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I. INTRODUCTION

1. General

1.1 Foreword

Photosynthetic tissues emit fluorescence upon excitation with light.
Variation in the yield of chlorophyll (Chl) fluorescence during illumina-
tion can be observed for a few seconds (fast) to several minutes (slow)
(1). TFast changes in the Chl fluorescence yield have been studied exten-
sively as they indirectly reflect the photochemical utilization of excita-
tion energy.

.Study of long term changes in the yield of Chl fluorescence has
recently acquired a new impetus. From several correlative studies (see
references cited in 1), it has be?n suggested that these slow changes,
perhaps, reflect some energy-linked structural variations of the photosyn-
thetic lamellar systems. Therefore, a study of changes in the fluores-
cence yield of photosynthetic pigments ought to give some insight into
the primary photochemical events of photosynthesis as well as the energy
metabolism associated with photosynthesis.

It is generally assumed that fluorescence is in competition with the
primary phofochemical events of photosynthesis. Qualitatively speaking,
a high rate of electron flow reduces the yield of Chl a fluorescence,
while a reduction in the electron flow enhances the fluorescence yield.
This simple rule, as we shall see later, seems to be valid only within
the first few seconds of illumination. Long term fluorescence yield
changes do not seem to be governed by electron flow. It 1s postulated,
rather, that these changes are controlled by the structural "state’ of

the pigment bed. We do not exactly know the relationship between the



structural 'state"” of the membranes' pigment bed and the Chl a fluores-
cence yield, although a few hypotheses have attempted to give a pictorial
description of the phenomenon (see below).

Before we elaborate on the problem of this investigation, it will be
instructive to discuss the current dogma of photosynthesis and to present
a brief survey of the recent research that has bearing on our investiga-
tion. This survey is, however, not meant to be all-inclusive and it is
only a general description of the current state of our knowledge.

1.2 Photosynthetic Unit, Two Pigment Systems and Two Light Reactions

The classical flashing light experiments of Emerson and Arnold (2)
showed that brief (10 p second) flashes of saturating light produced, on
the average, one 02 per 2400 chlorophyll molecules. Since the quantum
requirements of steady state photosynthesis is 8 quanta per 02, then 8
traps must be activated to produce one molecult of oxygen, and hence the
number of-chlorophyll molecules per trap is reduced from 2400 to 300.
Thus, one photosynthetic unit is now conceived to be a structural unit
consisting of approximately 200-300 chlorophyll bulk molecules and one
trap. These bulk molecules absorb light and funnel the absorbed quanta to
their specific traps where a éne electron mediated photochemical oxido-
reduction reaction occurs. Numerous other experiments, for example, the
study of Hill reaction as a function of the size of chloroplast fragments
(3) and the determination of the ratio of trap and other reaction partuners
to total chlorophyll molecules (4), have amply substantiated the existence
of the photosynthetic unit.

A breakthrough in our understanding of photosynthesis came from the
study of Emerson and Lewis (5) and Emerson et al. (6) who discovered a

'red drop" in the quantum yield of 02 evolution and a synergistic effect



of two wavelengths of light on the rate of photosynthesis. Simultaneous
excitation with a wavelength shorter than 685 nm (red light) and a wave-
length longer than 685 nm (far red), yielded a higher rate of oxygen
evolution than the sum of the rates when these lights are given separately
(now known as the Emerson enhancement effect). Later measurements of the
action spectra of the enhancement effect (7), the antagonistic effect of
red and far red light on cytochrome (cyt £) (8), the quenching by far red
light of fluorescence of Chl a excited with either red or blue light
(9, 10) and finally, the physical separation of the two pigment systems
(see review, 11) led to the proposition of two light reactions driven by
two different pigment systems. Studies made with photosynthetic mutants
have added additional evidence to the concept of two photosystems (see
review, 12).

The bulk of experimental evidence weighs heavily in favor of two
light reactions connected in series popularly known as the Z (perhaps
more appropriately, ”Nf) scheme or the modified Hill and Bendall scheme of
photosynthesis. (For the original description, see ref. 13.) Figure 1
illustrates the reaction partners in this sche@e together with names of
a few chemicals that affect these reaction components. We describe below
some of the characteristics of the two pigment systems.

1.3 The Photosystem I (PS 1)

The trap of photo or pigment system I, discovered by Kok (14), is a
special type of Chl a molecule called P700. ©P700 receives most, if not
all, of its energy via a small group of long-wavelehgth forms of Chl a
absorbing at 695~700 nm. Quanta arriving at these forms of Chl a either

feed to P700 if it is "open” or escape as heat if it is "closed,” which



Figure 1.

A Modified Hill and Bendall Scheme of Photosynthesis.
The two vertical arrows represent the two light reac-
tions; all other dark reactions. Flow of electrons
from HZO to NADP+ is designated as 'non-cyclici elec-
tron flow and the closed pathwéy involving only the
system I is known as ‘cyclic’ electron flow. A simi-
lar cyclic flow of electrons involving only system II
shown as dashed line has also been suggested recently.
Abbreviations used: Z. the primary donor of PS II;
P680, the proposed trap of PS II; Q (C55Q0), the
primary acceptor of PS IL and the quencher of f£luor-
escence (Q. is a low potential form of the quencher
Q); PQ, plastoquinone; Cytb

and Cytb cyto-

559 563°
chrome b; Cytf, cytochrome f; PC, plastocyanin; P700,
the trap for PS I; X(P430), the system I acceptor;
Fd, ferredoxin; FP, flavoprotein; NADP+, nicotinamide
adenine dinucleotide phosphate; ADP, ATP, adenosine
di and triphosphate, pi, inorganic phosphate. DCMU
and MeV shown in the diagram are not the intrinsic

components but are usually added either to block or

initiate non-cyclic electron flow respectively.
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perhaps partly accounts for the low fluorescence yield of system I pig-
ments.

The excitation of P700 results in a photoreaction: the transfer of
an electron from P700 to an unknown low potential acceptor X. The chemi-
cal nature of X is still unknown. (Yocum and San Pietro (15) have been
able to isolate a substance called Ferredoxin Reducing Substance (FRS),
which they earlier believed to be the primary electron accéptor of PS I.
Hiyama and Ke (16) have observed an absorbance change around 430 nm which
they claim to be due to the reduction of the primary acceptor of PS I; the
chemical nature of P430 is yet unknown.) Photochemical oxidation of P700
is independent of temperature as it occurs at liquid nitrogen temperature
(17) and has a quantum yield in the neighborhood of unity (18). P700 is
a mild oxidant, the mid-point potential being +430 mv; and X is a strong
reductant. The midpoint potential of X/X couple is estimated to be
approximately -600 mv (19).

In vivo, the system I photoproduct X reduces NADP+ (and probably
other compounds). Three enzymes, FRS, ferredoxin and ferredoxin»NADP+
reductase mediate the transfer of electrons from X to NADPT {see review,
20). The low potential viologen dyes have been shown to accept electrons
from X , overriding the above reaction (19).

It is also known, primarily from the studieé with isolated chloro-
plasts, that a cyclic flow of electrons occurs from X to P700+, probably
mediated by a b type cytochrome. In these reactions, no net oxidation
reduction occurs, but the downhill flow of electrons releases energy, a
part of which is conserved as ATP molecules (21). The occurrence of
cyclic electron flow in vivo is supportedvby indirect and circumstantial

evidence (22).



Recent studies (see literature citations in ref. 23) show that the
stromal-lamellar fragments of chloroplasts only perform cyclic electron
flow, while the granal-lamellar system operates in the fashion of the
Z-scheme. Tt is very difficult to say if the above is true for all types
of higher plants and algae. 1In view of the lack of evidencevof such
morphological separation of photosystems in algal cells and keeping in
mind the contradictory data against such a generalization (12), we shall
restrict our discussion only to the Z~-scheme.

PS I can carry out partial reactions of photosynthesis if the flow
of electrons from PS II is inhibited and reduced dyes that act as electron
donors are added (24). PS I can then reduce NA.DP+ or viologen dyes. A
large number of such electron donors are now known, but the site specifi-
cities of these domors are not clearly understood. In the presence of
some cofactors (e.g. PMS, DAD, pyocyanine and TMPD), the flow of electrons
from X to P700+ can be stimulated. Since there is no net reduction .of
any carrier, this system i1s assayed by the amount of ATP formed.

Oxygen exchange studies with a variety of algae have shown that

light (particularly light absorbed by PS I) depresses 0O, uptake during

2

Pyweak' illumination. This depression of O, uptake operates even when net

2
feeding of electrons is blocked by poisons. This type of depression of
the oxygen ﬁptake has been suggested to be associated with PS I mediated
cyclic electron flow in vivo .(25). It is assumed that cyclic electron
flow would deplete the endogenous ADP supply and thus it would depress

the respiratory O, uptake due to limiting supply of ADP (State IV) (25).

2

However, recent studies made with the use of uncouplers do not fully agree

with the above suggestion (26).



1.4 The Photosystem II (PS II)

Photo or pigment system II evolves oxygen from water and donates
(ultimately) electrons to the oxidized trap of system I, the P700+.
Unlike photosystem I, the PS II trap has not been fully characterized.
However, a bleaching at 682 nm (P680-690) (27), perhaps, relates to the
reaction center of photosystem II. According to Doring et al. (27) (but
a view not shared by all in the field (1, 17, 28)), the trap of system II
is only a sensitizer of electron transfer and does not undergo oxidation
or reduction!

It is assumed that excitation of PS II trap results in the oxidation
of a hypothetical electron donor Z and the reduction of an electron
acceptor Q. The chemical nature of Z and Q are as yet unknown. (Recently,
an absorbance change at 55Q nm due to oxidation-reduction of a compound
called C550 has b;en observed (29). It is claimed that C550 is Q (30).)
The reduced Q (Q~) transfers electrons through a series of intermediates
to oxidized P700 (P700+). Q in its oxidized state has been assumed to
act as a physical quencher of fluorescence. Thus the ratio Q /Q is a
measure of the fluorescence yield (10). Closure of the trap, and con-
sequently a high fluorescence yield, is associated with the reduction of Q.

Transfer of electrons from Q to its immediate partner (shown as PQ
in Figure 1 or sometimes represented only as a kinetic parameter A) is
rapid (occurring in less than 1 msec 1f all Q is in the reduced state and
all A in the oxidized state) (31). Fluorimetric estimation of the redox
potenfial of Q suggests that Q is a mild oxidant; the Q/Q couple has a
midpoint potential of about ~+180 mv.(32). However, Cramer et al.'s (33)

titration of Q gave two transitions at -35 and -270 mV.



During the downhill flow of electrons from Q to P700+, some energy
is conserved to generate ATP. The functional site (sites) of ATP synthesis
during this non-cyclic flow is not very well elucidated and has been
studied by many workers (e.g., see Neumann et al., 34).

Cheniae (35) has recently reviewed the literature pertaining to the
oxygen evolving reactions and the catalysts presumed to co-operate in
these reactions. The complex series of reactions leading to the light-~
induced accumulation of positive equivalents at the PS II reaction centers
for dark oxidation of water have prompted many theoretical models (36-38).
A discussion of the activation and de-activation of stored positive charges
in System II donor is beyond the scope of this thesis. However, it is
worth mentioning that recent studies of Joliot's group in Paris (39) and
Kok's group in Baltimore (40) show that oxidarion of water to molecular
oxygen requires a collaboration of four oxidizing equivalents. We énly
imagine that a chemical species ZA+ is formed and that water reacts with
this species to produce oxygen.

In recent years, it has also been shown that PS II can photo-oxidize
some compounds other than HZO' A variety of chemicals has been used to
donate electrons to the reductant (or Z+) side of P§ II. It is, however,

~ +
not clearly known which of these compounds feed electrons to oxidized Z ,
which to Ch132+, or to some immediate precursor of oxygen. It is also
very difficult to say if these (donor) compounds are specific to PS II or
if they can feed electrons to PS I as well, since detailed studies on the
site specificity of these compounds are not available. However, it has
been recently recognized (41) that hydroxylamine, a well-known inhibitor

of photosynthesis, donates electrons to PS II rather specifically when
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present in excess. Donation of electrons to PS IT by artificial donors

becomes appreciable if O, evolving capacity is destroyed. Yamashita and

2
Butler (42) demonstrated photo-oxidation of a variety of chemicals in
tris-washed chloroplasts. Washing of chloroplasts with a high concentra-
tion of tris at high pH (0.8 M, pH 8.) eliminates the photo-oxidation of
water and promotes photo-oxidation of a good many non-physiological donors,
including hydroxylamine.

In this thesis, we have studied the characteristics of the effect of
hydroxylamine and other dyes in tris-washed chloroplasts. We have also
analyzed the effect of hydroxylamine in the intact cells of red alga

Porphyridium and also to a lesser extent in the blue-green alga Anacystis.

We will elaborate on this topic later in our discussion.

