the incident light and that of the fluorescence light.

The first measurements by Brody, 42 using the flash technique,
1n 1956 clearly showed that the fluorescence lifetime of Chl a in vivo
is 1n the one nanosecond region. Since then, these measurements have
been repeated many times both by the phase technique and flash technique;
T values ranging from 0.6 to 1.6 nsec for Chlorella have been found. 31,34
MUller, Lumry and Walker‘l1 partly resolved these differences by showing,
with the phase technique, that the fluorescence lifetime varies with
the intensity of the incident light. At low light intensity, when most of the
reaction centers are open, the fluorescence lifetime is short (0.6 nsec).
At high light intensity, when all the reaction centers are closed, the
fluorescence lifetime increases to approximately 2 nsecs.

In green plants, the fluorescence may have more than one decay

lifetime. One reason is that the decay constants may depend on time or

the concentration of the excited state. The other reason is that fluorescence
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can originate from different species. If can come from ''dead" Chl a
molecules which are not related to a reaction center or from Chl amole-
cules in photosystem II‘or photosystem I units. Fluorescence from photo-
system Il units may have two dlecay lifetimes. If the units are separated
from each other, the lifetime from units with their reaction centers closed
may be different from units with their reaction centers open. From experi-
ments with algae, J'olxot_e_tgL43 dmcu}ssed a model 1n which the photo-
synthetic units in photosystem II are separated from each other, each unit
having a single reactmtlm center with i1ts own harvesting light pigments. If
the reaction center is open, a quantum absorbed by the unit will be trapped
with a 100% efficiency at the reaction center. The fluorescence yield will
be zero if t.here 18 no fluorescence from ''dead" Chl amolecules. If the
reaction center is closed, a quantum absorbed 1n that unit has a probability
of 0.55 to 0. 60 of being transferred to another unit of type IlI. The quantum
18 believed to move from one unit to another until it 18 trapped or 1s dis-
sipated. If there 1s no fluorescence from ''dead' Chl a molecules, fluores-
cence 18 believed to come only from units 1n photosystem II with closed
reaction centers. However, when all the traps are open, fluorescence
18 sti1ll found to be present. This fluorescence is attributed by Laworel44
to Chl a molecules that are not associated with photosynthetic units con-
taining reaction centers and to system I. Joliot's model, then, would
predict two fluorescence lifetimes -- one component associated with Chl a

in photosystem II with its reaction center closed and one associated with

'"dead'' Chl a that 15 not i1n a photosynthetic unit and Chl a in photosystem I.
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Clayton, 45 in a more general formulation, found that if one removes the
assumption that there is no fluorescence when all the traps are open, 1t 18
possible to interpret Joliot et al.'s result by another model. This model
assumes that many reaction centers are embedded in a large pool of light
harvesting chlorophyll and that the quantum absorbed can wander freely
among the chlorophyll (cf. Lavore146). All or part of the fluorescence from
"dead" chlorophyll or from photosystem I 1n Joliot's model would be from
fluorescence of units with open traps. Theoretical calculations by
Pearl.st:em‘]’7 indicate that a finite time 158 needed for the reaction center to
trap an excitation quantum 1if it 18 transferred by the weak resonance inter -
action between Chl a molecules. This model then would predict that the
fluorescence will have predominantly one fluorescence decay lifetime be-
cause the model 18 analogous to the in vitro situation in which a high con-
centration of pigment molecules is mixed with a low concentration of quench~
er molecules.

All or part of the fluorescence that is not attributed to chlorophyil
molecules in photosystem II may be fluorescence from photosystem 1.44
From the action spectra of fluorescence of red algae, Duysens5 and
French and Young48 found that light absorbed by the phycobilins is more
efficient 1n exciting Ch‘l a fluorescence than light absorbed by Chl a itself.
This led Duysens5 to postulate that there exist two forms of Chl a in vivo_
in red algae, or{e weakly fluorescent and the other more strongly fluorescent.
Since the phycobilins are now shc;wn to be 1n photosystem II,21 the strongly

fluorescent Chl a which 18 associated with the phycobilins must be in

photosystem II. The weakly fluorescent species is postulated to be in
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photosystem I. It is, however, not yet possible to decide whether the weak
fluorescence postulated to come from photosystem I comes from the photo-
Synth‘thC unit itself or from '"dead' chlorophyll, with no fluorescence from
the unit 1tself.

It is generally accepted that most of the chlorophyll! fluorescence 1n_
vivo comes predominantly from photosystem II when all the reaction centers
are closed. In the case when all the reaction centers are open, there is
no available experimental data to show the percentage of the fluorescence
that 18 contributed by photosystem I, '"dead" chlorophyll, or from the bulk
of photosystem II.

Fluorescence lifetime of Chl a 1n vivo has been reported, by Murty
and Rabinowitch, 33 to have two components. In Chlorella, the two values
they obtain are 1.7 and 5.4 nsecs. These measurements, however, could

34, 35 Singhal and Rabmow1tch35 indicate that Murty's

not be repeated.
measurements may be erroneous due to the change 1n the 1ncident pulse
shape with time and the long time decay component may be due to the lamp
decay and not to real fluorescence. Careful experiments by Nicholson

and 1*"01‘1&00,134 and by Singhal and Ra.bonothch35 with long time averaging
techniques indicate that fluorescence decays with a single exponential life-
time at low light ‘mtenSLtLes when all the reaction centers are open. These
measurements, however, cannot rule out the possibility that there are two
fluorescing species having exponential decays differing by 0.2 to 0.3 nsec.
Mliller et al. ,41 using the phase technique, justify their assumption of one

exponential decay by showing that the fluorescence lifetime 18 independent

of the wavelength in the emission spectrum and by showing that the
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fluorescence lifetime does not change when measured with different modulat-
ing frequencies. These are not good justifications because Krey and
Govind;ee49 have shown that there is very little difference 1n the emission
spectrum when all the reaction centers are open as compared with when
they are closed. The change in frequency Ml:lllere_t:_l_.41 used was not
large enough to decide betwe;an a one component decay and a two component
decay. Tumerman and Sorokin, 50 using the phase technique, found thét\

the fluorescence yield varies linearly with the lifetime of the fluorescence
under the assumption of ;)nly one lifetime. Briantais, Govindjee and
Merkelo51 have since confirmed these findings. Calculations done by
Tumerman and Sorokin indicate that the assumption of only one lifetme can
explain their experimental results and that two lifetimes cannot. A
similar calculation has been done to confirm this (see ChaptertIlI). To try
to show that fluorescence has predominantly one decay, we have viewed
directly the fluorescence decay of Chlorella when all the reaction centers are
closed and the fluorescence decay when some of the reaction centers are
closed. We were, however, unsuccessful due to the slow response of the
photomultiplier.

When all the traps are closed, the fluorescence lifetime gives a
measure of the rate of dissipation of the singlet excited state within the
photosynthetic unit. We will show that the rate of dissipation 18 different
for Chlorella, Porphyridium and Anacystis. Knowing the rate of dissipation
and the rate of flubrescence, we have cal'cula,ted the rate of trapping for the

three algae. We will also show that the fluorescence lifetime for F685

(fluorescence band with a peak at 685 nm) at 77°K is the same as that at
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room temperature (see Chapter III, B). This indicates that temperature has
little effect on the.rate of dissipation up to 77°K. Butler and Norriss'7 have
shown that the 720 nm fluorescence band (F720) in bean leaves at 77°K has
a lifetime of 3.1 nsec which indicates that F720 18 a 71 -7r* transition. (They
did not, however, report any lifetime measurements for the F685 fluorescence

band at 77°K.)

D. POLARIZATION OF FLUORESCENCE AND ENERGY MIGRATION

When the‘reaction center is closed, the lifetime of the excited state
18 longer than when the reactionccenter 1s open and it will be shown (Chapter
III, A) that energy can migrate from one unit to another. Therefore, the
extent of energy migration 1s greater when the reaction center is closed.
Although methods have been devised to measure directly the extent of exciton
migration 1n solids, 52 these methods are inapplicable to biological systems.
The only method available at present 15 an indirect one. This method 15 by
the measurement of the polarization of fluorescence. Polarization of

fluorescence, p, 18 defined by the following formulas?

(8)

where I,_, . is the intensity of the fluorescence that has the same linear
polarization as the incident light and I, 18 the intensity of the fluorescence
that has polarization perpendicular to that of the incident light. The fluores-
cence 18 measured in a direction 90° to that of the incident light. A single

molecule of Chl a in viscous medium, having no Brownian motion, has &

[
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high plolarization of fluorescence if it 18 excited in the red band. The
reason for this high value 18 that the excited oscillator, within the lifetime
of the excited state, cannot change its polarization either by Brownian motion
or by transferring its energy to another oscillator. The emitted quantum will
have the same polarization as the excitation quantum.

If polarized light were used to excite the Chl a molecules in the
photosynthetic unit, only those Chl a molecules with absorption dipoles that
are parallel to the polarization of the incident light will be excited. As
energy 18 transferred from one Chl a molecule to another Chl a molecule,
the "memory' of the initial polarization will be lost 1f the Chl a molecules
are arranged in a random fashion within the chloroplast. This loss of
memory 18 reflected in the decrease of the measured polarization of
fluorescence of Chl a in vivo. >4, 55 From the decrease in the polarization
of fluorescence and the lifetime of the fluorescence, one can calculate the
extent of energy migration. 56 In these calculations, however, a specific
energy transfer mechanism and the random orientation of the Chl a
molecule must be assumed.

The first measurement of the polarization of fluorescence of Chlorella
and the calculation of the extent of energy migration were made by Arnold
and Meek. 55 Using an exciting light of 630 nm, they found that dilute Chl a
in castor o1l has a p value of 0.24 and a suspension of Chlorella 0.033.
From their calculations they estimated a minimum num‘ber of 15-20
transfers before the energy is used. Weber, 57 using 366 nm Hg light, found

that p for 1solated cabbage chloroplasts has a value of 0.01 - 0.03. He
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calculated the minimum value for the number of transfers to be 20 to 40.
'I‘ea.le58 measured a p value of 0.06 1n Chlorella with 660 nm light. His
calculations show that there is a minimum of 140 transfers. In his cal-
culations, he multiplied the number of transfers that are calculated by
Weber's method by ¢o/ ¢ where ¢0 18 the fluorescence yield of unquenched
system and ¢ is thtle reduced yield by transfer quenching. Hence his value
18 the number of transfers that is possible 1f there is no energy quenching.
If the calculations were done usiné Weber's formulation, the numbher of
minimum transfers 18 only 12. La.vorel59 measured a p value of 0.08 1n
Chlorella for fluorescence at 685 nm and a p value of 0. 14 for 720 nm
fluorescence (A excitation, 650 nm). Their high values may be an artifact
because their measurement of p for Chl a fluorescence at 720 nm 1n vivo,
when excited by 550 nm, shows a value of 0.30; the intrinsic polarization
of the Chl a molecule, in vitro, however, has a P, value of only 0.10 at
550 nm. We speculate that their error may be due to the failure to correct
for the polarization of the emission monochromator. Goedheer60 attributed
the high p values to the fact that Lavorel flows his Chlorella samples
continuously through a thin tube, Goedheer feels that the flow may orient
the Chlorella cells. On measuring a random statlonary sample of
Chlorella, Goedheer could not detect any noticeable increase in the polariza-
tion of fluorescence at 720 nm. R. A. Olsonél_ also measured p for the
emission band at 720 nm by using a ruby laser as the excitation source. His
data indicates a p value of 0.68. Since the highest theoretical value for
p :8 0.5, one must conclude that his measurements were in error and most

probably the scattered light from the laser was not taken into account. Using
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Weber's polarization instrument, Govindjee()2 measured p at 720 nm for
a randomly oriented sample of Porphyridium. He found that p was 0.03
when excited with 540 nm (absorbed preferentially by phycoerythrin)
and 0.06 when excited by 440 nm (absorbed preferentially by Chl a).
Cederstrand and Govind]ee63 found that p at 720 nm was 0.03 in randomly
oriented chloroplast fragments from spinach which were enriched in pig-
ment system II and 0.054 1n fragments enriched in pigment system I. It
has been amply shown then that the measured value of p of Chl a 1n vivo_
is definitely lower than that of a single Chl a molecule.

It has been well established that the lower polarization of fluorescence
of Chl a 1n vivo is caused by energy migration. Arnold and Meeks5 have
shown that the decrease is not due to scattering. They illuminated with
polarized light a 10 ecm suspension of Chlorella so dense that only multiplied
scattered lLight was transmitted; in this condition, they found that 99 % of
polarization remained. Webers'7 has shown that the polarization in vivo_

18 not due to Brownian motion. He measured the polarization of cabbage
chloroplasts from 3° to 35°C and found that the polarization was constant
within the experimental errors (p = 0.001). However, if the lowering of

p is due only to energy migration, the calculated value of 20 to 40 transfers
from the measured p value seems to be too small compared with other ex-
perimental and theoretical findings. Teale, 58 by adding fluorescence
quencher m-dinitrobenzene to Chlorella and measuring 1ts effect on the
fluorescence excitation Spe‘ctra and yield, calculated the average number

of energy transfers between Chl a molecules, before the energy 18 quenched,

to be 275. This calculation is done without the assumption regarding the



18
mutual orientation of the pigment molecules. Bay and Pearlstein, 64
using as a model for the photosynthetic unit a sphere of radius 74 Z.
with 400 Chl a molecules arranged randomly and a trap in the center of
the sphere, calculated the mean number of jumps in a random walk, before
it reaches the trap, to be 130. In both calculations, the F8rster mechan-
ism65 of energy transfer was assumed. If a stronger interaction between
the Chl molecules is assumed, then the number of jumps will be much
larger. Hence, if the chlorophyll molecules are randomly oriented within
the chloroplast, the measured polarization of fluorescence should be much
lower than that observed. Weber57 explains thi1s discrepancy by pointing
out that the chlorophyll in the chloroplast may be arranged in a partially
random fashion and the calculated value for energy migration 18 the mini-
mum value. Lavorel, 59 however, believes that the discrepancy may be
due to Chl amolecules 1n system I being oriented with respect to one
another so that the fluorescence for system I is not depolarized. Although
he reported that p at 720 nm 1s higher than that of p at 685 nm, his measure-
ments may not be correct as mentioned before Goedheer, 60 on measuring
a randomly oriented sample of Chlorella, could not find any 1ncreased p at
720 nm. Cederstrand and Govindjee63 showed that p has a value of 0.054
1n isolated photosystem I from Spinach; this value 1s close to the p vélue
found for whole cells. It does not seem that the chlorophyll molecules in
system I are highly oriented with respect to each other. However, this

does not prove that there are no oriented pigment systems within the

chloroplast.
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The most widely quoted evidence that there are oriented pigments
within the chloroplast are the experiments of Olson, Jennings and
Butler. 66-70 Using a pdlarizing microscope, they found that on viewing
a single chloropllast on its edge with unpolarized 436 Hg light, the fluores-
cence intensity 18 greater in one polarization than in the other. The
fluorescence emission spectrum has a peak of 720 nm. These results
do not prove that the pigments are oriented with respect to each other
within the photosynthetic units but only that the pigments are orulanted with
respect to the chloroplast. The edge view but not the face view of the
chloroplast shows difference in fluorescence intensity in either polarization.
These experiments can be interpreted to mean that there are pigments on
the edge of the chloroplast which can accept energy from other pigments
and are spaced far apart though oriented parallel to each other due to some
structural regularity of the chloroplast. The claim by But:ler_g_tﬂ_e'_m_l_.70 that
the Chl a 1n vivo which absorbs at 680 nm 1s oriented and 15 responsible
for the fluorescence band at F720 nm has three weaknesses. First, Cho
and Govmd]ee71 have shown that Chl a which absorbs at 680 nm fluoresces
mainly at 685 nm not at 720 nm. Second, no dichroism 1s found when the
face view of the chloroplast 1s examined even though Chl a 680 1s present.
Third, Chl a 680 constitutes about half of the Chl a in the chloroplast; if
a high dichroic ratio 18 observed at 695 nm, one should also see a high
dichroic ratio at the Soret band but this 18 not observed. In conclusion,
the experiments of Olson, Jennings and Butler show that there are pigments

located & the edge of the chloroplast which are oriented 1n one position

rela(tive to the chloroplast structure, but this 18 not a proof that neighboring
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chlorophyll molecules within the photosynthetic unit are oriented with
respect to each other.

Although a partially random orientation of the chlorophyll molecules
within the chloroplast could explain the discrepancy between the number of
energy transfers before the energy 1s trapped calculated from p and that
calculated from other experimental and theoretical findings, the existence
of few isolated chlorophyll-protein complexes 1n the chloroplasts could
also explain the discrepancy, this possibility has never been considered in
the past. Let us first assume that for every one hundred chlorophyll
molecules 1n the photosynthetic unit, three or four chlorophyll-protein
molecules are 1solated from the photosynthetic unit and they do not do any
useful photochemistry. If one also assumes that these chlorophyll-protein
molecules have the same fluorescence yield as the chlorophyll in the
photosynthetic unit and that each chlorophyll-protein complex contains only
one or two chlorophyll molecules so that there 1s very litile energy
migration within the complex, the polarizationof fluorescence from these
complexe;wﬂl be high. Although their absorption crossection is assumed
to be only 4% of that of the photosynthetic unit, they will still contribute
a value of 0.04p, to the overall polarization measurement (po 18 the 1n-
trinsic polarization of fluorescence of an 18olated molecule). For Chl a
molecl’\ules, P, is measured to be 0 20 when excited at 630 nm. The p due
to the assumed 4% loose chlorophyll-protein complexes would be 0.01. It
is probable that the polarization of fluorescence of Chl a in vivo 1s due to

these isolated chlorophyll-protein complexes if they exist in the chloroplast.
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Experiments by Arnold and Meek55 show that extracted chlorophyll-protein
complexes have a p value of 0.16, a value much higher than that measured
in vivo. Weber56 also showed that micellar extracts of cabbage chloro-
plasts have a tenfold increase in the polarization of fluorescence. However,
whether there exist 1solated chlorophyll -protein complexes in the chloro-
plast is an open question. One would expect a plant to maximize 1ts photo-
synthetic efficiency, and thata four or greater percent ''loss' is unlikely.
At any rate, there 1s no experimental evidence that can answer this ques-
tion.

If we assume that there are no 1solated chlorophyll-protein complexes
within the chloroplasts, then the measured p 18 due to the retention of the
"memory'" of the initial polarization as energy migrates about a partially
random system of chlorophyll molecules. Since the extent of energy
migration 18 greater when all the reaction centers are closed than when
they are open, we ask how 18 the polar1:zatlon affected? The polarization of
fluorescence will or will not be affected depending on the mechanism of
energy transfer from a chlorophyll molecule to another chlorophyll molecule.

As yet, the mechanism by which excitation energy is transferred
within the pigment system to the chemical reaction center 1s still con-
troversial. It 18 generally agreed, however, that the mechanism of energy
transfer from accessory pigments like phycocyanin to Chl a 15 that of
resonance energy migration, a theoretical mechanism of energy transfer
developed by FBrster,65 this is supported by the temperature dependence of

the energy transfer from phycocyanin to Chl a in vivo (Cho and Govmd;ee7z).
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The exact mechanism of energy transfer between Chl a molecules in vivo
is not yet known. Energy migration by means of diffusion of molecules can
be ruled out because energy can reach the reaction center even at loK.'73
Energy migration can occur by means of electrons and holes in conductance
bands as in photoconducting crystals. However, as pointed out by
Rabinowitch, 4 the absorption spectrum of the chloroplasts does not show

an absorption band which supports the existence of a conductance band; the

absorption band in vivo is closer to that of Chl a in solution than that of

crystalline Chl a. It has been suggested that the electrons and holes could
magrate by ”'t’:unnelmg” from one chlorophyll molecule to another to the
reaction center. (Recently Floyd, Chance and DeVault75 have found evidence
for the ""tunneling'" of electrons in the chloroplasts. At 77°K, th’ey found that
electrons can ''tunnel' from a cytochrome to the reactioncenter of system
II.) Experiments by Arnold and Ma.cla.y76 on dried chloroplasts and experi-
ments by McCree77 on the photoconductivity of chlorophyll on monolayers show
that the charge transfer process 1s not efficient enough to be the main mechan-
ism for energy transfer within the photosynthetic units in the chloroplast.

The only remaining possibility 18 that 1t 18 the excitation energy that
18 transferred. Excitation energy can be transferred via the triplet state
or the singlet state. The triplet migration can be ruled out from the flash
photolysis experiments by Porter and Strauss 78 They could not find
absorbance change down to 0. 5% due to triplet-triplet absorption tn vivo.
Hence the fraction of chlorophyll molecules in the triplet state 18 too small
to umplicate the excited triplet state as the mechanism of energy transfer

to the reaction center. The most reasonable mechanism for energy transfer
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within the photosynthetic unit seems to be the migration of the excited singlet

74, 79)

state (also see Rabinowitch
For energy to migrate, some interaction must occur between the
excited and unexcited molecules. The interaction energy arises from
coulombic interactlongo between electrons and nuclel of one molecule with
those of another and can be represented by a sum of multiple interactions.
Because the electric dipole interaction is much stronger than the higher
multipole interaction, the higher multipole contribution to energy transfer
18 generally ignored. However, Robinson3 points out tl;lat these higher pole
transitions may be important 1n cases 1n which two dipoles are mutually
perpendicular to each other. Assuming electric dipole 1nteractions only;
three cases of energy transfer, which FBrster81 has designated as ''strong
coupling, ' intermediate coupling' and "weak coupling'', can occur. A
detailed quantum mechanical derivation of the three cases has been done by
FUrster. 82 A classical derivation of the ""weak coupling'' case has been
done by Hoch and Knox 83 Hence, only the qualitative results will be dis-
cussed here. The distinction between the three types of energy transfer is
the strength of the interaction of neighboring molecules. The transfer 1s
designated as ''strong coupling' if the interaction energy between two mole-
cules is greater than that between the electronic and the nuclear r'notwns
within the individual molecules. The transfer of excitation between the two
molecules is so fast compared to the nuclear vibrations that the excitation
may be regarded as delocalized over the two molecules. In crystals where

this type of energy transfer is known to occur, the absorption spectrum 18

considerably different from that of an individual molecule. This difference
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is due to the, splitting of the electronic levels ciue to the strong interaction
energy. The absorption spectrum of Chl a in vitro 1s very similar to the
absorption spectrum of Chl a 1n_vive. This indicates that the energy transfer
in the chloroplast is not of the ''strong coupling' type. Hence the problem
is to decide whether the transfer is of the '"intermediate coupling'' or the
""weak coupling" tylpe.

