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I. INTRODUCTION
The fundamental concepts of photosynthesis will be reviewed briefly,
for the easier understanding of this investigation. Photosynthesis is the ender-
gonic process of plants in which light energy is utilized for the reduction of CO

2
to carbohydrates and the oxidation of HZO to 02. The whole process occurs in
two successive steps, a light requiring production of assimilatory power in the
form of reduced nicotinamide adenine dinucleotide phosphate (NADPH) and

adenosine triphosphate (ATP), and a dark chemosynthetic reduction of COZ'

These steps are represented by the following equations:

+ nh +
1 + +0, + +
(1) 4H20 2NADP (ADP+P,ATP) 2H,0 + 0O, 2NADPH + 2H
+ +
(2) 2NADPH +2H + CO2 + 3ATP (CHOH) + HZO + 2NADP +3ADP+3Pi

where P.1 refers to inorganic phosphate and (CHOH) to carbohydrate. In what
follows, we shall deal only with the first process, by which the light energy

1s converted and stored as chemical free energy.

A. THE PHOTOSYNTHETIC PROCESS

1. Two Light Reactions.

It 1s now generally accepted that light is utilized in two con-

1,
secutive quantum steps, known as the two light reactions of photosynthesis. 2

The first, arbitrarily called light reaction II, leads to the oxidation of HZO

to O2 and to the reduction of a cytochrome. The second, or light reaction
+

13, reoxidizes the cytochrome and reduces NADP . A fraction of the

absorbed light energy is conserved as ATP (fig. 1).

The classical experiments of Emerson and Arnold4 established that

a set of 2400 chlorophyll a (Chl a) molecules cooperate in evolving one O2
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Fig. 1. The Photosynthetic Electron Flow. The two vertical arrows
indicate liglr;t reactions; all others dark reactions. ZElectron transport
from H,O to NADP is designated as the ''non-cyclic'" electron flow,

the closed pathway involving system I only as the 'cyclic" electron flow.
Abbreviations used: Q, the primary oxidant of system II; PQ, plasto-
quinone; PC, plastocyanin; cyt bg cyt b6 and cyt f, cytochromes bg,

be and £ Pyog’ pigment absorbing at 700 nm, energy trap of system I;
X, unknown electron acceptor of system I; Fdx, ferredoxin; NADP ';
nicotinamide adenine dinucleotide phosphate; ADP, ATP, adenosine di-
and triphosphate, Pi, inorganic phosphate.
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(or assimilating one COZ) which corresponds to 600 Chl a molecules per
transferred electron. These are apportioned between two functional units

L

referred to as photosynthetic units, PSUI and PSUH, where the latin numer-
al subscript denotes the type of reaction they perform. Each PSU consists
of a light energy collector, to which the majority of the pigments belong
(bulk) and a light energy converter (energy trap or sink) which transforms
the electronic excitation into chemical energy. -Since each PSU also con-
tains other accessory pigments besides Chl a, their total pigment comple-
ments are called pigment system I and pigment system II. These can be
distinguished spectroscopically; pigment system II absorption bands are
shifted toward shorter wavelengths of those of system I.

A sequence of dark redox steps involving a number of partially
identified intermediates, connects the two light reactions. Some of the

excess potential energy of an electron cascading along this pathway is

conserved as ATP, the process being denoted as non-cyclic photophosphory-

lation. A second type of photophosphorylation, which is independent of

HZO as an electron donor and requires only the excitation of system I, is

called cyclic photophosphorylation. 1In the latter, an electron raised to

a higher oxidation potential (probably, E; = -0.6 v) by light absorbed in
system I, returns via a series of unidentified intermediates and cyto-
chrome b6 (Cyt bb) into the chain of redox intermediates connecting the
two primary photoreactions, with a concomitant conservation of some

of its potential energy as ATP. A third type, which involves the re-

oxidation of a reduced intermediate by O,, called pseudocyclic photo-

2

phosphorylation is probably an accidental process.




2. Path of Energy.

The absorption of a light quantum raises a Chl'a molecule into an
Vo0

excited state, with the elec&ronic excitation spending most’l)f its lifetime in

the lowest excited singlet state because of rapid internai’conversxon of higher
excited states into the lowest one. A Chl a lowest excited singlet state can be
produced also by ''sensitization" i.e., energy transfer from a previously ex-
cited Chl 2 molecule or by energy transfer from an accessory pigment molecule
(homogeneous or heterogeneous excitation energy transfer). The high quantum
efficiency of the primary photoreactions (the number of electrons transferred
by each PSU er absorbed photon) 15 0. 955 indicates thatphotochemistry
utilizes the major part of Chl a excitation quanta, only a small fraction is
dissipated by fluorescence or thermal degradation. Actually, the quantum

6,7

efficiency of Chl a fluorescence in vivo is of the order of 0.03 " ', while that

a Chl a in diethyl ether is approximately 0. 336’ 8. These two values cannot
be compared, however, since the in vitro measurements refer to very dilute
(10"6 M) solutions of Chl a, free of concentration quenching, while the con-
centration of Chl a in the chloroplast is of the order of 0. 1 M9. Since a 0.1
M solution of Chl a has its fluorescence almost totally quenchedlo' 000,
Duysens12 concludes that one of the main functions of the lamellae on which
the pigment molecules are organized is to keep them apart. This arrangement
enables the energy migration to the reaction center to compete favorably with
the radiative deexcitation. Changes in the lamellar geometry may manifest

themselves as changes in the concentration quenching influencing 1in this

manner the fluorescence quantum yield.
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The fluorescence spectrum of Chl a in vivo consists of a band
peaked at 685 + 2 nm originating from a 7% /7 transition whose dipole
lies in the direction of the shorter axis of the conjugated porphyrin sys-
tem13. There is evidence that this band does not come from a unique
Chl a species, but is rather the envelope of more than one emission band,
originating from various Chl a holochromic formsl4. The fluorescence
yield of photosynthetic organisms experiences characteristic, repeatable
variations under continuous excitation, which may also lead to different

spectral distributions of the fluorescence. These variations will be

discussed in the following sections.

B. FLUORESCENCE INDUCTION

The Chl a fluorescence yield of photosynthetic organisms under-
goes characteristic var:ations during a period of continuous 1llumination
following a dark interval (fluorescence induction). Although the detailed
kinetics of the fluorescence yield in a particular organism depend upon
several experimental variables, the fluorescence induction curves can be
classified into three general types. These are shown schematically in
fig. 2, and they are labeled as type I, II, or III for the convenience of
further discussion.

Type I. The time course consists of a rapid rise (O-P), fol-
lowed by a slower and more extensive decay to a stationary level (S),

which is attained within a few minutes from the onset of excitation. This

type is characteristic of higher plants.
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Fig. 2. Three types of fluorescence induction, I, II and II

(schematic representation).
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Type II. The fluorescence induction curve is composed of two
successive waves. The first (O->P-S) is completed within a few seconds,
while the second, (S+M-T), which represents a larger effect, 1s much
slower. At the end of the induction phenomena, the fluorescence yield is
constant and lower than the minimum between the first and the second wave
(5). "Two-wave' time courses are typical of the green algae (e.g. Chlorel-
la).

Type III. The fluorescence yield time course consists of a fast
first wave (O-+P-S), followed by an incomplete second one. In the latter,
the fluorescence yield rises to a plateau (M), situated much higher than
the minimum between the two waves (S). This type of fluorescence induc-

tion curve, typical of the blue-green alga, Anacystis nidulans, is described

here for the first time.

The research on variations of the fluorescence yield under con-
tinuous illumination was initiated by Ka.ui:sky's15 visual observation in
1931 of such phenomena in higher plant leaves. During the next two de-
cades a large body of experimental evidence concerning these effects
accumulated. Attempts to synthesize this information into a hypothe 5159’ 16
did not meet with success, mainly because of the diversity and divergence
of the data and the lack of a unified theory for the mechanism of photo-
synthesis. The discovery of the two light reactions in the late fifties
diverted the research interests toward more promising subjects and as

a result the study of the fluorescence induction phenomena was rejected.

In recent years, however, there is an increasing interest in this direction



8
and much valuable and consistent information has been obtained, especial-
ly about the first wave phenomena.

1. The First Wave of Fluorescence Induction

The first wave of fluorescence 1nduction consists of a rapid
fluorescence transient completed within a few seconds. On excitation
(after a suitable dark period), the fluorescence yield rises instantaneously
to an initial level 0, from where it proceeds biphasically to a maximum P,
thereafter de‘climng at a slower rate to the semi-stationary level S. The
whole change O~P—+S lasts approximately two seconds.

All the theories proposed to account for the first wave changes
invoke a competition between chemical and radiative deexcitation processes.
Thus, Kautsky and his co-workers17 ascribed the first wave decay to
quenching of chlorophyll a fluorescence by molecular oxygen or loose
complexes of molecular oxygen, since according to their experimental
evidence, the first wave failed to decay under complete anaerobiosis. A
highly speculative hypothesis proposed by J. Franck and his co-
workersls_20 attributes the initial fluorescence rise (O-P) to a chemical
inactivation (narcotization) of chlorophyll a via oxidized metabolic inter-
mediates and the ensuing decay to a reactivation of chlorOphy;ll a because
of the depletion of the pool of the narcotics. An alternate hypothesis was
proposed by Wassink and his co-workers. 21 This hypothesis, which ap-
proximates remarkably the currently held view, ascribes the fluorescence
rise to a photochemical reaction which consumes a fluorescence quencher.

The latter is regenerated by subsequent dark reactions, collectively
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known as the Blackman reaction. An adaptation of the reaction sequence

proposed is as fcllows:

Chl —hv Chi* —> A _ (quencher) —> Blackman reaction

where the arrows after Chl* represent electron transfer steps. A further
improvement on the above scheme was proposed by Kautsky iaizz.
According to their interpretation, the reoxidation of the quencher Ao
involves a second light activated step coupled to the first by a non-
photochemical (dark) reaction. The proposed kinetic scheme explained
the biphasic fluorescence rise (O—=P) but it did not account for the sub-
sequent decay. (No attempt was made, at that time, to correlate the two
light steps with the light reactions and the pigment systems of photo-
synthesis.)

A relationship between the fluorescence yield and the two light
reactions of photosynthesis was first demonstrated by Govindjee _e_t_al_..z
It was shown that the fluorescence excited with red (system II) light is
quenched by far-red (system I) light, which by 1tself does not produce
any fluorescence. The antagonistic effects of system II and system I
excitations with respect to the fluorescence yield were also observed
by Butler24' 25, who established that the maximum far-red light quench-
ing 1s obtained at 705 nm. Although no time variable was included in
these experiments, they do suggest a correlation of the fluorescence

quantum yield with the rates of the two primary photoreactions of photo-

synthesis.
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The antagonistic effect of system II and system I excitation on
the time courses of the first wave was also shown by Duysens and
Sweers, 21 who found that system II excitation increases the fluorescence
yield while system I light decreases it. To explain their results they
postulated the existence of a photochemical quencher Q, which 1s reduced
by system II into a non-quenching form QH and 1s reoxidized by system 1.
An additional dark reoxidation path through a quenching but non-photo-
active intermediate Q) was included to account for the lower yield at the
stationary level § as compared to the maximum yield at P. Duysens'

reaction scheme is as follows:

H_O
2 hVII
Qe——> QH
hv /
I
0, Q'

Simultaneous recording of the fluorescence and oxygen evolu-
tion kinetics by Joliot28 showed that the long held view of the antiparallel
course of these processes in the time interval of the first wave was cor-
rect except at the beginning of the light period. It was found that in the
first phase of the fluorescence rise (activation phase) the fluorescence
intensity and the oxygen evolution rate increase in parallel, while during
the second rise phase they run in a complementary fashion. In order

to explain his results, Joliotzs’ 29

assumed that (i) the first wave
changes originate in system II and (ii) a photochemical quencher E

is activated in two light steps. Joliot's reaction scheme can be written
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as follows:

H,0 o,
K,I A, K,I \/
EHo——=>FEH —=E —> E* >~ EH

AIH

where E1H and E can quench the Chl a fluorescence, while EH cannot.

The couple Al/A H represents a dark reaction partner whose redox

1
state is determined by the light reaction of system 1.

Although these schemes do not specify the exact chemcal nature
of the quencher, they have been successful'in correlating the early
fluorescence kinetics with those of oxygen evolution and in explaining the
antagonistic effect of the two light reactions. However, their application
was not extended to the second wave of fluore scence 1nduction phenomena,
and probably they cannot account for them in view of the asynchrony in

the time courses of fluorescence and oxygen evolution.

2. The Second Wave of Fluorescence Induction

The second wave of fluorescence induction refers to the
fluorescence yield transient which follows the first wave. A typical
second wave 1n a green alga consists of an increase of the fluorescence
yield from the semi-stationary level S5 to a maximum M followed by a
slower decay to a new terminal stationary level T (fig. 2, type II). We
found that in blue-green algae the decay portion M—T is missing. The
fluorescence yield 1n these organisms remains high for several minutes
(fig. 2. type III), declining only after prolonged illumination.

The second wave kinetics depend upon experimental variables

such as the incident light intensity, the temperature, the presence of
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photosynthetic inhibitors, and the composition of the gas phase over the

sample. Ka.u;t;sky30 has shown in the marine alga Ulva lactuca that in-

creased light intensity accentuates the second wave transient and shifts
its maximum towards shorter times of light exposure. The effects of
the light intensity on the rise portion of the second wave was studied in
detail by Wassink et al. 31 with KCN poisoned Chlorella. Above a
certain concentration of this poison, which inhibits the carboxylation en-
zyme (ribulose diphosphate carboxylase), 32 the second wave decay dis-
appears, and the rise can be studied without the complication of the
reverse processes. It was found that the rise rate exhibits a light inten-
sity optimum whose location is temperature dependent, being shifted
towards lower intensities at lower temperatures. No correlation with
light saturation of photosynthesis was given.

The rise‘z.:ate of the second wave in CN_ poisoned Chlorella
shows also an optimum temperature behavior for low light intensities,
while at high light intensities the rise rate increases and then levels off,
1.€e., the temperature coefficient of the rise rate 1s always positive,
approaching zero at higher temperatures. 31 Since increased temperature
favors a faster decay of the second wave, 30, 33 the overall effect on the
transient will be dependent on the temperature coefficients of both the
fluorescence yield rise and the decay processes.

The second wave 1s remarkably inert with respect to the com-

position of the gas phase above the sample. Thus, Wa.ssink31 found that

the rise rate in CN_ poisoned Chlorella 15 insensitive to oxygen
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concentrations from 2-100%, while Ka.u.i:sky34 reported similar results

in the case of Ulva lactuca. In oxygen-free nitrogen atmosphere both

the second wave rise and the subsequent decay in Chlorella were en-
hanced, as compared to those in the aerobic samples. In addition, the
fluorescence yield under nitrogen was higher throughout the two wave

time course than it was for samples under air. 31 The relative insensi-
tivity of the fluorescence time course with respect to oxygen concentration
has a special significance since it appears to contradict the view held
earlier by Kautsky, that the variations of the fluorescence yield reflect
changes in the oxygen quenching of chlorophyll fluorescence.