2. Fluorescence Yield and Emission Characteristics of Two Pigment Systems

2.1 Fluorescence Yield

-

Unlike the situation in PS I where the yield of Chl fluorescence is
extremely lgw and the incoming quanta either carry out a photochemical
conversion or are lost as heat, some 3 to 10% of absorbed quanta in
photosystem I1 are re-emitted as fluorescence. Hence, it follows that
most fluorescence comes from PS II.

The decay of the excited bulk Chl of photosystem II is shared by
three competitive precesses: (a) radiationless loss (this includes heat
and other losses, e.g., spillover of quanta to PS I), (b) fluorescence,

and (c) trapping by the reaction center of PS II. The respective first-

order rate constants are represented as kh’ k. and k respectively.
P

£

Thus, the absolute quantum yield of fluorescence is given as follows:
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-k
¢ - quanta emitted £ 1)

£ quanta absorbed kh + kf + kp

If all Q is in the oxidized state, all the traps of PS II are open, the
yield of fluorescence given in equation 1 is minimum (assuming no other
parameter affects the yield). If all the Q is kept reduced, the yield

of fluorescence will be maximum and is represented as:

¢ max

f
£ k +k (2)

Equations (1) and (2) can be rearranged to give the following relation

(see 43, 44 for detailed discussions):

G, = i 6™ - 1] ®

If one assumes that k. in vivo is the same as that of Chl a in solution,

f

one can estimate k _, kh and kt (rate constant of energy transfer from
p

to weakly fluorescent Chla included in kh in

strongly fluorescent Chla 1

2

the above equation).

Recently, Mar et al. (45) made estimates of the rates of the k's in

-three algae (Chlorella, Anacystis and Porphyridium). Since Q is the

primary acceptor of electrons of PS II one would expect that the rate of
system II reaction (VZ) le.g. of 02 evolution)will obey the following
relation:

Vg = ol [0 oy )= el [1-0 JlRga ] (%)

where <Q§I) is the absorbed quanta by PS II. It was observed that the
rates are higher than to be expected from the above relation at low values

of Q (46)." This observation was taken to mean that the absorbed photons
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of system II have the ability to seek and f£ind an open trap if they
happen to meet a closed trap. In other words, energy transfer occurs
among the PS5 IT units.

The simplest way to visualize this observation is to assume that
system II reaction centers are embedded in a two dimensional common pig-
ment bed (Vlake" model) and that an absorbed photon has a choice of
several tréps. Fluorescence lifétime (7) measured as a function of the
yield of fluorescence gives a linear relation, which supports such a
lake type makeup of the photosynthetic unit of PS II (PSU II) (47, 48).
It must, however, be mentioned that other models have been proposed which
assume that the system II units are isolated (”isolated puddles'’ model)
with no transfer between them. Such a model predicts a non-linear rela-
tion between ¢f and 7. If, however, an inter—unit‘excitation energy
transfer exists between the puddles, an increase of lifetime of chloro-
phyll fluorescence with yield (although not necessarily linear) can be
observed (49). The basic problem lies in the fact that it has been diffi- -
cult to resolve unambiguously i1f there is more than one lifetime for
Chl a fluorescence in vivo (45). Sorokin (50, 51) has recently made
detailed mathematical analyses of the time-course of fluorescence yield
and of the fluorescence yield and 1ifetime relationships for both multi-
central (lake) and unicentral (isolated puddles) PSU II. Interestingly
enough, he suggests that these organizations of units are mutually inter-
changeable (50, 51).

It is assumed that the level of fluorescence will be maximum when all
Q is reduced. 1In very bright exciting light the photochemical reduction

of Q@ will be much faster than dark oxidation of Q and one would expect an
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exponential increase of fluorescence yield from FO to Fmax' Morin (52)
and Joliot and Joliot (46) could not observe a first order increase of
fluorescence yield in bright light.  Morin (52) and Delosme (53) observed
a similar non-exponential rise of fluorescence yield in the presence of
orthophenanthroline or DCMU. Delosme (53) explained this non-exponential
rise of yield by assuming, as discussed earlier, the occurrence of photon
transfer between photosynthetic units of system II.

However, this non-first order rise of the fluorescence yield in the
presence of poisons can also be explained by assuming that there are two

Ly e T
fluorescence quenchers (e.g., Q, and QZ) and/or a requirement of two

1
photoacts for the complete reduction of Q (Q— and Qz). Recently, Joliot
and Joliot (54) observed a differential reduction of the quencher § in
the dark by dithionite in the presence and absence of DCMU and they
interpret this differential behavior in the chemical reduction of the
accéptor as the intervention of two quenchers; and, one of the quenchers
is protected from chemical reduction by dithionite when DCMU is present.
Similarly, Doschek and Kok (55) observed variations in the nature of the
fluorescence rise curve in isolated chloroplasts in thé presence of DCMU
depending on the pre-treétment of the chloroplasts-~an observation which
does not fully agree with the suggestion that non;first order fluores-
cence rise curve ref%ects only the photon transfer ability. (But it is
possible that the prehistory of chloroplasts may alter éhe structural
organization and may change the probability of transfer.)

Doschek and Kok (55) compared the value of fluorescence yield at

any given moment to the fraction of area removed from the fluorescence

rise curve until that moment and observed a quadratic relationship between
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these two parameters under some experimental conditions. These authors
suggested that a (two) sequential reduction of @ (Q~, Q=) describes the
non-exponential rise of fluorescence yield in the presence of DCMU. Thus,
a sequential reduction of two quenchers or photon transfer among the
photosystem II units can explain the non-exponential fluorescence rise
curve. It is difficult to decide which one of the above two governs the
fluorescence rise curve in the presence of DCMU. 1In the absence of
experimental data qualifying the two quenchers, we will assume here that
fluorescence yield is governed by @, the primary acceptor of photosystem
IT in the same sense as originally proposed by Duysens and Sweers (10).

It has been observed, first by Homann (56) and later by Murata (57)
that addition of ions.(e.g., Mg++) also increases the yield of Chl fluo-
rescence in isolated chloroplasts, over and above the DCMU level (F DCMﬁ)
which suggests that accumulation of reduced Q does not give rise to the
maximum yield. These data indicate that a significant fraction of absorbed
photons in system II is shared by system I, at least, in isolated chloro-
plasts (see section 2.2 below).

In this thesis, we shall attempt to describe and discuss the nature
of enhancement and/or suppression of fluorescence yield in the presence
and absence of electron flow, both in intact algal cells and isolated
chloroplasts; we shall also discuss the factors that govern the yield of
Chl fluorescence. The following section presents a brief summary of the
time course of Chl é fluorescence yield changes during illumination.
Details of the kinetics of fluorescence yield changes as well as the
historical development of the subject have been discussed earlier by

‘Munday (58) and by Papageorgiou (59) of our laboratory.
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2.2 Distribution of Excitation Energy Between Two Pigment Systems

As discussed earlier, the occurrence of Emerson enhancement lends
support to the mechanism of photosynthetic electron transport involving
two light reactions operating in series. In order to achieve maximum
efficiency of electron flow, the two pigment system units need to receive
equal excitation. Two alternate hypotheses have been proposed to achieve
such a distribution of absorbed quanta (60). In one model (separate
package), each pigment system has almost equal amounts of bulk or antenna
pigments and each has its own pigment bed; there is no communication by
way of energy transfer between two pigment systems. The alternate model
(the spillover) assumes more bulk pigment molecules in pigment system I1I
with the excess absorbed quanta of pigment system II, if not needed at
the reaction centers; moving to pigment system I. An extreme case of the
spillover model has heen recently suggested by Avron (61). 1In this model,
a general pigment bed feeds energy to both reaction centers and the
fractional distribution of quanta to these centers is regulated by reacfion
conditions and the presence or the absence of cofactors. The mechanism of
this controlled spillover is yet uncertain.

A special role of divalent cations has been proposed by Murata (57)
to control the spillover. Addition of Mg++ or other cations increases the
iyield of indophenol dye reductibn, and decreases the yield of system I
partial reaction. Murata (57) concluded on the basis of these results
that cations suppress energy spillover from PS II to PS I. Avron and
Benhayyim (62) on the other hand, find an increase in yield of NADP+
reduction wiﬁh water as a‘donor with added Mg++. Using modulated relaxa-
tion spectrophotometry Rurainski et al. (63) have also shown that Mg++

ions enhance the yield of photoreduction of NADP+ by H2O. Sun and
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Sauer (64) could establi;h that the presence of MgC12 is necessary for
optimal photoreduction of NADP+ by H20 and also for Emerson enhancement
effect, a condition that was previously used by R. Govindjee et al. (65).
There are two possibilities to visualize how ions (e.g., Mg++) can control
the photochemical reactions: (a) ions prevent spillover between two pig-
ment systems as proposed by Murata (57); (b) ions may influence a back
transfer of excitation from PS I to PS II and determine the efficiéncy
with which quanta are trapped and utilized at PS II reaction centers (64).
No experimental data are available to distinguish between these two
possible mechanisms.

2.3 The Characteristics of Chlorophyll a Emission in vivo

The emission spectra of chloroplasts and algae at room temperature
are felatively structureless. In, green algae and chloroplasts from higher
plants, the emission spectrum has a main peak around 685 nm (F685) with a
broad shoulder around 720-740 nm. No fluorescence due to Chl b is observed
suggesting nearly 100% efficiency of energy transfer (66). (For exception,
see ref. 67.) 1In phycobilin containing algae, phycoerythrin emits fluor-
escence at 580 nm, phycocyanin and allophycocyanin at around 650 nm.

The emissién spectrum of chloroplasts at low temperature, namely at
77OK, is three-banded with maxima at 685 nm (F685), 695 nm (F695) and
735 nm (F735)."(For a detailed discussion of emission characteristics of
chloroplasts and algae, see ref. 68.) The long wavelength F735 band is
broad and more intense and consists of more than one component. From a
comparison of emission and excitation spectra in various organisms, it
has been postulated that F685 and F696 mainly originate from pigment
system II and F735 originates mainly from PS5 I. In phycobilin containing

algae, the phycobilins are mainly associated with system II and
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preferentially excite 685 and 696 nm fluorescing species.

Krey and Govindjee (69, 70), working with Porphyridium attributed the

increase in fluorescence intensity at 696 nm (at 77OK) or under high-illum-
ination to be that of emission of excess of energy from the system II trap
under conditions when photosynthesis is absent or saturated. These workers
observed a difference maximum at 692-693 nm, at room temperature, obtained
by subtracting the spectrum of normal emission from that of the emission
spectrum of a DCMU poisoned sample. Further experimental support of the
proposal that the F696 band corresponds to the pigment closely in "com-
munion” with the system II trap has come from the following types of
studies: (a) gquenching of F696 by quinones, cytochromes, and other
chemicals (71, 72), (b) the exponential build of the F696 band at 77OK,
and (c) its sensitivity to Mn deficiency (73).

Recently, we have characterized the fluorescence properties of both
pigﬁent systems by analyzing the emission characteristics of system I-

Chl a protein complex (obtained from a blue-green alga Phormidium luridum)

and from purified system II particles from Zea mays (74). These studies
indicate that F696 does not originate completely from PS II, although
this system is enriched in the Chl form that fluoresces at 696 nm. Simi-
larly, F735 band does not exclusively belong to éystem I, but F735 occurs
in system I in larger abundance. These conclusions are in agreement with
those obtained by Cho and Govindjee (75, 76) from their spectral analyses
of intact algal cells. A description of various fluorescing species of
Chl a in both pigment systems and energy transfer is diagrammed in
Figure 2. We have not attempted to include all the information that is
available in the literature. This diagram only illustrates the general

compositions of two pigment systems of energy transfer from PS II to
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Figure 2. A diagrammatic sketch of the possible distribution of
pigment molecules between two pigment systems in green
plants (modified after Govindjee et al., 68). (See

text for explanation.) .
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PS 1 as discussed earlier.

3. Luminescence, Oxygen Evolution and PS II Traps

3.1 Kinetics of Oxvgen Evolution and Fluorescence Changes in Algal
Cells

The velocity-intensity dependence of photosynthetic reactions, the
time course of oxygen evolution and fluorescence yield changes have been
reviewed previously (77). Recently, Govindjee and Papageorgiou (1) have
discussed quite extensively the induction of Chl a fluorescence and its
relation to photosynthesis. Myers (78), in a recent review, has also
discussed some aspects of the kinetic relation of oxygen evolution and
fluorescence yield. 1In view of the availability of these reviews, we
shall only enumerate the principal features of chlorophyll a transients
and their relation to other photosynthetic processes.

In intact algal cells, two waves of Chl a fluorescence changes are
observed when dark-adapted algal cells are exposed to continuous illumina-
tion. The first wave is a rapid transient lasting a few seconds (the
fast fluorescence induction). The characteristic points in its time
course are: O, a low initial (original) level of fluorescence yield; I,
an intermediary maximum; D, a dip or minimum; P, a maximum (peak) much
higher than I; and a subsequent decline from P to a broad minimum S (quasi
steady state). The second wave or the slow fluorescence change (lasting
up to minutes) begins with a rise from S to a maximum level M, and sub-
sequently declines to a terminal steady state level T. The blue-green
algae that have been studied here show a sluggish M to T decline, the M
level being much higher than P.