In the "intermediate cI:ouplmg” case, the intermolecular interaction
is less than the intramolecular interaction between electronic and nuclear
motion. The interaction energy 18 not so great as to cause a distortion
in the absorption spectra but it 15 great enoqgh so that the excitation 18
still delocalized and the system can be described by stationary vibronic
exciton states. Robm’sons4 assumed that energy transfer 1s by del;Jcalized
excitons and calculate.d that the excitation energy can spread over a two
dimensional aggregate the size of the photosynthetic unit in a time that 1s
about 1,000 times faster than the lifetime of the singlet state of chlorophyll
in the photosynthetic 'anit. To account for the fluorescence yield at low in-
tensities when all the reaction centers are open, Robinson calculated that
the trapping efficiency per encounter with the reaction center 1s about 1%.
In this case, the excitation energy will have an equal probability of being
in each chlorophyll molecule 1n the photosynthetic unit. This probability
will be the same independent of whether the reaction center 1s open or
closed. It follows that each molecule in the.photosynthenc unit will have

an equal probability of emitting a photon regardless of the state of the

reaction center.
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In the ""weak coupling'' case, the interaction between two molecules
is much less than the intramolecular interaction between electronic and
nuclear motion. Under these conditions, thermal equilibrium is established
in the excited vibrational level b;fore the excitation is transferred. Here we
can regard the excitation as temporarily localized on a single molecule
before it 18 transferred. In the photosynthetic unit, if the energy is trans-
ferred by the '""weak coupling'' case, the excitation can be visualized \:s a
sequence of uncorrelated individual transfer processes ('random walk'' or
""Brownian motion'). Because the time needed for an excitation to reach the
trap 18 much longer than that of the ".ntermediate coupling' case, the re-
action center 18 assumed to be 1rreversible. In this "'weak coupling' case,
the number of molecules that the localized exciton visits will depend upon
the lifetime of the localized exciton. If the reaction center 1s open, the
number of molecules that the localized exciton visits 1s smaller than if
the reaction center 15 closed.

Polarization of fluorescence cen be used to distinguish between
these two possik;le mechanisms of energy transfer among the chlorophyll
molecules in the photosynthetic unit. As mentioned before, 1n the mechan-
ism 1n which the ‘excitation is delocalized over the photosynthetic unit, the
excitation has an equal probability of being 1n each molecule within the
unit regardless of whether the reaction center 1s open or closed. Hence,
fluorescence will come from the same chlorophyll molecules regardless of
the state of the reaction center. The polarization of fluorescence will be

the same with the reaction center open or closed. In the mechanism in

which the excitation 18 localized and energy migrates by means of random
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hopping, the number of molecules that are visited by the excitation when
the reaction center is closed 1s great;ar than when the reaction center 1s
open. It follows that more molecules are involved in fluorescence when the
reaction center 15 closed. If the molecules are arranged in a random
fashion, the fluorescence will be more depolarized if more molecules are
involved. The polarization of fluorescence of units with closed reaction
centers should be lower than those units with open reaction centers. If the
polarization of fluorescence changes on changing the state of the reaction
center, then the excitation could he said to be transferred by a hopping
process. If the polarization of fluorescence does not change on chang:ing the
state of the reaction center, then the excitation is transferred by means of
a wave packet. To resolve this question, we have very carefully measured
the polarization of fluorescence when most of the reaction centers are open
and when all the reaction centers are closed. Our results (Chap. IV)

indicate that the excitation energy is transferred by the hopping process.

E. DELAYED LIGHT EMISSION (DLE) AND THE REACTION CENTER

The state of the reaction center, whether it 158 open or closed,
not only changes the fluorescence yield but also changes the yield of DLE.
Hence the study of delayed light is important because 1t 18 another measur-
able parameter one can use to study the nature of the reaction center.
Delayed emission was discovered by Strehler and Arnoldgs in
1951 when they found that Chlorella gave off a very dum light minutes after
the incident lLight was turned o'ff. Further experiments showed that this

86, 87, 88
delayed emission had the same emission spectrum as that of fluorescence.
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This proves that delayed emission comes from the singlet excited state
and not the triplet excited state. Subsequent experiments by other workers
have revealed many other properties of this delayed emission. Delayed
light originates mainly from bhotOSystem II. Proof of this comes from the
action spectra of delayed light87’ 88 and from the fact that Scenedemus
or Chlamydomonas mutants which lack photosystem II have negligible delayed
emi8sion and those lacking 1n photosystem I have a delayed emission com-
parable to that of normal cells. 88, 89 Delayed light may be a two-quanta
phenomena. Jones90 has shown that 1n the time range of 140-250 mulli-
seconds after the excitation flash, the integrated signal 18 proportional to
the square of the excitation intensity 1f the algae are kept in the dark for a
long time. Delayed emission persists even at lLiquid nitrogen tempera-
ture.91 Delayed emission has a very complex time decay and 1s affected
by the addition of chemical poisons which affect the reaction centers. 92-99
The time decay does not follow first order kinetics. Qualitatively, the time
decay has a fast decaying component 1n the millisecond region” ~ and
slow components lasting up to minutes. No quantitative explanation has
been published for time course of this phenomenon.

Many theories have been evolved to explaln the cause of delayed light
emission. In Arnold and Azzi's solid state model, 100 photosystem II is
divided into two regions, one contatning Chl a only and one containing Chl b
only. FKEach region has its own reaction center. Energy absorbed by
Chl b is transferred to a reaction center where a photochemical reaction

taken an electron from water and transfers it to the semiconductor band of

Chl b 1n the bulk. Energy that is absorbed by Chl a 18 transferred to another
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reaction center where a photochemical reaction takes an electron from the
chlorophyll and transfers it to an electron transport chain. This reaction
leaves a hole 1n the semiconductor band of Chl a which can migrate about
the Chl a pigment system. There is a small probability that the electron
from the Chl b pigment system can recombine with the hole in the Chl a
pigment system at the interface. The recombination of the electron and
hole will produce an excited chlorophyll molecule which then gives off
a photon which is seen as delayed light. There are many objections to
this particular model of Arnold and Azzi. The blue-green alga Anacystis,
which lacks Chl b whose existence 1s vital to the above model, has measur-
able delayed emission. 101 This objection can be circumvented by giving
phycocyanin the role played by Chl b. The existence of two reaction
centers for system II plus the reaction center for system I in Arnold and
Azzi's model implies that three quanta are needed to transfer an electron
from water to NADP+; this implies a minimum quantum requirement of 12
per oxygen evolved. New measurements have confirmed that young
Chlorella cells can evolve oxygen with only 8 quanta of light. 102

In a model similar to that of Arnold's, Bert:sch103 postulates that
photosystem II consists of a pigment system with no separation of Chl a
and Chl b and of a single reaction ¢entei but one with two distinct trapping
sites. The trapping sites are similar to Arnold's two reaction centers in
that one site oxidizes water leaving an electron in the reaction center and
the other site reduces the first intermediate in the electron transport chain
leaving a hole 1n the reaction center. The resultant electron and hole in the

reaction center are free to migrate. A collision of an electron and hole
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which results in an excited chlorophyll molecule, will give rise to delayed
emission. The same objection applies to this model in that the minimuam
predicted quantum requirement for a molecule of oxygen in this model is
twelve while the measured quantum yield 18 eight. 102

Other investigators, notably Clayton, 45 have postulated that delayed
light 18 due to a recombination of the first oxidized product (Z+) and the first
reduced p\roduct Q) following a photochemical reaction in photosystem II.
The energy from the recombination of Z+ and Q can be used to excite a
chlorophyll molecule. The resultant fluorescence from the excited singlet
chlorophyll molecule 18 the detected delayed light. As pointed out by
Lavorel, 88 this theory has a serious weakness 1n that the excited state of a
chlorophyll molecule requires 1.8 ev. From the measured oxidation-re-
duction potential of Q , Lavorel calculated that only 1.0 ev may be avall-
able for such a back reaction. This model cannot explain why the delayed
light emission should vary with the square of the i1ncident light as measured
by Jones. 90 La.vorel88 has proposed a model in which triplet state 15 an
intermediate state. It can be either formed directly from the singlet at the
trap, or from the back reaction of Q with Z+. The two triplets can then
combine to give one singlet. Lavorel did not make quantitative predictions.

Independently of Lavorel and 1n collaboration with W. Stacy, C.
Swenberg and Govindjee, 101 the author has formulated a detailed model
which also removes the difficulties faced by other models. We feel the
overall process resulting in delayed light emission 1s as follows. After a
photon 1s absorbed by the chlorophylll 1n photosystem II, the energy can be

lost by radiationless decay or by fluorescence. Most of the energy, however,

t
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can migrate to a reaction center. At the reaction center, the excitation
energy may etther be used for an oxidation-reduction reaction or it may be
lost by fluorescence or 1nternal conversion, or it may undergo intersystem
crossing and .populate a triplet state of the trap. This triplet exciton can
then migrate into the chlorophyll bulk pigment where it can either decay by
radiationless transition or it can undergo fusion, and produce an excited
singlet state. The resultant emission from the singlet state is the observed
delayed light emi1ssion. We also assume that the triplets can be produced
at the reaction center by a chemical back reaction between the primary
oxidant (Z+) and theprimary reductant (Q7). We feel that although this
chemical back reaction does not have enough energy to populate the singlet
state, it does have enough to populate the triplet state. This model does not
require two trapping centers as do models which involve electron and hole
recombinations and hence is more consistent with quantum yield measure-
ments of oxygen.

Our model can also explain the complex time decay kinetics of the

delayed light. Schematically, our model can be seen as:

S o4 Trap q1 Chemical
—BE5  lexcitation |—> potential
e A,
a Y
¥ T heat
T+T

hy

where S = the excited singlet state

T

the excited triplet state

a radiative rate constant for the singlet state

r
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o = non-radiative rate constant

e
—
]

rate of energy stored as chemical potential

k = rate of intersystem crossing

9, = rate of chemical back reaction multiplied by the concentration
of the primary oxidized product and the primary reduced
product

Y = rate of recombination of the triplet

B = rate of radiationless decay of the triplet

To facilitate the solving of the rate equations, we will first assume
that q, = 0; this assumption is valid at low light intensities and at times
shortly after the incident light is turned off. The three rate equations for

our model can be written as:

dns 1 2
—_— = . + = +
o (@ +a Jn + 5V nl +Gt) (9)
9% _ ¢ n_ -(q, *+kx @ _=C(N-x) (10)
dt nr s 1 " “nr
dn 5
—_— = - - 11
dt kx BnT Y n (11)
where G(t) = rate of populating the singlet
n_ = singlet exciton population density
n. = triplet exciton population density ’
X = density of excited trap molecules
. N = density of trap molecules L
C = constant



32
The three coupled differential equations cannot be solved in a
closed form. At time t, approximately 10-3 to 10-5 secs. which is long
compared with normal fluorescence decay time of about 10 ’ seconds
(t:-1 ¢ca + anr’l k + ql), the faster response times of n_ and X compared to

that of . allow us to make the following assumptions:

dns
It =0 (12)
dx
& 0 (13)
G(t) = n_(0)8 (t) (14)

where t =0 is set at the instant when the excitation light is shut off.

Under conditions which allow us to assume q2 =0, N» X

dn

T 2
i A GRS (15)
1 k
where ' E =1-5(1-¢) (;;;1—)
1
1 ar
¢ = ' +a
nr

Equation 15 can be solved with the initial condition nT(O) =050

= constant. The solution is
BnTo

n;r(t)é ; (16)
(Tvn, +8) eXp (Bt) - xvn

The DLE produced by triplet exciton fusion 18:

Pr aaaty
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(t) (17)

Hence we get:

F(t) = t 5 (18)

where Fo = F(0).

Note that the above equation is derjved for delta function light excitation.

1

For excitation with rectangular pulses of light, we have:

] (o] B nTodu

n(t)= = J
T T -T (EYnTo + B) exp (Bt - Bu) -Z,YnTo

(19)

where t = 01s the instant that the excitation pulse is shut off andt = T

is the pulse length. Integrating equation 19 and using equation 17, we have:

2
F
- -9 (A+B)exp(Bt+BT) - A -l
F(t) = AT [-BT +&n (Byexn(B) - X J (20)

2
where A2 = 2B YFq

At incident light intensities so low that

1/2
2 2 1D
___5__81_0_ c< B
1s satisfied, Bn_ du

L 0 To
nT(t) T ]-T B exp (Bt-Bu)

=ng exp (-t) + constant (21)
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so that

F(t) = Fo exp (-2Bt) + constant (22)

At low Light intensities, the DLE is a sumple exponential decay with a decay
lifetime of 1/28.

We have numerically fitted these time dependence of the DLE pre-
dicted from our madel with the experimental data. The DLE in the green

alga Chlorella pyrenoidosa has been measured in the range of 1 to 12 mill1-

seconds after excitation with light pulses (A = 6328&) of 100 microsecond and
4.5 millisecond duration. Figure 1 shows the theoretical and experimental
time dependence of DLE with 100 microsecond flash excitation. Note that
the addition of chemicals, 3-(3, 4-dichlorophenyl)-1, 1-dimethylurea (DCMU)
and hydroxylamine which affects 1n a region close to the reaction center,
changes the rate constant §, From eguation 18 it can be seen that an in-
crease in £, umplies an increase 1n q- Thus the data Lrtdmates that since
cells with DCMU decrease ¥ over.normal cells, the addition of DCMU
causes a decrease in ql, the rate at which the trap molecule is chemically
deactivated The addition of hirdroxylamine to the cell has the opposite
effect Figure 2 shows the theoretical and experimental time dependence

of DLE with light pulses of 4. 5 millisecond duration. Only 1n the cases of
the normal cell and cells with hydroxylamine could the theoretical curve
match with the experimental curve. The failure to fit the DCMU case 15 due
to the presence of the slow build-up component in the decay curves. This
was explicitly left out of the theoretical rate equation by setting q, equal

to zero. Methyl viologen is a. strong electron acceptor just above the
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level of ferredoxin. 104 It does not affec‘t the region close to the reaction
center of photosystem II. Hence the addition of methyl viologen to cells
with hydroxylamine or with DCMU should not affect the kinetics of the delayed
Light.

The present theory also predicts that the DLE should vary with the
square of the intensity of the exciting light at low light intensity. Figure 3
shows our measurement of the dependence of the delayed light intensity
on the intensity of the excitation light in the 1.5 to 5.0 msec range. The
square law dependence reported by Jones90 in the 140 to 250 msec range 18
confirmed 1n the 1.5 to 5.0 msec range at very low light levels.

It seems that the triplet fusion model offers a valid alternate explana-
tion to that of the electron hole recombination for the origin of DLE. How-
ever, the exisience of the chlorophyll triplet state 1n vivo has not been found
experimentally. Flash photolysis measurements78 have failed to show any
triplet-triplet absorption. Phosphorescence from Chl a in vivo has not
been reported. 105 The ;.atter 18 not a valid objection against the existence
of the triplet state because the rate of internal conversion could be greater
than the rate of intersystem crossing inside the cell. Flash photolysis
measurements, as used by Porter and Strauss78 to detect chlorophyll triplets
in the chlbroplast, are only‘r sensitive enough to resolve absorbance changes
down to 0.5%. A calculation of the triplet exciton density will show that this
is not sensitive enough to detect the triplet state (see Chapter V). At one
millisecond after the excitation light was turned off a typical emission rate
4

(F) for Chlorella was approximately 108 photons/cm2 sec. WithY ~10~

cmz/sec and ¢ ~2 x 10-2, the triplet density at one millisecond 18
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Figure 1.

Intensity of flash excited delayed emission (labeled
fluorescence) yrersus time for Chlorella pyrenoidosa
(normal), for Chlorella with 10-5M DCMU and for
Chlorella with 10-3M hydroxylamine. Excitation pulse
18 100 psec wide with 50 psec rise and fall time.

Solid dots are experimental points. Solid lines are
theoretical curves calculated from the kinetic model
of triplet-triplet fusion (see text). (After Stacy,

Mar, Swenberg and Govindjee. 101,
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Figure 2A. Intensity of square wave excited delayed light emission
(labelled fluorescence) versus time for Chlorella
pyrenoidosa (normal), for Chlorella with 10-3M
methyl viologen and for Chlorella with 10-5M DCMU.
Excitation pulse 18 4. 5 msec with a rise time of 50
psec. Repetition rate 18 25 hz. Solid dots are ex-
perimental points. Solid line 18 theoretical curve
calculated from the kinetic model of triplet-triplet
fusion (see text). (After Stacy, Mar, Swenberg
and Govindjee. 101)
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Figure 2B. Intensity of square wave excited delayed light emission
(labelled fluorescence) intensity versus time for
Chlorella pyrenoidosa with 10-3M hydroxylamine, for
Chlorella with both 10~3M methyl viologen and 10~ °M
DCMU and for Chlorella with both 10~3M hydroxylamine
and 10 3M methgl viologen. (After Stacy, Mar, Swenberg
and Gc:vmd]ee.1 l)
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np. = ( —\2;5— )l/2 "'107 cmz. If the lamellar area per chlorophyll molecule
is 2 x 10-14 cmz, then the proportion of the triplet state is approximately
2 x 10_7. The expected change in the absorption spectrum corresponding
to the above triplet density is less than 10-6. Detailed calculations are
presented in Chapter V.

We have t;riedm1 -- although unsuccessfully -- to directly prove
the existence of the triplet state by measuring the effect of a magnetic field
on delayed light. It has been shown that in crystalline anthracene and
tetracene, the delayed fluorescence produced by triplet exciton fusion 1s
sensitive to a magnetic field. 106 Within the limits of experimental accuracy
(2%), we found no changes 1n the intensity of DLE with fields as high as
18 kilogauss. It has been theoretically shown by Merrlfleldlo7 that the
reason why the magnetic field affects the intensity of the DLE 1n anthracene
and tetracene crystals is that the magnetic field affects the probability that
a particular collision between two triplet excitons will result 1n a singlet
exciton. Therefore, the reason we did not observe any magnetic effect may
be due to the low annihilation probability of the triplet to singlet within the
chloroplast. 108 The direct proof of the triplet state would require a more
sensitive search for a magnetic field dependence of the DLE or a more
sensitive flash photolysis measurement.

In this investigation, we have extended the DLE measurements to a

’

red alga, Porphyridium cruentum (see Chapter V). We have also explored

more fully the assumption that the long time delayed light emission is due to

a back reaction of the first oxidized and reduced products to populate a triplet.
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Figure 3. Logarithmic plot of the intensity of delayed emission
(labelled fluorescence) 1ntensity versus excitation
light intensity for Chlorella pyrenoidosa. (After
Stacy, Mar, Swenberg and Govindjee 101),
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state in the reaction center. Confirmation of these ideas was obtained
by measurements of fluorescence induction and of chemiluminescence
and thermoluminescence (see Chapter V).

The details of the chemical reactions, at the reaction center II,

leading to oxygen evolution are discussed in Appendix I. Two new models
109 110
as alternatives of the models of Joliot et al. and of Kok et al. are

presented. These models explain all the existing data on kinetics of oxygen

evolution.
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II. MATERIALS AND METHODS

A. BIOLOGICAL SPECIMENS AND PREPARATION OF SAMPLES

Unicellular algae were used in all the experiuments performed in tl,ﬂs
study. These algae were chosen because they are well characterized and
are convenient to prepare for experimentation. They can be grown under
controlled conditions at all times. Their population per unit volume 18
large so that the measured value 18 an average value of thousands of cells.
Also they do not lose their activity within the time of experimentation as
chloroplasts extracted from leaves do.

The three algae used were the green alga Chlorella pyrenoidosa,

the red alga Porphyridium cruentum, and the blue-green alga Anacystis

nidulans. Chlorella pyrenoidosa 1s spherical in shape with a diameter

of 5 microns. The chloroplast is cup shaped and occupies more than

half the cell. The pigments Chl a, Chl b and carotenoids are found within

the chloroplast. Each cell of Porphyridium cruentum is enclosed 1n a
7 A

gelatinous sheath varying in thickness from a thin membrane to an envelope
half as thick as the diameter of the cell. The cell diameter has been
111

.measured to be 9.68 to 12. 6 microns i1ncluding the outer sheath. Chloro-

plasts of Porphyridium cruentum contain phycoerythrin and also phycocyanin

instead of Chl b as accessory pigments. Anacystis_nidulans 1s different
from Chldrella and Porphyridium 1n that 1t does not have a chloroplast
membrane. It has phyaocyanin and allophycocyanin instead of Chl b as
accessory pigments Anacysi:is112 has been shown to be cylindrical in shape

with a mean diameter of 0.92 (+ 0. 01)|.l and length of 2.6 7 (+ 0. 82)p.
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All the algae used in this study were cultured by Mr. Alan Stemler.
The growth conditions and the nutrient media used were patterned after
those described by Govindjee and Rabinowitch. 113 A continuous flow of 5%
CO2 mixed with air was used for the growth of Chlorella and Porphyridium
while only air was used for Anacystis. The temperature was held at 18°C
for the growth of Chlorella and Porphyridium and at 23°C for Anacystis.
Light for the growth of Chlorella and Anacystis was obtained from a 60 watt
tungsten bulb placed 12 inches away from the algae, while light used for
the growth of Porphyridium was obtained from two 15 watt cool -white
fluorescent lamps which were placed 12 inches away from the algae.

To prepare the algae for experi mentation, they were spun down
in a centrifuge at 5000 x g for five minutes, the growth medium was dis-
carded and the cells were resuspended in carbonate-bicarbonate buffer.
The buffer 18 used to maintain the COz concentration above the value which
would limit photosynthesis and to stop the growth of the algae since the
buffer lacks many 1norganic nutrients necessary for growth. For Chlorella
and Anacystis, an 85 to 15 muxture of 0.1 molar solution of Na,HCO3 and

\

K2C03 (pH, 9.2) was used. For Porphyridium, the buffer consisted of 16 g.

of NaHCO3, 1.0 g of Na

(pH: 8. 5).