Contrary to oxygen, carbon dioxide is essential for the develop-
ment of the second wave, although the required concentration is different
for different plants. Thus, McAlister et al. 35 have shown that one wave
curves in wheat are converted in two wave curves in the range of 0.1-3%

COZ’ while Franck et al. 18 obtained a similar result in Hydrangea. On

the other hand, the normal two wave induction curve in Ulva changes to

a one wave form in the total absence of C0218. Chlorella, however, shows

a strong second wave even at CO2 concentrations as low as those of at-

mospheric air (0.03%). (High abnormal concentrations of CO_ may

2

eliminate the first wave completely. 9)

Since CO2 is the terminal oxidant in the phOt.OSy‘nthetiC process,

complete absence of it will eventually result in 1nhibition of photo-

synthesis. Such a condition is impossible due to the production of CO2

in respiration, but a low CO,_ concentration may inhibit drastically the

2
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photosynthetic electron flow. In this respect, the effect of reduced CO2
pressure on the second wave time course may be indirect. On the other
hand, abnormally high CO2 concentrations are likely to alter the ionic
properties of the suspension medium (e.g., lower the pH) and upset the
overall metabolism, introducing thus some non-specificity in the fluores-
cence transient data. _

The comparison of fluorescence and gas exchange kinetics is
of importance, since it may provide information about their relationship.
A strict competition between the chemical and radiative deexcitation pro-
cesses must 1n principle reveal itself as a complementarity in the time
course of fluorescence and of the rate of oxygen evolution (or CO2 assi-
milation). The complementarity requirement, however, can be violated
for the following reasons: (i) In addition to the chemical and radiative
processes, Chl a excitation can be dissipated also by thermal degrada-
tions, e.pg., by transfer to non-fluorescing Chl a aggregates (or holo-
chromes) absorbing at longer wavelengths. (11) Every chemical deexcita-
tion event at the Chl a site 1s not necessarily equivalent to a single step
oxidation or reduction at the H_ O or CO2 sites. For example, in the

2
H20 independent cyclic pathway, thelight induced electron flow does not
affect the end products of photosynthesis. Also, accidental autooxidations
of reduced intermediates, as for example in the pseudocyclic pathway,
disrupt the direct relationship between the chemical quenching of fluores-

cence and the oxygen evolution rate. (iii) The intervention of large pools

of redox intermediates between the Chl a and the gas exchange sites



15

(especially for CO_ assimilation) may not only disrupt the ti nung between

2
the fluorescence and gas induction, but also lead to a complete damping of
the latter. Because of the latter argument, fluorescence can be better
correlated with the rate of oxygen evolution than with the consumption of
COZ'

On the basis of the above arguments, only the measurement of
the change of a redox intermediate close to the energy trap (e. g., a cyto-
CThrome) can prove unambiguously the exact relationship between the
fluorescence and chemical deexcitation events. Unfortunately, such ex-
periments have not yet been carried out in the time interval corresponding
to the second wave.

Simultaneous measurements of fluorescence and COz uptake

kinetcis, the latter by an infrared absorption method by McAlister et

35 ‘s
al., _ did not show a negative CO_, wave corresponding to the positive

2
second wave of fluorescence. Sometimes, an occasional antiparallel
behavior was observed, but at other times both processes ran in parallel.
Also, the time courses of oxygen evolution, measured with a polaro-
graphic techmque with almost zero diffusion delay, does not show a
negative effect in the time interval of the second wave. 36 Our results
(Chapter III and IV) confirm the absence of any direct relationship
between oxygen evolution and the second wave of fluorescence. We

also observed that inhibition of photosynthesis does not impair the

capacity of Anacystis nidulans to undergo prominent long term fluores-

cence changes. Rabinowitch, ? reviewing the earlier results on the gas
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exchange kinetcis, concludes: "Apparently, the transformation of the
photosynthetic mechanism that gives rise to the second wave of fluores-
cence does not always affect the gas exchange equally strongly and may
sometimes have no influence on this exchange."

Viewed in retrospect, the early theories proposed to account
for the fluorescence transients appear highly speculative and off-pace
with the currently held ideas. Kaw.tsky17 advanced a theory in which he
formalized his belief about the quenching role of oxygen and of its
m.olecula.r complexes on fluorescence. Without entering into detail,
this theory can be discounted immediately, because it assumes carbon-
ate as th‘e source of the photosynthetically evolved oxygen.

The cornerstone of a theory formulated by J. Franck and his co-

workersls’ 20

is the idea that the fluorescence yield is determined by

the ratio of the Chl a sites unavailable for photochemistry to those that
are available to it. Chl a becomes photochemically inert by association
with oxidized metabolic intermediates, presumably sugar photoperoxides,
whose supply varies with the light history of the sample. Franck's
theory can be discounted not only because it assumes direct reduction

of GO2 by Chl a and disregards the concept of a functional photosynthetic
unit, but also because it takes for granted that lyophilic oxidized meta-~
bolites (sugar peroxides) can have access to the lipophilic Chl a sites.

In addition, neither the existence nor the proposed role of the above-

mentioned deleterious intermediates has ever been confirmed.

An alternate origin of the second wave fluorescence transient
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can be inferred from the work of O. Kandler, 37 who demonstrated that
the inorganic phosphate content (and inversely the ATP content) in
Chlorella, shows a negative induction during a light period. In a sub-
sequent dark interval, the change is reversed with the inorganic phos-
phate induction wave becoming positive. The negative induction lasted
for 5 min., a duration typical also for the second wave of fluorescence in
Chlorella. Kandler38 also found that the CO2 content has a negligible ef-
fect on the phosphate kinetics and that the light driven phosphorylation 1s
independent of the presence of KCN.

Employing a more sensitive technique (ATP requiring lumines-
cence of the firefly enzyme), Strehler39 directly showed induction pheno-
mena in the photosynthetic ATP production, in Chlorella, which he cor-
related with the fluorescence induction (fig. 3, left). In addition, the
light intensity dependence of the steady state ATP content has an optimum,
while its rate of formation follows a sigmoid saturation curve (fig. 3,
right). Although the above results imply a relationship between photo-
phosphorylation and the second wave of fluorescence induction, they do
not, however, explain how it is achieved.

The fluorescence .yield changes during the second wave may
actually represent changes 1in the rate of internal conversion. That such
processes occur is evident from the fact that complete inhibition of the
photosynthetic electron flow raises the fluorescence yield only to 0. 1.
Since the amount of fluorescing pigments in a cell is, in all likelihood,

constant during the experiment, a possible way by which the induction can
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occur is through a change in the spatial relationships between the pigment
molecules, caused by light induced éhanges in the structure and the shape
of chloroplast membranes; these changes will be referred to as ''‘con-
formational' changes in this thesis. Such changes have been shown to
occur and to be associated with the phosphorylation of ADP in both
chloroplasts40 rand in mitochondria41).

It 1s known that the terminal step of ADP phosphorylation in
isolated chloroplasts 1s preceded by a light activated readjustment of the
ionic equilibria between the suspension medium and the chloroplast. On
illumination, an acidification of the chloroplast interior takes place
increasing the pH of the medium. 42 The proton influx is followed with

+ ++ -45, )
a somewhat slower cation (K , Mg ) efﬂux,43 45 by which the charge

)

neutrality requirement is fulfilled, and by an even more slow HZO efflux
to establish the osmotic equilibrium. The concentration gradients
formed in this manner provide, according to Mitchell's chemiosmotic
hypothesis, 46 the required energy for the phosphorylation of ADP. In-
deed, it has been shown that an ATP forming potential (XE, high energy
intermediate) is accumulated by illumination of chloroplasts at acidic
pH, which on injection of the sample in the dark, into an alkaline medium,
is converted into ATP. 47

Whether XE, which is supposed to denote a state of large con-
centration gradient, represents an intermediate in the reaction sequence

which couples the electron transport to the terminal phosphorylation

(energy conservation sequence) or a side effect, is not yet decided.
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Because the rate of formation of XE 1s smaller than that of ATP,

Jagendorf48 favors the second of the two possibilities given below.

(1) e-flow—»-XE—-)—ATP (2) e-flow—-»%l——b-ATP

Xg

In the second scheme, XE still has the character of an ATP
forming potential, but now it exists as a storage reservoir operating
through an unidentified non-phosphorylated intermediate I.

The light induced ionic shifts and the concomitant readjustment
in the os_motxc equilibrium are considered to be the causes for the ""con-
formation' changes of the chloroplast lamellae and of the plastid as a
whole, which occur in the transition from dark to light. Light induced
chloroplast shrinkage manifests itself as increased light scattering,
which was measured at a spectral region of minimal absorption. 49
The light induced scattering increase corresponds to gross deformations
in the volume, shape, and the internal structure of the plastid. 45,49, 50-52
Similar phenomena have also been observed with algal chloroplasts in
_§i_tL_1_._53 The correlation of the light induced structural changes with
the ionic shifts that precede the terminal phosphorylation step is
based on the following observations: (i) The kinetics of the acidification
of the chloroplast interior, formation of X

crease are similar. 45, 47, 54-35 (ii) Conditions unfavorable for X

E and light scattering in-

E
accumulation, such as high pH and optimal rate of ADP phosphorylation,

suppress the scattering changes and vice versa.47’ 54 (iii) Compounds
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which uncouple the photosynthetic electron flow from the energy conserva-
tion sequence (photophosphorylation uncouplers) abolish the scattering
changes. Inhibition of the electron flow has the same effect. 54, 56-58

The recent experimental evidence on the mechanism of photo-
phosphorylation, reviewed in the preceding paragraphs, introduces a new
possibility as to the origin of the second wave of fluorescence induction
phenomena, namely their association with the ""conformational' changes

of the pigment carrying lamellae. The second wave changes of the green

alga Chlorella pyrenoidosa and the long-term changes in fluorescence of

the blue-green alga Anacystis nidulans and their dependence on the photo-

phosphorylation have been examined 1n this work. The influence of ex-
perimental variables, such as the exciting light intensity, the pH of the
medium, the presence of photosynthesis and phosphorylation inhibitors,
was studied systematically. In addition, we investigated the relationship
between the oxygen evolution kinetics and those of the second wave of
fluorescence, as well as the effects of preillumination on the spectral
distribution of the emaitted fluorescence.

In spite of the established differences in the time course of
fluorescence of these two algae, the evidence we obtained indicates that
in both cases an indirect relation exists between the second wave
fluorescence transients and photophosphorylation. (No direct measure-

.
ments of the rate of phosphorylation were made.) In this respect,

therefore, this work contributes to the understanding of the second

wave changes of the fluorescence yield, first observed more than three

decades ago and since then defying attempts for interpretation.
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II. MATERIALS AND METHODS

A. THE ALGAE AND THEIR CHARACTERISTICS

1. Chlorella pyrenoidosa

Chlorella pyrenoidosa, a unicellular green alga (Chlorophyta)

is the par excellence organism i1n photosynthesis research. The cell has

an average diameter of about 5 p, and contains a single cup-shaped chloro-
plast occupying most of the cellular volume. There are 32 layers (lamellae)
running parallel to the chlbroplast outer membrane on which the chloro-
phyll molecules are organized. 59 As shown in Table I, the estimated
interfacial area available for each chlorophyll molecule is 95 X. : Since
the area of the rigid flat porphyrin ring is 225 X,z the chlorophyll mole-
cules must be tilted relative to the interface. Assuming no overlapping
of the porphyrin rings, an inclination angle of 650 is estimated. Less
steep positioning, of course, 1s possible in the case of some overlapping.
Table I presents some characteristics of the Chlorella chloroplast.

The principal photosynthetic pigments of Chlorella are chloro-
plyll 2 (Chl a) and the accessory pigment chlorophyll b (Chl b). There
is significant absorption by carotencids in the blue end of the absorption
spectrum of this alga. They appear, however, to be relatively ineffi-
cient in photosynthesis. 11,60 Chl a exists in vivo in more than one,
presumably holochromic or aggregated, formsl4 and is a member of both
the photosynthetic pigment systems, while Chl b functions preferentially

in pigment system II. The absorption spectrum of a Chlorella suspension

in the visible range, shown 1un . fig. 4, has the characteristic two-band
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TABLE I

CHARACTERISTIC QUANTITIES OF THE CHLORELLA PYRENOIDOSA

CHLOROPLAST*
PROPERTY . MAGNITUDE
Average chloroplast diameter 3.2 p
Average chloroplast volume 1.2 x 10-11 cm3
2

Total chlorophyll concentration in the chloroplast 7.2x10 ° M
Total number of chlorophyll molecules per chloro-
plast 5.5 x10

o
Total interfacial area available to chlorophyll 510 x 108 A2

O
Interfacial area available per chlorophyll molecule 95 A2

8

0. D. (af, 680 nm) of a2 chlorophyll monolayer
with 95 A area per molecule ' 0.008

*#Data from R. A. Olson and E. K. Engel. 59
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structure Ealue (436 nm) and red (678 nm) absorption bands] of chloro-
phyll containing organisms. The fluorescence spectrum consists of the
red Chl a2 emission band (685 nm); Chl b 1s non-fluorescent in vivo since
it transfers its excitation to Chl a with high (~ 100 %) efficiency. 1 Thus,
Chl a fluorescence can be excited either directly in the Chl a absorption
bands or by sensitization through Chl b. The strong overlapping of the
absorption spectra (of Chl b and Chl a) does not allow for exclusive direct
excitation or sensitization.

It has been reported by :’I‘ea.le61 that the quantum yield of Chl a
fluorescence in Chlorella is constant in the spectral region 600 to 690 nm.
We were unable to confirm this result, in a long series of experiments in
which we employed narrow excitation bands (half-band width 6. 6 nm) and
a wide observation band (half-band width 26.4 nm) centered at 750 nm.
Our results indicate (fig. 4) that the '"red drop' of fluorescence begins
at about 675 nm. In addition, the quantum yield spectrum has a maxi-
mum at 650 nm, where Chl b has its absorption maximum. This would
be explained 1f a fraction of the Chl a complement of the alga is non-
fluorescent, while Chl b tranfers its excitation preferentially to the
fluorescent form. Similar results have been obtained also by Govindjee
in Chlorella and by Litvin and SineschekOV63 in Elodea.

The absorption and emi;ssmn spectra of Chla and Chl b in solu-
tion are shifted toward shorter wavelengths and have narrower half-band
widths than that of Chlorella. 9 The exact location of the band maxima de-

pends on the polarity of the solvent; solvents with high dielectric constants
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- . 9, 64, 65
displace the maxima toward the blue. The shape of these spectra
is almost Gaussian. The absorption spectra of various photosynthetic
. 66, 67 . N

organisms have been analyzed by assuming that the in vivo spectra
of chlorophyll a forms are also Gaussian. In Chlorella, three forms of
Chl a (characterized by their absorption maxima), Chl a 670, Chl a 680,
and Chl a 694, have been identified.