Figure 3 diagrammatically sketches the time course of fluorescence

yield fluctuations and oxygen evolution. The rate of oxygen evolution
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Figure 3.

A diagrammatic sketch of changes in fluorescence
yield and 02 evolution‘upon illumination as
observed in intact green agal cells. The draw-
ings are not to scale (after Govindjee and

Papageorgiou, 1).
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follows a time course which is essentially antiparallel to the fast
fluorescence induction with the exception of the very fast activation
01 phase (79).

3.1.1 The fast Changes in Fluorescence Yield

a. The QI Phase. During the activation phase, the fluorescence

yield rises while the 0, evolution remains essentially zero for a while

2

and then increases slowly to a maximum. Thus, one observes a non-comple-

mentary rise of fluorescence and 0, at the very beginning and then subse-

2
quent parallel rise of O2 and fluorescence. This initial 02 lag is
pronounced in weak light and obeys the Ixt law of a constant quantum
process (80), and is explained by the assumption that more than one oxi-
dized equivalents are necessary to oxidize water while the reduction of §
requires only one quantum of light. This assumption receives support from
the observation that a 200 psec single saturating flash of Tlight given
after a long dark period will reduce all the § (31) but a single satura-
ting flash (2100 psec) will not produce any detectable oxygen (8l). This
explanation of the initial non-complementary relationship between fluores-
cence and O2 transients is based on the assumption that the primary
acceptor Q is homogenous and is reduced by one quantum of light and does
not show oscillations as 02 yield does. However, Delosme (82) recently
reported oscillations in the fluorescence yield with the number of flashes
and, as we have discussed earlier, there are suggestions for two quenchers
(Ql and QZ) or a quencher with two reduction states (G and Q:). t is
not clear if these two forms of Q have the same quenching ability and,
thus, it is difficult to predict a relationship with O2 evolution at this

time. We will only assume for our discussion that the primary acceptor Q

is homogenous and requires one quantum of light for its reduction. Hence
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the parallel rise of 02 evolution observed during the major part of OI
rise phase is governed by the photochemical reduction of Q and the dark
reoxidation of Q by the A pool. The closure of traps would increase the
fluorescence yield while their reopening of it would result in the O2
evolution. The rate of 02 evolution increases as more and more units
accumulate four oxidizing equivalents but the fluorescence yield will also
rise as the number of closed traps exceeds the number of traps reopened

by interaction with the A pool.

According to this assumption, with very bright light, the OI rise
will be maximum without any 02 evolution and this has not been shown
experimentally as of yet. But in the presence of DCMU the purely photo-
chemical rise OI is achieved without any 02 production. But again, even
in the presence of DCMU this rise is non-logarithmic and further assump-
tion of excitation transfer between the units of PS Il is necessary to
explain the OI rise curve. The ID decline has been analyzed by Munday
and Govindjee (83). The dip (D) is present in aerobic cells but becomes
prominent under anaerobic conditions. It appears that both systems I and
I are equally effective in accelerating ID decay. Munday and Govindjee
(83, 85) suggest that a fast reoxidation of Q" by A causes the dip. (The
photosynthetically produced oxygen may also quench the fluorescence and
influence the acceleration of ID decay.)

b. The DPS Phase. The D to P rise of fluorescence is associated

in time with a decline of 02 evolution (see Figure 4). Correspondingly,
the decline of fluorescence in the PS phase is accompanied by a rise in

0, production. These kinetic patterns suggest that the sum of the @p

2

(quantum yield of photosynthesis) and éf (quantum yield of fluorescence) is

constant (assuming other rate processes do not alter). 1In spite of the close
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Figure 4.

The early time course of fluorescence and 0, evolution

2

in green alga Chlorella. Note the IP rise in fluores-
cence yield is accompanied by the decline in the rate

trace repre-

of 02 evolution. The area under the 0

2
sents the so called 'oxygen gush® or spike. The
initial rapid rise of fluorescence represents the

activation reaction of Joliot. (Drawn after P. Joliot,

(81).)
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complementarity between ¢p and ¢f during this interval of illumination,
there are experimental observations that do not agree with the suggestion
that DPS transient can be explained on the basis of oxidation and reduc-
tion of Q.

The experiments of Munday and Govindjee (84).suggest that DP rise
is due to a slow rate limiting step beyond X, the primary acceptor of
PS I as the DP rise could be suppressed by eliminating this rate limiting
step. Hence, at P the intermediate carriers of electron transport includ-
ing X must remain reduced. However, recently Duysens (86) has reported a
quenching at P by imposing a bright microsecond flash of system I light.
This experiment is difficult to explain by the above hypothesis that
accumulation of Q—, A and X causes DP rise. It is possible fhat an
intense system I pulse can cause a direct oxidation of Q without being
oxidized by A pool.  Thus the observation of Duysens cannot be taken to
be incompatible with the suggestion that P results due to an accumulation
of the reduced intermediates; but the problem certainly needs to be fur-
ther investigated.

The kinetic pattern of the P to S decline with the simultaneous
increase in 02 evolution apparently indicates that P te S decline repre-
sents a reoxidation of reduced intermediates (Q“, A"). But early
experiments of Duysens and Sweers (10) have shown that this is not the
case., It was found that if the light was turned off at S and then
immediately turned on again, the OIDPS transient can not be restored. But
the fluorescence level remains low. The restoration of the 0IDPS tran-
sient requires several minutes of darkness after light is turned off at S.
These simple experimehts suggest that PS decline is complex. Super-

imposed with oxidation of reduced intermediates during PS decline there
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are other factors which also influence the fluorescence yield.

3.1.2 The Slow Changes in the Fluorescence Yield: The SMT Phase

Figure 3 illustrates the relationship between oxygen evolution and
fluorescence yield changes during this interval of illumination. O2
evolution increases in parallel with the S to M rise and continues to grow
asymptotically to a steady state while the fluorescence yield declines
after reaching a maximum M to a terminal T level. Papageorgiou and
Govindjee (81, 82) have documented some of the important characteristics
of SMI phase with photosynthesis. The lack of complementarity of oxygen
evolution to the fluorescence change during this phase suggests that the
fluorescence yield of Chl a is not determined by the redox state of the
primary acceptor (Q) whose oxidized form is known to quench Chl a emis-
sion. Papageorgiou and Govindjee,{87, 88) have shown that the slow
changes in yield are sensitive to uncouplers but not to energy transfer

inhibitors. Bannister and Rice (89) have shown that a mutant strain of

Chlamydomonas reinhardi, deficient in a functional system I, is unable to

show these characteristic SMT changes. These observations lend support
to the suggestion that system I mediated reactions influence the Chl a,
fluorescence-change. 1In this thesis, we have attempted to further

characterize, in‘some detail, .the SMT fluorescence change and its rela-
tion to the fast OIDPS change in three representative classes of algae.

3.2 Fluorescence Transient and Oxygen Evolution in Isolated
Chloroplasts

-

Isolated éhloroplasts, in the absence of any added electron acceptor,
show a biphasic OIDP type rise upon illumination (see review, 90). Unlike
algal cells the fluorescence level does not undergo any significant further

change in yield after attaining P (for detailed discussion see 90). These
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chloroplasts, without added Hill oxidant, do not show prolonged O2 evolu-
tion. Upon illumination, after a period of dark adaptation, one observes
a gush of O2 which declines to a low level (91). This decline of 02
evolution 1s accompanied by a fluorescence rise to P and thereafter,

fluorescence yield remains high and 0, level remains low during the sub-

2
sequent period of illumination.

Addition of a Hill oxidant like benzoquinone abolishes the 02 gush
but O2 evolution increases exponentially and then asymptotically to a
steady state level. Addition of substrate quantity of Hill oxidant lowers
the fluorescence yield (91). 1In the presence of an excess of oxidant
only the OI phase persists. Addition of DCMU causes a rapid but non-
exponential rise of fluorescence to a maximum level (52, 53). 1In the
absence of acceptor and in the presence of DCMU, the maximum fluorescence
yield is about the same as if the exciting inténsity is high.

In practice, the low constant level fluorescence is called FO while
P level is referred to as Fy or Fmax' Usually the dip is not as prominent
as one sees in algal cells. The difference in the yield between F_ and
FO is referred to as the variable fluorescence.

The fluorescence rise from FO to Fmax represents the gradual reduc-
tion of electron transport carriers. ‘Malkin and Kok (92) and Malkin
(93, 94) bhave analyzed this fluorescence rise from FO to F, in terms of
quenchér Q and its immediate reaction partners which are denoted as A
pool. From the rise curve of fluorescence, in the presence of DCMU, the
concentration of Q was estimated to be 1/500 [Chl]. The concentration of
A was estimated to be’l/3O to. 1/50 [Chl], about 10 to 20 fold greater than that
of Q (31, 90). As stated earlier, Q -+ A —Q + A is very rapid; electron

transfer occurs in less than 1 millisecond if all Q is reduced and all A
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is oxidized (31). The kinetic behavior of ‘@ and A suggests that the above
reaction has a low equilibrium constant. This suggests that both § and A
have a similar mid point redox potential. . Of all the electron carriers
participating in the electron transport between two photo acts, the plasto-
quinones probably represent the major fraction of the A pool. (Ogren

et al. (95) have shown that about 10 percent of total plastoquinones pre-
sent in the chloroplasts may be involved in the electron transport.)

3.3 Delaved Light Emission (DLE) and the System IT Traps

Delayed light emission (DLE) from photosynthetic organisms has been a
powerful tool to gain insight into the conversion of electronic excitation
energy into chemical energy. This emission requires the reformation of
excited Chl singlets from some metastable precursor species. The intensity
of DLE is very weak and decays with a very complex kinetics (96). The
emission spectrum of DLE matches the emission spectrum of prompt fluores-
cence. Lavorel {97) formulated a relationship between the intensity of
DLE (L) and the yield of prompt fluorescence ¢f as follows: L = ¢f . Jd
where J represents the rate of transformation of excitation energy into
the singlet level of Chl a.

The energy necessary to cause DLE has been discussed by many workers.
Arnold and Azzi (9é) invoked a mechanism in which the full span of the
potential difference between ferredoxin (-550mv) and water (+810mv) was
available to (metastable) electrons and holes in the Chl crystals to
regenerate singlet species., Obviously, they do not reéognize the Z-scheme
as the possible mechanism of electron transport during photosynthesis.

Clayton (99) -advocated that DLE originates by a dark recombination of
an oxidized donor (Z+) and the reduced aéceptor (Q7). Lavorel (97) pointed

out that this recombination would yield an available potential energy of
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about 1.0 volt and would not be sufficient to excite a Chl molecule to the
singlet state, the energy of a red quantum (1.8V). Mayne (100) postulated
that additional energy is made available from the high energy state of
photophosphorylation which is in equilibrium with the photochemical
products.

Recently Crofts, Wraight and Fleischman (101) proposed thaﬁ the mem-
brane potential component of the proton motive force (Ap) could contribute
to the energy source of DLE, but the idea of recombination of Z+ and
reduced acceptors is retained. Wraight and Crofts. (102) could establish
conditions in which the intensity of DLE and electrochemical potential
could approximate the relations: L « exp (&4p). Earlier Barber and Kraan
(103) and Kraan et al. (104) observed somewhat similar relationships
between chemical potential and salt stimulated DLE (also see 105, 106).

Another model, advanced by Lavorel (107) and Stacy et al. (108),
assumes that singlet excitation is formed by the annihilation of two
triplets. The basic postulates of the model are as follows: (a) two
triplets recoﬁbine to give rise to a singlet, and (b) triplets are formed
in two ways~-by direct conversion of singlet to triplet at the trap and
by the-chemical back reaction between Z+ and Q—. The former contributes
to the fast component of DLE while the latter contributes to the slow
component. .This slow component is influenced by acid-base shift, by salt,
and temperature jumps. Stacy et al. (108) have shown that their experi-
mental results fit the theoretical predictions of the triplet annihila-
tion model. Furthermore, Mar (109) has discussed how this model could
adequately explain the energetics of chemiluminescence and other types of
luminescence induced by acids and salts or triggered by quick temperature

jumps (TDLE).' (For a recent discussion of TDLE, see Jursinic and
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Govindjee, 110.)

4, Energy Coupling and Related Processes During Photosynthesis

4.1 Electron Flow and Energy Coupling in Photosynthesis

Both in chloroplasts and in mitochondria electron flow is coupled to
phosphorylation, that is to say that higher the rate of electron flow,
greater the rate of ATP formation. If ATP synthesis stops due to some
limiting condition, the electron flow stops because of a tight coupling.
However, experimentally, conditions could be achieved where electron flow
can continue to occur at an accelerated rate without net ATP synthesis;
such a system is called an uncoupled system.

Although the phenomenology of coupling of electron transport to
phosphoryation is well documented, the mechanism of coupling and energy
conservation is still uncertain (see a recent review, 111). In this brief
discussion we shall not elaborate on the details of the various hypotheses
of energy coupling inbchloroplasts and mitochondria. We shall limit our-
selves to the simple enunciation of these hypotheseé. This limited dis-
cussion, hopefully, may help to interpret our results more meaningfully.