2003, and 15.2 g. of NaCl per liter of water

B. ABSORPTION MEASUREMENTS

Absorbance measurements were made on each algae sample used to
check the pigment composition of the algae and to adjust the concentration of

the algae to the particular absorbance needed for the experiment. Absorbances



48
were measured on a Bausch and Lomb spectrophotometer, Spectronic 505,
equipped with an 1ntegrating sphere to correct for errors due to scattering.

The measuring half band width was 5 nm.

C. FLUORESCENCE MEASUREMENTS

Fluorescence measurements were carried out with a spectro-
fluorometer designed and built by Govindjee and Spencer (see ref. 114).
The instrument 1s shown i1n Figure 4. The procedure for measuring
fluorescence at liquid nitrogen temperature was the same as that described
by Cho and C‘zovdeee.71 The procedure for measuring fluorescence transients

was the same as that outlined in detail by Munday and Govindjee. 15

D. FLUORESCENCE LIFETIME MEASUREMENTS

The 1nstrumentation for the measurement of fluorescence lifetime
cen.éers around the mode-locked He-Ne laser. 116 The laser was designed
and built by Dr. H. Merkelo and Mr S. R. Hartmann of the Electrical
Engineering Department at the U. of I. .

The mode-locked He-Ne 1aser40 emits pulses of 6328 X lLight with a
half l?and width of 1.2 nsec, every 10.22 nsec, as measured by a ""PIN"
‘dllode. A picture of the nanosecond pulse 18 shown in Figure 5. The
average 1ntensity 18 105 ergs per crn2 per second. Measurement of the
pulse with a photomultiplier shows the pulse as having a wider half band
width. This 1s shown in Figure 6. This shows that the limiting factor 1n

measuring fluorescence lifetime 15 not due to the light source but 18 due

to the poor time response of the photomultiplier.
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Figare 4.

Block diragram of the spectrofluorometer. The
oscilloscope picture of the sloping vertical line on
the bottom left of the diagram shows the phototube
signal when the shutter 1s opened. Horizontal scale

is one msec/cm.
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Figure 5.

A photograph of a sampling oscilloscope trace
showing a mode~locked laser pulse as monitored
by a "PIN" diode. Horizontal scale is two
nsec/division.

Figure 6.

A photograph of a sampling oscilloscope trace
showing a mode-locked laser pulse as monitored
by a photomultiplier (RCA 7102). Horlzontal
scale is two nsec/division.
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The photomultiplier used was an RCA 7102. Its photocathode has
an S-1 response which 18 ideal for measuring fluorescence from photo-
synthetic systems. The biasing voltage for the photomultiplier was general-
ly 1500-1600 volts. The photomultiplier 1s shielded from stray magnetic
fields by a mu-metal cylinder. To minimize the transit time spread of the

electrons in the photomultiplier, 32, 38

the photocathode was covered except
for an aperture of 5 mm 1n diameter at the center.

For direct observation of the fluorescence decay with time, the ar-
rangement of the instrument was similar to the one shown 1n Figure 7
(modified after ref. 40). The incident light from the He-Ne laser 1s
partially reflected by a microscope glass slide which acts as a beam
splitter This reflected light excites a photomultiplier, and the resulting
signal from the photomultiplier acts as a trigger for the sampling oscillo-
scope. The light beam passes through a one cm cuvette, the surface of
the cuvette facing the incident light 1s kept perpendicular to the direction
of that beam. The position of the cuvette 1s adjusted so that the beam 1s
about one mm from the side that 1s parallel with the beam. The measuring
photomultiplier 15 placed perpendicular to the exciting beam. It 1s placed
as close as possible to the cuvette and 15 separated only by a red cut-off
light filter (Corning CS 2-64) which 18 used to block the scattered exciting
light from reaching the photomultiplier. The signal from the photomultiplier
15 amplified by a Tektronic 661 Sampling oscilloscope. The signal displayed
on the oscilloscope screen was recorded on Polaroid 3000 film.

The measurement 18 made 1n the following way. The picture for

the fluorescence decay of the sample is first taken. Then without disturbing
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Figure 7.

Block diagram of the apparatus for the measure-
ment of fluorescence lifetimes at 77°K ( modified
after ref. 40).



Beam splitter

\\\
(=7

Mode locked He- Ne laser

Sampling
Dscill oscope

Polarizer

A

\.\

Mirror

|__Photomultiplier

——{ 1

100 MC filter

1

,/Dew_ar flask with
window at bottom

L

~ Liquid nitrogen

// | ——Sample
%ﬁ)pﬁcal filter
/

—~~— Photomultiplier

100 MC filter

H.V. power
supply

Vector voltmeter

14°]



55
the biasing voltage in the photomultiplier, a scattering suspension of
""chalk' 1s substituted for the biological sample, the red cut-off filter is
taken out and the intensity of the scattered light 18 adjusted so that 1ts
signal detected by the photomultiplier is nearly equal to that of the signal
due to fluorescence. This is done by using a polarizer placed between the
cuvette and the laser. Since the beam 1s polarized, the polarizer acts as a
variable intensity filter. The signal from the scattered sample 18 recorded
and this is used as the data for the response of the whole instrument.

For direct measurement of fluorescence lifetime at liquid nitrogen
temperature, the arrangement of Dr. Merkelo's apparatus 1s as shown 1n
Figure 7. The dewar flask and the procedure for freezing the cell are the
same as that of Cho and Govindjee. 71,117 Instead of using a scattering
sample of "chalk' to monitor the photomultiplier response, the scattered
light from the sample itself was used. The wavelength of excitation was
6328 A as in other experiments.

The optical arrangement of the instrument for the phase shift
measurements 15 exactly the same as that for direct decay measurements.
Since the mode-locked He-Ne laser emits pulses of light every 10.22 nsec,
no external modulator 18 needed io modulate the light. The signals from the
reference and the signal photomultiplier are passed through a 100 Mhz
electrical filter 1nto a phasemeter (Hewlett Packard Model 8405A Vector
Voltmeter). The phasemeter compares the phase difference between the
reference signal and the fluorescence signal and produces a voltage output
that 1s proportional to the phase difference. The voltage output 18 then fed

into a chart recorder and the phase difference 18 recorded. The phasemeter
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can measure voltage of either the reference signal or the fluorescence
signal at the same time as it measures the phase difference. First, the
sample fluorescence is measured, then the sample and the red cut-off
filter are removed. A chalk suspension 18 then placed 1n the same position
as the sample without changing any adjustment of the instrument. The
polarizer 1s used to adjust the intensity of the laser so that the scattered
Light intensity equals that of the fluorescence light intensity measured
previously. The phase difference as measured by the phasemeter 18 set
near zero. The signal recorded on the chart recorder will act as the
baseline. The chalk suspension is then removed and the sample suspension
and the filter are replaced. The resulting phase difference signal 15 then
recorded by the chart recorder.

The calibration of the phase shift apparatus was checked 1n two ways.
The first method was by using the apparatus to measure the velocity of
light. First the phasemeter was set at zero by using a scattering suspension.
The distance between the scattering suspension and the laser was marked.
This distance was then varied and the resultant change in the phase was

recorded. Since the change in phase s related to the change in time by

Ad =360"FA¢ (23)
where f 1s the pulse frequency
At 18 the change 1n time
Ag is the change in phase in degrees
at= 2L (24)

where Ad 18 the change in distance
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c 18 the velocity of light

Combining equations 23 and 24, we get:

_aco® Ad
c—360fA¢ (25)

where 15 the slope calculated from the experimental values plotted

Ad
Ad
in Figure 8. Since % is calculated to be .8210 cm/degree and f is
measured to be 102.207 Mhz, the velocity of light is measured to be
3.02 x 1010 cm/sec This value differs from the standard value for the
velocity of light (2.997 x 1010 cm/sec.) by less than 1%. The second method
of checking the calibration of the phase shift apparatus 18 by measuring the
fluorescence of Chl b 1n ethyl ether with values obtained by flash excitation.
The lifetime of Chl b measured by the phase method 1s 3.87 + 0.005 nsec.
This 18 1n good agreement with Brody‘s‘}t2 value of 3.9 + 0.4 nsec.

One cause of systematic error that we cannot eliminate completely
1s the phase dependence on the wavelength at which the fluorescence emission
1s detected. Mlller et al. 38 have reported differences of 1.5 nsec i1n
fluorescence lifetimes of Chl a 1n vitro when measured with 682 nm
scattered light and 450 nm scattered light as the reference. Their measure-
ments show that the error becomes larger as the spectral difference between
the wavelengths of the scattering light used as reference and the wavelength
of fluorescence increases. Since the He-Ne laser emits only one frequency
of light, we cannot correct exactly for this type of error by using the same
wavelength of the scattered light as the fluorescence. Assuming that
methylene blue has a constant lifetime over its whole fluorescence spectrum,

the difference 1n phase when measured at different fluorescent wavelengths

was used as the 1nstrumental error.
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Figure 8. The change 1n phase versus the change i1n the distance
of the scattering sample from the laser.
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E. POLARIZATION OF FLUORESCENCE MEASUREMENTS

The apparatus to measure the polarization of fluorescence was
assembled by the author; it was designed to eliminate systematic errors in
the measurement. Theoretically only two measurements are needed to ob-
tain the polarization -- one 18 the fluorescence (,,F,, ) that 1s polarized in the
same direction as the incident light and that 18 given off in a direction per-
pendicular to the direction of the 1ncident light; the other 18 the fluorescence
(,, F,) that 18 polarized perpendicular to the polarization of the incident light
and that is also given off perpendicular to the direction of the incident light.
As shown 1n Figure 9, the polarization of the incident light 18 perpendicular
both to the direction of observation and to the direction tn which the beam 1s
travelling. The polarization of fluorescence, as mentioned 1n the intro-

duction, 1s defined as:

uFu 'nF_L ( ')
= ———— 8
P nFu +uF..L.

The systematic errors 1n measuring p come mailnly from instru-
mental factors which may selectively transmit one polarization more than
another. If the polarizer 1s not mounted perfectly, a rotation by 90° may
either tilt the polarizer very slightly to one side or may offset the polarizer
from the center of the light path. These errors can easily be detected by
watching the reflection of a laser beam from the face of a polarizer rotate
1n a small circle as one rotates the polarizer. This will cause light of one
polarization to be transmitted more than another. The cut-off colored

filters transmit the light of one polarization more than the other if they
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are not perfectly perpendicular to the incident lLight. The photomultiplier
has been found to respond differently to the light of different polarizations. 118
Other systematic errors in measuring p have been discussed in detail
by Weber. 119

To overcome these systematic errors, we made two other measure-
ments in addition to ,F,, and \F, . We measured the intensity of the
fluorescence with polarization parallel ((F,) and perpendicular (,F) to that
of the incident light except that tl':xe polarization of the incident light was
now rotated by 90° so that it was parallel to the direction of observation of
the fluorescence but still pe rpendicular to its own path. This is shown in
Figure 9. Geometrically, one can easily see that F, must be equal to
. F, because the polarization of the incident light 1s perpendicular to both
,F,, and ,F,, and there 15 no reason why fluorescence polarized in one
direction should be different from fluorescence polarized in another direc-
tion. Any measured differences then must be due to instrumental factors

The ratio \F,,/,F, can be used to correct for the error in measuring , F,.

Applying this correction factor to the definition of p, we have:

Fou
nE e IIF_I_ ( F )
P= TF:I (25)
F. .+ F, (==
11 1A 1" 1 _]_F N )
Rearranging the equation, we have:
uF_l, ( T
1 -
nFn ) i) F.L ’ (26)
P= IIFI 1 Fu
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We designed the instrument so that it could measure  F,/,F,,
and “F_!/,_F.,_. To measure ,F,/, F,,, we changed the incident light every
few milliseconds from one with one polarization (I,) to another with the
perpendicular polarization (I,). The resultant fluorescence signal ,|F,,
and ,F, was measured with its polarizer fixed at one polarization. Since
both fluorescence signals are measured exactly the same way, systematic
error in the measurement will be exactly the same in both cases. By
measuring ,,F,, and ,F,, within a short time, we eliminated lon g tume errors
such as light intensity fluctuations and changesin fluorescence. To reduce
the random noise of the photomultiplier, the fluorescence signal was stored
in a computer of average transients (CAT), Model 400 C manufactured by
Mnemetron Division of Technical Measurements Corp. The CAT was bor-
rowed from thelaboratory of Prof. C. L. Prosser. As continually succes-
sive signals are added, the CAT averages out the random noise. By
turning the fluorescence polarizer 90o to that of the above measurements,
we measured ,F, and \F, exactly as before Again, since both fluorescence
are measured exactly the same way, the systematic error will be exactly
the same 1n both measurements. By taking the ratio of |F, and ,F,,
the systematic error should cancel. Hence, having the ratio \F, /,F,

and ,,F_,./lF,_, we can calculate p from a slight rearrangement of equation

26: ,F, ,F,*®
- F. ) ( T )
P = (27)
Fu nFy
1+(,,F ”) (—F )
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Figure 9.

Definition of F.
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The instrument assembled to measure the polarization of fluorescence

is shown 1n Figure 10. Polarizer A 18 a nicol prism, 5 mm 1n crossection
obtained from a polarizing microscope. The polarizers B, C and D are
Glan Thompson prisms, 12 mm in crossection obtained from Karl
Lambrecht Crystal Optics Co. The excitation source is a Coleman Model
75 He-Ne laser. The laser was placed between a 5000 gauss permanent
magnet to stabilize i1ts 1ntensity and polarization direction. The laser
beam passes through a rotatable polarizer A to a beam splitter. One
beam passes through polarizer B which 18 set at a fixed polarization. The
other beam is deflected by two mirrors to polarizer C which 18 set at a
polarization angle 90° to that of polarizer B. The two beams are re-
combined by another beam splitter and then are directed to the sample.
A mechanical chopper 1s used to alternate the two beams 70 tumes per
second. The sample sees first one beam, then a period of darkness, then
the other beam, then another period of darkness, and then the first beam
again and so on. The beam intensity 1s 550 ergs/cm2 sec. This was
measured with Yellowspring radiometer Model 65. Polarizer D is used as
the observation polarizer. It i1s rotatable and it 15 1n one of two positions.
Its polarizing angle 1s either the same as that of polarizer B or 1t is the
same as that of polarizer C. A cut-off colored filter (usually Corning
CS 2-64 unless otherwise specified) is placed in front of the photomultiplier
to separate the fluorescent light from the scattered 1ncident light. The
photomultiplier used to detect the fluorescence was an EMI 9558B. It

18 generally biased at 900 volts for low noise operation. The signal



66

Figure 10. Block diagram of the apparatus for the measurement
of polarization of fluorescence.
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from the photomultiplier 15 fed to channel A of a Tektronic 502 oscilloscope
where it is amplified. The amplified signal is then fed 1nto the CAT. After
an averaging time of five minutes, the signal is recorded on a printer.

The recorded signal then was analyzed. Figure 11 shows a typical signal
recorded by the CAT. Another photomultiplier (RCA 7102) 18 used to monitor
the light that 18 reflected from the front face of polarizer B. This signal

is passed through a high pass filter into the Channel B of the oscilloscope.
The high pass filter consists of a 25 myf capacitor in series with the photo-
multiplier output and a 106J1 res1stor across the photomultiplier output to
ground. The amplified signal from the oscilloscope 18 used as a trigger

for the CAT.

F. DELAYED LIGHT EMISSION (DLE) MEASUREMENTS

The i1nstrument assembled to measure the kinetics of delayed
emission 18 shown in Figure 12. (This instrument was assembled by
W. T. Stacy and the author 1n the Materials Research Laboratory of the U.
of I.) A He-Ne gas laser (Spectra Physics Model 115 or Model 130) was
used as the excitation source. The laser provides a continuous beam of
6328 X light with peak intensity of 1015 photons /cmz sec. A mechanical
chopper was used to obtain light pulses of 4. 5 msec durations. The algae
were contained in a thin-wall plastic cuvette to avoid long time decay
emitted by most glass cuvettes. For the study of decay kinetics it was
placed between the pole faces of a four inch water cooled electro magnet

(Varian Model V4004). A four foot quartz light pipe (1/2 inch diameter)
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Figure 11.

Typical fluorescence signals from the output of the

CAT used to calculate the polarization of fluorescence.

A, B and C are signals that have been averaged for

five minutes. D, E and F are another set of signals.

The fluorescence is measured 1n a direction perpendicular
to the direction of the incident light. A 1s the fluorescence
intensity of ,F,,. B 18 the dark baseline. C 18 the
fluorescence intensity of F,. Duis the fluorescence 1n-
tensity of ,,F,,. E is the dark baseline. F 1s the
fluorescence intensity of |\ F,. (See Fig. 9 for definition
of F.)
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conducts the emitted light from the sample to the photomultiplier. The
long quartz light pipe was used to place the photomultiplier out of range
of the stray magnetic fields from the magnet. Magnetic fields greatly
distort the photomultiplier signal. To further eliminate the stray magnetic
field, the photomultiplier is covered with many layers of mu-metal. Two
Corning CS 2-64 filters were placed in front of the photomultiplier to cut
down stray incident light. Luminescence from the quartz light pipe and
the cuvette was taken 1nto account by measuring the luminescence without
any algae 1n the cuvette and subtracting it from the luminescence measured
with algae.

The photomultiplier used was an RCA 7265. The method of gating
the photomultiplier was that used by De Martini and Wacks. 121 The
photomultiplier 18 cut off by holding its first dynode voltage negative with
respect to the cathode. The photomultiplier can be quickly turned on by
applying a positive square pulse to the first dynode This positive square
pulse was provided by an externally-triggered pulse generator, General
Radio Model 1217-C. The pulse was amplified and fed into the photomul-
tiplier dynode circuit by a low output impedance cathode follower. The
typical pulse used has a rise tume of 10 microseconds, a pulse height of
about 200 volts and a pulse length of 15 milliseconds. This allows the
photomultiplier to turn on in 0.1 milliseconds. To provide proper syn-
chronization, a second He-Ne laser beam passes through the same light
chopper as that of the excitation beam. The resultant pulses excite a

photodiode, whose amplified signal, in turn, triggers a delay pulse generator
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Figure 12. Block diagram of the apparatus for the measurement
of the time dependence and the magnetic field dependence
of delayed light emission.
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identical to the gate pulse generator. A variable delay was provided by
triggering the gate pulse generator with the second spike of the differentiated
output of the delay pulse generator The delay was adjusted so that the
gate pulse generator was turned on i1n 0.1 milliseconds after the incident
beam which excites the sample was cut off.

The resultant photomutliplier signal was amplified by an oscilloscope
(Tektronic 502). The output was fed tnto the CAT. Using 400 storage units
in 31.25 millisecond sweep, the CAT averages out the random noise by suc-
cessive signals being continually added. The accumulated contents of the

memory units were recorded with a printer.

G. CHEMILUMINESCENCE AND THERMOLUMINESCENCE MEASURE-
MENTS

The method of measuring chemiluminescence was the same as that
first used by Mayne and Clayton. 122 The instrument that was assembled
by the author to measure both chemiluminescence and thermoluminescence
1s shown in Figure 13. The illumination light was provided by a Sylvania
lamp type DWY. The intensity used for all experiments was 3.8 x 105
ergs/cm2 sec. This was measured by Yellowspring radiometer Mc\Jd;l
65. A one centimeter square glass cuvette was used to hold the sample.
The cuvette was placed i1n a light tight box in front of the photomultiplier.
Two small holes were made on top of the box to allow two hypodermic
needles to extend to the bottom of the cuvette. The photomultiplier used

was an EMI 9558B. The signal from the photomultiplier was displayed

on a Tektronic 502 oscilloscope and was recorded on Polaroid 3000 film.
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Figure 13. Block diagram of the apparatus for the measurement
of chemiluminescence and thermoluminescence.
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The chemiluminescence measurements were made as follows. One
ml of the sample was placed in the cuvette inside the lLight tight box. The
sample was 1illuminated for ten seconds. Then ten seconds after the il-
lumination, 0.5 ml of 0.2 M succinic acid was injected 1nto the cuvette.
The shutter between the cuvette and the photomultiplier was open. Ten
seconds after the 1njection of the acid, one ml of 0.1 M Tris (pH, 8.5)
was injected. The resultant luminescence signal was recorded.

The thermoluminescence measurements were made in a similar
way. One ml of the sample was placed in the cuvette. The sample was
tlluminated for ten seconds. After a dark time of ten seconds, one ml
of hot water was injected into the cuvette. The resultant luminescence
signal was then recorded. Temperature was measured with a TRI-R
electronic thermometer For measurements with Chlorella cells, the
temperature before injection of hot water was 26°C. With chl oroplasts,
the temperature was 16°C. The temperature of the hot water 1injected
was measured to be 53°C. After 1 ml of the hot water was tnjected 1into
1 ml of Chlorella cells, the temperature was recorded to be 38°C. After
1 ml] of hot water was 1njected into 1 ml of chloroplasts, the temperature

was recorded to be 33°C.
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III. FLUORESCENCE LIFETIME: RESULTS AND DISC USSION

A. MEASUREMENTS AT ROOM TEMPERATURE

The purpose of measuring fluorescence lifetime is to obtain in-
formation concerning the fate of the excitation energy after a photon is
absorbed by the bulk pigment system (also see Chapter I, section C, for
introduction to this problem). We will show that from the measurements
of fluorescence lifetime we can calculate the rates and efficiencies of the
three major ways of deactivation of the excitation energy. First we will
discuss the results obtained by flash excitation method and then by the
phase shift method.

An oscilloscope picture of the excitation pulse from the mode-locked
He-Ne laser, as monitored by the photomultiplier, 18 seen 1n Figure 14.
This tume response curve 1s used as the time response for the whole 1nstru-
ment. Figure 15 shows the fluorescence decay curve of Chlorella with
10-5M DCMU added. The fluorescence decay curve of normal Chlorella
1s shown 1n Figure 16. The fluorescence decay curve of normal Anacystis

5M DCMU added were almost identical. Figure 16

shows the decay curve of Anacystis with 10-5M DCMU added.

and Anacystis with 10~

Since the decay time of the exciting pulse 1s close to the fluorescence
decay time of the algae, it 15 necessary to take 1nto account the time response
of the instrument to obtain the true fluorescence lifetime. As mentioned
in the introduction, the convolution integra132 m ethod can be used to
deduce the true emission kinetics. Rewriting the convolution integral for

convenience, we have:
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Figure l4. A photorraph of a samnling oscilloscope trace
shoving a mode-locked laser pulse as monitored
by a photomultiplier. hLorizontal scale is one

nsec/division.