2. Anacystis nidulans

Anacystis nidulans, a unicellular blue-green &lga (Cyanophyta),

is the second photosynthetic organism we employed in this investigation.
The cell lacks a chloroplast having only three incomplete concentric
lamellae running parallel to the cell wall on which the photosynthetic
pigments are organized. As shown in table II, the available interfacial
area per Chl a molecule is 272 Z,Z sufficient to accommodate the porphyrin

ring at 0° angle to the lamellar plane. Table II lists some characteristics

of Anacystis nidulans cells,

Typical of the pigment composition of this alga 1s the absence of
Chl b, its function being taken by the biliprotein (phycobilin) phycocyanin
(PC). The absorption spectrum (fig. 5) shows the phycocyanin band peaked
at 625 nm and the two Chl a bands. The shoulder at the long wavelength
side of the blue band is due to carotenoids. The ratio of Cllw.l a to phyco-
cyanin content is determined by the intensity of the light provided to the
cells during culturing. 68 Strong illumination suppresses the phycocyanin

band, so that its height becomes smaller than that of Chl a, while weak

illumination has the reverse effect. We characterize the two types of
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TABLE II

CHARACTERISTIC MAGNITUDES OF ANACYSTIS NIDULANS CELLS*

PROPERTY MAGNITUDE
Average cell length 2.67+0.82 p
Average cell diameter

Average cell volume

Chlorophyll a concentration
in the cell

Phycocyanin concentration in
the cell

Number of chlorophyll a

0.22 +0.01
S 7.
1.58 x 10 cm3

1.44 x 1072 M

3.44 - 6.88x10° 4 M

molecules per cell 1.3 x 107
Number of phycocyanin molecules 5
per cell 3.27 - 6.54 x 10

. . -13 3
Pigmented cortical volume 6.43 x 10 cm

Cortical chlorophyll # concentration

3.55 x 10'Z M

Cortical phycocyanin concentration 4.24 - 8.52 x 10-4 M
Total interfacial area ayailable to 902
chlorophyll a 1.83x 10" A
Interfacial area available per 0>
chlorophyll a molecule 272 A

% Data from J. A. Bergeron.74
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cultures as ""high light' and "low light" Anacystis. Actually, it is im-
possible to provide homogeneous illumination to all the cells of a culture;
in particular,a'high light" sample 1s a mixture of high light and low light
cells, Predominantly low light Anacystis was used in all the experiments
that we performed.

The shape of the fluorescence spectrum of Anacystis nidulans

depends primarily on'the absorption band in which it is excited. Excita-
tion in the blue gives an almost pure Chl a emission band, while excita-
tion 1n the orange (phycocyanin absorption) results in emission from both
phycocyanin and Chl a (fig. 5). The shape of this spectrum depends on
the light history of the sample and the integrity of the photosynthetic
process., Low light cells are characterized by increased Chl a fluroes-
cence as compared to high light cells. 68 Strong variations in the time
course of fluorescence will be described in the experimental part (Chapter
IV, Section B). Finally, poisoned Anacystis is characterized by a dom-
inant Chl a fluorescence band.

To obtain the absorption and emission spectra of phycocyanin
in solution, a crude extract in 0.05 M phosphate buffered at pH = 4.7,
was twice purified by precipitation with (NH4)ZSO4 at half saturation. 69
The purified phycocyanin was readily soluble in the phosphate buffer.
For the fluorescence measurements the optical density of the sample
was adjusted to 0. 50 (0.05 for 1 mm path in the sample holder). The
absorption and emission spectra of phycocyanin are shown in fig. 6.

The location of the absorption band is almost identical with that in

Anacystic cells.



n! | I I l I |
¥= i\ |
B 1 436 nm a
[ 678 nm
13— / 625 nm ]
- | -
— \ Ao ‘ —]
> 09— ABSORPTION \ —
o % FLUORES-
- - } CENCE|
o d A\ excitation
2 0.7 47 436 nm—
w ' )
> — ]
= - d } ¢
< o5t ! FLOURES- —
w . CENCE
o« - $ excitation —
560 nm
03 d -
o.l —
| I I l i | j b I
350 450 550 650 750

WAVELENGTH, nm

Fig. 5. Absorption and fluorescence spectra of Anacystis nidulans. Fluorescence
spectra excited at 560 nm (in the phycocyanin absorption band) and at 436 nm (in the Chl a
absorption band); the fluorescence bands have been adjusted to equal heights at 685 nm;
the spectra were recorded with different samples.

\

62


file:///658nm

o
o

0.4 —

RELATIVE INTENSITY

500
WAVELENGTH, nm

Absorption and emission spectra of pure phycocyanin.

11



31

B. CULTURING OF ALGAE AND SAMPLE PREPARATION

Chlorella pyrenoidosa and Anacystis nidulans were cultured

under white light in inorganic media as described by Govindjee and
Rabinowitch. 70 Three to si1x-day-~old cultures were transferred into a
tris-amino methane HC1, 0.02 M, NaCl 0.04 M (Tris-NaCl) buffer and
their optical densities were adjusted to 0. 5 units at the red Chl a ab-
sorption maximum for 1 cm path. This medium was selected because
of its good buffering capacity in the pH range 6.5 to 9.0. Unless other-
wise specified, the pH of the samples was 8.0. The surface to volume
ratio of the sample, in the sample holder, was about 10, this allows a
fast equilibration with the atmospheric air and the alkaline pH 1s favor-
able for CO2 absorption. Various additions were made at least 15 min.
prior to the measurements. A dark interval of 15 min. preceded all
measurements. This was essential not only for the establishment of
dark steady-state conditions in each sample, but also to allow for the
completion of the sedimentation of the cells in the sample holder. The
total chlorophyll content of our samples measured according to the
method described by McKinney71 was 18 pg Chl/ml (approximately

2 x 10-5M) in Chlorella and 8 pg Chl a/ml (approximately 8.0 x 10-5 M)

in Anacystis. Unless otherwise stated all experiments were done at

room temperature.

C. INSTRUMENTATION

The absorption spectra were measured with a Bausch and Lomb
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double beam recording spectrophotometer (Spectronic 505) equipped with
an Ulbricht integrating sphere in which both the sample and the reference
are placed. The sphere is coated on the inside with MgO, whose diffuse
reflection insures that all the scattered light will eventually reach the
photodetector (see Appendix I). The instrument provides a measuring
beam of 5 nm half-band width. The absorption spectra of phycocyanin
in solution were measured with a Model 14 double beam Cary Spectro-
photometer, provided with a double monochromator (prism and grating)
and having variable entrance and exit slits (0~ 3.0 nm).

The fluorescence measurements were carried out with the re-
cording spectrofluorometer described by Govindjee. 2 The instrument
shown in fig. 7 consists of two large Bausch and Lomb grating mono-
chromators (3.3 nm half-band width per mm slit aperture) equipped with
mechanical drives for the automatic scanning of the excitation and the
emission spectra. The light source is a 6v, 18 amp, tungsten (;IV)
ribbon filament lamp; monochromatic light (for excitation) is obtained
by passing the light through the ""excitation' monochromator. A second,
750 watt excitation lamp may be used as an additional light source, in
conjunction with Corning colored glass or narrow band interference
filters (Farrand Optical Co., Inc., New York, N.Y. or Baird-Atomic,
Inc., Cambridge, Mass.).

The optical arrangement of the instrument is such thata "front-

face' collection of the emitted fluorescence 1s achieved. This arrange-

ment, as well as the low optical density of the samples (0. 05 units for
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1 mm thickness) are advantageous because they minimize the reabsorption
of fluorescence (See Appendix II). Reabsorption within the cell, however,
possible because of the high Chl a concentration in the chloroplast, is always
an undetermined factor in the spectroscopy of cell suspensions.

The fluorescence 1s scanned by the '"analyzing'' monochromator.
Admission of the exciting light in this monochromator was prevented by
appropriate colored glass sharp cut-off filters. The selected fluorescence
band was detected by an EMI 9558B photomultiplier (Electra Megadyne
Inc., New York, N.Y.) and the electric signal was amplified by a model
150A Keithley microvolt ammeter (Keithley Instruments, Cleveland,

Ohio) and finally recorded with a Brown recorder (Brown Instrument
Division, Minneapolis-Honeywell Reg. Co., Philadelphia, Pa.) equipped
w1th2. variable chart speed (Insco Corp., Groton, Mass.) attachment.

Laght intensity was measured with a Bi/Ag Eppley thermopile
(the Eppley Laboratory, Inc., Newport, R.I.). The reduction of the
excitation intensity to a given fraction was accomplished with Balzer's
neutral density filters (Geratebauanstalt, Balzers, Furstentum, Liech-
tenstein). The transmittance of these filters was always determined
before the fluorescence measurements.

Oxygen evolution measurements were performed with the Pt-
electrode polarograph described by Banmster and Vrooman. 73 The
instrument consists of a flat Pt cathode, on which the cell paste is
deposited and a large area Ag/AgCl reference anode. The two electrodes

were immersed in an electrolyte solution (tris-NaCl buffer, pH = 8.0),
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stirred constantly by a stream of 5% CO2 in air. The sample was
excited by monochromatic light from a Bausch and Lomb grating mono-
chromator. The current, generated by a negative potential of 0.55 v
applied to the Pt cathode, and amplified by a model 150A Keithley
microvolt ammeter was recorded with a Varian G10 chart recorder
(Varian Associates, Palo Alto, Calif.). The current is proportional
to the rate of oxygen delivery to the cathode, where it is reduced to
HZO' Because of the immediate contact of the sample with the electrode
diffusion delays were minimal. The rate of the photosynthetically evolved
oxygen is proportional to the difference of the electric signals obtained
in the presence and i1n the absence of exciting illumination, the latter
being taken as correction for the respiratory oxygen uptake,

The pH of the sample was measured with a Beckman glass

electrode pH meter (Beckman Instruments, Inc., S. Pasadena, California).

D. PRESENTATION OF THE EXPERIMENTAL RESULTS -

Only a small fraction of the total emitted fluorescence enters
the analyzing monochromator. Because of the light scattering, the
profile of the emitted fluorescence is not spherical. Consequently, it
is difficult to measure the fluorescence per spectral interval in absolute
energy units and thus the fluorescence intensities are given in relative
units. However, the relative emission spectra are corrected for the
wavelength dependence of the photomultiplier sensitivity-and the

transmission efficiency of the analyzing monochromator. For reasons
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given in Appendix II, no correction for the reabsorption of fluorescence
is needed.
The results of the fluorescence intensity time course experiments

" correspond

are given in terms of the ratio f = Ft:F3", where Ft and F3

to the intensity values at t and 3 seconds of total light exposure. F3",
which is our first recorded signal, corrésponds to the S level of the
first wave. Since the absorbance of the sample 1s invariable during the
experiment (the pigment content is the same), the ratio f is a measure
of the relative fluorescence yield and can be set equal to q}t: ¢3”. This
representation was selected because the relative yield values are inde-
pendent of such factors as the exact number of the cells in the light field
and the precise positioning of the sample.

Oxygen evolution rates are also presented in relative units.

Spectral data, such as wavelengths and band widths of excitation
and observation, filters and excitation intensities and the concentrations

of compounds added to the samples, are all given in the legends of the

figures.
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III. THE LONG-TERM FLUORESCENCE INDUCTION IN
CHLORELLA PYRENOIDOSA: RESULTS
AND DISCUSSION

A. FLUORESCENCE INDUCTION IN CONTINUOUS AND FLASHING LIGHT

The time course of fluorescence in Chlorella pyrenoidosa corres-

ponds to the type Il of fig. 2. A typical second wave 1nduction curve (1l-
lumination, 436 nm) 1s shown in fig. 8. On excitation, the relative
fluorescence yield £ (Ft:F3") rises rapidly to a maximum M, thereafter
declining at a2 much slower rate to a terminal stationary level T. At that
stage, the fluorescence yield is lower than the minimum between the two
waves (S level). The rise portion S—>M of the second wave is clearly bi-
phasic (cf. insert in fig. 8), consisting of an imitial minor rise phase and

a second more extensive one. We observed similar fluorescence time
courses with Chlorella suspended in a variety of buffers, including carbon-
ate-bicarbonate, tris-aminomethane hydrochloride (tris-HCIl) and phosphate
buffers. For the experiments to be presented in this chapter, the tris-
HCl, NaCl medium, described in Chapter II, was employed.

The second wave 1s perfectly reproducible in a given sample, pro-
vided an adequately long dark period is interposed between two successive
light exposures. This observation led us to investigate the behavior of
the relative fluorescence yield during a dark interval which succeeds a
light period. The relative yield values were calculated as the ratios of the
fluorescence intensity recorded by the flash over that at 3 sec of light
exposure 1n the beginning of the experiment. We checked the possibility

of distortions introduced by the brief light interruptions, (1) with low
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intensity (5-10% of the intensities in the preceding light period) flashes
and (ii) by varying the spacing between the flashes in consecutive ex-
periments so that different light doses were given to the sample in each
case. The very nearly identical fluorescence time courses obtained
with either of the two procedures indicate that the brief light interruptions
do not alter significantly the values of the relative fluorescence yield in

the dark interval.

Fig. 9 shows the kinetics of the relative fluorescence yield in
the dark (curves A, B, C), and the typical second wave of the sample
in light (carve W). It is apparent that the time course depends on the
length of the preceding light exposure. After 20 sec illumination, i.e.,
1n the fast rising phase of the second wave, shutting off the excitation
results in an abrupt decrease of the fluorescence yield followed by a
slower decay to a minimum, afte;‘ which it rises slowly and approaches
the level at S. Similar results are obtained when the second wave is
interrupted in the decay portion M-T (curve B). Since curves A and B
are almost superimposed, we conclude that a brief light exposure (e. g.,
20 sec as for A) is sufficient to trigger a light independentprocess which
effects a decrease in the fluorescence yield. This change 1s opposed by
a second dark process, as a result of which the fluorescence yield at-
tains a minimum value in the dark, thereafter increasing toward the S
level. Very short flashes (2-3 sec), interrupting a long dark period,
were found insufficient to trigger the dark induction phenomena. When
the excitation 1s removed at the completion of the second wave, only

an increase of the fluorescence yield during the subsequent dark interval
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In continuous light (W); in the dark, measured with light flashes (A, B and C). Exc1tat10n- Blue band,
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is registered (curve C), indicating that the light triggered decay of the
yield has been completed.

The foregoing discussion suggests that continuous illumination
of Chlorella induces not only the known light dependent increase but also
a light triggered dark decrease in the fluorescence yield. To answer
the question whether the overall second wave time course is determined
by the interplay of these two processes, we plotted the sum W + A (fig.
13, insert). This plot corresponds to a second wave transient which is
independent of the light triggered dark process. The decay of the curve
W + A suggests the possibility of a photochemical process which keffects
a decrease in the fluorescence yield.