Scheme A and Scheme B are the two contestant schemes for energy

coupling:
~ —_—> ATP

] .a://”fzyzé? i Ql\ﬁ

e . o
(A) transport H' gradient —> Cn+

| -
(B) transport &——= (AH, AY) &—3> ATP (C for cations)
ACn+

Scheme A represents the modified chemical hypothesis where the as yet

unidentified high energy intermediate, the squiggle (105), is involved in



33

ATP‘synthesis. (Phosphorylation of ADP during nonenzymatic oxidation of a
ferroheme-imidazole complex has been described by Wang (113). A three-
component Wang-reaction exemplifies a model for energy coupling through
férmation of energy-rich phosphorylated imidazole.)

As shown in the scheme A, the H gradient may directly (or indirectly,
i.e., via a cation gradient) be in equilibrium with the squiggle inter-
mediate. The classical chemical hypothesis has been modified to imply
that AH+ (H+ gradient) can make ATP via the ‘'squiggle’ intermediate to
accomodate the experimental finding that chloroplasts in dark can make
ATP by changes from an acid to base (acid-base tramnsition). The major
weakness in this hypothesis is the failure to identify the "squiggle inter-
mediate', although indirect evidence of its existence has been offered
from time to time by its proponents (see reference, 113).

In 1961, Peter Mitchell (114) offered an ingenious alternate hypo-
thesis (scheme B)'known aé the "Chemiosmotic hypothesis.” Electron flow
across a thermogradient, according to this hypothesis, does not make a
chemically "squiggeled"” intermediate bond, but rather an electrochemical
state, a "proton motive gradient force' across the vectorial membrane.
This gradient is established due to the redox properties of the electron
~carfiers embedded on the membrane (i.é., whether they accept an electron
or a hydrogen atom upon reduction) and also due to the asymmetric localiza-
tion of these carriers in-the membrane matrix. If the thylakoid membranes
of the chloroplasts are impermeable to ions or protons, then a gradient ’
will be formed due to electron flow. Such a gradient, an electrochemical
gradient consisting of both electrical and chemical components, consti-
tutes a form of potential free energy and, by definition, can do useful

work.
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A reversible enzyme, "ATPase', located on the anisotropic membrane of
the organelle harnesses the potential emexrgy into the synthesis of ATP

from ADP and Pi(HzPO4_), as follows:

3
ADP + H2P0; = ATP4— + HZO (pH 6, dehydration), and
3- 2- + 4- .
ADP™ + HPO4 +H = ATP ~+ H20 (at pH 8, dehydroxylation).

The existence of a membrane-bound closed space both in chloroplasts
and mitochondria, of both electron accepting and hydrogen accepting redox
carriers in the electron transport chain, of the vectorial ATPase on the
membrane matrix, and of a link between proton translocation to cation
"antiport" or anion "symport" (co-transport), lends support to Mitchell's
chemiosmotic hypothesis. Moreove?, the light induced pH changes in
chloroplasts (108) were proven to be due to ongoing electron transport
and the pH changes were related to the formation of ATP.

The post illumination ATP formation, discovered by Hind and Jagendort
(116), suggests that the ability to synthesize ATP in dark (XE) 1s accumu-
lated in light“ When XE and light-induced proton uptake were compared,
they resembled each other (e.g., kinetics, stoichiometry), indicating
that XE might represent a proton gradient. The relative abundance of XE
was taken as evidence that it cannot be the "'squiggle' intermediate. The
idea that a pH gradient could form ATP was further tested in Jagendorf's
laboratory by acid-base transition experiments mentioned earlier (110).
All these observations strongly favor the chemiosmotic hypothesis but do
not necessarily prove that a proton gradient is the primary energy con-

serving event.

There have been also many experimental observations which cannot be
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explained by the chemiosmotic coupling mechanism in a straight forward

way (see discussion in 118). These kinds of observations have prompted
many to propose many new hypotheses of phosphorylation. One such model

is designated as the fixed charge model or conformational model (118, 119).
This hypothesis assumes that a proton gradient is not the source of energy
for phosphorylation but may be intimately related to the energy conserva-
tion process. It further assumes that protonation of specific charges is
necessary to bring about a change in the membrane conformation which
activates coupling. The energy that is stored in ATP may be visualized

to come from the mechano chemical change of the membrane, in a manner
similar to the elastic stretching of a catapult.‘ A hypothetical mole-
cular mechanism has been recently proposed (Green and Young, 119). Accord-
ing to Dilley (118), one of the proponents of this hypothesis, the hypo-‘
thesis of conformational coupling does not have the elegance of the
chemiosmotic hypothesié or the simplicity of the chemical hypothesis. It
résides on speculative mechanistic idea, but qualitatively it can explain
many experimental observations that are difficult, if not impossible, to
explain by other contesting hypotheses!

Whatever is the basic mechanism of phosphorylation, it is clear that
ion flow across the chlo?oplast lamellae is intimately related to energy
conservation. It is a difficult question as to whether the ion gradient,
a chemical intermediate, or a mechanochemical elastic extension of the
lamellae is the primary source of energy conservation, Ion flow and
structural changes are intertwined with phosphorylation. We shall review
below certain aspects of ion transport and associated structural altera-

tions in chloroplasts.
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4.2 Structural States of Chloroplasts and Energy Coupling During
Photosynthesis

It is now firmly established that light alters the structure of
chloroplasts both in vitro and in vivo. Two kinds of gross alterations
in chloroplast morphology, shrinking and swelling, occur upon illumina-
tion. The shrinking (photoshrinkage) seems to depend on a high energy
intermediate or state, while swelling is mainly observed in a non-phos-
phorylating medium (see review, 120).

Flattening out of thylakoid membranes has been recognized as the
.ultrastructural basis of photo shrinkage. Murakami and Packer (121) have
shown that a decrease in spacing between grana membranes and a decrease
in membrane thickness cause the flattening, resulting in change of shape,
ordering of the thylakoid membranes, and macroscopic volume change {(121).
Murakami and Packer (122) postula&e that this change in membrane thick-
ness represeﬁts the alteration inythe macromolecular organization of the
membrane (conformation) which causes a change in refractive index and
hence the scattering changes. Claims have also been made that scattering
change, the change in percent transmission, could be used to distinguish
between alteration in thickness and spacing (120, 122). Figure 5 illus-
trates the mechanism of alteration of membrane structure as proposed by
Packer and his associates.

Packer and his associates (113) recently reviewed the conditions
under which iight induces reversible changes in the chloroplasts' volume
’and organization. It has been postulated that light induced proton
uptake plays a key role in governing the morphology of chloroplasts (120,
121). Tt is well established, both in chloroplasts and in mitochondra,

that electron transport leads to proton transport. This proton uptake in
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Figure 5.

A diagrammatic sketch of the change in membrane con-
formation and configuration leading to change in the
membrane thickness. Protonation of membrane charges
due to light induced proton uptake has been recognized
as the key event leading to structural changes of the
thylakoid membrane. (Drawn after Murakami and Packer,

122.)
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chloroplasts is associated with ion transport (cation efflux or anion
influx). Obviously, massive fluxes of these ions will shrink or swell
the chloroplasts.

Crofts et al. (123) proposed a hypothesis to explain the dramatic
light induced shrinkage observed in isolated chloroplasts suspended in
dissociable salts of weak acids. The mechanism of shrinkage is illus-
trated in Figure © (afteerrofts et al., 123). Deamer and Packer (124)
generalized this hypothesis to explain all structural changes induced by
ionic environments. According to them, a shrinkage occurs if protons
interact with ionic species to form uncharged species, otherwise a swell-
ing will be observed due to co-transport of permeant anions to conserve
the electrical neutrality. However, it must be mentioned here that a light
induced swelling of the chloroplagts is not always observed in chloride
media as predicted by this hypothesis. Dilley and Deamer (125) recently
reinvestigated the light induced structural changes of chloroplasts
suspended in chloride media and observed a shrinkage as measured by scat-
tering changes. 7Tt is not sure what causes the swelling or shrinking in
this type of ionic environment.

A second type of mechanism for the alteration of chloroplast struc-
ture has been proposed by several authors (see literature cited in ref.
118). According to this view, the chloroplast membrane is a flexible,
polyanionic macromolecule with fixed charges on the surface. Membrane
protonation is thought to remove loosely bound ;ounterions and to change
the membrane conformation. The idea that ions can affect the structure
of chloroplast membranes and thereby regulate electron f£low and phosphory-
lation has received some experimental support in recent years (126).

Nobel et al. (127) have pioneered a series of studies in chloroplasts
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A model for the mechanism of light-induced shrinkage
and swelling of chloroplasts in the presence of salts
contain;ng Weék acid anions and weak base cations.
According to the figure on the left, undissociated
acids permeate freely into the membrane; the anions
and the acids equilibrate between the inside and the
outside. Proton wuptake, during illumination of
chloroplasts, decreases the internal pH, and causes
an incréase in the concentration of Fhe undissociated
acid. Undissociated acids come out of the chloro-
plasts resulting in a loss of HZO and- a decrease in
volume. According to the figure on the right,
uncharged molecules in the form of aﬁmonia and ace-
tate enter freely into the membrane. A decrease in.
internal pH, upon illumination, results in the forma-
tion of NH4 acetate which rapidly dissociates into
ammonium and écetate ions (mot shown in the figure).
This causes a decrease in %he concentrations of
ammonia and undissocilated acetic acid in the inside
space; this results in the movements of these species

from the outside to the inside followed by H,0 uptake

2

causing swelling. (After Crofts et al., 123.)
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with intact outer envelopes, the so-called class I type of Spencer and Unt
(128).° Thése chloroplasts possess a high rate ofICO2 fixation and show
photosynthetic control. Nobel et al. (129) have shown a light induced
efflux of X' from these chloroplasts which is very similar to the H+/K+
exchange in illuminated class IT chloroplasts. Whether a 1iéht induced
proton uptake mediated by electron transport also occurs in intact cells
is nét yet clear. 'Claims_havé been made of light dependeﬁt proton uptake
in intact cells of aléae (130), but it has been difficult to separate the
pH changes éssociated with the CO2 uptake from light driven uptake of -
protons. Recent measurements of Atkin and Grzhems (131) and also studies
with mutants of Chlamydomonas by Neumann and‘Levin (132) seem to suggest

N

that most of the light induced pH changes observed are due to a 002 pump .

QHowever, one could think that it.should be possible to separate the two
effects in future researéh.)

Although it is not.certain that H+ ions move from the medium to the
inside of intact cells, it has been established, in a series of recent
investigations using microelectrodes that illumination of green intact
plants and algal cells'causes_a change in electrical potential‘between
the contents of the cell and external medium %nd these changes in elect-
rical potential have been shown to be related to photosynthesis (133-135).
Vredenberg (134) proposed that flow of H+ from the cytoplasm to the chloro-
plasts is the cause of the change in the membrane potential of the chloro-
plasts. It is known that location of the tip of microelectrode would

cause different types of changes in the membrane potential; and, because
of uncertainty in resolving accurate position of the microelectrode, it

is difficult to identify the observed signal with a particular membrane

(135). Nevertheless, there are suggestions from the study of uncouplers
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and other inhibitors that these changes in potential may be related to
photophOSphorylation (134). However, the elucidation of the relationship‘
of photophosphorylation and photoinduced changes of electrical potential
on the cell membrane and membranes of chloroplast requires further
studies. |

Although the molecular hierarchy leading to structural changes may
have been somewhat workedvout; as discussed earlier (120), no definite
knowledge has been gained as to how it relates to energy transduction.
However, thé_follbwing studies reveal some of_the interdependence of
photophosphorylation and light induced structural changes in a general
way: (a) similar kiﬁetics of acidification of chloroplasts’ interior, of
the formation of post illumination XE, and of_lighfms;attering increments;
(b) conditions unfavorable to XE formation suppreés the scattering changé;
(c) optimal rate of ATP formation lowers the scattering change and vice
versa, and (d) uncouplefs of photophosphorylation abolish the scattering
increments and ATP synthesis (see references ciﬁed in 118 and 120).

The ;revious discussion indicates that structural alteration of the
membrane is always accompanied by energy conservation. It may or mdy not
be a primary event in the process of energy conservation, but it is cer-
tainly associated with ATP metabolism. In this thesis, we shall relate the
possible role of the structural alterations on the yield and emission of
chlorophyll a fluorescence.

As sketched in schemes A and B of phosphorylation, ion transport is
infertwined with phosphorylation. Various studiés on the active transport
‘of ions in intact algal cells have.been made (see féview, 136). These

studies, in which inhibitors of various partial reactions of photosyn-

thesis were used, were designed to learn more about the source of energy
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for active transport. From such studies with intact cells of Nitella and

Hydrodictvén, it is generally regarded that mostly cyclic ATP (not high
energy intermediate) facilitates cation movements (K+ uptake) in light,
while chloride uptake is independent of photophosphorylation and is sensi-
tive to DCMU. Barber (137) has observed that in Chlorella DCMU inhibits
only 40% of the chloride uptake in light, and that chloride uptake is more
sensitive to antiﬁycin A than potassium uptake. Hence, although ATP is
ruled out as energy source for chloride transport in‘Nitella, this may

not be true'for Chlorella (137). These types of studies prompted us to
use various inhibitors to gain insight into the probable source of energy

associated with structural alterations of the pigment that, in turn,

affect the yield and emission of Chl a fluorescence in vivo.