Figure 15. A photograph of a sampling oscilloscope trace
showing the fluorescence decay of Chlorella
pyrenoidosa with 10~5M DCMU. Horizontal scale
1s one nsec/division.



Figure 16.

A pnotopraph of a sanpling oscilloscope trace
showing the fluorescence Jecav of nornal
(hlorella pyvrenoidosa. lorizental scale is
one nscec/division,

Tigure 17.

A pnotograph of a sampling oscilloscope trace
showing the fluorescence decay of Anacystis
nidulans with 102 DQU. Horizontal scale
is one nsec/division.

80
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F(t) = f° G(a) H(t-a) du
(o}

where F(t) is the fluorescence decay curve as viewed by the
same detecting system as the incident pulse
G(t) 18 the true time course of fluorescence

H(t) is the exciting light as viewed by the detecting 'system

The data points for H(t) are taken directly from the photograph in
Figure 14. G(t) 18 assumed, as a first possibility, to be a single exponential
decay with lifetime ranging from 0.2 nsec to 2 nsec. With these values,
the convolution integral 1s numerically evaluated to give a series of curves,
F(t), one for each postulated lifetime. These calculated decay curves,
F(t), are shown in Figures 18 and 19.

The experimental fluorescence decay curves, shown in Figures
14-16, are normalized at their highest intensity of fluorescence and are
plotted 1n Figures 18 and 19 and compared with the calculated F(t) curves.
For Chlorella with DCMU added, as shown in Figure 19, the experimental
decay curve best fits the F(t) decay curve calculated by assuming the
true fluorescence decay has a single exponential l:fetime of 1.8 nsecs.
The fit 18 not very good at the rising part of the curve and at the end of
the decay. This can be attributed to the distortion of the signal by the
secondary electron emission at the photomultiplier anode. This distortion
is clearly shown 1n the tail of the decay curve for the flash which showed

a small '"second wave' of emi1ssion. Because of this distortion, we cannot

tell whether or not there 1s a longer lived fluorescence component whose

intensity is about one third that of the main fluorescence component. For
P
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Figure 18.

Time course curves of the scattered laser pulse and

of the fluorescence of Anacystis nidulans. The dark
line curves are experimental curves. The light line
curves are predicted fluorescence curves -- calculated
numerically by assuming the true fluorescence decay to
have one exponential lifetime whose values are in-
dicated 1n the figure
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Figure 19. Tume course curves of the scattered laser light and
of the fluorescence of Chlorella pyrenoidosa. The
dark lines are experimental curves. The one which
matches the thoeretical 1.0 nsec curve 18 the
fluorescence curve of normal Chlorella. The other
which matches the theoretical 1.8 nsec curve 1s the
fluorescence curve of Chlorella with 10">M DCMU.
The light line curves are fluorescence curves cal-
culated numerically by assuming the true fluorescence
decay to have one exponential lifetime whose values are
indicated on the figure.
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normal Chlorella, also shown in Figure 19, the best fit for the experimental
decay curve 18 the F(t) decay curve calculated by assuming the true fluores-
cence decay to be a single exponential lifetime of 1.0 nsec. As shown in
Figure 18, the best fit for Anacystis with DCMU added 1s the curve cal-
culated from a single exponential decay with a lifetime of 1.0 nsec. These
results show that the main fluorescence band in algae may have a single
exponential decay.

Although the experimental fluorescence decay kinetics of Chlorella
with DCMU matches the decay curve calculated with the true fluorescence
decay having only one exponential decay component, we want to test whether
it will also match the calculated decay curve i1f we assume that the true
fluorescence decay has two exponential decay components. Let us assume
that when all the reaction centers are open, there 1s no fluorescence from
the active system II photosynthetic units. In fluorescence transient studies,
the "0" level of fluorescence corresponds to the condition 1n which all the
reaction centers are open. This level of fluoreécence, 1f 1t does not come
from the photosynthetic unit II, may come from ''dead" chlorophyll molecules
that are not associated with photochemistry or from photosystem I. The '0"
level fluorescence yield in Chlorella has been measured to be about one
third of the fluorescen;:e yreld when all the reaction centers are closed. The
fluorescence lifetime of ''0" level has been measured by Briantais, Govindjee
and Merkelo, 51 using the phase shift method, to be approximately 0.6 nsec.
This agrees well with the lifetime values at steady state obtained by
Nicholson and Fortoul, 34 and Singhal and Ra.binothch35 using such low light

intensities that all the reaction centers remain open (the reaction centers that

1
)
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are closed by a photon of light are re-opened by a dark reaction faster than
another photon can reach the closed reaction center). When all the reaction
centers in photosystem II are closed, then there should be two main fluores-
cence decay times -- one due to the photosystem II units when their reaction
centers are closed and the other due to the composite lifetime of fluorescence
from '"dead'' chlorophyll molecules or photosystem I units. We assume that
one decay has an exponential lifetime of 0. 6 nsec which 1s the composite
lifetime of the '"dead' chlorophyll molecule,' if it exists, and photosystem I
units. Its peak intensity is assumed to be 33% of the total fluorescence
intensity. We then allow the other fluorescent lifetime due to closed photo-
system II units to vary from 1.6 nsec to 2.4 nsecs. Curves calculated with
two fluorescence lifetime components, one with an intensity 33 % of the
fluorescence with an exponential decay of 0.6 nsec and the other with an
intensity 67% of the fluorescence with an exponential decay of 2.2 nsec,

2.4 nsec and 2 6 nsec, are shown in Figure 20. The experimental curve
for Chlorella with DCMU added does not fit these calculated curves as well
as the calculated curve with one exponential lifetime does. Although this
result does not prove that the fluorescence has only one exponential lifetime,
1t suggests that one exponential lifetime at 1. 8 nsec 18 a better assumption
than the two exponential lifetimes at 0.6 nsec and 2.4 nsecs.

Although the experimental fluorescence decay curve of normal
Chlorella matches the calculated decay curve with the assumption of only
one exponential lifetime, we want to further test whether 1t will also match
the calculated decay curve with the assumption of two exponential lifetimes

of 0.6 nsec which corresponds to the lifetime when all the reaction centers are
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Figure 20. Time course curves of the scattered laser light and
of the fluorescence of Chlorella pyrenoidosa with 10~ °M
DCMU. The darkline curves are the experimental
curves. The light line curves are the fluorescence
curves calculated numerically by assuming the true
fluorescence decay to have two exponential lifetimes.
One exponential lifetime 1s assumed to be 0.6 nsec
and 1its fluorescence intensity 18 one third of the total
fluorescence intensity. The other fluorescence life-
time is assumed for Curve A to be 2.6 nsec, for B
to be 2.4 nsec and for C to be 2.2 nsec.
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and 1.8 nsec which corresponds to the lifetime when all the reaction centers
are closed. Normal Chlorella cells, illuminated by lLight of intensity below
that of saturation of photosynthesis, will have some reaction centers open
and some reaction centers closed. If the units are arranged so that the
energy from one unit can migrate to its neighboring units, then in normal
cells the fluorescence would have only one exponential decay. If the units
are arranged so that energy transfer from one unit to another is 1mpossible,
then the fluorescence would have two exponential decays, one corresponding
to units with open reaction centers and one corresponding to units with
closed reaction centers.

Figure 21 shows the decay curves calculated by assuming the
fluorescence decay has two exponential lifetimes and 18 equal 1n 1ntensity.
One lifetime 1s fixed at 0.6 nsec, the other 1s varied from 1.4 to 2.0 nsec.
The measured fluorescence decay curve of normal Chlorella fits the cal-
culated curve with two fluorescence lifetimes of 0.6 nsec and 1. 8 nsec.
Hence from our data it 1s impossible to decide whether the fluorescence
has one or two lifetimes.

The above experiments were designed and done before we were
aware of the results of Tumerman and Sorokin. 50 Their results clearly
indicate that the fluorescence observed has predominantly one lifetime.
They showed that throughout the fluorescence induction curve of Chlorella,
the fluorescence yield changes linearly with the fluorescence lifetime as
measured by the phase shift method. These results were confirmed by
more precise experiments of Briantals, Govindjee and Merkelo.

Tumerman and Sorokm50 have concluded that their results are incompatible
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Figure 21.

Time course curves of the scattered laser light

and of the fluorescence of normal Chlorella
pyrenoidosa. The dark line curves are the
experimental curves. The lightline curves are

the fluorescence curves calculated numerically

by assuming the true fluorescence decay to have

two exponential lifetimes. One exponential life-
time is assumed to be 0.6 nsec and i1ts fluorescence
intensity 18 one half of the total fluorescence intensity.
The other fluorescence lifetime 18 assumed for Curve
A to be 2.0 nsec, for B to be 1. 8 nsec, for C to be
1.6 nsec and for D to be 1.4 nsec.
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with the assumption of two fluorescence lifetimes, 1.0 nsec for the open
reaction center and 5.0 nsec for the closed reaction center. We have
calculated some predicted results using different assumptions. Since
the data we wish to compare are made with the phase shift method, we must
first calculate the fluorescence lifetime that would be obtained from the
phase shift measurements due to two fluorescence components with dif-
ferent lifetimes and 1ntensities,

It has been shown by Balley and Rollefson123 that 1f the fluorescence
has only one exponential decay component, then the phase shift measured

(8) 1s related to the fluorescence lifetime (%) by the equation

tan 6 = WT (28)
where w 18 2% multiplied by the modulating frequency f.
Let us assume that the fluorescence has two exponential de‘cay components

with lifetimes of 'tl and P Each lifetime will have 1ts corresponding

phase shift 91 and 92. Since the 1ncident intensity 15 sinusoidally modulated,

then the fluorescence that 1s emitted will have the wave form

A cos 6. sin (wt- 61) + B cos 6

) sin (wt -8,) =0 (29)

+

2

where A and B are the relative amplitudes of the two fluorescence
components.

Let ¢ be the phase angle such that this waveform has 1ts peak intensity

at times t, = (% +-37 “g-), wheren =0, 1, 2, 3, . . . Since the

f
v .
incident light has 1ts peak intensity at time i:1 = -\%-—é— » then the lag in time

between the peak i1ntensity of fluorescence and the peak intensity of the

incident light is ;15 (¢d). ¢ then 1s the resultant phase shift one measures

BN
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when the fluorescence has two lifetime components. By differentiating the
fluorescence waveform with respect to t, and setting it equal to zero,

the result we obtain 18

A cos © B
" cos (wtf-el) + <, cos 62 cos (wtf-ez) =0 (30).
Substituting for tf,
A cos 61 B cos 92
" cos (¢ - 61) + —5—— cos (¢ - 92) =0 (31)

If one knows the relative amplitudes of the two fluorescence components,
and the phase shift ¢, one can calculate the fluorescence Lifetime of each of
the two components.

We will first consider the case 1n which the photosynthetic units 1n
photosystem II are independent of each other. We will assume that the
fluorescence lifetime of the unit with open reaction center 1s 0.57 nsec
and that with closed reaction center 18 1. 67 nsec. The value for these
two lLifetimes is obtained from the experimental results of Briantais et al. 51
The lifetime they obtained for the "Q' level 15 0. 57 nsec and for the ''p"
level is 1.67 nsec. Using equation 28, and f as 102.2 Mhz, we can cal-
culate the phase shift 8 corresponding to the two fluorescence lifetimes.
The two 6's are substituted 1nto equation 31. ¢ and the corresponding
fluorescence yield are then calculated for different ratios of the two

fluorescence amplitudes A and B. A is the fluorescence intensity due to

uanits with open reaction centers and B is the fluorescence intensity due to
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units with closed reaction centers. The phase angle ¢ is converted to
fluorescence lifetime by equation 28. These calculated Lifetimes are
plotted with the corresponding fluorescence yields. The result is shown
in curve A of Figure 22.

We will now consider the next possible case in which the photo-
synthetic unit 1n photosystem II does not fluoresce when 1ts reaction center
18 open. The fluorescence lifetime of the unit with its reaction center
closed is assumed to be 2.4 nsec. This value is obtained from the flash
decay experuments discussed earlier (Figure 20), The fluorescence that is
detected when all the reaction centers are open 18 assumed to be due to
'"dead" chlorophyll and photosystem I fluorescence. The lifetime of this
fluorescence component is assumed to be 0. 57 nsec. The two lifetimes
are converted to 8 by using equation 28 and f as 102.2 Mhz. The two
calculated 8's are substituted into equation 31. In this case, A 1s held
constant and B 1s varied. A 1s the fluorescence intensity that 1s due to
'"dead' chlorophyll and photosystem I. B isthe fluorescence intensity
due to units with closed reaction centers. The corresponding values of
¢ and fluorescence yield to different values of B are calculated. ¢ 1s
converted to fluorescence lifetime by equation 28, The calculated life-
times from the different values of ¢ are plotted with the corresponding
fluorescence yield. The result 18 shown in curve C of Figure 22.

The last case we will consider 15 the one 1n which the photosystem
II units are interconnected. The fluorescence lifetime with all the reaction

centers open is assumed to be 0. 57 nsec and with reaction centers closed
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Figure 22.

Theoretical curves of fluorescence lifetime versus the
fluorescence yield. The fluorescence lifetime () 18
calculated from the phase angle (8) measured by the
phase shift method by the formula tan 8 = 2wf ¢ where

f =102.207 Mhz. Curve A is the predicted curve if there
ex18t two fixed fluorescence decays, one at 0. 57 nsec

and the other at 1.67 nsec, the T and the fluorescence
yield change on changing the ratio of the two fluorescing
components. Curve B is the predicted curve if there
exists only one fluorescence lifetime. Curve C 15 the
predicted curve if there exist two fluorescent components,
one component with a fixed lifetime 0of 0. 57 nsec and a
fixed fluorescent yield, the lifetime of the other
component fixed at 2.4 nsec. The fluorescence yield
and the phase shift vary with the ratio of the intensity

of the two components (cf. with ref. 51).
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to be 1.67 nsec. Since the units are interconnected, there should be only
one fluorescence lifetime. Assuming there is no static fluorescence
quenching, the fluorescence lifetime is linearly proportional to the
fluorescence yield. This 18 shown in curve B of Figure 22.

Of the three theoretical curves calculated, only curve B matches
with the experimental results. 50, 51 Hence fluorescence decay has pre-
dominantly one lifetime. This implies that the photosystem II units are
interconnected and that energy from one unit can migrate to all other units.

Using the phase shift method, we obtain more precise measurements
of the fluorescence lifetime. Since the fluorescence has predominantly
one lifetime, the lifetime is simply related to the phase shift by equation
28. Table I shows the phase angle measured and the calculated lifetime
for a number of experiments with three different algae with IO-SM DCMU
added. The cause of the variation 1n the same species 1s not due to 1nstru-
mental variation but may be due to slight differences in the growth condition
of the algae. Taking an average of the results of all the experiments with
DCMU added, Chlorella is shown to have a fluorescence lifetime of 1.74
nsec, Anacystis 0.74 nsec and Porphyridium 1.03 nsec. Mlller_et al. ,41
using the phase method have found that the fluorescence lifetime of
Chlorella with lO—SM DCMU added is 1.92 nsec. No lifetime measurements
of Anacystis and Porphyridium with DCMU added had been made before the
present work.

The phase angle measured with normal cells and the lLifetime cal-

culated from the phase in a number of experiments are shown in Table II.

The average lifetime of Chlorella 18 1. 31 nsec, for Anacystis 0.66 nsec



TABLE I
FLUORESCENCE LIFETIME OF ALGAE WITH 10-5M DCMU ADDED

8 is the measured phase shift. T 1s the lifetime calculated from tan 6/24f. Exciting wavelength 1s 632.8 nm.
Frequency of modulation, f, is 102.207 Mhz. Filter used for fluorescence measurement is Corning CS-2-64.

. Chlorella _ Anacystis _ . Porphyrid.mm -9
@ in degrees 7 1n 10 ° sec © 1n degrees 21n 10 ° sec 08 in degrees 7zin 10 sec

51.3 1.94 29.6 0. 89 37.6 1.20
49.4 1.82 23.8 0.69 38.1 1.22
48.6 1.77 25.5 0.74 31.3 0.95
48.2 1.74 23.4 0.68 31.1 0.94
50.4 1.88 25.3 0.74 34.7 1.08
46.7 1.65 29.4 0.88
47.0 1.67 30.8 0.93
46.5 1.64
44.6 1.54
47.7 1.71

average 1.74 average 0.74 average 1.03

66



TABLEIL . __
FLUORESCENCE LIFETIME OF NORMAL ALGAE

0 is the measured phase shift. 7 1s the lifetime calculated from tan 8/27f. Exciting wavelength is 632.8 nm.
Frequency of modulation, f, 1s 102.207 Mhz. Filter used for fluorescence measurement is Corning CS-2-64.

Chlorella Anacystis - ) Porphynd%um
6 in degrees Zin 10"9 sec 8 in degrees T in 10-:9 sec 0 in degrees T in 10-9 sec

46.9 1.66 19.2 B 0.54 - 12.0 0.33
42.8 1.44 . 23.4 0.67 9.4 0.26
46.3 1.63 ) 28.2& 0. 83 9.4 0.26
35.0 1.09 27.5 0.81 11.9 0.33
35.2 1.10 15.6 - 0.43 - 9.4 0.26
34.7 1.08 23.1 0.66 12.0 0.33
36.1 1. 14 23.1 0.66 17.8 0.50
32.0 0.97 24.9 0.72 14.7 0.41
41.3 1.37 22.3 0.64
41.6 1.38 22.2 0.64
40.6 1.33
41.3 1.37
43.1 1.46 ,

average 1.31 average 0. 66 average 0.34

oot
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and for Porphyridium 0.34 nsec. The lifetime for Chlorella i,s comparable
with previous measurements. Our measurements of Anacystis and Por-
phyridium are lower than those previously reported. 32,42 For Anacystis,
both Brody42 and Tomita and Ra.binown:c:h32 reported a lifetime of 1.2 + 0.2
nsec. However, Sipnghal and Rab'mothch35 reported a value of 0.5 + 0.2
nsec at low lighlt inltenmtles. For Porphyridium, Brody4'2 and Tomita
and Rabmow1tch32 reported a value of 1.5 nsec. Nicholson and Fortoul34
measured 0.7 + 0.2 nsec and Singhal and Rabmowitch35 reported 0.5 + 0.2
nsec at low light intensities. The reasons for different results are several:
different intensities of exciting light, different wavelengths of excitation
and the varied precision of the 1nstruments used.

Fluorescence lifetime measurements of Anacystis both by the flash
method and by the phase shift method show that the lifetime of normal cells
after approximately five minutes of illumination is close to the lifetime of
cells with DCMU added. This result 18 in agreement with fluorescence
yleld measurements of Anacyst15124 which show that the addition of DCMU
does not significantly increase the fluorescence yield of normal cells after
a long time of illumination.

From the fluorescence lLifetime (2'1) measured with cells with DCMU
added, the rate of radiationless loss not due to trapping at the reaction
center (ah) can be calculated. From equation 4 in the introduction, one
can show that

Ty (32)

o )]
where ¢ = p”

f
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¢© is calculated by Brody and Ra.binowitch31 to be 15.2 nsec. The Z° value
1\s obtained for Chl a in vitro and we will assume that this z° value is the
same for Chl a 1n vivo. Substituting the measured 7, into equation 32 for
Chlorella, Anacystis, and Porphyridium, we find that the rate of radiationless

decay for Chlorella is 5.09 x 108 sec-l, for Anacystis @, is 12. 86 x 108

h
8 -1

sec"-1 and for Porphyridium @ is 9.09 x 10” sec . These results are

h
tabulated in Table III; they show that of the three algae, Anacystis has the
highest rate of radiationless decay.

The rate of energy trapping (aft) can also be calculated. From

equation 3 tn the introduction, we have

[y

1 1
a/t = TZ_—- — ?— , (33)
1

T 15 the lifetime when all the reaction centers are open. This corresponds
to the lifetime at the ''0'" level of the fluorescence induction curve. For
Chlorella, the lifetime of the ''0" level has been measured by Briantais,
Govindjee and Merkelo51 to be 0.6 nsec. Substituting this value for 7 into
equation 33, we calculate the rate of trapping for Chlorella to be 1.19 x 109
sec-l. The efficiency of the trapping process 1s calculated to be 66 %.
Mlller et al., 41 also using fluorescence lifetime measurements,
calculated the efficiency of trapping 1n Chlorella to be 82%. The main dif-
ference with our calculations 11|es in the fact that they use 0.35 nsec as the
fluorescence lifetime when all the traps - are open. They obtain this value
from extrapolating the fluorescence lifetime to zero i1ncident 1ntensity from

their data of fluorescence lifetime at different light intensities. Weber, 125
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based upon fluore scence quantum yield, estimates the trapping efficiency
in Chlorella to be 80%. This estimate 158 based upon the experiments of
Tea.le125 which showed that inhibition of photosynthesis by DCMU results
in a fivefold increase in fluorescence yield, however, a threefold increase

51, 126,127 With a

of fluoregscence has been resported by many workers.
threefold increase, the trapping efficiency is calculated to be 66%. Hoch
and Knox83 have estimated the efficiency of trapping for photosynthetic
bacteria to be 66% also from fluorescence yield. The differences 1n the
values of the efficiency of trapping may be due to the different conditions of

the cells used. For young Chlorella cells, Govindjee et al. 102 have

reported a quantum yield of oxygen evolution (at 680 nm) of 0.12 and for
mature cells a quantum yield of 0.07.