Our results, therefore, indicate tt'lat a minimum of four pro-
cesses participate in the second wave of fluorescence induction. Two

\
of them are light-dependent, having opposing effects on the fluorescence
yield. A third one requires a minimum of light dose, but proceeds in the
absence of simultaneous excitation and it is opposed by the fourth dark
process. The triggering of the dark induction changes is reminiscent
of the post-irradiation overshoot of the pH of the suspension medium
;,nd of the light scattering increase in chloroplasts. 47 Both the se changes
exhibited typical induction curves consisting of an increase to a maximum
and a subsequent decay. Prolonged illumination suppressed any post-
irradiation overshoot of the pH.

The important feature of the changes in the fluorescence yield

in the dark is their occurrence in the absence of sustained photosynthetic
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electron flow. It could be argued that the second wave originates from
a gradual shift of the oxidation potential of a pool of intermediates to
more negative values, as a result of which the probability of photochemical
quenching of the Chl a excitation will be diminished. The light dependent
decay of the fluorescence yield, however, cannot be accounted for by
this interpretation; neither can the increase in the dark (fig. 13, curve
C). Additional evidence will be presented later (section G) in support
of our contention that there is no direct correlation between the rate of
the photosynthetic electron flow and the second wave fluorescence

transients.

B. CHANGES IN THE EMISSION SPECTRUM DURING THE
FLUQRESCENCE INDUCTION

In 1956, Ra.bmowitclu9 {p. 1376) wrote: "Nothing is known so
far of the changes in the fluorescence spectrum of chlorophyll, which
are not impossible, 1f the chemaical structure of chlorophyll itself, or
of 1ts associates in the 'photosensitive complex', undergoes changes in
the transition from darkness to light and back'. Since then, it has been
established that during the first wave the fluorescence varies more at
685 nm (main Chl a emission maximum, primarily system II emission)
than at 716 nm where the contribution of system I is signiﬁcant75-77.
Nothing, however, was reported up to now about the changes in the
fluorescence spectrum during the second wave. Since more than one

form of Chl a contributes to the red emission band, we 1nvestigated the

spectral changes during the second wave i1n the hope that we would
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identify the variable fluorescent component.

We employed a special technique to record the emission spectra
at the various second wave stages because of the rapidity with which the
fluorescence yield changes. However, in the terminal stationary state T,
where the fluorescence yield remains constant, the spectrum was recorded
automatically. Spectra corresponding to the level S and the maximum value
M were constructed from the fluorescence induction curves observed at
different wavelengths Dark intervals of adequate length were interposed
between two successive observations and the return of the system to the
dark steady level (S) was assured by following the d;rk time course of the
fluorescence yield with widely spaced excitation flashes.

The fluorescence spectr;;t the second wave st;,g;s S, Mand T
(fig. 10) are typical Chl a emission bands, having their maxima at 686 nm
and half-band widths of 22 nm. The same peak location and half-band

width characterize the difference spectra S-T, M-T and M-S, given in the

insert of fig. 10.

C. INTENSITY OF EXCITATION

The second wave transient in Chlorella is obtained only when
the organism is capable of photosynthesis, since addition of inhibitors
which block the non-cyclic electron flow results in the obliteration of
the fluorescence change (section E). The dependence of the second wave
on the rate of the photosynthetic electron flow can be explored by varying

the excitation intensity since these quantities are interrelated. It is
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Fig. 10. Emission spectra of Chlorella at 3 sec. (S), 40 sec. (M) and
12 min. (T) of light exposure. Excitation: A = 480 nm; half-band width,
10 nm, incident intensity, 1.4 x 103 ergs. cm. "2 gec. ! Observation:
Half-band width, 6.6 nm, Corning filter, C.S. 2-63. Insert: Difference
emission spectra (M - S, M - T, S - T).
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knowng that the rate of photosynthesis is proportional to the exciting light
intensity at low values of the latter (R @ I) and independent of it at high
values (saturation); this is so because at weak intensities it is the rate
of light absorption and at strong intensities, it is the rate of dark enzy-
matic reactions, which limit the overall rate of photosynthesis. In weak
light, the fluorescence yield 1s low and constant, above saturation, how-
ever, this fluorescence yield more than doubles. Therefore, a plot of the
steady-state fluorescence intensity, F, against the exciting light intensity,
I (fluorescence light curve) consists of two linear portions; the second is
twice as much inclined to the abscissa as the first. Iaght curves of this
type, in which the fluorescence intensity corresponds to the terminal
stationary level, were used to ascertain the establishment of the saturation
of photosynthesis.

The above described behavior of the fluorescence yield is due
to the dissipation of the Chl a electronic excitation by a set of mutually

independent processes. Denoting the emission rate constant as K_, the

f’
bimolecular rate constant of photochemical quenching as K¢ [Q] and the

rate constant of internal conversion as Kr’ the fluorescence yield ( q)f)

can be expressed as follows:
cpf B F/Iabs N Kf/Kf * Kr +Kc [Q]

Here, F and Ia. stand for the numbers of emitted and absorbed photons

bs

per unit time while Q is the primary oxidant of system II. The fluores-

cence is generally assumed to origiinate mostly from pigment system II.



46
Q is reduced by the light reaction II to the non-quenching form Q
which, in turn, is reoxidized by the light reaction I, through a series
of enzymatic reactions. In weak light, it is the rate of the photon ab-
sorption that determines the rate of photosynthesis. With such excitation,
the observed quantum yield of fluorescence is low and constant, while
that of photosynthesis is high and constant; this implies a high and con-
stant concentration of Q. At high excitation intensities the rate of the
enzymatic reoxidation reaches a limit and fails to keep up with the photo-
chemical reactions. The quantum yield of fluorescence at these inten-
sities 1s known to be high and constant, implying a low and constant
concentration of Q.

In weak light, the quantum yield of fluorescence is 0.03 while
the quantum yield of the primary photoreduction of Q to Q ((I)p) is high
and can be set equal to 0.95. From the ratio q)f:q)p and the natural
fluorescence lifetime of Chl a (t = 15.2 nsec) the rate constant of the
photochemical quenching is calculated to be, Kc[Q-J =1.44 x 109 sec-l.
At strong excitation a doubling of the fluorescence yield is observed.
(This is an experimental factll3 and not predicted by the equation on
the last page.) Assuming that the rate of thermal deexcitation, Kr
is invariable, we obtain KC [Q] =0.68 x 109 sec_l, which indicates
a lower concentration of Q. (The doubling of the fluorescence yield in
the transition from weak to strong excitation requires that the primary

photochemical yield will be reduced from 0. 95 to 0.90.)

Besides the above-mentioned effect of the exciting intensity on
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the absolute Chl a fluorescence yield at the stationary state, the excita-
tion intensity affects the fluorescence time course, but in a different way.
Fig. 11 shows that the wave amplitude increases with the exciting light
intensity, the second wave being hardly discernible for weak excitation.
There is a biphasic rise at low i1ntensities, which becomes monophasic
at strong excitation and an imtial short-lived negative induction appears.
When the second wave is plotted in terms of the relative yield magnitudes
(i. e., normalized at 3 sec illumination) as in fig. 12, an optimum excita-
. tion i1ntensity for its amplitude 1s seen. The rise and the decay rates
also exhibit a similar dependence on the light intensity.

Since the individual processes involved in the second wave cannot
be isolated and studied separately, we chose to examine only the light
intensity dependence of the terminal change, f ' - f_. In fig. 13,

3 T

f3" - fT is plotted against the exciting intensity, together with the

fluorescence light curve F = £(I) at T. £3" - fT appears to increase

with the exciting intensity in the range where photosynthesis and fluores-
cence are proportional to it. At saturating ihtensities, f3”-fT declines,
so that its light curve shows an intensity optimum.

The optimum_intensity relationships described above, resemble
similar observations on the second wave rise rate31 and the steady-state
ATP content39 (Chapter I, section B). Our results suggest that greater
terminal changes may be related to an increased ATP content or an

immediate precursor of it such as X The important feature is that

£
f3"-fT is variable even in the range of exciting intensities where

-~
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photosynthesis yield is constant. This suggests that continuous high in-
tensity illumination affects the fluorescence yield although the rate of
photochemistry remains constant.

To obtain the high exciting intensities needed for these experi-
ments a wide blue band (transmitted by Corning glass filter C.S. 5-60)
was used. Narrow band excitations at 436 nm and 480 nm gave similar
results as the polychromatic one, although the cerrespondence was
restricted to the low intensity values of it. To answer the question whether
both system I and system II can support the second wave change, we
constructed the action spectrum of the terminal change (f3" -fT) observed
at 720 nm (fluorescence from both system I and II) fig. 14 . Since the
terminal change does not vary linearly with the exciting light intensity,
we maintained a constant intensity of excitation at each wavelength. (By
aligning the two monochromators and replacing the sample by a reflector,
we could assess the light intensity values from the photomultiplier signal.)
By regulating the current through the light source we could adjust th.e
exciting light intensity to a predetermined value.

The action spectrum of fig. 14 indicates that the second wave can
be excited in the entire blue absorption band of Chlorella. The effective
overlap of system I and system II absorption bands do not allow us to
clearly distinguish whether the one of the two photochemical systems is
more important than the other. However, the sharp drop of the effective-
ness at wavelengths longer than 680 nm, where the system I absorption

band is located, indicates that the second wave phenomena are caused
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predominantly by system II. This statement is supported also by the fact
that the ratio of the fractional absorption at 480 nm (mainly Chl b) to that
at 440 (mainly Chl a) is 0. 76, while the same ratio in the action spectrum
is approximately 1.0, suggesting increased effectiveness of system II
(Chl b). It will be seen later (Chapter IV) that the fluorescence transient

in normal Anacystis nidulans also requires system II excitation.

D. HYDROGEN ION CONCENTRATION

In the preceding section we suggested that the second wave is
the net effect of a set of enzymatic processes. We would then expect
that the pH of the system will exert an influence on the rates of the in-

dividual processes and thus on the second wave. It is known42’ 45

that
the accumulation of ionic gradients, in the transition from dark to light,
has an optimum at pH 6-7, in the alkaline region the increased photophos-
phorylation rate prevents this accumulation. Starting, therefore, from
the premise that the second wave is related to the ""conformation'
changes produced as a consequence of the light induced ionic shifts,
we investigated its dependence on the hydrogen ion'concentration.

Since the immediate environment of the Chlorella chloroplast
is not the suspension medium but the surrounding cytoplasm, with its
own buffering capacity, the ;;uestion arises whether the chloroplast
pH will respond to the pH changes in the medium. We consider that such

a correspondence was established, since the suspensions retained their

pH for long times and since the pH effects on the second wave were
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reproducible when the dir‘e'ction of the pH change in the medium was re-
versed. The pH of the samples was measured before and after each
fluorescence measurement; it remained constant. (It was not possible to
determine the pH inside the chloroplast and therefore the interpretation
of the pH experiments must be considered tentative.)

The influence of proton concentration on the second wave 1s shown
in fig. 15. While the rise phase appears to be insensitive to the pH varia-
tions outside the cells, the decay phase is much slower in the alkaline
region. The effects on the second wave amplitude and peak location can
be explained on the basis of the pH dependence of the rates of the rise and
the decay processes. Reduced decay allows the forward change to proceed
further and achieve higher amplitude transients, while with increased de-
cay the opposite is true.

An optimum pH behavior of the second wave decay rate can be
seen in fig. 16. Similar effects are also true for the terminal stationary
level T (not shown in fig. 15). When the second wave is allowed to pro-
ceed to completion, the magnitude of the terminal change f3”-fT is pH
dependent in the manner shown in the fig. 16 (left). The pH curve of
the second wave decay rate is given in fig, 16 (right). Since the decay
process cannot be isolated from the fluorescence rise, we chose as a
measure of the decay rate the inverse of the time interval in which the
transient crosses the f = 1. 00 value of the ordinate.

Since the terminal stationary fluorescence yield reflects the

balancing of the various processes which affect the second wave
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phenomena, we consider that the similarity of the pH curves 1n fig. 16
is not coincidental. The increased decay of the second wave is expected
to lead to lower terminal stationary levels and vice versa. On the other
hand, the similarity of the pH curves of the second wave and of the ionic
shifts and the associated '"conformational' changes observed in chloro-
plasts may be indicative of their interrelationship. Shrinkage, for example,
caused by the light induced cation efflux, may enhance the non-photochemical

radiationless quenching of excited Chl a, decreasing the fluorescence yield.

E. INHIBITION OF PHOTOSY NTHESIS

The sharp decline in the effectiveness of light beyond 680 nm
(fig. 14) to support the second wave transient hints to the requirement of
an intact non-cyclic photosynthetic electron flow. Additional evidence for
this is provided by the direct inhibition of photosynthesis with poisons such
as 3-(3, 4-dichlorophenyl)-1, 1 -dimethylurea (DCMU) and o-phenanthroline,
DCMU blocks the photosynthetic electron flow at a site: between the two
primary photoreactions. 8 The site of inhibition of o-phenanthroline 1is
not known and it seems that it does not chelate the well protected Mn of
the oxygen releasing enzyme. However, it is, like DCMU, a system II
inhibitor. Both poisons inhibit the oxygen evolution.

As shown in fig. 17, the interruption of the photosynthetic elec-
tron flow obliterates the typical second wave transients. Instead of a

well-formed second wave, poisoned samples exhibit a slow increase of

the fluorescence yield to a stationary level. The absolute magnitude of
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this slow change is much smaller than that of a normally photosynthesizing
sample. At a subsequent dark period the small increment of the fluorescence
yield disappears. The slow increase in the relative fluorescence yield of
a poisoned sample rules out the accumulation of the reduced form of the
primary photochemical quencher (QH) as a cause, since this is completed
within one second after the onset of illumination. As to the origin of this
increase we speculate that it may be related to electron flow pathways which
are not affected by the photosynthetic poisons or to the low non-cyclic

electron flow.

F. UNCOUPLING OF PHOTOPHOSPHORY.LATION

Unlike the inhibitors described above, the effects of the phos-
phorylation uncouplers are less specific, since they may inhibit not
only the photophosphorylationbut the mitochondrial oxidative phosphoryla-
tion as well. Such an uncoupler will introduce an ATP deficiency thus
affecting a variety of the cell functions. As an example, we may con-
sider the inhibition of the CO2 fixation cycle in ATP deficient systems,
which will, in principle, reduce the rate of the photosynthetic electron
flow because of the lack of an adequate pool of terminal electron acceptors.
The above considerations require the establishment of a set of
criteria by which we may decide that the uncoupler exerts a recognizable
direct effect on the main photosynthetic electron pathway, distinguishable

from the indirect influences, due to the overall ATP deficiency. The

reversibility of a particular effect in the second wave transients, in
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successive light and dark exposures, may be taken as indicative of its
independence of the dark biochemical pathways in the cytoplasm and in
the chloroplast, since these would have a unidirectional influence rather
than a light dependent reversible one. - On the other hand, indirect in-
hibition of photosynthesis due to the inability of the cell to provide ATP
to the COZ fixation cycle, is expected to increase the fluorescence yield
in the same manner as the photosynthetic poisons and saturating light in-
tensities do. Indeed, since the photochemical deexcitation of Chl a is
by far the predominant fluorescence quenching process, any change 1n its
rate will be reflected by a change in the quantum yield of fluorescence.
Lastly, since we found that the addition of DCMU abolishes all the modi-
fied second wave changes i1n the presence of the photophosphorylation un-
couplers and approximately doubles the fluorescence yield we have to
accept that the ATP deficiency did not impair significantly the photo-
synthetic electron flow 1in our samples.