5. The Thesis Problem

1t has been shown that slow changes in Chl a fluorescence yield do
not reflect the oxidation reduétion activity of photosynthesis; they.seem
to.be a‘manifestation of the interplay of a number of Physiological events
that are associated with photoéynthesis (Papageorgiou, 59). It is diffi-
cult, at this time, to ascertain a direct cause and effect relationship
between any cgllular gvent and the slow changes in Chl fluorescence yield.
Also, not fully understood is the source of energy that supports the slow
fluorescence change, although a "high energy state" seems to be involvgd.

As stated earlier, a number of hypotheses have been proposed to
account for the slow changes in fluorescence yvield. TUnfortunately, none
of these predict straight forward experimentation to test them. They are
only an illﬁstrative description of the observations. Howéver, most of

the hypotheses imply some sort of conformational alteration of chloroplast
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membranes to describe the phenomenon. AltHough isolated chloroplasts are
knwon to uﬁdergo macroscopic structural changés, no direct correlation
between these changes with the changes in fluorescence yield has been
established. On the other hand, an apparent lack of the slow changes in
Chl fluorescence yield has been argued to be a weakness of conformational
alteration hypothesis.

Therefore, I felt that it was necessary to characterize the phenomenon

of slow changes in fluorescence yvield in greatef detail to be able to
obtain an iﬁsightvinto th;‘phenomenon. To achieve this end, I attempted
to study new test systems, to define conditions that modify the ratevand'
extent of these slow changes, and to perturb these changes by the use of

a wide range of known inhibitors and cofactors p?_partial photoreactions.
We recognize the limitation of the use of inhibitors, tested in isolated
systems for intact cells,‘but we realize that such kiﬂdsbof studies have
paid good -dividends in éiucidating many other pfocesses (e.g., ion-trans- .
port; see references in 130). Efforts have beeg made to evaluate the
contribution of cyclic and non-cyclic photophosphorylation as the source
of energy for structural changes, and also to assess the role of such
changes in slow changes in Chl fluorescence yield. We have also attémpted
to analyze the fast changes in fluorescence vield (OIDPS) in association
w;th slow changes (SMT) and to evaluate if the fast and slow changes in
the fluorescence are interrelated.

It has been argued‘that the absence of slow changes in the fluores-
cence yield (PS decline) in isolated class II ty?é chloroplasts is a
weakness of the hypothesis that structural modification of the thylakéid
membrane controls the Chl fluorescence yield. We believe correlative

studies on fluorescence yield and structure have not been made to
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substantiate the above argument. Therefore, I tried to imitate conditions
which are known to cause gross structural modifications of thylakoid mem-

branes and to measure fluorescence characteristics in such systems. I

-did not make simultaneous measurements of scattering changes and fluo-

rescence yield changes; but I believe that the conditions inducing struc-—
tural changes have been rigorously defined and could be used safely for
meaningful interpretations.

In summary, the object of this work was to gain more knowledge of thé
factors thaf‘regulate the Chl a fluorescence during photosynthesis. I
cherish the hope that information gained from the present studies will
provide a better understanding of the role of the structural "states' of
the thylakoid membrane in influencing the yield of Chl a fluorescence and
introduce some certainty to the concept that Chl a behaves as an intrinsic
probe of membrane conformation. (We shall also discuss our results and
those observed by other investigators in terms of existing hypotheses of
slow changes in chlorophyll fluorescence.)

For the sazke of convenience, we shall present our results on different

organisms (Porphyridium, Chlorella and Anacystis) in different‘chapters.
This will facilitate a full description of the parameters studied on a
particular organism. .At the end, we éhall, however, compare and correlate
the results obtained with different test systems and attempt to discu;s

them on the basis of a general hypothesis.
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II. MATERIALS AND METHODS

1. Organisms Used

Both unicellular algae and isolated chloroplasts from higher plants
have been used in this study. The three algae used were: (1) the green

alga Chlorella pyrenoidosa, (2) the red alga Porphyridium cruentum and

(3) the blue-green alga Anacystis nidulans. Occasionally, we have used

other algae, namely, Cyanidium caldarium, Plectonema . boryanum, and Micro-

cystis aeruginosa.

A1l the algae were groﬁn autotrophically according to Govindjee and
Rabinowitch (138) in continuous light (~ 90 foot candles). A continuous

flow of 5% C02 mixed with air was bubbled through cultures of Chlorella

and Porphyridium, while only air was bubbled through the Anacystis culture.

The temperature was held at l8iioC for Porphyridium, 2OilOC for Chlorella
and Anacystis was grown at room temperature (ZBQC). For some experiments,
Anachtis was grown for a day at 35°% (and 1illuminated with red light
. (::60 foot candles)).. :

~

For experimentation, 3-4 day old cells of Chlorella and 5-7 day old

Porphyridium and Anacystis were used. Cells were cen;rifuged at 500 x ¢
for 5 to 10 minutes and resuspended with the aid of a Vortex mixer, washed
and then resuspended in a buffer orvin the growth medium. Usually a car-
bonate~-bicarbonate buffer (Warbufg buffer #9, 0.1 M, pH 9.2) was used f;r

Chlorella and Anacystis, while buffer #8 with 15.2 gm of NaCl per liter of

buffer (pH 8.5) was used for Porphyridium. Other.buffers, when used, are

mentioned in the text.
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2. Preparation of Chloroplasts

Chloroplasts of oat, maize or spinach leaves were used. Maize and
oats were grown in vermiculite in continuous light. Hoagland's nutrient
solution,‘half strength, was sprinkled twice in a week. Spinach, when
used, was obtained from the local market. Chloroplasts were isolated
according to one of the established procedures. In general, the leaves
were washed and then homogenized for 30 seconds at high speed in a blender
with phosphate buffer 0.05 M, pH 7.8, sucrose 0.4 M, and .0l M sodium
chloride. Tﬂe homogenate was filtered through 8 layers of cheesecloth,
centrifuged for 2 minutes at 200 x g and then the resulting supernatant
was centrifuged at 1500 x g for 10 minutes. The chloroplasts were finally
suspended in a small volume of reaction mixture By using a rubber .
"policeman.”

This preparation contains mostly broken grana (class II) chloroplasts.
In some cases, the chloroplasts were quickly frozen with dry ice and ace-—
tone and‘kept‘in the freezer for use. Other variations in the protocol
of preparation of chloroplasts, when made, are mentioned in the text.

For somé experiments we have used whole intact class I chloroplasts.

These chloroplasts were made essentially according to Nobel et al. (127) .

3. Absorption Measurements

Absorbances were measured with a Bausch and Lomb, Inc. (Rochester,
New York) recording spectrophotometer (Spectronic 505) ‘equipped with an
integrating sphere to‘reduce errors due to light scattering. The half-
maximum width of measuring light was 5 nm. Absorbances were not corrected

for "sieve” and 'detour” effects. Despite the integrating sphere, all

ata
B

\Chloroplasts refer to chloroplastslfrom higher plants and not to algal
plastids.
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suspensions show some absorption beyond 740 nm. Since Chl a does not
absorb beyond 740 nm, the base line is moved upwards by an amount equal
to that of the apparent absorption at 740 nm. TFigure 7 shows the absorp-

tion spectra of suspensions of Chlorella and Porphyridium.

For the determination of the chlorophyll concentration in algal cells,

the cells were centrifuged and then extracted either with 1007 methanol

or 80% acetone in water. Chlorophyll could be easily extracted with 80%

acetone from the cells of Anacystis and Porphyridium but not so well from

Chlorella, and thus methanol was used for Chlorella. Concentration of

chlorophyll was determined by using an extinetion coefficient (Eéz§> of

iy

82 cm?/millimole in the case of Porphyridium and Anacystis. In the case

of the methanol extract from Chlorella, the fdllowing equation was used:
Chl (a 4+ b) pg/ml = 25.5 A650 + 4,0 A665, where A represents the absor-
bance at the wavelength indicated. In the casé of isolated chloroplasts,
the chlorophyll concentration was determined acéording to Bruimsma (139),
using the equation: C (a + b) upg/ml = 2%.8 A652.(in 80% acetone), where
A652 refers to the absorbance at 652 om. Absorption spectra of solutions
were measured in the Cary Model 14 Spectrophotometer.

It must be mentioned here that we experimentally observed a linear
relationship between the absorbance of the cell suspension at .the red
maximum and thelamount of chlorophyll per ml of cell suspension. Thié
linear relation could be fairly well established for absorbance of sus-
pensions as high as 0.5 to 0.6 (an absorbance of 0.1 for 1 cm path equals

-1
~15 pg Chl ml = of."cell suspension).
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Figure 7. Absorption Spectra of the green alga Chlorella

pyrenoidosa and the red alga Porphyridium cruentum

(absotbénce (1oglOIO/Ij versus waveleﬂgth); path-

length, 1 cm.
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4. Fluorescence Measurements

Fluorescence measurements were carried out with a spectrofluoremeter.
designed and bﬁilt by Govindjee and Spencer (140). ZFigure 8 shows the
various parts of the apparatus. The procedure for measuring the fluores-
cence transient was essentially the same as that of Munday‘(58)‘and
Papageorgiou (59). TFor measurements of emission and excitation spectra,
the procedure of Cho (141) was followed. The spectra were corrected for
the spectral variation of the apparatus. The spectrél response of the
instrument was determined according to Parker .and Rees.(142). Figure ©
shows the spectral fesponse curve of thé exciting monochromator and the light
seurce (A) and of the analyzing monochromator and the photomultiplier (EML
9558B8) (B). |

’ Light intensity was measured. with a Bi/Ag Eppley Thermopile (#6161).
and a 150A Keithley microvolt ammeter. The factor, 1 V= 172.4 ergs
cm sec—l, has been used to coﬁvert the voltage registered into the inten-
sity of light. We have also used, in the later part of our work; a Yellow"
Spring radiometer Model 63 for intensity measurements. We observed that
the Yellow Spring radiometer read approximately 207% higher thaﬁ the cali-
brated Eppley thermopile}'vWe believe that this uncertainty arises due to
the difference‘in focusing the light‘on the window of the thermopile and
the. radiometer. As we have not measured the absolute yields, this dif—
ference does not affect our results. The excitation inteﬁsity'was varied
by the use of calibratea‘neutral density Balzers filters. These neutral
'denéity’filters were calibrated. by measuring the transmittance in a

spectrophotometer or by the use of a thermopile. 3Both sets of measurements

agreed fairly well.
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Figure 8. The block diagram of spectrofluorometer. The oscillo-
scope picture on the bottom left of the diagram show
the phototube signal as the shutter is opened;

abscissa l_msec/division (from ref. 85).
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Figure 9.

The spectral response of the spectrofluorometer; Top
(A): the emission characteristics of the.é%citation
monochromator. The light source is a 6 volt 18 amp.
tungsten ribbon filament lamp operated at 21 amps.

The slit width of the monochromotor (blaze& at‘BOO nm)
was 2 mm (half‘band width 6.6nm). The light intensity
was measured by a Bi/Ag Eppley thermopile énd.was “

recorded by Keithley microvoltmeter and Brown re-

corder. The ordinate is presented as relative number

. of quanta cm  sec and abscissa as wavelength in nano-

meters. Bottom (B) spectral responsé of the analyzing
monochromator (blazed at 750 nm) and photomultiplier
(EMI 9558B) . Details for this calibration procedure
as outlined in reference (}42). This calibfation factor

was mostly used for the correction of emission spectra.



1 1 i

.

680

480

100 L

\

L
o @) o o]
@ @0 < o

SH38KNN 3AILVI3Y

i 1 H )| H
o o o) o] o
v < L] o -

YINVND 40 SY38ANN 3AILVIZE’

760 800

720

600 640
WAVELENGTH, nm

560

520

440

400

56




57

5. Measurements of Oxygen Exchange

Oxygen‘exchange measurements were made by the use of a stationary
platinum rate electrode. This polarograph is essentially similar to that
of Bannister and Vrooman (143). To mount the cell sample, a drop of
algal suspenéion'was placed on the platinum electrode and a ﬁiece of
dialysis tubing was stretched tightly across the upper surface of the
electrode by a gasket. In our system, 4.8 mm3 (12 x 2 x 0.2) cells
remain confined to the electrode-chamber. The electr¥olyte solution con-
sisted usuaily of a 0.05M phosphate buffer (pH 7.0) with 0.I1M XCl. The
platinum electrode Waé polarized -0.55 to =0.60 volt with reference to
the Ag/AgCl (freshly coated) reference electrode. A current-voltage
curve was determined according to Vrooman (144). Figure 10 shows the I-V
curve and the limited plateau region between ~0.5 to 0.65 volt ﬁeasured
without the algal cells. The voltage corresponding to the plateau regiom
was used for O2 exchange measurements.