For Porphyridium, as shown in Figure 28 of Chapter V, fluorescence
level at ''0" 18 about a third of the fluorescence level when DCMU is added.
Hence 1ts lifetime should be one third that of the lifetime when DCMU 18 added,
which has been'-measured to be' 1.'03 nsec. (see Table I). The lifetime of
the ''0" level 1s then 0.34 nsec. Substituting this value into equation 33, we
calculate a trapping time for Porphyridium of 1.97 x 109 sec-l. The ef-
ficiency of the trapping process 1s calculated to be 68%. As can be seen 1n
Table I1L, although the rate of radiationless loss for Porphyridium is larger
than that of Chlorella, 1ts trapping rate 18 also larger than that of Chlorella;
hence the efficiency for trapping for both Chlorella and Porphyridium (as

grown lh our laboratory) are about the same. In the case of Anacystis, the

0" level fluorescence 1s about one half the fluorescence level when DCMU
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RATE CONSTANTS FOR THE DECAY OF THE EXCITED FIRST SINGLET

STATE OF CHL A IN VIVO

Sample @ in sec @ in sec @, in sec
7 8 9
Chlorella 6.57 x 10 5.09 x 10 1.19 x 10
‘ 7 8 9
Anacystis 6.57 x 10 12.86 x 10 1.98 x 10
Porphyridium 6.57 x 107 9.09 x 108 1.97 x lO9
Where

a/f = rate of fluorescence

h

a't = rate of trapping

@, = rate of radiationless loss except trapping
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TABLE IV

THE EFFICIENCY OF EACH DECAY PROCESS OF THE EXCITED FIRST
SINGLET STATE OF CHL A IN VIVO

Sample 4f ‘#h xh
Chlorella 0.04 0.30 0.66
Anacystis 0.02 0.39 0.59
Porphyridium 0.02 0.30 0.68

%
Where ¢ =
+
f alf + ozh a't
§oo - |
+
h ozf + ah o
o
_ t
\ 4’1; - a + a + a
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is added. 128 Hence, the lifetime, when all the reaction centers are open,

is about one half that of the measured lifetime when all the reaction centers
are closed. Using the assumed lifetime of 0.3 nsec when all the reaction
centers are open, we calculate the trapping rate for Anacystis to be

1.98 x 109 sec-l. The efficiency for the trapping process for Anacystis 1s
calculated to be 59%. The efficiency for the radiationless loss process is cal-
culated to be 39%. This high radiationless loss efficiency explains why the
lifetime of the normal cell measured is almost the same as that of the poisoned
cell.

Table III and IV summarize the results obtained. Chlorella and
Porphyridium have higher quantum efficiency for trapping a photon in
photosystem II than Anacystis. The reason for the lower efficiency in
Anacystis 18 1ts high radiationless loss rate. The reason for the hlgh-li'_adLation-

less loss rate 1n Anacystis 1s open for speculation. It may be due to energy

transfer to weakly fluorescent photosystem I.

B. MEASUREMENTS AT LIQUID NITROGEN TEMPERATURE

Very little 18 known about the mechanism of the non-radiative decay
process. As discussed in the previous section, the rate of non-radiative
decay is related to the fluorescence lLifetime when all the reaction centers
are closed. Measurements of fluorescence lifetime at 77°K would give us
some 1nformation concerning the temperature dependence of the non-
radiative decay process.

The fluorescence lifetime of Chlorella measured at 77°K with

" the flash decay method is shown i1n Figures 23 and 24. Figure 25 shows
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i

Figure 23. A photograph of a sampling oscilloscope trace
showing the mode-locked laser pulse as monitored
by the measuring photomultiplier (top curve);
and as monitored by the trigger photomultiplier
(bottom curve). llorizontal scale is two nsec/
division.

Figure 24. A photograph of a sampling oscilloscope trace
showing the fluorescence decay of Chlorella
pyrenoidosa at 77°K (top curve); bottom curve
is the same as bottom curve of Figure 23.
Horizontal scale is two nsec/division.
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Figure 25. Time course curves of the scattered laser light and
of the fluorescence of Chlorella pyrenoidosa at 77°K.
The dark line curves are the experimental curves.
The light line curves are the fluorescence curves
calculated numerically by assuming the true fluorescence
decay to have one lifetime whose values are indicated

in the figure.
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Figure 26.

Time course curves of the scattered laser light and of
the fluorescence of Chlorella pyrenoidosa at 77°K. The
dark line curves are the experimental curves. The
light line curves are the fluorescence curves calculated
numerically by assuming the true fluorescence decay

to have two lifetimes. One lifetime is assumed to be
1.6 nsec and its fluorescence intensity 1s one fourth
that of the total fluorescence intensity. The other life-
time is assumed for Curve A to be 2.2 nsec, for B to
be 2.0 nsec, for C to be 1. 8 nsec and for D to be 1.6
nsec.
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that the measured fluorescence decay can be fitted with the calculated decay
curve with a one exponential lifetime of 1. 8 nsec. The fluorescence decay,
however, has more than one decay as will be shown later with phase shift
measurements. The second component could be due to the relatively strong
emission band near 730 nm at 77 K, which does not exist at room tempera-

ture. Analyzing the fluorescence spectra of Chlorella at 71°K, 71,118 we

obtain approximately one fourth of the fluorescence from the F685 and F698
bands and three fourths from the F720 band. Assuming that one fourth of
the fluorescence has a lifetume of 1.6 nsec (the fluorescence lifetime at
room temperature when all the reaction centers are closed) and varying
the lifetime of the other three fourths of the fluorescence, we find that

the experimental fluorescence decay curve can be fitted with the calculated
decay curve with two exponential lifetimes as shown in Figure 26. The ex-
ponential lifetimes that fit best are 1.6 nsec and 1. 8 nsec. These two
lifetimes, however, are not unique and other pairs of lifetimes can be
fitted to the experimental decay curve. Furthermore, the noise 1s too high
for a precise measurement of the shape of the decay.

The fluorescence lifetime was measured more precisely with the
phase shift method. Table V shows the phase shifts obtatned from the
three algae using two different glass cut-off filters. The first filter 1s
a Corning CS 2-64, which has zero transmittance upto 640 nm, 50% trans-
mittance at 670 nm and 85% transmittance at 720 nm and longer wavelengths.

The second filter is a Corning CS 7-59, which has zero transmittance up to

685 nm, 50% transmittance at 710 nm and 85% transmittance at 750 nm and
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Jonger wavelengths. The results for all three algae show that the phase
shift increases on using the CS 7-59 filter which cuts off most of the F685
fluorescence band and allows mainly the F730 band to go through. As dis-
cussed 1n the previous chapter (see p. 57), the phase shift is corrected for
the error due to the differences in the emission wavelength that the photo-
multiplier monitors by subtracting the differences i1n the phase shift as
measured with methylene blue with the two cut-off filters. The corrected
phase shifts are also shown in Table V.

The value of the fluorescence lifetime of the F685 band and the F730
band cannot be calculated exactly from this data. Detailed analysis was p
not done for several reasons. First, there may be more than two fluorescing
components. The F730 band may have two lifetimes due to the fact that 62%
of 1ts fluorescence may come from photosystem I and 38% from photosystem

I 129

Also there may be more fluorescing components in the 740 nm to

800 nm reguion. 129 Second, as yet, 1t 18 impossible to know the exact con-
tribution of each band. For example, F680 has a vibrational band at 740 nm
at room temperature, but at 77°K this vibrational band cannot be distinguished
from the F730 band. Third, the ratio of the fluorescence intensity of the
F680 band and the F730 band changes depending on the method of cooling

the sample. 118,129 The fluorescen;:e spectra must be made on the same
frozen sample as that used on measuring the lifetime. Fourth, the error
introduced 11 the phase shift measurement by the difference i1n the wavelength
of the emitted Light and the wavelength of the scattered reference light must

be corrected for exactly. Hence, a detailed analysis with many assumptions

and parameters was not done.
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TABLE V
PHASE SHIFT MEASUREMENT OF ALGAE AT 77°K

@ is the phase shift 1n degrees. 2-64 and 7-59 are the Corning cut-off filter used. Exciting wavelength is 632.8
nm. The frequency of modulation is 102.207 Mh=z.

Chlorella Anacystis S Porphyridium Methylene Blue (23°C)
8 (2-64) 8 (7-59) 0(2-64) 8(7-59) 8 (2-64) 8 (7-59) 8 (2-64) 8 (7-~59)
54.7 60.0 33.7 36.1 37.1 40.9 14.3 16.4
51.1 56.6 24.3 26.4 34.5 39.0
52.0 58.0 25.6 27.8 33.7 38.8
52.0 56.9 24.2 27.7 34.9 39.9
51.1 55.4 28.9 30.5 31.5 36.4
54. 8 59.5 22.4 24.7
51.1 58.2 .
49.6 55.2
49.1 . 54.5 . -
average © - average © average ©
51.7 57.1 26.5 28.8 34.3 39.0
corrected 8 corrected 8 corrected 6

51.7 55.0 26.5 26.7 34.3 36.9

48
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To find the approximate lifetimes of the excited species that are
responsible for the ¥685 and F730 bands, a rough estimate must be made of
the percentage of the fluorescence intensity that is contributed by each band.
These estimates are made from fluorescence emission spectra of the algae
at 77 K. Rough estimates are shown in Table VI. The excited species
that are responsible for the F695 band are assumed to have the same fluor-
escence lifetime as those responsible for the F685 band. Then using equa-
tion 31 we can estimate the two lifetimes for Chlorella by solving t.he
simultaneous equation
=0

.25 cos 8. s1n (51.7 - 91) + .75 cos 8, sin (51.7 - @

1 2 2)

(34)

.06 cos 8, sin (55.0 —61) + .94 cos 8, sin (55.0 -6.) =0

1 2 2

The approximate solution for 91 15 42.0° and for 92 is 56.0°. Calculating
the fluorescence lifetime from the phase shift, we obtain 1.4 nsec for the
excited species that are responsible for the F680 band and 2. 31 nsec for
those responsible for the F730 band. Similarly we find that the fluores-
cence lifetime for the excited species that are responsible for the F680
band for Anacystis 1s 0.77 nsec and the fluorescence lifetime for those
responsible for the F730 band 18 0.79 nsec. For Po'rphyridmm, the excited
species that are responsible for the F680 band were found to have a fluor-
escence lifetume of 0.91 nsec and those responsible for the F730 band a
lifetime of 1.22 nsec. In each case the lifetime of the excited species that
are responsible for the F730 band 1s longer than that of those responsible

for the F680 band. This result 18 expected as the fluorescence yield of the

F730 band increases at 77°K. Our 7 values are smaller than the 3.1 nsec



TABLE VI
FLUORESCENCE LIFETIME OF ALGAE AT 77°K

F680 and F730 are the two predominant fluorescence bands at 77°K. 2-64 and 7-59 are the Corning cut-off filters
used to monitor the fluorescence. The first two lines in the table show the percentage of the total fluorescence
that is in each band as allowed by the cut-Jff filter. The third line 1s the phase angle calculated for each band and
the last line shows the lifetime calculate. for each band. -

Chlorella Anacystis Porphyridium
F680 F730 F680 _.F730 _F680 . F730
2-64 0.25 ‘0.75 0.50 0.50 0.45 0.55
7-59 0.06 0.94 0.16 0.84 0.13 0.87
0 in degrees 42.0° - 56.0° 26.2° 26. 8° 30.2° 38.0°
T in 1077 sec 1.40 2.31 0.77 0.79 0.91 1.22

911
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that Butler and Norris?’7 flound for the lifetime of the excited species that
are responsible for the F730 -band in bean leaves at 77°K. This difference
may be attributed to the different biological specimens used. Note that the
F730 lifetime of Anacystis is much lower than that of Chlorella. On compar-
ing the fluorescence lifetime of the excited species that are responsible for
the F730 band in the three algae, we found that they vary in the same way as
the fluorescence lifetime of the chlorophyll molecule with fluorescence band
at 685 nm. This result implies that the fluorescence lifetime of the chloro-
phyll molecule with fluorescence band at 730 nm may be controlled by the
rate of energy transfer from Chl a with fluerescence at 685 nm to the Chl a
with fluorescence at 730 nm as well as by the temperature. If the main cause
for non-radiationless loss 1n the Chl a molecules with fluorescence at 685 nm
is due to energy transfer to Chl a molecules which fluoresce at 730 nm, then
the rate of energy transfer will be proportional to the rate of non-radiationless
loss. Since Chl a 678 that fluoresces at 685 nm in Chlorella has the lowest
rate of non-radiationless decay of the three algae used (as 1t has the longest
fluorescence lifetime), it will have the lowest rate of energy transfer from
Chl a 678 to the long wave form of Chl a that fluoresces at 730 nm.

In all three algae, the fluorescence lifetime for the excited species
that are responsible for the F685 band at 77°K has a value similar to the
fluorescence lifetime with DCMU added at room tempe}ature. If one as-
sumes that the rate of fluorescence does not change from room temperature
to 77°K, then afh, the rate of radiationless loss calculated from the
fluorescence lifetime of algae with reaction centers closed by DCMU, at

room temperature is equal to the fluorescence lifetime of algae whose
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reaction centers are closed by low temperature at 77°K (cf. equation 29).
ah, the rate of radiationless loss, then, is temperature independent. This

result agrees with the fact that @, for Chl a in vitro is also temperature inde-

h
pendent. Butler and Norris3‘7 found that IO-SM Chl a dissolved 1n ethanol

has the same lifetime at room temperature and at liquid nitrogen temperature.
Since the mechanism of radiationless loss is not known, 1t is difficult to
speculate on the importance of this result.

The experimental results at 77°K did point out two facts. First, the
fluorescence lifetimeé of the F730 band does not have one unique fluorescence
lifetime, but varies from one species to another. Second, the lifetime of
F685 at 77 K is similar to that of F685 at room temperature with all the re-

)
action centers closed. Hence one of the properties of the mechanism of
radiationless loss 18 that 1 ts rate 1s temperature: independent up to 77°K.

In summary, comparison of the existing experimental resultsso' >
which show fluorescence yield 18 linearly proportional to the fluorescence
lifetime with the results predicted with the assumption of one and two lifetimes
shows that the decay of Chl a 1n vivo has only one major lifetime. This re-
sult implies that the photosynthetic units are all connected and any one of a
number of reaction centers act as a trap of excitation energy absorbed by
any chlorophyll molecule. Direct experimental proof by the flash technique
of the existence of only one lifetime failed because of the poor time response
of the photomultiplier.

From the value of the fluorescencelifetime when the reaction center

18 closed and when 1t is open, we have calculated the rates and efficiencies

of the primary processes of the excitation energy after a photon 18 absorbed,
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namely fluorescence, radiationless loss and trapping. The values of the rates
and efficiencies for the three algae are shown in Tables III and IV. The rate
of fluorescence is calculated to be approximately 107 sec 1, the rate of
radiationless loss to be approxi'mately 108 sec-l and the rate of energy
trapping to be approximately 109 sec-l. The lifetime when the ‘reactxon
center is closed i8 measured precisely in DCMU-treated algae by the phase
shift technique, and the lifetime when the reaction center is open is calculated
from the ratio of the fluorescence yield of the ''0'" level to that of-the DCMU
level. (This is possible since the yield 1s linearly proportional to the lifetime.)
Measurements at 77 K show that the rate of radiationless loss is approxi-

mately the same as that at room temperature.
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IV. POLARIZATION OF FLUORESCENCE: RESULTS
AND DISCUSSION

To resolve the question of whether the excitation energy 18 trans-
ferred by means of a random '"hopping' process or by means of a ''wave
packet,' we have measured the polarization of fluorescence when most of
the reaction centers are open and when all the reaction centers are closed
(also see Chapter I, section D, for introduction to this problem); the latter
18 achieved by the addition of DCMU.

Table: VII shows the polarization of fluorescence measured (as dis-

cussed in Chapter II, section E) for Chlorella and Porphyridium with and

5 6

without the addition of 10 "M DCMU. A lower concentration of DCMU (10 M)
gave sumilar results. The exciting wavelength was 632. 8 nm and a Corning
CS 2-64 filter was used to separate the fluorescence from the exciting Light.
The polarization of fluorescence of cells with DCMU added 1s smaller than
the normal cells 1n both cases. The difference 158 clearly seen in the case
of Porphyridium,

Table VIII shows the polarization of fluorescence of Chlorella and
Porphyridium measured with different cut-off filters. The transmittance
properties of CS 2-64 and CS 7-59 filters have been described 1n the
previous chapter. The CS 7-69 18 a filter that has zero transmittance up to
710 nm, 50% transmittance at 740 nm and a peak transmittance of 80% at
760 nm. The polarization of fluorescence using these cut-off filters does

not seem to change. (For a discussion of resuits obtained by other in-

vestigators, see Chapter I, section D).
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Two explanations can be given for the decrease 1n p when DCMU
is added to the cell. First, a "trivial" possibility. The decrease in p may
be due to loose (or ""dead'') chlorophyll-protein complexes with high p. We
define loose as not being attached to any photosynthetic unit. These chloro-
phyll-protein complexes are individually isolated due to an imperfection i1n
the synthesis of the structure of the chloroplast by the cell. These chloro-
phyll-protein complexes may have a hig‘h value of p because the extent
of energy migration 18 small if the number of chlorophyll molecules in the
complex is small. If the number of chlorophyll molecules 18 large, then
they could be aligned with respect to each other. Although their p value
may be large, their contribution to the total fluorescence is small compared
with that coming from the photosynthetic unit. Assuming that the p from
the photosynthetic unit due to extensive energy migration 18 zero, then the
small p measured 18 due entirely to the chlorophyll-protein complex. Since
the fluorescence yield increases when DCMU is added to the cell, the per-
centage of the total fluorescence that 1s due to the loose chlorophyll-protein
complexes decreases. Hence p will also decrease. This can be easily
seen from the definition of p 1n equation 8. An increase in the fluorescence

yield from the completely depolarized component will only add to the denom-

I, - I,
inator I, +1,. Hence the ratio T +1_ °F P will decrease.
n 1

The number of loose chlorophyll-protein complexes can be cal-
culated from the measured value of p. We will assume that the p for the

complex 18 0.20. 57 Using Weber's Summation Law,

1 1.-1_ o1
(5 =30 =&a 3) (35)

1
i p),
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TABLE VII
POLARIZATION OF FLUORESCENCE

Excitation wavelength 18 632. 8 nm. Corning filter CS-2-64 was used.

Sample Normal 10-5M DCMU
Chlorella 0.008 0.005
0.009 0.006
0.009 0.006

0.008 0.006%
Porphyridium 0.021 0.010
0.021 0.013
0.021 0.011

% -
10 6M DCMU added



TABLE VIII

POLARIZATION OF FLUORESCENCE

123

Fluorescence is monitored with three Corning cut-off filters. Excitation
wavelength is 632. 8 nm.

Sample CS 2-64 CS 7-59 CS 7-69
Chlorella
+ 10°5M DCMU 0.005 0.004 0.004
Porphyridium
+10~5M DCMU 0.011 0.012 0.010
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where p is the overall polarization
f.l is the fraction of the fluorescence intensity con-
tributed by the ith group of oscillators

P, 18 the polarization of the lth group of oscillators

and the measured value of p as 0.01 in Chlorella, then f, the probability
that the fluorescence comes from the loose chlorophyll-protein complex,

can be calculated. Substituting known values into equation 35, we have

ey B A e i v IR L NI S A
Solving the above equation, f for Chlorella 18 5%. Assuming the fluorescence
yield of the loose chlorophyll-protein complex 1nside the cell 1s the same as
the fluorescence yield of photosystem II and hence twice as large as the
measured fluorescence ylield, then the absorption crossection of the com-
plex 18 2. 5% that of the photosynthetic unit in Chlorella. In Porphyridium
a sumilar calculation shows that the absorption crossection of the loose
chlorophyll-protein complex 1s 5% that of the photosynthetic unit. Since
the chlorophyll~protein complex could have very similar emission spectra
to that of the photosynthetic unit, it 1s not surprising that there 18 no change
in p when different bands of the fluorescence spectra were measured. How-
ever, the experimental result does show that any highly oriented chlorophyll
that fluoresces 1n the far-red region does not contribute sigmficantly to the
measured p.

The second explanation assumes that there are no loose chlorophyll-

protein complexes. The small value of p measured 18 due to the partial
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retention of the initial polarization as energy migrates about a partially
random system of chlorophyll molecules. To see why p should decrease
on the addition of DCMU to the cell, Weber's Summation Law as shown in
equation 35 will again be used. We will define the variable h.l by the follow-

ing equation
1
- 5) (36)

where P, 18 the polarization of the emitter at infinite dilution

Then combining equations 35 and 36, we have
1 1 1 -1
(- - 3 =( -3 ziflhi (37)

Since p and p, are much less than 3, we can ignore the 1/3 1n the above

equation. Equation 37 becomes
P =P, ZL £ h (38)

Let P, be the polarization of fluorescence measured in the normal
cell and P, be the polarization of fluorescence measured 1n cells with

DCMU added. Then,

(39)

where Nl is the total number of chlorophyll molecules visited
by the exciton before it is dissipated in the normal cell

N2 18 the total number of chlorophyll molecules visited by
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the exciton before the energy is dissipated in the
DCMU treated cell
Assuming that the chlorophyll molecules are oriented with respect
to each other in a partially random way such that only the initial molecule
that absorbed the polarized photon will emit light of high polarization, then
h of the initial absorbing molecule (ho) is larger than the h of all other

molecules. Hence h.l for i> 1 1n equation 39 can be neglected. Equation 39

becomes
1
p f
1 o)
—_ = > (40)
) f
o]

where fol is the fraction of the total fluorescence that is contributed by
the chlorophyll molecules that initially absorb the polarized
photons in normal cells
f 18 the fraction of the total fluorescence that 18 contributed
by the chlorophyll molecules that initially absorb the polarized

photons in cells with DCMU added

The measured ratio of Py and P, for Chlorella 15 1.33 and for
Porphyridium 15 approximately 2.0. From equation 40, this implies that
the fraction of the total fluorescence that is emitted by the original absorber
when the cells have most of their reaction centers open 15 greater than when
the cells have all their reaction centers closed. If one assumes that the
fluorescence yield of the 1nitial absorber isthe same in normal cells and 1n

cells with DCMU added, then the ratio of the initial absorbing chlorophyll
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molecule to the number of excited chlorophyll molecules that can fluoresce
18 smaller in cells with DCMU added. This implies that the total number
of excited chlorophyll molecules that can fluoresce is greater in cells with
DCMU added than 1n normal cells. Hence the number of molecules that
are visited by the excitation energy when the reaction centers are closed
is greater than when the reaction centers are open. As discussed in the
introduction (p. 21), this result implies that the energy migrates in a hopping
motion and the pairwise transfer 1s due to the Firster mechanism. If the
energy migrates as a delocalized exciton, then, as mentioned in the intro-
duction, the excitation has an equal probability of being in each molecule
within the unit regardless of whether the reaction center is open or closed.
Hence 1n this case," fi will be equa:l‘to fi and there should be no change
in the measured p for normal cells and for cells with DCMU added. Hence
the measured change 1n p, 1f not due to loose chlorophyll-protein complexes,
iumplies that the energy 1s transferred by the '"weak coupling' mechanism
and the overall energy migration can be visualized as a random hopping
motion.