1. FCCP
Halogenated derivatives of the phenylhydrazone of ketomalonyl-

nitrile FCP] are potent uncouplers of both the oxidative and photophos-

phorylation. 79 In chloroplast suspensions they minimize the light

CN

-NH—N=C<

CN

CCP
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40, 57 The p-trifluoromethoxy-derivative of CCP

induced ion fluxes.
(FCCP) is the most potent inhibitor of photophosphorylation and oxidative
phosphorylation known. In photophosphorylation, both the non-cyclic and
cyclic types of it are inhibited, although the second to a lesser ex-

nt.80'81

te The photophosphorylation inhibition is accompanied by the

suppression of the light induced scattering increase 1n chloroplast556' 82
and the abolition of the cation fluxes. In the absence of light, FCCP ac-
celerates the dissipation of the ionic gradients formed during a preceding
light period. 40 The 1inhibition with FCCP is reversed by 1,2 and 1, 3
aminothiols, X suggesting that the uncoupler acts as a sulfhydryl reagent.
In spite of the expected severe inhibition of the photosynthetic
electron transport in Chlorella, FCCP had a small effect on the fluorescence
yireld S, even at relatively high concentrations ( lO-SM). This effect due
to a reduction in the rate of electron transfer -- also observed by a reduc-
tion in the rate of oxygen evolution -- did not effect our conclusion
because we normalized the normal and the FCCP curves at S and then
studied their differences. With continuous illumination, the time courses
of fluorescence yield of the normal and of the FCCP inhibited sample
are different (fig. 18); the normal sample exhibits the regular type of
second wave transient while the FCCP treated sample srhows a very
slow decay of the second wave. Thus, after the establishment of the
terminal stationary state, the absolute fluorescence yield of the control

sample is significantly lower (~ 40%) than that of the FCCP containing one;

a portion of this effect is due to the reduction in the rate of electron
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transport. On addition of 10“3 M cysteine (1, 2-aminothiol) to the FCCP
inhibited sample the second wave change 1s reinstated (fig. 18).

The effectiveness of different concentrations of FCCP to reduce

the decay rate of the second wave (f, ' - f3”) was studied (fig. 19). The

20
concentration for half-maximal inhibition of the second wave decay was
found to be 4.5 x 10-6 M, which is close to the value of 1 x 10-6M for
half-maximal inhibition of chloroplast photophosphoryla.tion8o and

2 x 10—6M for 54Mn incorporation into manganese deficient Ankistrodes-
mus. 83 This similarity suggests a common inhibition site for all three
processes.

The light induced fluorescence increase 1n the FCCP treated
sample is reversed in a subsequent dark interval. On shutting off the
excitation the fluorescence yield (as measured with light flashes) drops
sharply below the f = 1.0 value and then slowly approaches the S level.
These changes are reproducible 1n subsequent light-dark cycles, which
indicates that they are not due to an overall ATP deficiency, but they
are associated with processes requiring light activation.

Inhibition of the second wave decay with FCCP is particularly
pronounced at low light intensities as it is also the uncoupling of
chloroplast photophosphorylation. 82 This is shown in the fig. 20 (left),
where the relative yield at 4 min (f4') illumination is plotted against
the incident exciting intensity. Very low light intensities cannot support
the second wave increase and in consequence a low f ' value is obtained.

4

At high intensities the increased decay of the curve (corresponding to
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decreased FCCP inhibition) also results in low f4' values. Finally, the
emission spectra of the normal and FCCP treated samples, recorded at
the respective stationary states, were found to be nearly identical [fig. 20
(right)].

2. Atabrin

A photophosphorylation uncoupling agent which acts on a late

stage of the energy conservation sequence is atabrin (quinacrine).

N(CZH

5)2

CH,-CH-(CH,),

NH

2HCL: 2H,,0

Atabrin

c . 84
Atabrin is a powerful uncoupler of the photophosphorylation = and a weak
one for the oxidative phosphorylation. 85 The location of its pH optimum
at alkaline values shows that it is rather the free base which 1s active
although at high pH 1t may also inhibit the photosynthetic electron trans-

40 - . . . 54
port. In chloroplasts it promotes the light induced shrinkage™  and it
accelerates the cation efflux.

Since atabrin absorbs strongly in the blue (absorption maximum
at 422 nm) we employed monochromatic excitation at 485 nm where its
absorption 1s negligible (molar absorption coefficient at 485 is ~s 330 lit/
mole * cm, while for Chl b it is of the order of 104 lit/mole - cm). The

fluorescence yields of the atabrin treated samples were found to be
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nearly identical to those of the controls i1n the S level. Addition of DCMU,
however, more than doubled the fluorescence yield of the atabrin contain-
ing samples. These results indicate that there is no significant inhibition
in the electron transport, either by direct atabrin poisoning or because of
the induced ATP deficiency.

Atabrin suppresses both the forward fluorescence yield increas-
ing process and the decay of the second wave transient (fig. 21). A small
slow 1increase of the fluorescence yield to a level about 5% higher than
that at 3 sec is evident. This increase is reversed in the dark. At lower
atabrin concentrations than the one given in fig. 21, a second wave trans-
ient of smaller amplitude and with higher terminal stationary value de-
velops. The emission spectra of atabrin treated samples observed at
the stationary state were similar to those of the controls, taken after the
completion of the transient fig. @O(b)].

3. Phlorizin

In contrast to the strong effects of FCCP and atabrin on the
second wave of fluorescence induction, the uncoupler phlorizin had no
appreciable influence. The latter compound, a glucoside, is known as
a terminal inhibitor of the energy conservation sequence87 acting pre-
sumably on a phosphorylase.

OC H O, (B-D-Glucose)

611

HO COCHZCH2

OH

Phlorizin
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Both the photophosphorylation and the oxidative pho sphoryla.tion89

are inhibited. Phlorizin accelerates both the rise and the decay of the
second wave fig. 21 . Our results with phlorizin indicate that the
second wave originates from events that precede the terminal phosphoryla-
tion step; and since inhibition of the noncyclic electron flow abolishes
completely the fluorescence transient, we believe that the origin of the
second wave is in the reaction sequence which couples the electron flow

with the phosphorylation of ADP.

G. FLUORESCENCE INDUCTION AND OXYGEN EVOLUTION

It was pointed out in the introduction (Chapter I, section B)
that the photosynthetic oxygen evolution is not always in direct competi-
tion with fluorescence. In order to establish the relationship between
these two processes during the time interval of the second wave, two
samples prepared from the same stock suspension, were tested. Care
was taken so that equal numbers of photons were absorbed by each sam-
ple.

A total absence of any correlation in the rate of oxygen evolu-
tion and fluorescence was found (fig. 22). On excitation both quantities
increase in parallel. However, while the fluorescence yield experiences
the typical second wave change, the rate of oxygen evolution tends to a
high stationary level. Significantly, the fluorescence yield decays even
after the rate of oxygen evolution has attained a constant magnitude. The

insert in fig. 22 shows the time course for both processes on an expanded

time scale.
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H. THE SECOND WAVE OF FLUORESCENCE INDUCTION IN
CHLORELLA: CONC LUSIONS

The experimental results describediin the preceding sections
indicate that the second wave of fluorescence induction in Chlorella

pyrenoidosa is the net effect of at least four processes. Two of them

are photochemical, requiring simultaneous excitation, while the other two
are triggered by light and proceed in the dark. The existence of two
opposing photochemical processes is inferred (see fig. 9, insert) from

a comparison of the second wave time course and the fluorescence induc-
tion 1n the dark (measured with light flashes).

The participation of non-photochemical components in the second
wave rules out its complete dependence on the rate of primary photo-
chemistry. Support for this argument is provided by the absence of cor-
relation between the second wave of fluorescence and the rate of oxygen
evolution (fig. 22). Moreover, it is shown in fig. 13 that the second
wave terminal change (f3"-fT) decreases 1n the range of intensities at
which photosynthesis is saturated. Nevertheless, the second wave
events are not completely independent of the photosynthetic electron flow
since inhibition of photosynthesis by DCMU and o-phenanthroline abolishes
the fluorescence transient (fig. 17). The requirement of an intact non-
cyclic photosynthetic electron flow is also supported by the fact that
excitation at wavelengths shorter than 680 nm, which is distributed in
both the photosynthetic systems, is effective in promoting the second
wave change, but far red light ()> 680 nm), absorbed primarily by system

I, is not (fig. 14).
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Powerful uncouplers of photophosphorylation, such as FCCP
and atabrin, exert a strong effect on the second wave (fig. 18, 21).

FCCP, which uncouples the energy conservation sequence at a site near
the photosynthetic electron flow, delays the second wave decay. Its ef-
fect is reversed by cysteine. Atabrin, which may uncouple at a later
stage than FCCP, suppresses both the rise and the decay of the second
wave. Both uncouplers, however, lead to a higher terminal fluorescence
yield in comparison with normal Chlorella; part of this is due to reduc-
tion in the rate of electron transport.

Contrary to the results obtained with FCCP and atabrin, the
phosphorylase inhibitor phlorizin (fig. 21) allows the second wave to pro-
ceed 1n the normal manner, except for an accelration of the rise and de-
cay phases. These results appear to localize the origin of the fluorescence
transient at a site between the non-cyclic electron pathway and the ter-
minal ADP phosphorylation. Accordingly, the second wave may indeed
be related to the accumulation of XE and the associated ''conformational"
changes. Since the latter correspond to chloroplast shrinkage, the low
terminal stationary yield represents a state of increased concentration
quenching of the fluorescence. The similarities of the pH curves (although

we have some reservation for this effect) for the terminal change (fig. 16)

42,45

E 1s in favor of this correlation.

and the accumulation of X
A relationship between the second wave in Chlorella and the

light driven ATP formation has been suggested previously39 on the basis

of the similarity of the respective time courses. In addition, the steady-
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state ATP level was found to obey an optimum intensity light curve
(fig. 3, right) our results also show such an intensity dependence for
the terminal change. It appears, however, that the low stationary yield
may represent an accumulation of an immediate precursor (XE) of ATP
(cf. table III).

In conclusion, we may say that the experiments we presented
suggest an indirect correlation between the second wave changes in
Chlorella and the rate of photosynthesis. The possibility of a connection
with the light induced cation transport and 1ts associated effects has
been explored. Our data show positively that the second wave fluorescence
transient must be related to the events which lead to energy conservation

as ATP.



TABLE III

EFFECTS OF PHOTOSYNTHETIC INHIBITORS AND PHOTOPHOSPHORYLATION UNCOUPLERS ON THE
LIGHT INDUCED ION FLUXES AND THE ASSOCIATED PROCESSES

Chloroplasts or Chloroplast Fragments Chlorella
Additions Fluorescence
Photophosphory- Cation Xg Volume Light Yield Differ-
lation Fluxes* Formation |[Changes Scattering ence: { .-
Esgc 10min
+ ++
Control Normal -K ', Mg, Normal56 Shrinka.ge50’ 58, 82 Increases4?
+Na~, +HT
1catt 42, 44, 92
DCMU Inhibited " - Inhibited” | |None*? 82 No Changs?” 54No Change
FCCP or
2 3 b 2 3 2 g
CCCP** Inhibited79 Inhibited86 Inhi.bitea6 51 None50 58, 8 No Cha.nsé4e gg Positive
56, 57 54, 56
Atabrin Inhibited84 Accelerated Inhibited None >8 Increases No Change
Efflux
Phlorizin Inhibited87’ 90 - - - - Negative

*Efflux toward the medium is denoted bif a (-) sign before the cation and the influx toward membrane bound

spaces by a (+) sign.

¥¥m - Cl - CCP

yL
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1Iv. THE LONG-TERM FLUORESCENCE INDUCTION IN
ANACYSTIS NIDULANS: RESULTS AND DISCUSSIONS

The blue-green alga Anacystis nidulans was selected as an ad-

ditional organism for our investigation, because of the better spectral
separation of the photosynthetic pigment systems I and II in comparison
to the green alga Chlorella. This property facilitates the preferential
excitation of either pigment system I or II. System I can be excited in
the blue band ofChl a while system II in the green-orange absorption

band of phycocyanin. A complication, however, arises due to the overlap
of the emission spectra of phycocyanin and Chl a. Thus narrow measur-
ing band widths were used to insure that we observe preferentially either

Chl a or phycocyanin fluorescence.

A. FLUORESCENCE INDUCTION IN CONTINUOUS AND FLASHING LIGHT

With continuous system II excitation (A = 590 nm) a gradual in-
crease of the Chl a fluorescence yield to a higher stationary level, M,
is observed (fig. 23, curve A). Ina subsequent dark interval the
fluorescence yield decays and approaches the imitially recorded level S
(curve B). This decay was followed with short flashes as it was done in
Chlorella (Chapter III, sectionA). Continuous excitation with a broad
blue band (system I light) results in a much suppressed fluorescence
yield rise (curve C). Since the phycocyanin absorption in the blue is
negligible we conclude that only excitation in the system II absorption

band can support the Chl a fluorescence increase in normal Anacystis.
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Fig. 23. Time course of the relative fluorescence yield (f = F_:F_") in normal Anacyst is nidulans (A).

N

Excitation: A = 590 nm, half-band width, 16.5 nm; incident intensity, 4.1 x 103 ergs. cm. -2 gec.
Observation: A= 685 nm, half-band width, 13.2 nm; Corning filter, C S. 2-60. Dark decay (measured
with light flashes) of the relative fluorescence yield (B). Time course of the relative fluorescence yield
with blue excitation (C). Excitation. Blue band, Corning filter, C.S. 5-60; half-band width, 100 nm;

incident intensity, 9.4 x 103 ergs. cm. -2 sec.”l Observation as for (A).
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It will be shown later (section C) that system I excitation is capable of

inducing considerable changes in DCMU poisoned Anacystis nidulans,

The rise of the Chl a fluorescence yield appears to be biphasic.
The first phase 1s completed within a few seconds while the second and
more extensive one lasts for several minutes (fig. 23, curve A). Both
the fluorescence rise during the light interval and the decay in the suc-
ceeding dark do not obey any elementary kinetic law. In what follows,
we will consider that the fluorescence yield time course is the net out-
come of two processes, a photochemical one leading to increased fluores-
cence and an opposing non-photochemical process.