The algal sample was illuminated from the top by a tungsten ribbon
filament lamp regﬁlated by a N.J.E. model 18-30 D.C. voltage regulator.
Two percent CO, in argon'or air was bubbled uniformly. Although it is
possible to convert the amount of current regigtered into equivalents of
O2 reduced at the platinum electrode, we have presented our results in
terms of reléti&e'units.

For monitoring oxygen concentration, a teflon covered Clark type
oxygen electrode (Yellow Springs Instrument) with apprépriate polarizing
circuitry was used. The signal from the biological monitor (Model 53)
was either amplified by a microvoltmeter or fed directly to an Esterline-

Angus Recorder. The electrode was separated from the magnetically stirred

e .
medium which was regulated at 18 1% by circulating water. The. sample



58

Figure 10. The current-voltage response curve (I-V curve) of the
oxygen polarograph. Details for the measurement of

I-V Curve was eésentially as outlined in reference

. 144,
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was illuminated by an Unitron Lamp (Frank E. Fryér Co., I1linois) with
appropriate heat and Corning or Schott glass filters. The instrument was
calibrated with air saturated water; at 2300, QZ dissolved in water was

taken to be 0.25 ymoles/ml. (Occasionally we have used other electrode

assemblies available in the laboratories of Dr. Boyer and Dr. Arntzen.)

6. Measurements of Delayed Light Emission (DLE)

The protocol of measﬁrement of DLE is the same as that of Jursinic
and Govindjee (110). (For details of tﬂe‘instrument, see ref. 110.) Two
ml of the sample were illuminated for 10-15 seconds from a lamp with a
regulated power supply operated at 15 amps. A blue Cérning C.5 4-96
filter together with a water filter was used to filter the exciting light.
After illumination, the excitation source was turned off and fhe photo~-
multiplier was opened by pressing'a mechanical shutter. The signal was
fed to a Tektronix oscilloscope and then,recorded'on a Esterline-Angus‘

recorder.

4

7. Other Measurements

Mr. G. Bedell helped me in measuring the.amounts of ATP bj an appara-
tus designed and built by him. The details of the procedure are outlined
in his thesis (145). Briefly, the method consists of total extractiom of
ATP from cells by boiling them in Wéter and measuring ATP with a luciferin~
luciferase assay (146).

Hill reaction was measured sPectrophotometrically;using DCPIP as an
oxidant. The cuvette was illuminated with saturating white light‘filtered
through a water bath. Methyl viologen (Mev) reduction was measured p?lar;

ographically by following the uptake of 0, by reduced Mev (147). For the

2

details of the above measurements, see thesis by M. D. L. Bakri (148).
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8. Chemicals and Treatments

Most of the chemicals used in this investigation were obtained from
commercial companies; some chemicals were generous gifts (FCCP, DCMU. S-6
and 5-13) . They were dissolved either in ethanol or in water. A very small
volume of concentrated stock was added by the use of a microliter syringe
(Hamilton Company) in the dark. This insignificant change in volume did

not affect our measurements. When large additions were made, corrections

were made for the change in volume. Usually 5-10 minutes were allowed for -

equilibration and penetration of the chemicals before measurements were -
made. The alcohol concentration, when used, did not exceed more than 2-3%.
We found that at this concentration alcohol alone does not affect the

measurements. Other specific treatments are described in the text.

9. Presentation of Fluorescence Data

Fluorescence yield changes were represented as relative changes in
the,yield. We only collected a very small fraction of the total emifted
fluorescence, and thus the values do not'represeﬁt the absoluté yields.
The alteration of fluorescence amplitudes by chemicals are presented as
relative changés in the yield or emission intensity. (These two terms are
used almosf synonymously in this thesis. In géme experiments the yield
changes were presented as a percent change or fraqtionél change with
.fespect to a control condition. A1l time eigments'were measured in terms
of the épeed.of the recorder. No special care was taken to independently
calibrate the recorder speeds.

9.1 Experimental Protocol, Standardization and Sources of Error

Munday (58) has discussed in detail the methods for standardization

and the sources of error that are intrinsic in Tfluorescence measurements.
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We have followed his suggestions to minimize errors. Our greatest source
of variation was the differences in culture conditions. In spite of con-
stant vigilance, fluctuation in temperature or in the rate of the bubbliﬁg
of the gas or in the state of the inoculum used cause variations in the
shape of the transient and we believe this does not represenﬁ the true
characteristics of the organisms. No attempts were made to explore the
cause.and nature of unusual variations in the transient that we observed
infrequently.

To adapt the cells to darkness, we usually keep the flask containing
cells wrapped in aluminum foil in the dark for about an hour or so. Al-
though the front surface optics used in fluorescence measurements mini-
mizes reabsorption, it is of no great concern for the megggréments of
transient. However,”we measured the effect of varying concentrations of
chlorbphyll and volume of cells on the yield of fluorescence (Figurehll).
When a low volume of cells or chloroplasts were used, settling of the cells
did ﬁot cause problems;‘however, large variations were observed with a
large volume of cells due to constant settling of the cells. We therefore,
routinely used 2 to 3 ml of cells in our measurements with 20 to 40 ug
Chl/ml.

For most of the experiments, we had to frequently change the samples.
This introduced some error due to change in geometry. We have on many
occasions attempted, by repeated measufemenfs, to estimate the extent of
the variation due to variations in geometry while replacing the Dewar
flask containingAthe sample. We estimate a maximum of about 4-6% érror.
We have always attempted'to minimize this error by carefully removing and
replacing the Dewar flask.

For the emission spectra at room temperature, we estimated the extent
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Figure 11.

The émplitude of fluorescence signal versus the con-—
centration of chlorophyll and volume of the sample.
1e£t; The fluorescence amplitude at Fy versus the
;oncentration of chlorophyil in spinach chloroplasts.
(Note a linear f¢5ponse up to as high as 40pg Chl/ml.)
The top line with open circlés shows the time to reach
Fo; 1t 1is iﬁdependént of chlorophyll concentration.
Fluorescence‘was measured at 685 nm (ﬁélf band
width, 6.6 nm); excitation light, blue (C.S. 4-96

and C.S. 3-73) with an intensity of 16 Kergs cm-z
sec‘l. Chloroplasts were suspended in Tris-Cl

(0.50 mM, ?H 7.8). Right: A similar experiment

with different volumes of Chlorella cells sus-—

pended in Warburg buffer #9. (Note that the time

to reach P (tb) (half solid circles) remains fairly

invariable as the amount of cells are increased.)
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of reabsorption of fluorescence by measuring the ratio of the intensity of
fluorescence at 685 mm (F685) to the intensity at 730 mm (F730). The
ratio remained fairly constant for as high as 40 pg Chl/ml. TUsually,
however, 10-20 pg Chl/ml was used for measuring spectra. On occasions,
higher concentrations have been used to improve the signal t§ noise ratio.
(For a diécussion of problems due to reemission of reabsorbed light, see
Szalay gg<gé,; 149.) For the measurement of fluorescence spectra at

770K, we used 10 to 100 fold dilute samples than those used for room tem-
perature sPéctra. Furthermore, a very small amount (0.25 ml) of cells or
chloroplasts were used for 77°K measurements (74). The samples were
quickly cooled. (The rate of cooling causes greater variation'in the shape
of the transient than the concentration of chlorophyll.)

In some experiments, we introduced a slight variation in our way of'
measurement of the constant level, 0. The O level was estimated by giving
1/10th-1/25th second flash of weak light. These flashes had approximately
10% of the maxiﬁum.excitation illumination used{_ Since the fluorescence
yield of "0” does not vary with intensity, we believe such a procedure
for estimating O level is reliable. But, we note that our meaéurements
of the O level in this procedure gave a slightly higher (5-10%) value than
when it was measured with a fast oscillographic (Midwestern Instrument

810 B) recorder operated‘at 64" /sec.
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ITI. FLUORESCENCE INDUCTION IN THE RED'ALGA PORPHYRIDIUM CRUENTUM

Light induced changes in the yield of chlorophyll & (Chl a) have been
well-documented in intact green algae (1). In our laboratory, Munday (58)
analyzed the various characteristic points in the fast (sec)'induction

curve (0IDPS) of the green alga Chlorella pyrenoidosa, and Papageorgiou

(59) characterized the slow (min) induction curve in Chlorella and
. Anacystis. Several years ago, Lavorel (150) characterized the fast tran-
siént in the red alga but the slow induction has not been studied before.
However, Murata (151) has described the effect of various types of illum-
ination on the PS decay of‘the fast transient, and Vredenberg (152) has
observed the effect of some ionophorous antibiotics on the PS decline and
the restoration of the fast transient in another red alga Porphyra.

The present study extends the observations of fluorescencevtransients

to Porphyridium cruentuma--a red alga prototype for photosynthesis research.

We have analyzéd the kinetics of the fast and the slow transients of /Chl a
fluorescence yield in the presence and in the absence of inhibitors of
electron transport and uncouplers of photophosphorylation. We have also
made a detailed study oﬁlthe mode.and site of gction of hydroxylamine

(NH,OH), a potent inhibitor of oxygen:evolution. The present study, made 

2
in collaboration with other members of our laboratory, has already been

published (153, 154).

1. Time Course of Chl a Fluorescence and the Rate of Oxygen Evolution

Figure 12 shows the fast fluorescence transient in the intact cells

of Porphyridium cruentum. After a-long dark period, the fluorescence
yield measured at 685 nm shows the induction phenomenon upon illumination

with 540 nm green or with a broad band of blue-green light, absorbed
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ure 12.

The fast transient of Chl fluorescence yield changes

in Porphyridium. Top (A): oscilloscope tracing of

the transient; 6 day old culture suspended in 0.1M

carbonate~bicarbonate buffer, pH 8.5; A observation,

685nm (half bénd width,-6.6nm); C.S. 2-58 filter be-

- fore the photomultiplier; excitation blue green light

(C.S. 4-96 + 3-73) (half band width, 120 nm); inten-
sity of excitation light, 16 Kergs cm-zseé-l.
Ordinate, 0.5‘volt/division; abscissa.lsec!divisioﬁ.
Bottom (B): The recorder tracing of thé abové |
transient in another k8 day 0ld) culture of EQE'
phyridium showing pronounced IDPS transient; O is
not recorded on the trace. Cells were suspended in
0.05M Tris-Cl buffer, pH 8.5, plus 0.25 M NaCl.. |
Excitation light, 540 nm with 20 nm half band
Wiath; excitation intensity, 9.2 Kergs cmhzsecﬁl;
C.S. 2-64 filter was placed beforé the phoﬁomulti-

pliér to prevent the leak of the excitation 1light

(from Mohanty et al., 153).
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mainly by phycoerythrin (System II light). Figure 12 (A) is an oscillo-
graphic record (I exc., 16 kerés cmfzsec_l).gnd Figureil? (B) is a recorder
trace from a different set of experiments (I exc., 9.2 kergs cmfzsec—l).
These curves show clearly the various characteristic points, namely OIDPS.
The ratio (P-0)/0 varied, with different cultures, from 1.3 to 2.0. Blue
light (440 nm) mainly absorbed by System I, dees not cause this induction
of Chl a fluorescence.

Figure 13 (top curve) shows the &ield changes upon illumination with
PS II light‘fdr a longer time period; the characteristic points SMT of
the slow tranéient are clear. The extent of SM rise is less pronounced
here than in Chlore11a1(59)~ The bottom curve of Figure 13 shows the
time course of oxygen evolution in saturating green light (~12 kergs
cm-zsec-l). The coﬁplementary phase of oxygen evolution and fluorescence
is noticeablevin the PS decline phase. Due to the slow response of the
ﬁolarographic apparatus.used in this experiment; the relationship between

the 0, trace to the DP phase of the fluorescence induction curve is ob-

2

scure. (The initial oxygen spike is less pronounced in Porphyridium than

in other algae at room temperature.) Inspite of the difference in the
quality of light used for fluorescence (blue-green) and oxygen measure-

ments (green), the results clearly'inaicate that the rate of O2 evolution

riées in parallel with the SM rise and increases”asymptétically during
the MI decline phase. These results are similar to those made in green
algae (88, 89, 155). Both the oxygen and fluorescence traces could be

repeated if enough dark interval is given. In these experiments, a 10 min

iark period restored more than 95% fluorescence yield at P.

Thus, the time course of fluorescence yield of Porphyridium is very

similar to Chlorella. The slow SMT phase shows .its .typical
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T Figure 13.