The reason that Porphyridium has a higher p than Chlorella may be
due to the fact that the rate of radiationless loss 1n Porphyridium 18 greater
than in Chlorella, as shown in Chapter III. The extent of energy migration
18 less in Porphyridium than in Chlorella.

Both explanations for the measured decrease in p are plausible.

It is difficult to design an experiment that can prove or disprove the
existence of loose ;hlorophyll-protem complexes. Action spectra or

emission spectra of the polarization of fluorescence are inconclusive



128
because both results can be explained by loose chlorophyll-protein complexes
or by energy migration. Trying to 18olate only the photosynthetic unit and
measuring i ts polarization of fluorescence would also be inconclusive be-
cause the isolation techniques are not good enough to 1solate only the pure
photosynthetic unit without any loose chlorophyll, Using different con-
centrations of CTAB (cetyl trimethylammonium bromide) on cabbage
chloroplasts, Weber56 found that the polarization of fluorescence goes up
with increasing concentration of CTAB. This result could mean that the
increasing concentration of detergent makes an increasing number of loose
chlorophyll molecules. This could also mean that the 1ncreasing con-
centration of detergent makes smaller particles so that the extent of energy
migration is less. (The latter could be an explanation for the higher degree
of polarization in the smaller system I than in the larger system II particles
measured by Cederstrand and Govindjee. 63) If loose chlorophyll-protein
complexes are assumed to exist, they constitute only three to five percent
of the total chlorophyll molecules 1n vivo, quantum yield measurements of
oxygen are not accurate enough to detect a three to five percent waste of
energy. Although one would expect no fluorescence transients from these
loose complexes because they do not perform any photochemistry, measure-
ments of fluorescence transients cannot be used to detect these complexes
because one third of the total fluorescence does not show any transient.
Experimentally, then, it 1s very difficult to prove or disprove the existence
of loose chlorophyll-protein complexes in the cell.

It 1s highly unlikely, however, that the cell, having its own machin-

ery to control and to direct the synthesis of the photosynthetic unit,
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would waste energy to make imperfect units which in turn will compete
with regular units for photons. If we can assume that the polarization of
fluorescence is not caused by loose chlorophyll-protein complexes, the
decrease 1n the polarization of fluorescence, due to the closing of the
reaction centers, is the first experimental evidence which shows that energy

transfer between Chl a molecules in vivo is by the Forster mechanism.
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V. DELAYED LIGHT EMISSION AND INDUCED LUMINESCENCE:
RESULTS AND DISCUSSION

A. DELAYED LIGHT EMISSION

Delayed light em1ssion from the red alga Porphyridium cruentum was

measured. This was an extension of the work done on Chlorella and
Anacystis by the author 1n collaboration with Stacy, Swenberg and Govmdjelg.l
The experiment was done to show that 1n P‘orphyrldium as well as Chlorella
and Anacystis the delayed emission can be explained by a triplet fusion
model in which the production of the triplets 18 mediated by the photosystem
Il reaction center. (For a review of our theory and a general introduction

to this problem, see Chapter I, section E.) The reasons for adding DCMU

and hydroxylamine to the cell will be discussed later.

Delayed light emission from Porphyridium cruentum excited by a

rectangular pulse of 632.8 nm light 4. 5 msec 1n width repeated 25 times
per second 1s shown in Figure 27. Addition of 10-3M hydroxylamine to

3

the normal cell causes the delayed emission to have a fast detay. This

5M DCMU to the normal cell

decay 1s not exponential. Addition of 10~
causes the fast decay to disappear. In the time range measured, the delayed
light emi1ssion with DCMU added decays slowly and 1ts intensity 18 higher
than that given off by normal cells or normal cells with hydroxylamine
added. The delayed light emission of the normal cell looks like it 18 inter-
mediate between the two DCMU and hydroxylamine cases. Addition of

IO-SM DCMU and 10-3M hydroxylamine to the cell causes a dramatic

decline in the intensity of the delayed light em1ssion.
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Figure 27.

Intensity of square wave excited delayed light
emission(labelled fluorescence) versus time for

normal Porphyridium cruentum and for Porphyridium
with 10-5M DCMU, with 1073M hydroxylamine and
with both 10°3M hydroxylamine and 10"5M DCMU.

The open cirtles are experimental points. The smooth
line is the theoretical curve.
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No effect either on the shape of the decay or on the intensity of
the emission 18 detected upon applying a magnetic field as high as 13.2
kilogauss.

The solid curve 1n Figure 27 1s a plot of the theoretical curve given
by equation 20 1n the first chapter. Equation 20, as derived in the intro-
duction, 18 the predicted kinetic curve for delayed light emission based on
the model that delayed light emission is caused by a bimolecular reaction
(1. e., triplet-triplet fusion). The method to fit the curve 18 as follows.
Using the observed intensity of delayed em:ssion at 1 msec, Fo was cal-
culated with equation 20 for an arhitrarily chosen constant Z,ZY(the bi-
molecular fusion rate constant, Y, multiplied by the constant Z,z which 18
defined 1n equation 15) and B (the monomolecular decay rate of the triplet).
Z,ZY and B were then varied over a range of several orders of magnitude.
The FO, Z,ZY and B values were then used to generate a series of theoretical
curves. This was done with the digital computer I. B.M. System 360. The
theoretical curve that fit the experimental curve best was chosen.

The constant B has the proper units of reciprocal time. The f
used to match the experimental curve 18 2 x lO2 sec-l. The constant LZV
formed from the theoretical curve has no meaning because i1t has arbitrary
units of the computer output. The units of ‘&zv are reciprocal density
multiplied by reciprocal time. To fit Z,ZY into its proper units, we use

/2

the fact that (aZY F)1 has the units of reciprocal seconds For the

hydroxylamine case, two milliseconds after the incident light was turned
off we have:

]

z,va =(2.7 x 10'8) (4.7 x 103) (106) = 127 (sec'z)
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These numerical values are from the computer output. F now has to be
evaluated into its proper units of (esec).1 (sz)—l. Two milliseconds
after the incident light was turned off, the signal given off by the photo-
multiplier was measured by the oscilloscope to be about two millivolts.
Since the load resistor of the photomultiplier was 150K, the current given
off by the photomultiplier was (2mv/150K) 1.3 x 10"2 microamps. The
cathode radiant sensitivity of the photomultiplier 18 3.2 x 10-2 microamps

per microwatt. The gain at the photomultiplier bias voltage of 1300 volts

-2
. 4 . . 1.3x10 “pa 3
is 1.5 x 10 . Hence the light signal 1s equal to ‘(3.2x10'2 pa/pw) (1.5 % 104))_

0.27 x 10«5 microwatts. The photomultiplier, however, collects only

about one third of the radiation given off by the algae. The total fluorescence
should equal about 0. 81 x 10-5 microwatis. Since the average energy of

the emitted photon 1s 1.7 ev, the total fluorescence 1s equal to

0.81 x 10-5 x 10 ergs/sec
1.6 x 10-12 ergs/evx 1.7 ev

( ) =0.3x 107 photons /sec  To {ind the

area which this fluorescence comes from, we assume that the cross=-

- 2
sectional area of one alga cell 18 12 x 10 8 cm . At an absorbance of

0.5, we estimate that there are 6 x 108 cells/cm3. Since the volume excited

by the laser beam 1s only 0.1 cm3, we calculate the total excited area to

be (1.2 x 10-7 cmz/cell) {6 x 108 cells/cm3) (0.1 cm3) =7.2 cmz. F s

3x 10'7 photons /sec
7.2 cm?é

Since Z 2YF 18 127 sec-z, LZY in 1ts proper unit is (

2
) =4.1x 106 photons/sec cm .

then calculated to be (

127 )(sec cmz) _
4.1 x 100 sec® '

0.31 x 10"4 cmz/sec.
Knowing the value of F and Z,ZY one can calculate the triplet state

density n From equation 17

T
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g =6 (1)

At t =2 milliseconds F 1s calculated to be 4.1 x 106 photons/sec cm2
. -4 2 k .
and Y is 0.31 x 10 ~ cm /sec if one assumes that "k-_;—(-l-— is small so
1
that Zz is approximately one. Assuming ¢, the fluorescence yield,to be

-2 130 -
3x10 -, the triplet density 18 calculated to be 3 x 106 cm 2. The

lamellae area of a Chl 2 molecule has been calculated to be 2 x J.O"14

m 2.131 The ratio of chlorophyll molecules which are 1n the triplet
state to the total number of chlorophyll molecules is calculated to be only
6 x 10"8 when the incident light has been turned off for two milliseconds.
As mentioned in the introduction, the most sensitive flash photolysis
instrument used by Porter and Strauss78 to detect triplet-triplet absorption
1s only capable of resolving absorbance changes down to 0.5%. Hence the
best experimental techniques are not sensitive enough to observe the low
concentration of triplets that could account for the delayed emission ob-
served.

Although the time course of delayed emission can be explained
by the triplet-triplet fusion model, 1t should be pointed out that the present
results do not exclude the electron-hole model. In an ‘electron hole
picture, Y would:become the recombination rate and B the change 1n
reciprocal lifetime.

Only the time course of delayed Light emission for cells with
the hydroxylamine added can be fitted with the theoretical curve from
the triplet-triplet fusion model. However, the kinetic curves of the

delayed emission fornormal cells with DCMU and of cells with hydroxylamine
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and DCMU together cannot be theoretically fitted by equation 20, no matter
what the values of constants ZZY and B are. This 15 reasonable if one notes
that equation 20 1s derived with the assumption that Q> the rate of chemical
back reaction, 18 zero. Without this assumption one cannot find a close
form solution to the three different equations. With q2 not equal to zero,
we can only discuss the kinetic behavior qualitatively. To explain why
cells with DCMU added have a slower decay, we have to understand the
function of DCMU 1n the cell. Assuming that the reaction center II i.s com-
prised of an energy trap, 6 an oxidant 29 and a reductant Q, 8 then one can
represent the reaction center as Z (Chl) Q. DCMU is postulated8 to 1nhibit
the oxidation of Q by the electron transport chain after 1t has been reduced
by light. As Q is reduced and Z oxidized by light, the trapping center
1s 1noperative to recewve any further energy, this 1s shown by the increase of
fluorescence yield when DCMU is added. We will discuss this further in
the following section. Hence, with the reaction center as Z+ (Chl) Q°
there will be triplets produced by the recombination of Z+ and Q, with
a slow rate constant 9, The rate of producing Z+ (Chl) Q obviously 1s
proportional to the rate of photons absorbed. Using a rectangular pulse
of light 25 times per second, the rate of producing Z+ (Chl) Q" 1s much
faster than its decay to Z (Chl) Q. Hence at steady state the number of Z+
(Chl) Q" is much greater than Z (Chl) Q. When the incident light 18 turned
off, the delayed emission 158 due predominantly to the triplets which are
produced by this chemical back reaction.

No exact theoretical fit of equation 20 to the decay of delayed

light emission of normal cells 15 possible. The shape of this decay can
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qualitatively be explained as being an intermediate to the case when
hydroxylamine 1s added and the case when DCMU 1s added. In the case when
hydroxylamine is added, the triplet excitons are produced mainly by inter-
system crossing at the trap. Inthe case where DCMU 18 added, the triplet
excitons are produced predominantly by a chemical back reaction. 1In the
normal case, at steady state conditions a certain amount of reaction centers
will remain in the Z+ (Chl) Q state for a short time due to the fact that at
steady state some of the electron transport intermediates are reduced so
they cannot reoxidize Q. Within that time Z+ (Chl) Q  could decay by a back
reaction to form a triplet state. Hence 1n the normal case, triplets can
be produced both by intersystem crossing and by chemical back reactioﬁx.

Since the action of hydroxylamine 1n the cell is to replace water as
the donor of electrons, 132,133 which will be discussed in the next section,
we question why then the kinetics of delayed light emission 1s different for
the normal and the hydroxylamine case. To understand the reason, let us
look at the new oxygen data of Joliot gg_a;hlog and Kok et al. 110, They
measured the amount of oxygen evolved per flash with a series of short
high intensity flashes of light. The result they obtained shows that after
a long dark period, the first flash produces very little oxygen and the third
flash produces more than twice the amount of oxygen measured at steady
state. These findings show that charges are stored and that the cooperation
of these stored charges 1s necessary to produce oxygen. (The present

author has evolved two kinetic models of oxygen evolution, they will be

discussed along with the models of Joliot and Kok 1n Appendix 1.) The
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normal cell after the first flash, then, can have a reaction center with Z
partially oxidized and Q oxidized, for example, Z+ (Chl) Q. We postulate
that hydroxylamine inhibits the production of oxygen by destroying this
intermediate by feeding an electron to Z+ so that the reaction center
becomes Z (Chl) Q. In cells with hydroxylamine added no Z+ is stable
enough to undergo chemical back reaction with Q , and delayed light
em1ssion is solely caused by intersystem crossing at the trap.

Adding DCMU andl hydroxylamine together should eliminate the
production of triplet excitons completely. Since DCMU blocks the re-
oxidation of Q and hydroxylamine keeps the Z reduced, the reaction
center will remain as Z (Chl) Q . Hence production of triplets by inter-
system crossing 18 not possible due to the closed trap, and the production
of triplets by‘chemxcal back reaction 1s not possible due to the reduced Z.
This 'agrees exactly with experimental results. As shown in Figure 27,
in cells with DCMU and hydroxylamine added the delayed emission almost
disappears.

To further explain the possibility that delayed light emission 1n the
seconds region may be due to a chemical back reaction, we follow the
behavior of Q by means of fluorescence transient measurements. We also
perform chemiluminescence and thermoluminescence experiments to see

i1f, thermal and chemical perturbations will increase the back reaction.

B. FLUORESCENCE TRANSIENTS

The study of the fast fluorescence transient and 1ts relation to the

: ) »13
oxidation and reduction state of Q has been discussed by many vaorll%eérs]‘.34 5



139
Fluorescence rise is believed to follow the reduction of the quencher Q to
QH; the latter being a non-quenchelr. Hence, Q, one of the substrate believed
to be involved in the chemical back reaction, can be monitored by fluorescence
transient measurements.

The fluorescence transient of Porphyridium cruentum 1s shown in

Figure 28. The exciting light was green (A, 540 nm, broad band) with an
intensity of 4.4 x 104 ergs/cm2 sec. The fluorescence was monitored at

685 nm with a 6.6 nm band width. The sample was kept 1n the dark for five
minutes before the fluorescence transient was taken. The normal Porphyridium
fluorescence transient (Curve B) 18 sumilar to that of Chlorella reported by
Munday and Govindjee. 116 As 10-3M hydroxylamine is added, the transient

has the O-1-D phase of the normal cell but the P level compleiely disappears

5M DCMTU to the cell, the fluorescence

(Curves C, D, E and F). On adding 10
yield increases and after a brief transient (0.0l sec), it remains steady w1£h
time (Curve A). On adding IO_SM DCMU and hydroxylamine together to
the cell, the fluorescence yield is the same as that when DCMU alone 1s
added to the cell. The delayed emission, as was discussed 1n ttl1e previous
section, 18 completely different. On adding DCMU and hydroxylamine to
the cell, the delayed emission is not the same as that when only DCMU 1s
added.

Although both DCMU and hydroxylamine inhibit the evolution of oxygen,
it 18 clear from the fluorescence transient and DLE data that they act
differently. The siumilarity in the transient of the normal cell with the cell

with hydroxylamine added in the O-I-D phase indicates that the hydroxylamine

does not stop the electron flow in the electron transport chain. Measurements
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Figure 28.

The fluorescence transient of Porphyridium cruentum.
Curve A 1s the transient of Porphyridium with 10~°M
DCMU and with both 10"°M DCMU and 10~3M hydroxyl -
amine; Curve B, normal Porphlrldium; Curves C-F,
Porphyridium with 10°5M, 1074M, 10-3M and 1072M
hydroxylamine respectively. (Aexcitation, 540 nra,
broad band; intensity, 4.4 x 10 ergs/cm2 gec.)
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with chloroplasts indeed showed that hydroxylamine acts as an electron donor
by replacing water. 132 The cause of the disappearance of the P 'level in
the transient of cells with hydroxylamine added 18 unclear. It is widely ac-
cepted that DCMU inhibits the evolution of oxygen by blocking the electron
transport after Q. Q remains 1n the reduced QH state and the reaction center
can no longer act as a quencher of fluorescence, hence the fluorescence rises.
When hydroxylamine 1s added with DCMU, 1t does not change the state of QH,
and hence the fluorescence remains the same as when only DCMU 1s added.

The 1nitial transient (O-I) observed in cells with DCMU added repre-
sents the rate at which QH 18 being formed and also shows that after a long
dark period all Q 18 i1n the oxidized state. The 1nitial transient of cells

with DCMU added 1s shown 1n Figure 29. Chlorella pyrenoidosa was kept

in the dark for five minutes and then illuminated with 540 nm light with an
intensity of 4.4 x 104 ergs/cmz sec. The fluorescence was measured at
685 nm with a half bandwidth of 6.6 nm. The transient of Chlorella cells

with 10-5

M DCMU after the sample was kept 1n the dark for five minutes
and for one minute were 1dentical (Figure 29) This result shows that the
Q produced by the light will all be reoxidized within one minute or less.
Since Q cannot be reoxidized by the next intermediate 1n the electron
transport chain because it 18 blocked by DCMU, a possible reoxidation step
for Q 18 the combination with Z+ to produce delayed light. Since the
delayed emission has decayed to a very small value after the light was

turned off for one minute, 1t can be inferred that most of the Q has been

+
reoxidized to Q by Z .
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The bottom curve in Figure 30 shows the initial fluorescence transient
upon the addition of IO-ZM hydroxylamine and 10-5M DCMU to cells which
have been kept in the dark for five minutes. The transient 18 similar to
that of cells with only DCMU added. One would expect this result since
hydroxylamine replaces water as a donor of electrons to reduce Q and would
not influence the rate at which QH 1s formed. The top curve in Figure 30 18
the transient taken after the cells were kept in the dark for one minute
following the previous measurement. The fluorescence transient 18 now not
observed. In another experiment it was found that the top curve remains
the same even after it was keptiin'the dark for one hour following a flash of
Light. This result can be explained by assuming hydroxylamine reduces
Z+ as fast as 1t 1s formed, as was discussed in the previous section. No
""'stable' Z+ state 18 possible. Since Q needs Z+ for chemical back re-
action, no chemical back reaction 1s possible and hence no delayed emission
18 observed. Q will also remain in the Q state and hence fluorescence
transients are no longer possible. There should be no variation in the
fluorescence yield with time as it 18 observed experimentally in Figure 30.
In a report published during the preparation of this thesis, P.

Bennounl% investigated the reoxidation of Q 1n the presence of DCMU
and hydroxylamine by following changes in fluorescence yield. His con-

clusions agree with those presented above.

C. THERMOL\UMINESCENC E

Arnold and Sherwood137 found that chloroplasts that had been 1l-

luminated previously will emit light 1f they are heated at a rate of 14°c per
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Figure 29. ‘he fluorescence transient of Chlorella pyrenoidosa
with 10721 DCMU, One curve is taken after a five
minute dark time. The other curve is taken after
a one minute darl time. llorirzontal scale is two
msec/division. (A excitation, 540 nm; intensity,
4.4 x 104 erps/cm? sec.)

Figure 30. The fluorescence trensient of Chlorella pyrenoidosa
with 10-5M DCGIU and 10~21 hydroxylamine added to
the cell after five minutes in the dark. The bottom
curve is the initial transient. The top curve is
the transient taken one minute after the photograph
of the bottom curve was taken. Horizontal scale is
two msec/division. (A excitation, 540 nm; intensity,
4.4 x 10 ergs/cm2 sec.)
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minute. The results were interpreted by Arnbld as the recombination of
the electrons and holes that were trapped in the photosynthetic unit (see
Chapter I, section E, for the discussion of Arnold's model). Alternatively,
we may suggesi that the increase 1n temperature enhances the rate of re-
combination of Q with Z+ to populate the triplet state of the reaction center
that leads to light emission. We performed simple temperature jump ex-
periments by injecting boiling water into a sample of algae.

Both Chlorella and chloroplasts isolated from spinach give off light
when 1 ml of warm water at 53°C is injected into 1 ml of sample ten seconds
after a preilluminating light 18 shut off. No light 18 given off unless the
sample 18 preilluminated. Cold water (16°C) replacing the warm water in-
jected after preillumination did not induce the sample to give off any light.
Hence the light given off 15 not due to an osmotic change but a temperature
change. Figure 31 shows the light emitted by normal chloroplasts, by
chloroplasts with the addition of IO-SM DCMU, by chloroplasts with the
addition of IO-ZM hydroxylamine and by chloroplasts with both IO-ZM
hydroxylamine and 10-5M DCMU added. Results with Chlorella are siumilar
except that there is a greater decrease 1n signal upon the addition of DCMU.
In both Chlorella and spinach chloroplasts, upon the addition of hydroxylamine
even with DCMU already added, thermoluminescence decreases to a low
value.

The above experiment was designed such that the energy storage pro-
cess 18 allowed to go normally at room temperature. After the energy 18
stored, then the temperature 18 suddenly made to jump. This temperature

jump is used to increase the back reaction rate, q,. It can be seen from
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Figure 31 that chloroplasts give off a fairly large signal on raising their
temperature suddenly from 16°C to 33°C. DCMU added to the chloroplasts
decreases the signal. The reason why this happens is not known. This
could be explained by the fact that only @ 1s available for recombination

reaction while in normal cells both Q and A are available for recombina-

1

tion.