Interruption of the photosynthetic electron flow with DCMU re-
sults in an increase of the yield of Chl a fluorescence. Contrary to

the results obtained with Chlorella, poisoned Anacystis nidulans 1s

capable of an extensive induction in the fluorescence yield, which is
readily reversed in a subsequent dark period (fig. 24, curves A and B).
As with normal cells, the fluorescence rise in the poisoned samples
is biphasic. The imitial minor rise phase is clearly seen with weak
excitation. In general, poisoned Anacystis undergoes a more extensive
fluorescence induction ichange than the normally photosynthesizing cells.
On occasion, the fluorescence increase amounted to more than 100%
relative to the yield at the 3 sec illumination level (S).

When the fluorescence is observed at 645 nm (mainly phyco-
cyanin emisgsion) only a slight increase of the yield is registered (fig.

24, curve C). Taking into consideration that a fraction of this increase
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Fig. 24. Time course of the relative ﬂuorescenceM;rqgircF§ = Ft:F ) in DCMU (5 x IO—SM) poisoned

Anacyst is (A). Excitation: A = 590 nm; half-band width, 16.5 nm; incident intensity, 4.1 x 10° ergs.

cm. sec. "1 Observation: A= 685 nm; half-band width, 6.6 nm; Corning filter, C.S. 2-58.
Dark decay (measured with light flashes) of the rdative fluorescence yield (B). Time course of the
phycocyanin fluorescence (C). Excitation as for (A). Observation: A= 645 nm; half-band width,

8.3 nm; Corning filter, C. 8. 2-63.
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may be attributed to the short wavelength tail of the Chl a emission
band, we conclude that there is very little if any induction of the phy-
cocyanin fluorescence. This result is significant in the sense that if
the increase were the result of a higher energy transfer efficiency from
phycocyanin to Chl a in system II, we would expect a concomitant de-
crease in the fluorescence yield of phycocyanin itself. We must there-
fore accept that the variable quantity is the quantum yield of Chl a
fluorescence and not the efficiency of excitation energy transfer from

phycocyanin to Chl a in system II.

B. CHANGES IN THE EMISSION SPECTRUM DURING THE
FLUORESCENCE INDUCTION

Large changes in the spectral distribution of the Anacystis
fluorescence accompany the fluorescence i1nduction phenomena. The
emission spectra at the stationary state were recorded automatically,
while the spectrum at 3 sec of excitation was recorded point by point
with short flashes. An adequate dark interval was interposed between
each two successive flashes to insure the independence of each individual
measurement.

The emission spectra of normal Anacystis, excited at 590 nm
(system II) and measured at the beginning and at the stationary state (M)
of the induction time course are shown in fig. 25 (curves S and M,
respectively). (Both spectra have been corrected for the photomultiplier
sensitivity and measuring monochromator transmission.) In the 3 sec

fluorescence spectrum, the phycocyanin emission band 1s higher than
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Fig. 25. Emission spectra of normal Anacystis at 3 sec (S) and

10 min (M) of light exposure; M - S the difference emission spectrum.
Excitation as in fig. 24. Observation: Half-band width, 8. 3 nm:;
Corning filter, C.S. 2-63.
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that of Chl a. At the end of the induction change, however, alarge in-
crease of the Chl a fluorescence yield is observed, while that of the
phycocyanin has increased considerably less. The difference spectrum
obtained by subtracting curve S from M corresponds to a typical Chl a
fluorescence band, peaked at 684 nm and having a half-band width of 22-23
nm. These values are identical with those obtained by exciting the Chl a
fluorescence at 440 nm. Such an excitation yields an almost pure Chl a
fluorescence band with negligible, if any, phycocyanin fluorescence (fig.
5).

Similar results were obtained with DCMU poisoned Anacystis. Fig.
26, curve S, shows the emission spectrum which corresponds to the 3 sec
light exposure and curve M to the spectrum at the stationary state. Again,
the fluorescence yield increase is in the Chl a emission. This is clearly
seen in the difference spectrum M-S which has a maximum of 685 nm
and a half-band width of 25 nm. The stationary state fluorescence spectra
of both normal and DCMU poisoned Anacystis are typical of those reported
in the literature. In- the S spectrum an additional band seems to be present
at about 710 nm. The invariability of the phycobilin fluorescence yield
of marine red algae under continuous illumination was first reported
by French and Young. 93

The Chl a fluorescence increase can be interpreted either as an
increase of the Chl a fluorescence yield or as an 1ncreased excitation
energy transfer from phycocyanin. Changes of the energy transfer from

phycocyanin to the strongly fluorescent Chl a of system II and the weakly
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Fig. 26. Emission spectra of DCMU (5 x 10-5M) paisoned Anacystis
at 3 sec (S) and 10 min (M) of light exposure, M - S, the differentce °
spectrum. Excitation as in fig. 24. Observation: Half-band width,
7.6 nth; Corning filter, C.S. 2-63.
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fluorescent Chl a of system I have been invoked by Ghosh and Gov1ndjee6
for the interpretation of the low stationary state Chl a fluorescence of
Anacystis grown in ""high light''. We believe, however, that in our ex-
periments the changes observed originate mostly from the light induced
increase of the Chl a fluorescence yield because (i) we did not observe
a decrease in the phycocyanin fluorescence, as it would be expected for
increased energy transfer and (i1) the fluorescence increase in the DCMU
porsoned Anacystis can also be effected by direct excitation of Chl a

(section C).

C. FLUORESCENCE INDUCTION WITH PROLONGED ILLUMINATION#*

The high fluorescence yield at M which was taken in the preced-
ing sections to indicate the end of the induction change i1n Anacystis,
experiences a slow decay when the continuous excitation 1s extended to
longer times (up to 90 min). Prolonged system Il excitaticin of normal

Anacystis (590 nm), suspended in carbonate-bicarbonate buffer

(K,CO,, NaHCO,, [co,,;]= 9.2 M, pH =9.2) results in a gradual de-

3
cline of the Chl a fluorescence yield (fig. 27, curve A), while the
phycocyanin yield observed at 650 nm (curve B) remains steady. A

similar and more extensive decline of the Chl a fluorescence was ob-

served also with DCMU poisoned Anacystis (curve C). As in the case

*Results presented in this section were reported by the author
at the Symposium on Energy Conversion by the Photosynthetic Apparatus
held at the Brookhaven National Laboratory, Upton, L.I., N.Y. (June
1966) and in his paper in the Biophysical Journal 7, 375 (1967).
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of normal Anacystis, the fluorescence yield of the poisoned samples at
650 nm experiences a much smaller change consisting of a rise to a low
plateau (curve D). For reasons given before (section A), the actual in-
crease in the phycocyanin fluorescence may even be smaller.

Fig, 28 shows the emission spectra, excited at 590 nm, of

normal and DCMU poisoned Anacystis nidulans at two different times of

light exposure. Curves A and D correspond to spectra recorded 15 min
after the onset of 1llumination, while curves B and E after 90 min. The
Chl a emission has decreased throughout the spectral region of observa-
tion. Difference spectra constructed by subtraction of the emission in-
tensity values at 15 min from those at 90 min (curves C and F) show
that there are two regions within the Chl a emission band where the
changes are maximal, one at 685 nm, the other at 693 nm. The doublet
character of the difference spectra has been observed repeatedly with
cultures of varying ages, optical densities and with different illumina-
tion intensities. The short wavelength peak varied between 683 and

687 nm and the long wavelength one between 692 and 699 nm.

It was stated before (section A) that direct Chl a excitation
does not support fluorescence induction in normal Anacystis. DCMU
poisoned cells, however, are capable of an extensive fluorescence
increase when they are subjected to continuous blue illumination (fig.
29). Contrary to the results obtained with system II light, the high
stationary yield persists for a long time with no indication for a decay.

The different responses of the normal and DCMU poisoned Anacystis to
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Fig. 28. Emission spectra of normal and DCMU (5 x 10 M)
poisoned Anacystis. A and D, at 15 min. B and H at 90 min of
light exposure; C =B - Aand F = E ~ D, the difference spectra.
Excitation as in fig. 27. Observation: Half-band width, 2.5 nm;
Corning filter, C.S. 2-59 (redrawn from ref. 94).
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direct Chl a excitation indicate that different mechanisms may be involved.
For example, inhibition of system II with DCMU may result in enhanced
electron flow involving only system I. It will be shown later that uncoupling
of the photophosphorylation and variations of the suspension pH also elicit
different responses in the second wave of normal and poisoned samples.

The slow variation of the fluorescence yield of a poisoned sample ‘
after 5 min of blue light 1llumination (éf. fig. 29) allows the automatic re-
cording of the emission spectra (scanning time ~1 min). Fig. 30 shows
such spectra taken at 5 min (curve A) and 60 min (curve B) of total ex-
posure to blue light. The positive difference spectrum (curve C; B-A)
1s again characterized by two maxima located by 684 and 694 nm.

The existence of a minor Chl a emission band (at 694 nm) appear-
ing on the far red side of the main band (at 685 nm) 1s not a novel result
obtained for the first time in the course of this investigation. 94 Its oc-

currence was first reported by Krey and Govind;ee95 in the difference

spectrum of Porphyridium cruentum, constructed by subtracting the

emission values excited with non-saturating light from those obtained

with saturating excitation. The multiplet band structure of Chl a in vivo
fluorescence was also suggested by Govindjee and Yang96 for chloroplasts
and by Brody and Brody97 for Euglena as a result of the application of
Weber's98 matrix method for the resolution of a mixture of fluorescence
components. More recently, Williams et al., 99 using the same approach,

1dentified a weakly fluorescent component in Chlorella emitting near 700 nm.

Whether the 692-699 nm emission band observed in the present work
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originates from a system Il or a system I Chl a form is not unequivocally
decided. Since these changes are caused by system II excitation it 1s
likely that this band originates from that system.

The most convincing proof for the multiplicity of Chl a fluorescence
was, however, provided by the low temperature (77°K; liquid nitrogen)
spectroscopy. The higher yields and the band sharpening which character-
ize the low temperature emission spectra are certainly advantageous for
the detection of minor fluorescent components. The Chl a emission at
these temperatures consists of three separate bands located at 685, 697

96,100,101

and 716 nm The different temperature dependence of their

yields in the range 4°K to 300°K 96, 102 indicates that these bands origin-
ate from distinct Chl 2 forms (holochromes or aggregates) having pre-
sumably different roles in the photochemical utilization of the electronic

excitation. 14 These results will be discussed fully by F. Cho. 102

D. INTENSITY OF EXCITATION

The rate and the magnitude of the increase in the Chl a fluores-

cence yield of Anacystis nidulans are functions of the exciting (absorbed)

light intensity. The time course of the fluorescence intensity of a normal
Anacystis sample for a number of incident intensities at 620 nm (Ehyco-
cyanin absorption peak) are given in fig. 31. In fig. 32, relative yield,

f= Ft:F3“, is plotted. Very weak excitation causes only a slight increase,
starting after a lag phase. With increasing exciting intensity both the

maximal change -f3“ (height of the plateau of the f vs time curve) and

M
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the rise rate increase. The maximal change increases almost linearly
with the excitation at low intensities and then it saturates (fig. 33, Curve
B). A fluorescence light curve (curve A) in which the stationary state (M)
emission intensities are plotted against the incident intensity is given for
comparison. No relationship is apparent between the maximal change
(fM-f3") and the fluorescence intensity at M, and consequently with the
rate of photosynthesis. For example, at light intensities which correspond’
to saturation of photosynthesis (second segment of the light curve {(A) in
fig. 33), the maximal change is still increasing.

The time course of the fluorescence intensity and of the relative
yield (Ft:F3”) at various exciting intensities for a poirsoned sample are
given in the figs. 34 and 35. The two-phase character of the fluorescence
yield rise is evident only at low intensities. The maximal change (fM)
saturates rapidly while the fluorescence light curve has a constant
slope throughout the excitation intensity interval used (fig. 36, curves
B and A, respectively). The constancy of the fluorescence quantum
yield (in curve A) 1s, of course, an indication of the inhibition of the non-
cyclic electron flow.

The light intensity dependence of the fluorescence rise rate
(fig. 32 and 35) suggests that the processes which lead to the increased
quantum yields are photochemical in character. The establishment of
the higher constant fluorescence yield may then reflect a competition
between these processes and opposing dark ones. Since the maximal

change will be determined by the rate constants of the competing
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processes, increased excitation intensity will lead to higher stationary
fluorescence yields. The light saturation of the maximal change 1s sug-
gestive of the enzymatic nature of the processes involved. At low ex-
citation intensities, for example, the rate limiting factor is the photon
flux while at high the supply of the enzyme,

The comparison of the fluorescence and maximal change light
curves of normal Anacystis (fig. 33) suggests the absence of a2 simple
and direct correlation between the rate of photosynthetic electron flow
and the fluorescence. The existence of this electron flow, however, appears
to be indispensible for the occurrence of the change 1n the normal sample,
since system I excitation alone is ineffective (cf. sections A and C).
Poisoned cells, on the other hand, are capable of large fluorescence
changes in the absence of any appreciable photosynthesis. We therefore
suggest that different electron transport pathways are operating in the
normal and the DCMU poisoned samples and that the fluorescence change
is caused by the different electron pathways. Support for this idea is
provided by the earlier light saturation of the maximal change in the
poisoned Jsa,mples.

The effectiveness of blue light to promote fluorescence induc-

tion (1ncrease) in DCMU poisoned Anacystis nidulans may suggest that

the operation of system [ only is sufficient to causelthis change. Under
inhibition, system 1 can drive only the cyclic electron flow whose sole
effect is the production of high energy phosphate. The cyclic pathway

1
1s especially resistant to inhibition by substituted phenylureas



99

(DCMU is a member of the class). The cyclic pathway seems to be the
predominant source of ATP in the blue-green algae, since cell-free

1
extracts of Anacystis nidulans 04 and Anabaena va.ria.bilis105 are

relatively inactive in ferricyanide and NADP Hill reaction, but vigorously
phosphorylate in the presence of the cyclic pathway cofactor N-methyl-
phenazonium methosulfate (PMS). These considerations may explain the
presence of a fluorescence induction in the DCMU-1nhibited Anacystis and

its absence 1n Chlorella.

E. HYDROGEN ION CONCENTRATION

The rate of photophosphorylation and the formation of ionic grad-
ients (XE) 1n isolated higher plant chloroplasts are strongly dependent on
the proton concentration of the suspension medium (Chapter III, section
D). On the hypothesis that these phenomena are the basis for the fluor-
escence induction changes, we measured the time course of fluorescence
as a function of the pH of the suspension. (We realize that we don't
know the pH of the inside of the cells.) The algae were suspended in
the tris-N.ACl buffer and the pH was varied by the addition of NaOH or
HCl. The pH of the samples was checked routinely, prior and after the
optical measurements, it remained constant. This check was important,
especially at pH values below 6.0 where the buffering capacity of the
medium declines rapi>d1y. The pH curves to be given were repeatable
when the direction of the pH change was reversed.

.