The time course of ‘the Chl a fluorescence yield

and the rate of oxygen evolution in a 6 day old

culture of Pofphyridium. Top Curve: recorder

trace of fluorescence transient exhibiting the

" slow PSMT phase. Experimental conditions as in

Figure 12(A); the fast OID phase is not recorded.
Bottom Curve: Rate of oxygen evolution as
measured with a Haxo-Blinks ‘type rate electrode
with polarographic Ciréuitry and recorded on a
Heath kit servo recorder. Excitation, 545nm

) ‘ : - N
light; intensity, 12 Kergs cm sec ~; buffer,
potassium~-sodium phosphate plus 0.25 M NaCl,

pE 7.0 (from Mohanty et al.; 153).
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non-complementary relation to the oxygen evolution (Figure 13). The PS
decline of fiuorescence yield is very pronounced here. As first shown by
Duysens and Sweers (10), this decline of fluorescence yield does not
represent only the oxidation of the primary electron acceptor of photo-
system II although an apparent complementarity with oxygen yield is

observed during this phase of the induction.

2. TIntensity of Excitation and the Fluorescence Induction

The time courses of the'fast fluorescence induction, recorded at
various intensities of illumination, are shown in Figure 14 and those of
the slow fluoreécence induction in Figure 15. Very léw intensities fail
to induce transients of measurable magnitude. As the intensities are
‘raised the amplitudes of both the fast and the slow fluorescence chaﬁges~
are increased. From a set of expériments similar to the one shown in
Figure 14, we plotted the: time to reach P (tp) as a function of light
intensity of exciting light (figure.l6). At low intensities the yield
at P is proportional to the light doses, i:e., the Bunsen4Roécbe recipro-
city law is obeyed. However, from Figure 15, it is clear that time to
reach M did not decrease_éignificantly on lowering the excitation inten-
sity. This indicates that the development of the peak‘M is not directly
related to the primary photochemical events of PS II.

Figure 17 (left) i§ a plot of the amplitudes of fluorescence yield
at 0, P, and S, obtained from a separate set of experiments, as a function
of éxciting intensity. The constant level fluorescence "0' increases
linearly with light intensity.:'Ehis feature was first observed by
Lavorel (156) and has beén confirmed by Munday (58). TFigure 17 (right)

shows the relative variable yield at P and at S. It is clear that the
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Figure 14. Fast transient of the Chl a fluorescence yield at

different intensity of excitation, in Porphyridium.

Tteft (A): Recorder tracing of the DPS transient,
numbers of the curves are fractions of’maximﬁm
" intensity used. Intensity 1.00 = 18 Kergicm”2
sec_l. Other conditions as in Figure 12 (A)',
Right (B):- The same transient reprodiced from
another experiment. Intensity 1.000 = 9.2 Kergs
-2 -1

cm “sec . Other details are as in Figure 12 (B)

(from Mohanty et al., 153).
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Figure 15.°

Recorder tracing of the slow transient of the Chl a

fluorescence yield, at various intensities of excita-

tion, in Porxphyridium. Intensity 1.00 = 9.2 Kergs

cm “sec ~. Other conditions as in Figure 12 (B)

(from Mohanty et al., 153).
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Figure 16.

The time for the appearance of peak P as a function

of exciting intensity.  Highest intensity used shown
. -2 -1 -

as 100 on abscissa = 18 Kergs cm sec . Data for

this plot was obtained from experiments similar to

those in Figure 12 except that an oscillographic

recorder was used to record the transient (from

Mohanty et al., 153).
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Figure 17.

The amplitude of O, P and S (left) and the relative
variable yield (right) versus excitation intensity.

. . . =2 o
The maximum intensity 1.0 = 14 Kergs cm “sec ~. The
cells were suspended in the growth medium. All other
conditions of measurement as in Figure 12. Relative

variable yields at P and at S were expressed as
p

[2-0]/0 and [s-07/0.
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variable yield at S‘tends to saturate much earlier than at P.

Figure 18 shows our attempté to separate the different processes
that are operative in both the fast and the slow induction phases. 1In
these figures an average rate function defined as (Ft - Ft )/(tz—tl) is

1 2
plotted as a function of excitation intensities. (We believe that rates
of rise and decline of the yield are complex and may not be first order
and ‘thus rates defined in. terms of half time may be misleading.) From
Figure 18 it is clear that at the 1light intensities the slow changes (SM

and MT) are saturated, the D-P phase still increases with increasing

light intensity.

Figure 19 illustrates the constancy of fluorescence yield at T in
the intensity range in which this experiment was made. On the other hand

.

the relative yield quotient ﬁM and fi which measure the ratio of fluores-
cence intensity at M and T with respect to that at S. show characteristic
dependeﬁce on intensity of excitation. It is evident that both S and M
saturate at relatively lower intensities of excitation than T. From
oxygen measurements (Figure 13) and the dependence of light intensities
(Figures 17-19) it is clear that underlying processes that affect fluo-
rescence SM'rise and MT &ecline phases of the slow changes in the yield
of Chl'g are different. Eurthermore,~it should be mentioned here that

the P to S decline phase of fast induction curve is different from its

slow counterpart MT. .

3. P to S Decline Phase

As noted earlier, Duysens and Sweers (10) ohserved that PS decline of
the fast induction curve cannot be explained on the basis of redox state

of the primary acceptor. They showed that, if illuminating light is
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. Figure 18.

Average rate of changes in the fluorescence yield at
various parts of the induction curve as a function of
excitation intemsity.’ (A) For DP rise and (B) for

SM rise and MT decline; intensity 1.0 = 9.2 Kergs

cm “sec T. Other conditions as in Figcure 12 B)

(from Mohanty et al., 153).
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Figure 19.

Relative fluorescence yield at the stationary state
1 t A = ¥ =F
T (¢FT) and the quotients fM ( FM/LS) and fT ( bT/TS)
versus excitation intensity. Intensity 1.0 = 9.2
-1

-2 A . .
Kergs cm sec ". ALl other conditions as in Figure

12 (B) (from Mohanty et al., 153).
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Fi

gu

re 20. The IDPS transient of Porphyridium incubated at two
.7\ ‘
different temperatures during the dark adaptation

periocd. Other details of measurement as in Figure 17.
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turned off at S and then turned on immediately again, the fluorescence
yield doeé not rise up to tHe P level but remains at a low level. Duysens
and Sweers (10) explained this observation by assuming that in light QH
somehow transforms to a chemical, it is different from Q designated eas
(Q')--it can quench fluorescence like Q but it cannot be reduced by

light. (In %ecent yvears Duysens (157) has rejected this simple chemical
transformation hypothesis in favor of a physical state hypothesis as dis-
cussed in Chapter I.) The following experimental results indicate that

PS5 'decline is not coupled to the oxidation of QH.

Figure 20 shows the IDPS transient‘at two temperatures. As we did

‘not devise any special apparatus (besides using a Dewar flask) to control
the temperature during the long dark period that is necessary to restore
the IDPS transient,(we only made observations at room temperature and at
5° C. It is clear that both DP rise and PS decline phase were slowed
down at the Lower temperature (50 C); the PS decline seems to be more
affected by change in temperature than the risevfrom D to P. These data
indicate that perhaps Q and its immediate reéction pértner in the electron
transport chain are probably tightly held in the membrane matrix otherwise
one would expect to observe a rapid rise of fluorescence to P at the lower
temperature (50 C). A slow DP rise reflects a fast electron transport

from Q@ to A. At lower temperature, however, we would expect the rate of

this electron transport to slow down. Thus, in Porphyridium it seems that

the A pool remains in the more oxidized state in the dark at low tempera-
A e A )
ture (57 C) than at room temperature (23 c).
The slower PS decline at low temperature (5° C) could have been due
- . . . o
to the slower reoxidation of QH, but we just suggested above that at 5° C,

this is not so otherwise we should have had a faster DP rise. In addition,
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the 02 evolution, at low temperature (50 C), showed an ehhanced spike as
compared with the O2 spike at room temperature suggesting a rapid reoxidaf
tion of QH by the A pool; and the subsequent increase in 02 evolution did
not éiter significantly; This suggests that the PS decline does not only
reflect the oxidation of QH by the A pool but is controlled 5y other
factors as well.

Figure 21 shows the effect of a 60 sec system 1 preillumination
(X, 435 nm, intensity ~ 0.8 Kergs cm—zsec—l) on the PS decline. 1In this
figure we have adjusted the fluorescence yield at P for both the preillum-
inated and dark adapted samples to show the effect of pre-illumination on
the S levei. (This normalization is justified if we assume that at‘P all
the‘Q'are reduced by sfstem IT light, 85.)

As observed before by other investigators in other algae (83, 84,
152, 158) S level is increased, and PS decline is slowed down by system 1
pre-illumingtion. The half time for the decay of the effect of pre-

illumination is approximately 12-15 seconds (Figure 21, insert). Munday

and Govindjee (84) reported a similar dark decay of ﬁre-illumination

effect for the suppression of P in Chlorella. The slow rate of PS decline
cannot be related to the oxidation of A pool by system 1 pre-illumination.

Higher oxidation level of A pool should not cause a slow reduction of the

intermediates in light. Thus, P to S decline, as suggested first by

o0

Duysens and Sweers (10) does not seem to be directly related to the oxida-

tion of .QH by A in light.

td

Figure 22 illustrates a comparison of the decline of the yield at

in dark with that in light (PS decline). This experiment was done as

+d

follows: after a long period of darkness.(10-15 minutes) the yield at

was measured and the exciting light was turned off at P and a dark
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Figure 21.

The effect of a 60 sec preillumination with 435 nm

" (half band width, 10 nm) blue light (0.8 Kergs cm-2

-1 . . R
sec ) on the PS decline transient of Porphyridium.

Intensity. of excitation blue green light (C.S. 4-72
+ 3-73) ~ 10 Kergs cm_zsec- . Insert: Relative
increase in the ampli?ude of S measured after 3-4
sec of blue-~green light (PS II) illuminatiqn caused
by the PS I preillumination over the dark adapted

sample (after normalizing the yields at P) as a

function of the dark time elapsed between pre-

- i{llumination and system II (blue-green light) 11lum-

ination.
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Figure 22.

The PS decline in the yield of Porphyridium. Left

(A): A 6 day old culture of Porphyridium sespended

in growth mediuﬁ was used. After 10 to 15 minutes

of dark period the (System II) light was turned on
until the transient reached the P level and then it
was turned‘off. After a dark interval, as shown on
the abscissa, the light was turned on again and the
complete transient recorded. This cycle was repeated
for each set of measurements. The decrease in the
amplitude of P by the, second illumination, calculated
as percent decay of fluorescence at P, is plotéed as
a function of the dark time between two illuminations.
For comparison, the decay of P (PS decline) repre-

sented as percent decrease in l1light is shown by the

.curve with open circles. Other conditions of measure-

ment as in Figure 17. Right (B):  Similar dark decay

of P in a slightly older culture of Porphyridium.

Bottom (C): A similar rapid decay and slow recovery
of the amplitude of fluorescence at P obtained from

another set of experiments.
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interval was interposed and then exciting light was turned on again for

3 to 4 secoﬁds; this measurement was repeated with varying dark intervals.
Figure 22 (A) shows that the yield at P declines much faster in dark than
.in’light (with a t;2 of 0.25 - 0.5 sec in dark, and 1 - 1.5 sec in light).

Figure 22 (B) is a similar experiment with an old culture of Porphyridium.

This type of complex dark decay of P has been previously reported by
Lavorel (159) in Chlorella in the msec region and recently by Heath (160)
in chloroplasts. If, however, the dark period exceeds 10 seconds, one

observes a gradual recovery of the fast transient (Figure 22 C).

4. Restoration of the Fast Transient

Figure 23 shows the amplitude at P versus the dark time in minutes.
As mentioned before, a dark time of about 10 minutes (Fiéﬁre 23 open
‘ci?cles) is necessary to restore &he ability to reproduce the induction
phenomenon (OIDPS). This dark time depends on the period of illumination
and it also varies with organisms. System I pre-illumination recovers
the transient within 1-2 minuteé (not shown). Recently Vredenberg (152)
reported that certain proton permeating chemicals shorten the requisite
ark period té restore the induction in certain algae. We have confirmed

this in Porphyridium (Figure 23, closed circles) with low concentration

of FCCP (0.2uM). With 0.2uM FCCP the restoration time is shortened to.
2 to & mins. At higher concentration (4pM FCCP), the P to S decline is
suppressed, dark time to restore the transient is greatly reduced (Figure
23, crosses}l (We could not, however, observe a simil§r enhancement of
restoration in Chlorella. Because of the limited number of experiments

done in Chlorella,and in chloroplasts and because of the lack of avail-

ability of nigericin which pronouncedly shortens the dark time (152), we
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Figure 23.

Restoration of the fast changes in Chl a fluorescence
yield in dark. The amplitude of P after a long dark
period ( 30 minutes) wds takenlas_lOO percent.
Untreated cells (open circles), 0.2uM FCCP (cl;sed
circles), and 4uM FCCP (crosses). Six day old

Porphyridium cells suspended in growth medium were

used. Other conditions for transient measurement

are as in Figure 17.
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do not speculate on the specificity of this effect.) It seems that in

Porphyridium, at least, we observed a shortening of the requirement of

the dark period with FCCP. It must, however, be pointed out that FCCP
brings about a large number of complex changes even at a very low concen-
tration. We will elaborate on some of these effects of FCCP in a later

chapter (Chapter IV).