The fact that cells with hydroxylamine added or cells with both
hydroxylamine and DCMU added show very little thermoluminescence could
again be explained by the fact that hydroxylamine reduces Z+ of the reaction
center so that no stable Z+ is possible. Q therefore has no Z+ to re-
combine and hence no emission 18 observed. This result 1s consistent
with the results c';l:;tatned from delayed light emission and fluorescence
transient measurements discussed i1n the previous chapter. We will show
that 1t 18 also consistent with results obtained by chemiluminescence
experiments.

’

D. CHEMILUMINESCENCE

Chemiluminescence was discovered by Mayne and Clayton;l38 they
showed that isolated chloroplasts emit light when subjected to an acid-base
pH trans:ition. Later Ma,yne139 found that the light emission by the chloro-
plasts requires preillumination. This 1ndicates that the acid-base transition
may be. serving as a thgger to release stored energy as 1n thermoluminescence.

Chemiluminescence data for spinach chloroplasts are shown in Figure

32. (See Chapter II, Section G for method). The results are sumilar to those
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Figure 31.

Time course of the luminescence induced by a
temperature jump in spinach chloroplasts. The
temperature jump 18 induced by adding water at

53°C to the suspension at 16°C. A: signal induced

in normal chloroplasts; B: in chloroplasts with 10-5M
DCMU; C: 1n chloroplasts with 1073Mm hydroxylamine;
D* 1n chloroplasts with both 10~3M hydroxylamine and
10-5M DCMU. Preillumination intensity is 3.8 x 105
ergs/cm® sec.
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obtained for thermoluminescence. For chloroplasts suspended in buffer
solution, chemiluminescence 18 large. For chloroplasts with 10-5M DCMU
added this emission decreases and for chloroplasts with 10-3M hydroxylamine
or with hydroxylamine and DCMU, no emisstion 1s detected.

Adding acid and then base to the chloroplast to induce luminescence
causes a permanent change in the chloroplast. This 18 shown in the change
of a fluorescence transient which 18 permanently altered on the addition of
acid and base. Addition of hot water to the chloroplast to cause thermo-
luminescence, however, causes only a temporary change in the fluorescence
transient and the transient recovers to that of the normal chlordplast after
thirty minutes.

Chemiluminescence has been postulated as a chemical back reaction
of Photosystem II triggered by a rapid pH change. 139 Why the emission 18
higher for normal chloroplasts than the emission 1n chloroplasts with DCMU
added is again open to speculation just as in the case of thermoluminescence
It could be due to the fact that in normal cells the second intermediate in the
electron transport chain (A7) can also recombine with Z+ to cause the
emis8sion. The addition of hydroxylamine to normal or DCMU treated cells
eliminates light emission drastically. It may be due to the same cause as
that 1n delayed em1ssion and thermoluminescence 1n that the hydroxylamine
reacts with Z+ so fast that there is very little Z+ for chemical back reactions.

Two chemicals, DCMU and hydroxylamine, play an umportant role
in these studies. Both chemicals, when added to the cell insufficient con-

centration, will inhibit oxygen evolution. Fluorescent transient studies
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Figure 32.

’

Time course of the luminescence 1nduced by an acid-
base transition in spinach chloroplasts. A: signal
induced 1n normal chloroplasts, B: in chloroplasts
with 10°5M DCMU, C: in chloroplasts with 10™3M
hydroxylamine; D: in chloroplasts with both 103M
hydroxylamine and 107 °M DCMZU. Prellluminating
intensity i 5

yis 3 8 x 10° ergs/cm” sec.
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(Figure 28) show, however, that they act differently. DCMU has been shown
to block Q from being reduced by the next component in the electron trans-
port chain. Hydroxylamine has been shown to replace water as the electron
donor to Z+, which explains why cells with hydroxylamine added have about
the same 1nitial transients as the normal cells. From delayed light experi-
ments 1t was believed that DCMU blocks intersystem crossing at the re-
action center because of the accumulation of Q which blocks the trapping
capability of the reaction center. The large delayed emission observed 18
believed to be due to the recombination of Q and Z+ at the reaction center
to populate the triplet state, which can wander out into the bulk pigment
and annihilate with another triplet to form an excited singlet state. Hydroxyl-
amine, however, is believed to block the chemical back reaction which
produces the triplet state. The reason i1s that although Z+ states can exist
for a long time 1n the dark when water 1s used as the electron donor, hydroxyl-
amine reacts quickly with the Z+ so that Z+ cannot ex1st as a stable state.
In cells with hydroxylamine added, intersystem crossing at the reaction
center 18 believed to be the main way to populate the triplet state. The
measured decay curve of the delayed emission of cells with hydroxylamine
agrees exactly with the theoretical curve calculated with the assumption
of intersystem crossing with no chemical back reaction. DCMU, then,
blocks intersystem crossing and hydroxylamine blocks chemical back
reaction. If both chemicals were added to the same cell, one should expect
no delayed light emission as both paths to produce the triplets are blocked.

This is indeed observed experimentally in delayed emi18sion measurements.
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Since thermoluminescence and chemiluminescence phenomena are explained
as luminescence given off by chemical back reaction triggered by heat or
pH change, and since hydroxylamine 1s postulated to eliminate back reactions,
one would expect no observable thermoluminescence and chemiluminescence
when hydroxylamine is added. This 18 exactly what is found experimentally
(Figures 31 and 32). On the addition of DCMU with hydroxylamine also no
luminescence is observed. In cells with DCMU and hydroxylamine, the
chemical back reaction does not exist, Q is stable since DCMU blocks the
reoxidation of Q by electron transport intermediates, and hydroxylamine
eliminates Z+ needed for the back reaction. Q is found to be stable from
fluorescence i1nduction experuments (Figures 29 and 30).

Studies of delayed light emiesion, thermoluminescence, chemi-
luminescence and fluorescence transients in cells with DCMU and hydroxyl-
amine indicate the occurrence of the recombination of Q with Z+. From
energetic considerations, the energy from the recombination reaction 18
probably not high enough to populate the excited singlet state of Chl a, but
high enough to populate the excited triplet state of Chl a 1n the reaction center.
The triplet then can migrate 1nto the bulk pigment system and collide with
another triplet to produce an excited singlet state. The resultant light
emitted 18 the observed delayed emission or induced luminescence. That
triplets can also be produced by intersystem crossing mediated by the
reaction center 18 based mainly on the analysis of the time dependence of
the luminescence decay.

In conclusion, 1n this chapter indirect evidence was given for two

other processes which occur at the reaction center besides the oxidation-
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reduction reaction, fluorescence and radiationless loss; these processes

are intersystem crossing and chemical back reaction.
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VI. SUMMARY

The primary events in photosystem II, following the absorption of a
photon by the bulk pigment system, are the migration of the excitation energy
to a reaction center and the loss of the excitation energy by fluorescence
and by non-radiative decay. The prumary processes that occur at the re-
action center, after it has trapped the excitation energy, are the utilization
of the excitation energy for an oxidation-reduction reaction and the loss of
the trapped excitation energy by fluorescence or non-radiative decay. Another
possible process that occurs 1n the reaction center 18 the recombination re~
action of the primary oxidant and primary reductant To study the primary
processes in the bulk pigment system, we have calculated the rates and ef-
ficiencies of the primary processes of the excitation energy in the bulk
pigment system by using data from the measurement of fluorescence life-
time (Chapter III). We have studied the mechanism of energy transfer by
means of polarization of fluorescence measurements (Chapter IV). To study
the primary processes 1n the reaction center, we use information obtained
from delayed light mission, fluorescence transients, chemiluminescence
and thermoluminescence measurements (Chapter V).

The lifetime of the excited singlet state of Chl a 1n vivo was measured
both by the flash decay method and the phase shift method using a mode-locked
He-Ne laser operating at a frequency of 102.207 Mhz. The flash decay

method cannot resolve the question of whether the decay of the excited

singlet state has one or two lifetimes due to the poor time response of the
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photomultiplier. The relationship between fluorescence yield and lifetime,
as measured by the phase shift method, was predicted for one Lifetime decay
and two lifetime decays. Comparison of the predicted results with existing
experimental data shows that the decay of Chl a 1n vivo has only one major
lifetime. This result implies that the photosynthetic units are all connected
and that energy from one unit can migrate to another.

Precise fluorescence lifetime of algae with DCMU added was measured
by the phase shift method. The measured lifetime was used to calculate
the rates and the efficiencies of the major processes that follow after a
photon 18 absorbed by a chlorophyll molecule: fluorescence, radiationless
loss, and trapping of the energy 1n the reaction center. The results show

that the rate of radiationless loss for the green alga Chlorella 1s 5.09 x 108

sec-l, 12. 86 x 108 Sec-l for the blue-green alga Anacystis, and 9.09 x 108
sec_1 for the red alga Porphyridium. The rate of fluorescence for all three
algae 1s calculated to be 6. 57 x 107 sec-l. The rate of trapping for Chlorella

15 calculated to be 1.19 x 109 secnl, 1.98 x 199 sec-1 for Anacystis, and

1.97 x 109 tsec-:l for Porphyridium. The quantum efficiency for trapping
of excitation energy 1n Chlorella 15 then calculated to be 66%, in Anacystis,
59% and 1n Porphyridium, 68%. Measurements of the fluorescence lifetime
at 77°K show that fhe rate of radiationless loss of Chl a with a fluorescence
band at 685 nm 1s independent of temperature up to 77°K.

Precise measurements of the polarization of fluorescence of algae

showed a decrease 1n polarization when DCMU 18 added; this chemical '"closes"

the reaction center II. Assuming that the cause of the small polarization of
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fluorescence measured is not due to loose chlorophyll-protein complexes
within the chloroplast, this result is interpreted to show that the energy
transfer between Chl a 1n vivo is by the FUrster ''"weak coupling' mechanism.

To obtain information concerning the primary events in the reaction

center, the delayed light emission in Porphyridium cruentum was measured

in the millisecond region after excitation with flashes of light from a He-Ne
laser. It was analyzed in terms of a triplet exciton model as proposed by
Stacy, Mar, Swenberg and ('5ovind3ee101 based on experiments with Chlorella.
This model -- a valid alternative to the electron-hole recombination theory --
can be described as follows. Following light absorption by a bulk pigment
molecule, the energy can be emitted as normal fluorescence or be lost 1n non-
radiative decay or be transferred to the reaction center. At the reaction
center, the excitation energy can be used for an oxidation-reduction reaction,
can decay by fluorescence or internal conversion or lastly it can populate a
triplet state by intersystem crossing. The triplet excitons can then either
decay, probably by a radiationless transition, or undergo fuston and produce
an excited singlet 1n the bulk. The light emitted from the excited singlet

1s observed as the delayed light emission. This process occurs 1n the short
time region after the incident light is turned off. At the longer times (0.1
sec) we assume that the triplets can also be produced at the reaction center
by chemical back reaction of the primary reduced (Q') and oxidized (Z+)
products of the photoreaction. This model then predicts another primary
event at the reaction center after the excitation energy is absorbed, namely

intersystem crossing.

s
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The delayed light emission curves measured with Porphyridium with
10-3M hydroxylamine were shown to fit exactly the theoretical curve based
on the model with the contribution of the chemical back reaction i1gnored.
Hydroxylamine 1s assumed to stop the chemical back reaction. The results
of the delayed light emission of normal Porphyridium and Porphyridium
with 10-5M DCMU and with both DCMU and hydroxylamine are qualitatively
explained by the triplet fusion model when the contribution of the chemical
back reaction is not neglected. Thermoluminescence and chemiluminescence
measurements were used to further show that the chemical back reaction
18 due to the primary reduced (Q ) and oxidized (Z+) products of the photo-
reaction. Addition of hydroxylamine to the cell which 1s assumed to stop
all back reaction completely eliminates both the thermoluminensce and
chemiluminescence. Fluorescence transient measurements also show that
on the addition of both hydroxylamine and DCMU to the cell, the photoreduced
Q" cannot be reoxidized and remains stable. These results indicate that
the primary products in the reaction center are wnvolved in the chemucal
back reaction, another reaction that can occur at the reaction center.

The details of the chemical reaction, at reaction center II, leading
to oxygen evolution are also discussed (Appendix I). Two new alternate

models for oxygen evolution are proposed.
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APPENDIX

TWO NEW MODELS FOR OXYGEN EVOLUTION IN
PHOTOSYNTHESIS

A. INTRODUCTION i

From the quantum yield measurements of photosynthesis, 140 it is
generally agreed that it takes eight photons to produce a molecule of oxygen

4

from water and to reduce a molecule of CO,_ 1n green plants. The overall

2
process requires the transfer of four electrons, in two steps, from HZO

1
to COZ. The oxygen evolution step requires the transfer of four electrons

from water to an intermediate (A), and this requires four photons. 1 How
this is done remains a mystery. (For a recent review, see Cheniae. 142)
There 1s experimental evidence that indicates that photons act successively
on the same photochemical center with dark intermediate steps to produce
one molecule of oxygen. This rules out the possibility that the primary oxi-
dant produced at one reaction center can migrate and react with another
oxidant produced at another reaction center. . Allen and Franck143 showed
that after a long dark period no oxygen was given off if algae were illumin-~
ated by a single short bright flash of light. Oxygen, however, was given off
on subsequent flashes of light following the single flash. These observations
were confirmed by Whittingham and Brown. 144 From measurements of the
time course of oxygen evolution at low 1ntensities, Joliotl45 found that after
a long dark period there was a lag 1n oxygen evolution. If a preilluminating

flash was given, oxygen evolution started ummediately on illumination.

Joliot interpreted these and other resulis (not cited here) to mean that in
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order to obtain oxygen production two quanta must be absorbed successively
in the same photochemical center producing an oxygen atom; oxygen atoms
from neighboring units can combine to give an oxygen molecule. Rosenbelr‘lg6
has also measured the time course of oxygen evolution at low light 1ntensities
and from these studies has suggested that four photoacts on the same reaction
center lead to the evolution of one oxygen molecule. From measurements
of the rate of oxygen evolution as a function of light intensity at low levels,
Kok et al. 110 found that the difference 1n the area bounded by the time
course curve taken right after continuous preillumination (no deactivation)
and that taken after ten minutes 1n dark was independent of intensity at low
light levels. With the assumption of constant quantum efficiency, this
result implies that photons are needed to fill a finite pool of intermediates
before oxygen can be evolved.

More recently, Joliot et al. 109 and Forbush et al. 147 have re -
investigated the evolution of oxygen by a series of short saturating flashes

of light. Joliot et al. 109 found that the amount of oxygen given off per

flash of light showed a damped four cycle oscillation 1n relation to the
numbers of flashes given. On the basis of these experiments, they proposed
a new scheme for the mechanism of oxygen evolution 1n photosynthesis. The
maln features of this scheme are 1) the reaction center II includes two
electron donors (Z) and one electron acceptor (Q), 2) transfer of two elec-
trons from the same donor leads to the formation of one oxygen atom and

3) the reaction center acts as a switch that connects alternately each donor

to the acceptor; this 1s what we call a "flip-flop' mechanism. This switch
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works with an efficiency of 85% and is induced by each photoact. Kok et 9;_1__.110
made similar experiments and suggested that oxygen evolution is a four
quanta process that occurs 1n a sequence. To fit the damped four cycle
oscillations, Forbush et al. 1417 proposed that after a long dark period all
reaction centers do not deactivate to the ground state and that the damping
is caused by failure rate of the trapping centers in the photochemical
conversions (""misses,' @), Damping 18 also due to reaction centers which
can receive two photons and perform two photochemical acts within the
duration of the light flash (''double hits," B). In this communication, we
propose two new alternate models (Figure 33c and 33d) that will fit the

published data of both Kok et al. 110, 147 and Joliot et al. 109

B. THEORETICAL TREATMENT

Any model for oxygen evolution must satisfy the following conditions.
It must explain the fact that the oxygen evolved per flash, when the photo-
synthetic units are illuminated by a series of short (~10us) saturating

flashes of lLight spaced 300 msec apart, oscillates with a period of four

and damps out after four to six periods. 109, 147 It must also explain the

-

difference 1n oxygen yield sequences by a series of light flashes after

various pretreatments with light as observed by Kok et al. 110 and Forbush
et al. 147 After 25 flashes were used to attain steady state of oxygen evolu-

tion, the chloroplasts were left in the dark for five minutes and then were
given a single flash or a sequence of two or three flashes or no flashes

at all. After this light pretreatment, the chloroplasts were left in the
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dark for 30 minutes. The oxygen yield per flash produced by a sequence of
light flashes was then measured and found to be different with different
pretreatments. Any model of oxygen evolution must also be able to predict
the time course of the rate of oxygen evolution observed in continuous weak
light following darkness or different numbers of flashes. 109, 147

Two general alternative models are possible. The first is that the
evolution of an oxygen molecule is due to a two step mechanism 1n which
the reaction center successively accumulates two positive charges to pro-
duce an atom of oxygen. Two oxygen atoms quickly combine to produce a
molecule of oxygen. The second 18 that the evolution of an oxygen molecule
is due to a four step mechanism 1n which the reaction centers must suc-
cessively accumulate four positive charges before a molecule of oxygen is

evolved.

1. Two Step Mechanism

Joliot et al.'s model109 for oxygen evolution 18 a two step mechan-
ism. This model 18 drawn schematically 1n Figure 33A. Detaied calculations
of this model show that after the first flash the sum of the amount of oxygen
gwen off by two consecutive flashes 1s always equal to twice the amount of
oxygen given off at steady state, 1.e., the sum of the oxygen given off by the
second and third flashes is equal to the sum of the oxygen given off by the
fourth and fifth flashes. This prediction does not agree with either their
ownm9 or Forbush g_t_a_.l-_'sl‘w experumental results. As shown in Figures

34A and 35A the sum of the oxygen given off by the second and third flashes

is greater than the sum of the fourth and fifth flashes. Furthermore, 1n
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Figure 33,

Schematic diagram of four different models of oxygen
evolution. Q 18 the primary electron acceptor; Z 1s

the primary electron donor, solid and broken arrows

indicate light and dark reactions respectively.

(A) Model A for oxygen evolution redrawn from Joliot
etal. P is a probability constant.

(B) Model B for oxygen evolution redrawn from Kok
_(_e_t_:__a_.‘l_.l B 1s the probability of ""double hits." +
Kok's S, has been replaced by Q-Z and 5, by Q-Z etc.

(C) Model C. q 1s a probability constant

(D) Model D. A, B, p are probability constants.
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Figure 34.

(A) The amount of oxygen evolved by illumination

with a series of light flashes of saturating
intensity after the cells were kept five minutes

in the dark. The dark time between each flash
was 300 msec. Yn 1s the oxygen emitted by the nth
flash of light. Y__ 18 the oxygen emitted after
steady state conditions have been reached. The
solid line 18 for isolated spinach chloroplasts.

The dotted line 1s for the green alga Chlorella.

(Experimental data of Joliot et al. 109)

(B) Predictions based on Kok's model. 110 5 < con-

centration of Q-Z species, S, = concentration of
Q-zt species, « = ''misses', B ='double hits."

(C) Predictions based on model C. Y = inefficiency

index, q = a probability factor.

(D) Predictions based on model D. A, B, @ = probability

constants, Y = inefficiency index of the trap.
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Figure 35.

(A) The amount of oxygen evolved by illumination
with a series of light flashes of saturating
intensity after a long period of darkness following
continuous illumination. The dark time between
flashes was one sec. Isolated spinach chloroplasts
were used.
(Experimental data of Forbush et al. 147)

(B) Predictions based on Kok's model. 110, 147 The

symbols 1n this and following figures C and D
have the same meaning as 1n Figure 33.

(C) Predictions based on model C.

(D) Predictions based on model D
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Kok et al. 110 and Forbush et al. '8147 experimental results the sum of the
oxygen from the second and third flashes is larger than twice the amount
of oxygen given off at steady state. Joliot et al.'s modello9 also assumes
that after a long period of darkness all the trapping centers deactivate to
one ground state. This cannot explain why the oxygen given off per flash
should be different 1f three flashes of light were given before the long period
of darkness and 1f no light were given. Joliot_et al.'s model using a two
step mechanism, then, cannot explain all the experimental results. This,
of course, does not rule out the possibility that oxygen 18 evolved after the
accumulation of two charges only.

We have evolved a two quanta step model (Model C) that will fit the
experimental results The model 1s shown 1n Figure 33C. We assumed

as 1n Joliot et al.'s model that there are two donors (Z) to one acceptor (Q).

After a long period in the dark, we assumed that there are two stable states

(Q ) and (Q\Z‘) On absorbing the first flash of light, one Z is ox1dized
and the Q 18 reduced, 1.¢., (Q:g ) becomes ( Q + ) and (Q ) becomes
(-Q:; ). After a short period of dark time (10 4 sec. ), Q becomes re-

oxidized to Q (via '""A") and (-Q(§+) becomes (Q:Z_,_ ). On the second flash
of light we assume that (Q:;.,. ) has a probability of q t: change into
(-0:2""" ) and a probability of 1 - q to chang? into (-Q:g.,. ). In the sub-
sequent dark period (-Q:§++ ) will transform back to (Q:; ) by a reaction
with water giving off an atom of oxygen. (Two oxygen atoms from neighbor-

ing units would combine to give one oxygen molecule.) Hence, in this model,

the probability q can be determined by the amount of oxygen given off after
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Z+

the second flash. On absorbing the third flash of light, (QZ.;.) will become

++
- 2
( Qz.,. ). We assume then that this species with three charges cooperates

in such a way that at each Z two oxygen atoms are evolved within the same
unit; thus, a molecule of oxygen is produced.* Three of the four resultant
electrons from water are used to reduce the oxidized Z, the fourth electron
from water 18 assumed to be trapped by one of the Z's. This trapped elec-
tron 15 assumed to be very stable and can only be deactivated by a quantum
++
of light. Hence (Q\’ZZ.;. ) becomes a very stable (Q’é_). On the fourth flash
of light as 1n the first flash (Q:g . ) attains the 1mtial state (Q:; ). On the
fifth flash of light, this cycle of reactions 15 repeated. To match the ex-
perimental results with this model, we make the last assumption. We
assume that the photochemical reaction centers are not 100% efficient but
dperate with an efficiency of (1 - ¥ ). This assumption 15 very similar
to the assumption of ""misses' used by Kok and co-workers“o’ 147 1n their
model. We do not believe that the reason why a photochemical reaction
will not occur at a unit 1s due to a photon ''missing' a particular unit. Since
there 18 much evidence to support the fact that the units are connected to
one another, the reason why a photochemical reaction will not occur 1s

more probably due to the inefficiency of the trapping center itself (see

Chapter III).