The 1nitially recorded fluorescence yields (S - level) of both the
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normal and DCMU poisoned Anacystis were found to be pH insensitive.
On continuous excitation, however, the fluorescence increase (S-M)
shows a characteristic dependence on the proton concentration of the
medium. These results are shown in fig. 37, where the pH curves of the
maximal change for a normal (left) and for a DCMU poisoned sample (right)
are given. Typical of these curves is the‘opposite trend in the acidic
region. (The minimum and the maximum depicted in fig. 37 were not
observed in some experiments and only a plateau was registered in the
alkaline region.) The observed results coincide with the pH dependence
of the light induced cation transport. 42,45

Our results show that only under actinic illumination of the sam-
ple will the hydrogen ion concentration of the medium influence the
fluorescence yield. We deal, therefore, with the pH effect on a photo-
chemical process, which on the basis of the similarity of the pH curves
may be related to the light induced cation transport and its associated
"conformation' changes. ILight driven acidification of membrane en-
closures may cause changes in the membrane conformation, €e.g., by
the neutralization of bound negative sites and displacement of the os-
motic equilibrium. Polyelectrolyte behavior of the Chl a carrying
membranes has been demonstrated with isolated higher plant chloro-

1
plasts 06 and with algal chloroplasts in situ (Nitella). 107 The dif-

ferent trends 1n the pH curves of normal and DCMU poisoned Anacystis

is.an additional indication of the different fluorescence induction

mechanisms operating in each case.
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Fig. 37. The fluorescence change f -f ' as a function of the pH of the suspension mediam. Left:
Normal Anacystis. Right: DCMU (5 x O-SM) poisoned Anacystis. Excitation: A =590 nm; half-
band width, 16.5 nm, incident intensity, 4.1 x 103 ergs. cm. -2 sec. -1 Observation: A = 685 nm;
half-band width, 6.6 nm, Corning filter, C.S. 2-58.
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F. INHIBITION OF PHOTOSYNTHESIS AND UNCOUPLING OF
PHOTOPHOSPHORYLATION ’

In the preceding sections, we demonstrated that the presence of

DCMU 1n Amnacystis nidulans enhances the light induced fluorescence in-

crease. Since DCMU inhibits almost completely the oxygen evolution
(cf. section G), the fluorescence changes cannot be related to the non-
cyclic electron flow. Inhibition of photosynthesis with o-phenanthroline
has the same effect as DCMU, namely an increased fluorescence induc-
tion 1n comparison to the control sample (fig. 38). Thus, the enhance-
ment of the maximal change must be related to the cessation of the
photosynthetic electron flow and not to specific effects of the individual
inhibitor.

Addition of FCCP to a normal Anacystis sample suppresses
the. fluorescence induction change (fig. 39). The suppression may be
caused by the inhibition of the light dependent fluorescence increase,
by the acceleration of the competing dark decay, or by the combined
effect on both processes. On the basis of the almost 1dentical rise
rates of the control and the FCCP samples in the first few seconds of
1llumination, we favor the second alternative, namely the acceleration
of the dark decay. FCCP is known to accelerate the dissipation of the
light induced ionic gradients in chloroplasts. 40 By analogy we may
consider that the increased dark decay of the fluorescence yield with
FCCP corresponds to an accelerated destruction of the accumulated 1onic

gradients.
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"The FCCP inhibition 1s reversed by the addition of 107 °M cysteine
hydrochloride (fig. 39), which indicates that the uncoupler reacts with
sulfhydryl groups. According to Heytler, [ only 1,2- and 1, 3-aminothiols
can reverse the FCCP inhibition of the mitochondrial phosphorylation,
(Addition of KCN or malonylnitrile to a normal Anacystis sample did not
inhibit the fluorescence increase. Consequently, the activity of FCCP is
not due exclusively to the presence of the nitrile groups.)

The effects of the uncouplers atabrin and phlorizin on the fluores-
cence time course of normal Anacystis are shown in fig. 40. Atabrinacts
like FCCP, obliterating the fluorescence increase. Atabrin is known to
inhibit the formation of XE56’ 57 and'the volume changes in isolated
chloroplasts. 58 On the other hand, the phosphorylase inhibitor phlorizin
had no influence on the fluorescence time course. Since this uncoupler
inhibits only the terminal phosphorylation step, 87,90 it should not prevent
the accumulation of XE and the changes of the plastid and lamellar confor-
mation. In this respect therefore it 1s expected to have no influence on

the fluorescence induction changes. The effect of various additions on

the maximal fluorescence induction change in Anacystis nidulans is sum-

marized in table IV.

Contrary to what we observed with normal Anacystis, the
presence of FCCP and atabrin in the DCMU poisoned samples did not
influence significantly the fluorescence maximal chan‘ge. The fluores-
cence time courses, however, are modified; the rise phase 1s decelerated

in the uncoupled samples (fig. 41). The different response of the
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TABLE IV

MAXIMAL INCREASE OF THE FLUORESCENCE YIELD OF NORMAL
ANACYSTIS NIDULANS SUSPENSIONS*

Maximal
Sample Added Chemicals and Concentration Change
M

1 None (control) 1. 65
2 FCCP (3 x 10™° M) 1.16
3 FCCP (3 x 10’5M) + Cysteine (10'3M) 1.61
4% Malonylnitrile (3 x 10'4M) 2.23
5 KCN (3 x 107°M) 1. 64
6% NH,Cl (10'2M) 1. 64
7% CH,NH,,* NC1 (10'2M) 1. 64
8 Atabrin (3 x 10'5M) 1.04
9 Phlorizin (2 x 107 M) 1.61

*All samples were suspended in Tris-NaCl buffer, at pH = 8.0,
and their optical density at the red Chl a maximum was adjusted to
0.50 units for 1 cm path. Figures given in the last column are the
average of three separate samples, except those denoted with an asterisk
with which only one experiment was carried out.
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fluorescence induction changes of normal and DCMU poisoned Anacystis,
elicited by these uncouplers, may again be indicative of the different
mechanisms involved in each case. The possibility that these changes
in the poisoned systems are linked to the cyclic electron pathway has
been suggested previously (section D). The relative insensitivity of the
cyclic photphosphorylation to FCCP is in favor of this correlation.4
The effects of Atabrin and FCCP on the maximal change of poisoned
Anacystis samples are summarized in table V.

Fig. 42 shows the emission spectra, adjusted at 660 nm, of

Anacystis nidulans in the presence of some of the compounds discussed

above. Atabrin and FCCP exert little effect on the shape of the spectrum,
since 1n both the uncoupled samples and in the control, the phycocyanin
and Chl a bands are approximately of the same height. Poisoning with
DCMU enhances the Chl a yield, its band becoming the predominant one.
The difference emission spectrum between the DCMU poisoned sample
and the control is clearly a CHl a emission band peaked at’684 nm.
Poisoning of photosynthekis therefore causes the Chl a fluorescence

yield to increase more than the fluorescence yield of phycocyanin.

G. OXYGEN EVOLUTION AND FLUORESCENCE INDUCTION

The possibility that the fluorescence quantum yield changes
correspond to changes in the rate of the photosynthetic electron flow
was examined by measuring the rate of oxygen evolution and fluorescence
{

time courses in two samples prepared from the same stock culture.

{
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TABLE V

MAXIMAL INCREASE OF THE FLUORESCENCE YIELD OF DCMU
POISONED ANACYSTIS NIDULANS SUSPENSIONS*

Maximal
Sample Added Chemicals and Concentrations Change
M
1 DCMU (1.8 x 10"°M) control 1.58
2 DCMU (1.8 x 10™°M) + FCCP (3 x 10" °M) 1. 60
3 DCMU (1.8 x 10‘5M) + Atabrin (3 x 1o'5M) 1.65

*See Table IV
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Fig. 42. Emission spectra of Anacystis. Control; with 1.8 x 10 °M
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spectrum DCMU - normal. Excitation as in fig. 37. Observation:
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(Care was taken to subject both samples to 1dentical light conditions).
The lack of correlation appears dramatically in fig. 43. The rate of
oxygen evolution experiences several oscillations before the attainment
of the maximal steady value, while at the same time the fluorescence in-
tensity increases without any oscillations whatsoever. Simailar oxygen
evolution oscillations, characteristic of the transition from a dark to a
light period, were recently observed by Ba.nnistetrlo8 in Chlorella.
Since the oscillations were enhanced by the presence of KCN or iodo-
acetamide, it was suggested that they are caused by an inhibition of the
carbon fixation cycle. In Bannister's experiment, fluorescence intensity
oscillations accompany those of oxygen evolution 1n Chlorella. 109

On poisoning with DCMU (1.8 x 10-5 M) the oxygen evolution is
suppressed although not completely abolished. As shown in fig. 44,
poisoned samples are capable of a pronounced change 1n the fluorescence

intensity, while at the same timé the rate of the oxygen evolution remains

low and virtually steady.

H. FLUORESCENCE INDUC TION IN ANACYSTIS NIDULANS:
CONC LUSIONS

In the preceding sections, we investigated the fluorescence in-

duction phenomena in normal and DCMU poisoned Anacystis nidulans.

Several dissimilarities we re noted in the fluorescence response of the
normal and of the poisoned samples. The inhibited samples have a more
pronounced fluorescence yield increase (fig. 23 and 24) which is induced

by either system Il or system I excitation (fig. 27 and 29). In normal
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Anacystis, however, only light absorbed in system II is effective. Dif-
ferences have been also observed in the light intensity curves (fig. 33
and 36) and the pH curves (fig. 37) of the maximal change as well as in
the effects of added photophosphorylation uncouplers (fig. 39, 40 and 41).
On the basis of this information we propose that different electron path-
ways are involved in the normal and the inhibited Anacystis.

The comparison of the time course of fluorescence and of the
rate of oxygen evolution shows no correlation between the two processes.
This is most convincingly illustrated by the oscillatory character of the
oxygen evolution curve, while under similar conditions the fluorescence
time course is devoid of such peculiarities (fig. 43). However, the
phenomenon is not completely independent of the non-cyclic electron
flow. This 1s suggested by the requirement of system II excitation for
the fluorescence increase in normal Anacystis. Light absorbed in
system II 1s able to support the non-cyclic electron flow by transferring
a fraction of its excitation to system I. The effects of exogenous un-
couplers point also to the requirement of the non-cyclic electron flow
for the appearance of the fluorescence induction phenomena in normal
Anacystis.

The most powerful of the uncouplers we employed, FCCP,
inhibits almost completely the induction in normal samples (fig. 39),
presumably by combining with sulfhydryl groups. Since FCCP uncouples
close to the non-cyclic electron pathway, the fluorescence changes must

be affected by a later stage of the reaction sequence which leads to ATP
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synthesis. However, inhibition of the terminal phosphate esterification
by phlorizin had no effect on the fluorescence time course (fig. 40).
These results indicate that the "origin' of the fluorescence changes must
be "localized'" between the non-cyclic electron pathway and the terminal
phosphorylation step. Since FCCP, which accelerates the non-photo-
chemical reversal of the fluorescence increase, is also known to ac-
celerate the dissipation of the accumulated ionic gradient potential we
postulate that the fluorescence increase 1s associated with the formation
of these gradients. That these two phenomena are interrelated is also
suppcrted by the similarity of their pH curves (although we have some
reservations as to the interpretation of these curves), by their sensitivity
to added phosphorylation uncouplers andby the comparable illumination
times required for their completion.

Contrary to our results with normal Anacystis, the most potent
of the uncouplers we employed did not suppress the fluorescence yield
increase when DCMU was present (fig. 41). Since the cyclic electron
pathway, which is a major contributor to the ATP pool of the blue-green
algae, 110 is rather insensitive to photophosphorylation uncoupling, we
suggested the possibility of its indirect influence on the fluorescence
induction changes. This correlation is supported by the capacity of
poisoned Anacystis to undergo fluorescence changes with system I
(440 nm) excitation and by the earlier light saturation of the maximal
change in comparison to the normal cells.

The overall emission spectrum of Anacystis consists of the
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phycocyanin and Chl a fluorescence contributions. The emission band of
the latter is the envelope of three bands originating from different Chl a
in vivo forms. We demonstrated that the changes, occurring in the first
few minutes of excitation, are localized in the Chl a emission band, that
of phycocyanin remaining nearly invariable (fig. 25 and 26). Technical
difficulties, due to the monitoring of the spectrum at the S-level point
by point did not allow for an analysis of the fine structure of the Chl a
band. When, however, automatic recording of the spectrum was possible,
as in the case of changes induced by prolonged illumination, we found
two regions within the Chl a emission envelope where the fluorescence
changes are maximal, one at 685-687 nm, the other at 692-699 nm
(fig. 28 and 30). The second minor band cannot be observed by direct
spectroscopy, being concealed by the strong Chl a emission at 685 nm.
Our results confirm similar findings of other investigators in respect
to the multiplicity of Chl a forms in vivo. The evidence for their existence
and their participation in the mechanisms of photosynthesis have been

discussed extensively elsewhere. 14,94
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V. GENERAL DISCUSSION AND CONCLUSIONS

The fluorescence yield of dark adapted photosynthetic organisms
undergoes characteristic variations during a light period, known as the
fluorescence induction. A fast initial transient (first wave), which lasts
for ~v2 sec, is directly related to the rate of the photosynthetic electron
flow. This wave has been recently studied in detail by J. C. Mu.nda,y122
in our laboratory. The first wave is followed by a slower change in the

fluorescence yield which is only indirectly affected by the primary photo-

chemical reactions. The slow fluorescence induction of Chlorella pyrenoid-

osa and Anacystis nidulans and the parameters (such as light intensity, pH,

inhibition of photosynthesis and uncoupling of the photophosphorylation)
which influence it were investigated. We will now discuss only the slow
changes in the fluorescence yield.

Several similarities in the long-term fluorescence induction of

Chlorella pyrenoidosa and Anacystis nidulans may be noted, which indicate

a common mechanism for both algae. The operation of the non-cyclic
electron transport is essential since the excitation of system I only isin-
effective and since inhibition of photosynthesis in Chlorella abolishes

the fluorescence change. This dependence raises the possibility that
changes in the fluorescence yield reflect inverse changes in the rate of
photochemistry. Indeed, since the photochemical utilization of the Chl a
excitation is by far the most efficient process, it must be in a virtually
direct competition with Chl a fluorescence (Chapter III, sectionC). Such

competition requires that the light induced changes in the rate of
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photochemistry and the fluorescence yield must be of opposite sign.
Our results, however, indicate the absence of correlation between the
time courses of the rate of oxygen evolution and fluorescence (fig. 22
and 43). Consequently, the fluorescence induction must be only in-
directly related ro the photosynthetic electron flow.

Photophosphorylation (the conservation of a fraction of the
absorbed light energy as ATP) indirectly influences the long term
fluorescence induction. Since variations of the fluorescence yield are
observed not only on illumination but also in the ensuing dark interval
(measured by short flashes; fig. 9, 23 and 24), the processes which
cause these changes are not necessarily simultaneous with the light
reactions of photosynthesis. A similar temporal separation exists
for the formation of ATP; the light induced electron transport creates
an ATP forming potential XE in the form of a trans-membrane ion
gradient, which can be converted to ATP in the absence of light. 46
The accumulation of XE 1s associated with drastic changes in the
shape of the Chl a carrying lamellae and consequently in the spatial
distribution of the pigment molecules. A tentative diagram indicating
the correlation between the light induced 1onic shifts and the fluorescence
induction changes is as follows. (The electron pathway shown by the

vertical arrow is the simplified version of the two light reactions

scheme; for details see fig. 1).
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A modification of the arrangement of the Chl a molecules,
imposed by the variable "conformation' of the supporting lamella, may
in principle alter the fluorescence yield. For example, shrinkage or
distention of the quantasome may form or dissociate non-fluorescing
Chl a aggregates which drain the electronic excitation from the photo-
synthetic unit. Changes may also occur in the excitation energy migra-
tion which will affect the probability of thermal quenching via the non-
fluorescent species.

In this thesis we show that an indirect relation exists between
the fluorescence induction phenomena and the rate of photophosphoryla-
tion which, as pointed out above, is likely to be due to the induced
changes in the lamellar "conformation''. The presence of photophosphory-

lation uncouplers exerts a profound effect on the time courses of
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fluorescence both in Chlorella and in Anacystis. Since these compounds
do not fluoresce (where we measure fluorescence) and do not establish
alternate electron pathways their effects on the Chl a fluorescence yield
must be related to the inhibition of the photophosphorylation itself. The
low concentration (10_5M) at which they act and the reversal of the light
induced fluorescence change (in the presence of uncouplers) in a sub-
sequent dark interval (measured with short flashes) preclude the possi- .
bility that they cause non-specific and irreversible changes in the photo-
synthetic apparatus.

When the accumulation of XE is assumed to be prevented by the
addition of FCCP to Chlorella, we found that the decay of the second wave
of fluorescence (M—~T) is greatly retarded (fig. 18). A similar treatment
of Anacystis results in the obliteration of the fluorescence increase
(5+M; fig. 39). Since FCCP is known to accelerate the dissipation of
1onic gradients we must assume that the stationary fluorescence yield
in Chlorella and Anacystis (levels T and M, respectively) correspond to

a high level of X The different responses of these algae to FCCP

£
must be related to their widely different cellular organization (cf.
Chapter II) and to the higher rate of cyclic phosphorylation in Anacystis.
The uncoupler atabrin is totally inhibitory for the fluorescenc;e induction
in both algae. Since its effect on the Chlorella fluorescence éirne course
differs from that of FCCP (fig. 18 and 21), the two compounds must act

on different sites of the energy conservation sequence.

When the phosphorylation is inhibited at the terminal esterifica-

tion reaction with phlorizin (phosphorylase inhibitor) the fluorescence
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time courses are not affected (fig. 21 and 40). This is in accordance with
the expectations since phlorizin does not affect the formation and the
storage of XE. Thus, on the basis of these results we suggest that the
fluorescence induction (S*+M—T) is affected by events that precede the
terminal phosphorylation step and 1n particular is related to the light
induced changes in the lamellar conformation. This correlation is also
supported by the coincidence of the pH optima (pH = 6-7) of the light in-
duced cation transport and the total fluorescence induction change.

The above discussion ascribes the fluorescence induction to
processes associated with the non-cyclic photophosphorylation. This
correlation, however, cannot apply to the extensive fluorescence change
of Anacystis poisoned with DCMU or o-phenanthroline. In this case,
the operation of the cyclic pathway is suggested as the possible cause
on the basis of the following observations: (i) Poisoned Anacystis is
capable of fluorescence induction with light absorbed primarily by
system I (fig. 29). Such light is adequate for the operation of the cyclic
pathway, (ii) the cyclic pathway is a major contributor to the ATP pool

104, 105, 110, (iii) the time course of fluorescence

of the blue-green algae
of poisoned Anacystis is insensitive to photophosphorylation uncouplers
such as FCCP, and atabrin (fig. 41) in the same manner as the cyclic
. 40
photophosphorylation.
The light induced changes i1n the fluorescence yield are restricted

mainly to the Chl a emission. Since more than one Chl a forms contribute

to the fluorescence spectrum it is possible that the fluorescence yield
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does not change uniformly throughout the emission envelope. In Chlorella
it appears that the induction effects are relatively greater at 685 nm
(s;rstem Il emission) than at 715 nm where system I contributes consider-
abiy. Changes in the Chl a fluorescence spectrum of Anacystis, caused
by prolonged illumination, appear as difference bands, peaked at 685
nm (major) and 693-699 nm (minor). In all likelihood these bands origin-
ate’ from system II Chl a forms (fig. 28 and 30).

The localization of the fluorescence induction in Chl a leads to
gross changes in the composite emission spectrum of Anacystis, which
consists of Chl a and phycocyanin bands (fig. 25 and 26). Since the
phycocyanin emission is invariable, the light induced "conformational
changes (changes in shape of the chloroplast lamellae followed by changes
in orientation of Chl molecules) must not affect the efficiency of energy
transfer from phycocyanin to Chl a.

In conclusion, we may say that the evidence we presented sug-
gests an indirect correlation between the fluorescence induction pheno-
mena and the photophosphorylation process in the green alga Chlorella

pyrenoidosa and the blue green alga Anacystis nidulans. Specifically, it

was shown that the Chl a fluorescence yield is influenced by the rate of
photophosphorylation which, we believe, affects changes in the lamellar
"conformation." The similar origin of the fluorescence induction
changes in such disparate systems as the two algae studied in this in-

vestigation is indicative of the generality of these phenomena.
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APPENDIX I

ABSORPTION SPEC TROSCOPY OF TURBID SYSTEMS

The measurement of the true absorption spectrum of a turbid
system is complicated by two phenomena, the scattering of the measuring
beam and the sieve effect (p. 1865. ? Light scattering depends on the re-
fractive indices of the medium and the suspended particles and affects
both the location and the shape of the absorption band. The sieve effect
refers to the lower optical density of a suspension as compared to that
of true solution having the same pigment concentration. It affects the
shape of the absorption band but not the location of the maxima.

1. Laight Scattering: Although treatments of the light scattering

o

properties of particles larger than 9\/2 exist for special cases (spheres
) 111 , . 112 .

of uniform size, oriented cylinders ), they cannot be applied to
cell suspensions because of the polyphasic nature of the suspended par-
ticle. Due to interference, such systems scatter mostly in the forward
direction so that a detector which subtends a large solid angle will observe
almost all the scattered and the transmitted light.

A second type of light scattering, which appears whenever the
scattering particle absorbs the incident radiation, is the selective

. 113 . . .

scattering. This phenomenon originates from the fact that the
refractive index of the absorbing substance passes through a maximum
located on the long wavelength side of the absorption peak at ca. a half-

band width distance from it. Thus the 90° scattering in Chlorella shows
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three peaks at 460, 515 and 690 nm. These are related to the absorption
bands at 436 nm (Chl a), 480 nm (Chl b), and 675 nm (Chl a). In the blue-
green alga Synechocystis the scattering peaks and their associated ab-
sorption bands are at 465 nm (Chl a 436 nm), 520 nm (carotenoids 490
nm), 635 nm (phycocyanin 620 nm) and 700 nm (Chl a 675 nm). 113 The
effects of the selective scattering on the absorption spectrum can also be
compensated with'a large solid angle of collection. H4

The errors which the light scattering introduces to the true ab-

sorption spectrum of a suspension, especially when the latter is measured
with a small solid angle of collection, are as follows:

(1) Since scattered light 1s observed by the detector as
absorbed light, the spectrum appears less sharp because
non-absorbing regions (valleys) are "filled up".

(ii) The light path in the sample is increased. As a consequence
the spectrum is intensified. 115 Butler and Norr15116 ob-
served an intensification in the absorption spectrum of
dilute cytochrome on the addition of enough CaCO3 to
make a thick paste.

(iii) The absorption bands are shifted along the wavelength
axis. Non-selective scattering tends to displace the
band toward shorter wavelengths because of i1ts dependence
on 3\-4 (Rayleigh scattering). Selective scattering has

the opposite effect since the maximum of the refractive

index is on the long wavelength side of the absorption band.
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(iv) The unspecified light path in the sample does not
allow the correlation of the measured optical densities
with the molar extinction coefficients of absorbing

material.

The methods employed to compensate for the scattering errors
rely invariably on an increased solid angle of collection. An extreme
case, in which a 477 collection angle is achieved, is that of the Ulbricht
integrating sphere. The sphere is coated on the inside with a diffusely
reflecting substance having a high reflectance and the sample and refer-
ence are positioned near its center. Openings on the sphere wall provide
for the entrance of the measuring beams and for the positioning of the
detection device. The latter must not be in the direct path of the measur-

ing beam and it 1s usually protected by a baffle. Theoretically, each

117

area element of the inside surface is illuminated with the same intensity.
This is the method that was used in the present thesis for the measure-
ment of the absofpt‘ion spectra of Chlorella and Anacystis suspensions.
The integrating sphere corrects all the errors introduced by
the light scattering except those due to the increased light path. In fact,
since multiple passages through the samples are involved, the total path
length for the less absorbed wavelengths will increase leading to a

spectrum of lesser detail and depressed peaks. 114 A second error

appears when the absorbing substance is capable of fluor escence. In

this instance the emitted light is detected as transmitted and in consequence

a depression of the absorption band appears. Thus, for example, the



127
absorption spectra of indentical samples of normal and DCMU-inhibited
Chlorella should differ by virtue of the higher fluorescence yield of the
latter. Still another error originates from the reflectance losses. Thus,
the reflectance of a fresh MgO coating is ca. 0.97 so that 3% of the light
is lost in each reflection. 117 With aged coatings the losses are greater.

Errors due to the multiple passage of the measuring light through
the sample can be eliminated if the large solid angle of collection is
achieved by juxtaposition of the sample and the photomultiplier entrance
window. Since for large particles the back scattering is minimal, almost
15

all the transmitted light will be detected. !

2. The Sieve Effect: The sieve effect is described in terms of

the flattening coefficient QA, defined as the ratio of the optical density

of the suspension A to that of the true solution A, , under the
susp so

1
restriction that both have the same pigment concentration. Duysens

and Rab"mc;witch9 (p.1865) derived the following expression for a system

of oriented cubical particles:

1 -T(a_)

Q, = susp_ _ P
A A a
sol P

where aP 15 the optical density of the particle along a particular dimen-
sion (along the edge of the cube in this case ! :) and T(a.p) the transmittance
of the particle. Duysens, 117 in a more generalized approach, obtained

a similar equation applicable to particles of any shape:



128

A C 1-T(a)
0. = —sasp 2 p
A A C a

sol 1 P

Here C2 and C, can be obtained from the projected area of the particle a'p

1
(assumed to equal the optical density of the particle) and its volume V

from the relationships ap = CZL2 and Vp = C1L3’ L being a certain

dimension of the particle The coefficient CZ:CJ1 1s referred to as the

form factor.

These equations allow the calculation of the true absorption spec-
trum from that of the suspension provided that ap and the explicit form
of T(ap) are known. Alternatively, if the flattening coefficient can be
measured, e. g., by dispersing the pigment as to obtain a true solution,
the particle optical density can be estimated. The second application
also requires a knowledge of the explicit form of T(ap).

In a first approximation, a cell can be represented by a sphere.

In this case CZ:Cl = 3:2 while T(ap) is given as follows:118

~-a
1 -(1 +a le
( 9) p

2
a

P

T(ap) =

with a.P being defined along the diameter. A better model for Chlorella

or Anacystis cells 1s that of a spherical shell (see Chapter IIA), If R

and r are the outer and the inner.radius of the shell, then aP is de-

fined as 2(R - r)a, a being the optical density for unit path length, and
2 2

the form factor is equal to 3(R~ + Rr + rz)/ZR . We derived an expression

for the average transmittance of such a model in terms of ap and a form
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parameter ¢ , definedas T=R-r/R +r.

n

0o

a

_ 1 4 n n/2

(@) = —5 [16+ap PN e S T
2ap (T+1) n=1 n: n!

Z{ap\/'_c_ @ ﬁ-n-e(apﬁ +1)} e-apﬁ- -2{2(ap+1)+ap2r2(ap-l)} e ?p J

For r— 0 (T—1) the spherical shell becomes a solid sphere. In
7 this limit, the above equation becomes identical with the equation for
the transmittance of a solid absorbing sphere. The validity of the

above expression has been verified also by L. Szalay by numerical
integration, 119
In fig. 45, QA
From the flattening coefficients of Chlorella QA (674 nm) =0.70 and

and T(ap) for R:r = 2 are plotted against ap.

QA (434 nm) = 0.55 given by M. Das et al. 120 the average transmit-
tances obtained from this monogram are '—I‘(674 nm) = 0. 51 and

T(434 nm) = 0. 31. Duysens - obtained T(680 nm) = 0.36 by a

method based on the reabsorption of fluorescence. The discrepancy is
partly due to the radial ratio R:r = 2 used and to the representation of the
Chlorella cell by a non-refracting model. Refraction, for example, will
increase the average path of the light in the cell leading to lower values
of the flattening coefficient. Consequently the transmittance values cal-
culated from fig. 45 will be lower and will approach the value given by

Duysens.



Fig. 45,

T(Op)s QA

The flattening coefficient Q, and the average transmittance T(a_) of 2 spherical shell as a

function of the optical density along its diameter, radial ratio, R:r = 2.

1.4
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APPENDIX II

REABSORPTION OF FLUORESCENCE

When the absorption and emission spectra overlap, as for
example in the case of Anacystis and Chlorella, the fluorescence will
be partly reabsorbed. Of the two possible types of reabsorption, the
inner which refers to events occurring within the cell and the outer
referring to the suspension as a whole, we will consider only the latter.
Following the procedure outlined by FtSrster121 we obtained an equation
relating the apparent F(),A') and the true £(), A') fluorescence inten-
sity per spectral interval. The derivation was based on the optics of
our instrument, namely that the light path of the excitation is inclined
by 6 = 30° to the normal on the air-sample boundary and that only the

normal to this boundary portion of fluorescence 1s collected (cf. fig. 7).

F(.?\,A') - Ccla l-exp -(a, '*aﬁ'cos 8)1./2.3 cos 8
f(H:9") o ag * ag'cos 8

Here, unprimed quantities refer to excitation, primed to fluorescence,
a, L, Io and C are respectively the optical density for unit path, the
sample thickness, the excitation intensity and a geometric factor account-
ing for the fraction of the total emission observed.

In our experiments we had L, = 0.1 cm. Since the maximum
error will be at the absorption peak we can set a_w = 0. 5 (Chapter II).
Assuming also anx a}\' we calculate for the exponent the value of 0.047.

We may then expand the exponential and retain only the first power of the
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expansion, the error being of the order of 0.1%. The above equation

is simplified to

FLA) - o 2al
£(:2") o 2.3cos#

Since the right hand is independent of the wavelength of observation, the
true and the apparent spectra differ only by a constant. Consequently,

there is no shape distortion in the emission spectra we presented.
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