*We note that it is difficult to visualize this step as a two charge
step. What we wish to emphasize is that if there are two plus charges on a
reaction center '"Z'", oxygen atoms can be formed; this does not preclude the
evolution of a whole molecule of oxygen 1f the proper state of Z occurs
within the same reaction center. However, we can look at it as evolution
of two oxygen atoms at the two Z's and an oxygen molecule being formed
just as in the case when two atoms are formed i1n neighboring reaction
centers.
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From the model in Figure 33C, one can derive the following recursion

relations.
(%] ey =2 -1 [%,] +Y[X1] +q[xz] (42a)
n n n
x,] =0-m[x] +Yx,)] (42b)
n+l n n
[x3]n 41 70 -Y- q) [xz]n +Y[x3]n (42¢)
|:x4]n,r1 (1 -Y) ['_x3]n +Y[x4] (424)
n

where [Xl] is the relative concentration of (qg )

2+
~Z )
2zt
[XJuis the relative concentration of (Q\Z"' )

[Xz] is the relative concentration of (Q

Z
[X‘J is the relative concentration of (Q:Z_ )

n is the number of flashes used.

The amount of oxygen evolved by the n + 1th flash can be calculated from
the equation-

7 [0)  =a[x] +20-v) [x] (43)
n+l n n

To calculate the amount of oxygen evolved per flash by a series of

flashes, we must first calculate the initial concentrations of the two stable

states Xl and X4 after a long period of darkness and the amount of oxygen
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evolved after a large number of flashes so that we can use that amount as
the normalization constant. At steady state, when the amount of oxygen
evolved per flash becomes constant, the concentration of Xl, Xz, X3, X4
also remains constant. Hence by simple algebraic manipulation of the re-

cursion relations, one can show that at steady state:

[x)- & e (44a)

- riats

(%)) = 1= 41Y-qu (44c)

[x] = 1= ;Y-\:Zq (44d)
where [x])+[x,) +[x] +{x,)=1

The amount of oxygen evolved at steady state is then:

1 1 -Y+gq 1-Y
o = -+ -
2 [02] ss q, - 4Y + 2q 2(1-Y) 4 - 4Y+ 2q (45)
J
To compare with experimental results, [02] will be set to unity, and
58

for all [02] . calculated, [02]n must be divided by [025]5
After reaching steady state of oxygen yield and turning off the flash-
ing light, we assume that X2 and X3 deactivate back to Xl. Hence after a

long dark period, the relative concentration of the X's are:

1
—

1-Y
[x,),=1- 1 - 4+ 2q
(46)

i
o

[x,) =
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—
>
w
—
o
1t
o

1 -Y
[X4] T 4 -4Y +2q

After substituting these values into the recursion relation, one can
calculate the relative concentrations of Xl’ XZ’ X3 and X4 following each
succeeding flash. Using these calculated Xl’ Xz, X3, X4 values, one can
calculate the amount of oxygen evolved per flash by a series of flashes.

If after reaching steady state of oxygen yield, the flashing light
was turned off for five minutes, then one flash was given and the chloroplasts
were allowed to sit in the dark for 30 minutes, the.1nitial concentrations
of [XI] and [X4], the two assumed stable states would be changed. Just
before the single flash was given, the concentration of X1 and X4 is equal
to [XIJO and [X4JO . On applying the single flash, most of the [X4]°
will change into [Xl]o and will not decay back to [X4]° in the dark because
[XIJO is stable. The states that [Xl]o will change into following a single
flash will deactivate back to [X1]° . Hence one can easily show that follow-

ing a single flash:

- Y(1-Y)
xdo=1- TTarizg

[}
o

[x,),

[,

\ (47)

il
o

= Y (1-Y)
[X4]° T 4 -4Y +2q
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Using the same argument, with two flashes given, the 1initial

conditions would be: 4
2
_ Y (1-Y)
[leo*«l T 4 -4Y+2q
[x,] =0 {,
(48) :
[x,], =0
2
4“0 4 - 4Y + 2a
If three flashes were given, the 1initial conditions would be: {
_ 2 l1-Y
x), =1-0-"" (1 -Y-q 1-[4_4:\““2q ] ;
[x,], =0 ’
240
= (49)
[X3]o =0

-Y
. [x4]°=(1 V2 (1 -Y-q) 1-[4-Lv+zq )

Using these 1nitial conditions to calculate the amount of oxygen evolved
per flash, one can easily see that the oxygen yield per flash would be

different for each initial condition.

2. Four Step Mechanism

In the four step mechanism, four charges must be accumulated
before a molecule of oxygen can be evolved. In the linear four step mechan-
ism of Kok and co-workers there exist four intermediate states SO’ Sl' Sz
and 83 (Figure 33B). Schematically, we have interpreted thevr SO to be

+4++
(Q-2), S1 to be (Q-Z+), S2 to be (Q-Z++) and 83 to be (QR-Z ). On
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, S, toS., S, to S, and S_ on

goes to S1 ] 2 2 3 3

absorbing a quantum of light, SO

absorbing a photon undergoes a dark reaction with water molecules which
transforms 83 back to SO and an oxygen molecule is evolved. Clearly, if

after a long period of darkness the only existing state is S., then the oxygen

1
preduced by sequential flashes of light will oscillate with a period of four

and will not damp out. As noted in the introduction, the perturbations to
this cyclic reaction are assumed to be due to the possibility that notevery
S state will move to the next on applying a flash of light ("'m1sses') and also
that some intermediate states can have double excitations (''double hits'').

Kok et al. 110 and Forbush et al. 147 assume that within the time of a flash

of light used by their experiments only S0 and S1 can use two photons to

change into S2 and S3 respectively. To explain why oxygen produced on the
third flash should be greater than oxygén produced on the fourth flash,
they made the further assumption that the intermediate states S2 and SS

relax back to the S, state in the dark and that S, is an "infinitely' stable

1 1
state. This assumption also explainsthe differences 1n the flash yield
sequences observed after various pretreatments with light.

We have evolved an alternate four step model for oxygen evolution
(model D) 1n which two reaction centers are needed to evolve a molecule
of oxygen instead of one. (There 15 indirect evidence that two reaction centers
may act together. 148) It also assumes that within the time of the flash,
there 18 no ''double excitation'' within one reaction center as in Kok's

model. This model is shown in Figure 33D. We assume that after a

long period i1n the dark, most of the '"double' reactioncenter is 1n the state
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Q
-Q . . Z- TNZ
\Q/Z) (This should have been written as (Z\Q z

simpler form. ) On absorbing one quantum of light in each reaction center

(z ) but we use the

of the twin (i.e., a total of two quanta), this state has a probability A to
_a-

By, Z) and probability 1 - A to become ( Z Nz ) On

Q ~Q

absorbing the next two quanta of light after a period of darkness (300 msec),
_Q Q

we assume that both states can change into ( Z Z+++). State (H.Z/ NZ)

~Q7 N

+++
has also the probability B to change into ( Z:8>Z) which on the sub-

+,
become (

sequent dark reaction changes back to the initial state (Zi :Z) after giving
Q
off a molecule of oxygen from a reaction with two molecules of water. State

+ /Q\ +++

( Z _Z ), on absorbing two more quanta, can undergo two alternate
~Q Q

++, +tt
light reactions. One reaction changes 1t to ( 7 \Z ) which on t,he

Q Q
++
subsequent dark reaction changes into ( Z: >Z) after giving off a mole-
Q
cule of oxygen from a reaction with water molecules. The other reaction
changes ( Z ) with a probability of ¢ 1nto ( ) which
Q’ \Q’

1s then postulated to undergo a dark reaction with four molecules of water

to evolve two molecules of oxygen and a stable state (-Z: :Z_). This
Q

state will not deactivate in the datrk. On absorbing another two quanta of

light 1n the double reaction center, (-Z: :Z-) changes back to the 1nitial
Q
state (Z:Q>Z). As in Kok's model, we will assume that the photochemical
Q

reaction centers are not 100% efficient but operate with an efficiency of
(1 -Y) FromFigure 33D, the following recursion relations can be

derived:
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(%) ey = BIX), + - [%], + Y],
[XZJM_1 = (1 - Y -A) [xljn +V[x2] o
[X3] 0 = -N[x,] +-¥-B) [x] +Y[x,]  (50)
(%], 4 = AK] + (1 -v-0) [x,] +vK,]_

[X5]sy = €[%,], +Y’:Xs]n

where [xl‘]n 18 the relative concentration of the twin (or double)
Q

. ~N
reaction center (Z

Z) following the nth flash
N s
Q + Q +
[X ] 1s the relative concentration of ( z” Nz ) following
24n N o~

Q
the nth flash

Q
+
/\Z

+) following
N7

+
[X3]n 18 the relative concentration of ( Z
th Q
the n  flash
Q
+ +++
[X4]n 18 the relative concentration of ( Z\ :Z ) following
Q
the n'" flash
Q

[XSJn is the relative concentration of { Z :Z ") following

N\
Q
the nt® flash

The amount of oxygen evolved by the n + 1':h flash can be calculated

from the equation:
[Oanﬂ =B [x4] (v [X,] (51)

As 1n model C, to calculate the amount of oxygen evolved per flash when

4

it becomes constant after a large number of flashes, one can use the

recursion relations of equation 50 and the fact that [Xi] = [Xi]
n+l n
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where 1 =1, 2, 3, 4. The calculated concentration of X4 and X3 at steady
state can then be substituted into equation 51 to obtain the oxygen evolved
at steady state.

Again, 1n a similar calculation as in model C, the initial concentra-
tions of X.l can be calculated after a long dark period following steady state
oxygen evolution per flash. Similarly as in model C, we can calculate the
initial concentration of [Xi] after a long dark time following one, two or
three flashes of light which were given after five minutes of a dark period
that, in turn, followed steady state conditions. From these initial con-
centrations and substituting 1nto the recursion relations, one can obtain

the amount of oxygen evolved per flash by a series of flashes following

different light pretreatment.

C. COMPARISON WITH EXPERIMENTAIL RESULTS

1. Comparison with Joliot's Experimental Data

The experimental results of Joliot et al. 109 are shown in Figure
34A. The predicted results of the three models (B, C and D) fit fairly
well with the experimental data. (Model A was rejected on the grounds dis-
cussed 1n section Bl.) Using Kok's model, with the probability of '"misses"
(@) assumed to be 0.15 and the probability of ""double hits' (B) assumed to
be 0.20, we obtain a good fit to the experimental results. This 18 shown
in Figure 34B. Using model C to match Joliot's data, Y, the probability
of loss mzt_'l?e reaction centezr, 1s set equal to 0.10 and q, the probability

) will go to (Q'\/ ), is set equal to 0.35. The predicted

that (Qf
h y4

Z
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values are shown in Figure 34C. With model D, the values of the parameter
used to match Joliot's data are A =0.25, B =0.90, ¥ = 0.02 and €= 0.20.
The predicted oxygen flash yield 18 shown in Figure 34D. In all three cases,
the calculated results agree with the experimental results in that they show
a damped oscillation with a period of four, no oxygen output in the first flash
and maximum oxygen output in the third flash. The match with experimental
results of flash numbers greater than five, however, 15 not too good for
Models C and D. The reason for this 1s assumed to be due to "errors"
with each flash which cause slight variations in the probabilities of ¥ and q
in model C and 1n A, B, Y and € 1n Model D.

2. Comparison with Kok's Experimental Data

The experimental data of Forbush et al. 147 are shown i1n Figure

35A. Again, the predicted values from the three models (B, C and D) fit
fairly well with the experimental results. Figure 35B shows Forbush et al's
calculation with their model. They assumed that @ 15 0.10 and B 1s 0.05.
Figure 35C shows the predicted values as calculated with model C. The
parameters assumed are Y as equal to 0.05 and q as equal to 0.15. The
predicted values calculated with model D are plotted 1n Figure 35D. In

this case A 1s assumed to be 0.10, B, 0.90, Y', 0.02, and € , 0.40. Again,
the match with experimental results of flash numbers greater than five 15 not
very good with model C or D. That the probability used in Model C or D

changes slightly with each flash 18 assumed, this explains the discrepancy.

3. Comparison with Flash Yield Sequences After Various Light
Treatments

The experimental results of Kok et al. 10 and Forbush et al, 147
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Figure 36.

(A) Flash yield sequences observed after various light

(B)

(C)

(D)

pretreatments. 25 flashes were used to attain
steady state, followed by five minutes of darkness.
Then either none, one, two or three flashes of

light were given 1n a sequence spaced one sec apart.
This was followed by 30 minutes of darkness before
a series of flashes were given. (Experiumental data
of Forbush et al. 147,

Predictions based on Kok's model. 119, 147 The
symbols 1n this and following figures C and D have
the same meaning as 1n Figure 33.

Predictions based on model C.

Predictions based on model D.
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are shown in Figure 36A. As noted in section B, the chloroplasts were il-
luminated with a series of flashes until the oxygen yield came to a steady
state. They were left in the dark for five minutes. Then the chloroplasts
were either left in the dark or were given one or two or three flashes. They
were then left 1n the dark for thirty minutes before being illuminated with
a series of light flashes. The predicted results calculated by Forbush_f_a_glill?
using their model are shown in Figure 36B. The parameter @ 1s 0.12 and
B 1s 0.05 in this case. The predicted results calculated from model C
are shown in Figure 36C. The parameters used are Y as equal to 0.10 and g
as equal to 0.15. Using model D, the predicted results are plotted 1n
Figure 36D with A equal to 0.10, B equal to 0.90, Y equal to 0.02 and €
equal to 0.40. All the thoeretical curves match qualitatively the experi-
mental curves. The main discrepancy occurs i1n the oxygen yield of the third
flash after a two flash pretreatment. In all the theoretical cases the oxygen
yields per flash for one or two flash pretreatments are very similar to
each other. (In the experimental case, the oxygen yield of the third flash
after two flash pretreatment 1s lower than that of one flash pretreatment.)

4. Comparison of the Kinetics of Oxygen Production with Low Light

Intensities after Different Numbers of Activating Flashes

Joliot g_t__a;l_;109 and Forbush et al. 147 have calculated the kinetics

of oxygen production with low light intensities after different numbers of
activating flashes from the recursion relations based on their models. We
will show that the kinetics of oxygen production with low light intensities
after different numbers of activating flashes can be theoretically calculated

from the experimental flash yi1eld data. This means that if one can match
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the flash yield data from a particular model, one can also match the kinetics
of oxygen production at low light intensities.

The kinetics of the oxygen production with low light intensities after
different numbers of activating flashes can be calculated from the oxygen

yield per saturating flash of light in a series of light flahses. Let:

N1 = the number of units that have received no photon from
the weak continuous light (to be abbreviated as WCL)
N2 = the number of units that have receitved one photon from WCL
N3 = the number of units that have received one photon from WCL,
" and in which Q has been reoxidized to Q.
N4 :- the number of units that have received the second photon
from WCL
N5 = the number of units that have received the second photon
from WCL, and in which Q has been reoxidized ta Q.
Then,
kI . kl . kI . kl . kI
N1 > NZ ,N3 /N4 —? NS———->N6——'—)
where,

Iis the intensity of light

k 18 the rate 1n which N1 is converted into N, and N3 to

2

N4, etc. at unit intensity of light

ikl 18 the dark rate in which Q goes to Q (via A).

Hence,
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1

dt kIN,

dN,

dt = KN, - k)N,

dN, (52)
a7 kN, - KIN,

:

dN,

at . C N, - kN

In general, the solution for the above set of differential equations can be

found. The solution for Nzl +1° assuming kl >>» klis:
1 i 1
(k) (KI) t .
N, 4(t) = Nlo 1 i oMt (53)
(Izc1 - kI) 1!
where i=0,1,2, 3, ...

Nlo = total number of units

In weak continuous light, without any preilluminating flash, the
amount of oxygen evolved at a given time depends upon the amount of oxygen
Nlth units will evolve and the number of Nlth units. The amount of oxygen
evolved by the Nlth unit 18 éxactly the amount of oxygen that will be evolved
after the ith flash 1n a series of flashes (Y1). Since the reaction between the
stored charges and water is a dark reaction, we will designate k? as the

rate of this reaction. Hence the kinetics of oxygen production at low light

intensities should follow
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[0,J =k 2 { Y2141

2 = “i:'") Noi+1 (54)
where i=0,1, 2, 3,4, ...

and [OZJ (t) is the amount of oxygen evolved normalized at steady state

h
After nt preillumination flash, the amount of oxygen that the NlthL

number of units will evolve will be equal to Y (i+n). Hence
oo Y
2i+1+
] W=k, I (=% n (55)
=0

Y 21+]
1 ss

These equations were numerically evaluated. The results are shown

in Figure 37. The value of kl used was 104 which was the experimental

value obtained by Kok et al. 149 The value of kI used was 2.5 chosen for

the best fit to the experimental data. Since kz and Nlo were arbitrary con-

stants that would not change the shape of the induction curve, they were set
\

at 1. Figure 37A compares the theoretical curves (solid lines) obtained

from equations 53 and 55 and the experimental flash yield data of Joliot's

with the time course curves obtained also by Joliot et al. 109 after one, two,

and three flashes respectively. Qur calculated curves match very well with

Joliot's experimental data. Figure 37B shows the predicted curves for

oxygen evolution after the fourth, fifth and sixth flashes respectively,

these curves are very siumilar to the experimental curves obtained by Kok

etal.

These results show that the kinetics of the oxygen production with

low light intensities after different numbers of activating flashes can be
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Figure 37. (A) The kinetics of oxygen evolution of Chlorella

(B)

illuminated by weak modulated light (A= 685 nm,
intensity = 700 ergs/cm® sec, modulation frequency
= 25 Hz) The solid dots, experimental values

obtal ned by preilluminating the algae for 30
seconds, after which they were allowed to stay

in the dark for 70 seconds before the weak modulat-
ing light was turned on; the triangles, experimental
values obtained as before but with one flash given
20 msec before the weak modulating light was turned
on; the open circles, experimental values obtained
as before but with tY/&)short flashes. (Experimental
data of Joliot et al. ) The solid lines (1 - 3)
are the thoeretical curves calculated from equations
53 and 55 1n the text using the exéaerimental oxygen
flash yield data of Joliot gg_a_];lo

Theoretical curves predicted from experimental
oxygen flash yield data. Iine 4 1s the predicted
curve after three flashes of preillumination, line
5, after four flashes, line 6, after five flashes.
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calculated from the oxygen flash yield data. Hence, any model for oxygen
evolution that will explain the oxygen flash yield data will explain the kinetics
of oxygen production with low light intensities. An exception is the model of
Kok et al. 110. In their model, they postulated that there are ''"double
hits'" which occur when the cells are illuminated by flashes of light. At
low light intensities, '"double hits" should not occur. They have taken this
into account and have calculated, based on their model, the kinetics of oxygen

production at low intensities. 147 Their theoretical kinetic curves match

with their experimental kinetic curves.

D. DISCUSSION

Models C and D are proposed as new explanations for the mechanism
of oxygen evolution to the model (B) proposed by Kok et al. 110 and Forbush
iai:_l‘” Our analyses (see Figures 34, 35, 36, 37) of the three models
(B, C and D) 1ndicate that all are valid alternatives and that none of them can
be declared as the correct one yet. However, it 1s accepted (see ref. 147)

that the model of Joliot et al. 109 (model A) may not be considered, 1in

its present form, because it cannot explain the data of Kok and co-workers.
In Kok's model, the accumulation of four positive charges in one

trapping center leads to the evolution of oxygen. Analysis of model C

shows that 1t 18 possible to explain the existing experimental data on oxygen

evolution by proposing that oxygen can be evolved from the accumulation

of two positive charges 1n one reaction center. Analysis of model D shows

that a four-charge hypothesis that uses two reaction centers acting together

also explains the existing experumental data.
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One important difference between the model by Kok and co-workers
and the model C or D is the basis for oxygen evolution after the second
flash. Within the time of the illuminating pulse of light (~10ps), some
photosynthetic units are capable of being hit twice by photons and are able
to do two photochemical reactions (Kok). (It is difficult to imagine how
Q  returns to Q within this time to do the second photoreaction because
Kok et al. 149 have shown that the half time of the recovery of Q 18 about
0.5msec.) Also, it follows that if the time duration of the pulse of light
18 kept very short, no oxygen should evolve after the second flash, Weiss
and Sa,uer150 showed that no oxygen was evolved after the second flash
when 20 and 40 nanosecond laser flashes and 28 microsecond Xenon light
flashes were used, The minimum dark time between flashes that they used,
however, was 15 seconds, so that they could not obtain oscillations of the
oxygen yield produced by a sequence of flashes. This may be due to the
fact that precu. sors built up by a flash of light deactivate before the next
flash of light 1s given' Hence part of the reason why oxygen was not ob-
served after the second flash may be due to deactivation of the precursors
built up by the first flash of light. However, if an experiment can be done
with flash time of 20 nanoseconds spaced approximately 300 msec apart, the
amount of oxygen evolved after the second flash in a series of flashes
following a long dark period should decide whether the two proposed models
or Kok's model 1s the correct one. In Kok's model there should be no
oxygen evolved; 1n models C or D oxygen evolution should be observed.

In conclusion, other models besides the one proposed by Kok and co-

workers can also explain existing experiumental results. An experiment 18
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proposed that can decide between our models (C and D) and the model B of

Kok, Forbush and McGloin.

E. SUMMARY

Two new alternate models for oxygen evolution are proposed. The
first one assumes that oxygen can be evolved from an accumulation of two
charges, this modified two-charge hypothesis explains the existing experi-
mental data unlike Joliot and co-workers' two-charge "flip-flop'' model.
The second one assumes that accumulation of four charges are needed for
oxygen evolution, this model differs from the four charge model of Kok
and co-workers because it does not require a '"double hit'" on the same re-
action center but in 1t each oxygen evolving site has two bound reaction
centers II. The alternate four-charge hypothesis also explains the existing
experimental data. We conclude that Kok et al.'s model 1s not unique,
and the two models presented here should be considered as valid alternate

models for oxygen evolution 1n green plants.
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