5. Spectral Changes Duriﬁg Fluorescence Induction

Lavorel (150, 161) first documented the spectral changes during
fluorescence‘induction. He observed a relative increase in PS II fluo-
rescence at P with respect to 0. Papageorgiou and Go&indjee (87, 88)
documented a large variation of spectral distribution at various points
of the slow transient in Chlorella and Anaczstig. Murata (162) showed
that PS II pre-illumination (at réom temperature) enhances the intensity
of long wavelength band and decreases the intensity of F685 and F5656
emission bands (as meaéured as) at liquidvnitrogen temperature. This
pre-illﬁmination, according to Murata, alters the energy transfer from

PS II to PS I.

We obtained the fluorescence spectra of Porphyridium at different
stages of the induction by observing the fluorescence time course at
various wavelengths. Dark periods of suitable length (10 minutes) were
interposed between the recordings to restore the transient. Figure 24
shows the spectra at D, P, and S, as well as the difference spectra P
minus D and P minus S. The difference bands are peaked at 687 nm for the
P-D and at 684 mm for the P-S spectra while their half-band widths are
about 25 nm. In Figure 25 the fluqrescence spectra at S and M and the

difference emission spectrum M-S are given. The maximum of the difference

&
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Figure 24.

Fluorescence emission spectra at the stagé D (open
circles), P (dpen squares) and. S (solid circles) and
P minus S (solid triangles) on-a 5 tiﬁés“expanded
ordinate scale. Details as in Figure 12 (B) with
the exception that two C.S. 2-58 filters were

used in place of one C.S. 2-64 (from Mohanty et al.,

153).
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Figure 25.

Eluorescence emission spectra at state S (open circles)
and M (open squares) of the slow fluorescence tran-
sient. Difference emission spectrum M-S is shown on a
five times expénded ordinate scale. A different cul-
ture grown at much higher intensity waé ﬁ%ed in this
experiment than in Fiéure 24; other details as in
Figure 12 (B). See other details in text (from

Mohanty et al., 153).
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band width is 23 nm. (Samples from different cultures were used for the
spectra présented in Figure 24 and 25.)

| These results indicate that throughout the fluorescence time course
the fluorescence is maximal at 685-687nm (Chl a). The constancy of the
allophycocyanin fluorescénce yield (660nm) rules out light-induced changes
in the effiéiency of excitation energy transfer from allophycocyanin to
Chl a. However, an increase in the yield of fluorescence in system IT may
be accompaniea by a decrease in the fluorescence of system I because of
the decreasé_in the efficiency of energy transfer from Chl a of system II
to that of system I. Examination of Figure 24 and Table III.1 reveals
that the ratio of fluorescence intensity at the peak of Chl a (mostly
system II) to that at 710 ﬁm (mostly system I) is higher at P (2.68) than
at the § level (2.46), and is highest (4.31) for the P-S spectrum. This 
result could be interpreted to mean that at P, the fluorescence yield
changes from P to S are accompanied by an increase in the efficiency of
transfer from system II to system I. 1In the language of Duysens (157)
and Bonaventura and Myers (155), the light state 1" is converted to
light ﬁstatg 2." Figure 25 shows that the ratio of fluorescence peak to
the fluorescence intensity at 710 mm increases when the yield changes
from S to M. The exact value of this ratio at4S was very different from
that in the previous experiment partly because of the different cﬁltufe
used here. In this culture (Figure 26), as compared to’tﬁe previous one
(Figure 25), the efficiency of energy transfer from allophycocyanin to

P

Chl a was lower as is evidenced by the higher allophycocyanin to Chl a
fluorescence. Thus, one can suggest that the observed fluorescence yield

changes from S to M has been brought about by a change in state 2 to

state 1 again.
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Table ITI.1

Ratios of Fluorescence at the Peak (Mainly System II)
" to that at 710 nm (System I) at Different Portions
of Fluorescence Transient
(From Mohanty et al., 153)

Adjusted to

* !

Experiment No. 1 Experiment No. 2 Experiment No. 1
D 2.63 .S 4.12 2.46
P 2.68 - M 4.39 2.62
S 2.46 v M-S 6.12 3.66
P-S 4.31 - ——— -—--

e

Culture number 1, incident intensity, 1.

L
Culture number 2, incident intemsity, 2.

e

6. Effect of Electron Transport Inhibitors on the Fluorescence Yield

Changes

It is well known that both substituted urea and hydroxylamine are . |
potent inhibitors of oxygen evolution. It has been well established that
substituted urea DCMU and CMU abolish the fast transient except for the
very fast activation 0-I rise phase (see references cited in 1). In the
) < 2

presence of DCMU or CMU, the fluorescence yield increases to a maximum

s : . . . =2 -1 s
within 2-3 seconds of illumination ( ~14 Kergs cm “sec ~) and then remains
constant for an extended period of illumination. Hoch and Randalls (163)

recently observed a relatively slower rise of the yield of fluorescence

in the presence of DCMU and FCCP in Porphyridium.b From this rise curve of

fluorescence they could estimate the pool size of ¢ to be 1Q/150 chloro-

phyll.
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Figure 26. 1The time course of oxygenievolution in the presence
and in the absence of NHZOHf The number on the curves
. indicate the time of incubation with 1mM hydroxy-
lamine; electfolyte, 0.05 M phosphate buffer, pH 7.0,
plus 0.05 M KC1; temperature, 20° + 1% 29, €0, in
argon was uniformly bubbled. Excitation {(white)
light intensity = 40 Rergs cm—zsec-l {(f£rom Mohanty

et al., 154).
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7. Effect of Hydroxylamine on O2 Evolution and Fluorescence Yield Changes

Like DCMU, hydroxylamine also inhibits oxygen evolution, but Chl a
fluorescence with these two poisons differ quite markedly. Delosme (164)
first studied the effect of various concentrations of NHZOH on the fast
transient of Chlorella but he did not give any explanation of the changes
in Chl a on fluorescence yield. Recently it has been shown that NH20H and
many other compounds could feed electroﬁs to PS ITI in isolated chloro-
plasts. Bennoun and Joliot (165) by the use of a rapid amperometric tech-
nique, clearly showed fhe photooxidation of hydroxylamine in isolated
. chloroplasts and in Chlorella. 1In view.of these observations we made a
detailed analysis of the action of NHZOH on the fluorescence transient as

well as on . delayed light emission in Porﬁhyridium. A part of this work,

mainly on delayed light emission (DLE), was earlier reported by T. Mar
(109). We discuss below the effects of NHzOH on O2 evolution and fluo-

rescence induction processes.

7.1 Oxygen Evolution

First, we had to establish that in Porphyridium NHZOH indeed inhibits

oxygen evolution as it does in green plant systems. For this purpose O2

exchange measurements we£e made. When Porphvridium cells were pféced on

a rate electrode replacement of buffe£ with buffer containing 1 mM hydroxy-
lamine led to a substantial inhibition of oxygen evolution after 10

minutes of incubation (Figure 26). Longer incubation decreased the rate
further. It took about an hour for the complete inhibition of O2 evolu-
tion. At higher concentrations no 02 evolution could be detected with

our system.

Feeding of electrons by NH,0H, at higher concentrations, was assayed

2

by following O2 uptake when low-potential dye methyl viologen was used (147).
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It has been shown that viologen dyes accept electrons from the terminal
photosystem I reduced acceptor X(19). As reduced viologens are highly
autooxidizable they react with molecular oxygen yielding HZOZ' If the
catalytic splitting of H202 by endogenous catalase is prevented (by cyanide
or azide), it is expected that there will be twice as much 02 consumption
in cells when hydroxylamine is a donor than when HZO is a donor. Our

results (Figure 27) indeed show that Porphyridium cells with 10 mM NHZOH

have 2-fold (0.039 umole 02 per ml) O, uptake than when it is absent.
Thus, the higher rate of 02 uptake in the NHZOH treated than in the normal
cells confirms that hydroxylamine feeds electrons, replacing water, as

it does in isolated chloroplasts (166).

7.2 TFluorescence Transients

Figure 28 shows the effect of several concentrations on NH20H on the
fast tramsient of Chl a f1uoreséence. At very low concentration (0.1 mM,
lower dashed curve) only the DP phase is accelerated probably due to
slower reoxidation of Q but P to S decline phase 1s unaffected. On
increasing the concentration to O.S mM* the fluorescence transient under-
goes a drastic change; the fluorescence increased rapidly to I phase and
then abruptly declines to a low value. On increasing the concentration of
hydroxylamine, the O~I rise phase is slowed.(net shown here), ID decline

becomes less pronounced and fluorescence yield increased slowly to a

sl
%

=3

higher level with time. If ﬁhe only function of NHZOH is to replace

water as a donor, ome would not expect these alterations in the time

The exact concentration of NH9OH needed to get this effect varied slightly
with different cultures.

In some cultures of Porphyridium, the constant "0" level fluorescence
was found to be slightly enhanced.
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Figure 27.

Effect of hydroxylamine on O2 uptake in the presence

of methyl viologen in Porphyridium. Reaction mixture

50 mM phosphate buffer (pH 8.0), 250 mM NaCl, imM
sodium azide, 0.5 mM methyl viologen and 10 mM hydroxy-
lamine (chloride); excitation, saturating white light

(from Mohanty et al., 154).
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Figure 28.

The effect of various concentrations of hydroxy-
lamine (NHZOH) on the fast fluorescence transient

of Porphyridium. The fluorescence was measured at

685 nm with a 6.6 nm band width. A Corning C.S.

'2-61 glass filter was used to prevent excitation

light leaking into the analyzing monchromator.

The cells suspended in carbonate-bicarbonate buf-

fer (0.1 M, pH 8.5) with 15 gm/1l NaCl were excited
with a broad band blue light peaking at 540 nm with

an intensity of 20 Rergs cm_zsec—l, The lower dashed
curve represents the transient with 0.1 mM NHZOH

and the uﬁper dashed cﬁrve the transient in the pre-—
sence of 10 uM DCMU + 10 mM NHZOH. All other con-
centrations of hydroxylamine are as shown. (A similar

set of transient curves in the presence of various

amounts of NH,O0H has been reported in ref. 154.)
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course of Chl a fluorescence (see also ref.  109).

We, therefore, believe that at low concentration, hydroxylamine only
blocks the reaction between HZO and oxidized donor Z, but does not feed

+ + ; . . =

electrons to Z . Thus Z cannot donate electrons to Q and the fluorescence
level remains low. On increasing the concentration, NH20H feeds electrons
to PS II and consequently reduces the quencher Q and causes an increase in
the yield of fluorescence. This donation of electrons by NHZOH seems to

occur at a slower rate than that by H,0 as the fluorescence transient

2
resembles that of normal cells excited by a weak illumination.

The recovery of NHZOH treated fluorescence transient requires a dark
period and NHZOH does not seem to have an effect on the dark restoration
,Of Q (see below). On the‘other hand NHZOH abolishes most of the PS de-
cline in the yield of Chl a fluorescence. Figure 29 shows that 10 mM
NHZOH suppresses the SM rise also. Thus, the suppression of P in the
presence of saturating amounts of NHzOH may be due to slow donation of
electrons to PS II. Figure 28, however, shows that ID decline persists
even in the presence of NH2OH. This suggests that D may be caused by the
reoxidation of Q by A pool as suggested by Munday and Govindjee (83, 8%4).
The abolition of slow changes in the yield is probably an additional
secondary effect of NHZOH. We have observed %hat it NHZOH is removed from
Fhe samples by dialysis, 70-807% (measured as the yield at P) of the normal
transient recovers. Cheniae and Martin (166) recently observed that they
could not recover the compiete oxygen evolving capacity by washing away
all the NH20H. These results suégest that NHZOHFprobably brings about
some structural alterations of the chloroplast membfane--although electron
transport between the two photosystems is functional in the presence of

NHZOH.




The slow fluorescence transient in normal and hydroxy-

lamine treated Porphyridium. The fluorescence yield

changes were monitored by a Keithley microvoltammeter
and & Brown recorder. All other details of measure-

ment as in Figure 28.
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Addition of 10 uM DCMU to normal or to NHZOH treated samples causes
rapid rise of fluorescence yield to a maximum level upon illumination
(Figure 28) and then the yield remains constant without any further varia-
tion. It is well known that the high yield of Chl fluorescence in the
presence of DCMU is due to the accumulation of QH (10). The OT rise in
the presence of DCMU is the pure photochemical reduction of the acceptor
Q by the donor Z (52, 53). Thus, in the presence of DCMJ only the follow-
ing reaction occurs:

hv_

IT
7P680Q . 7P680 Q . T7p680Q"

where P680 refers to the hypothetical reaction center of PS II. If the
light is turned off, Z+Q- recombine in the dark to reform reduced Z and
. I !

oxidized Q. Because of this back recombination of Z'Q , one observes

the rapid rise of fluorescence yield from a low level to a maximum level
upon subsequent illumination in the presence of DCMU. Figure 30 shows the'
result of an experimeﬁt designed to study the dark recovery of‘fluorescence
transient in (a) the presence of DCMU alone and (b) DCMU and NHZOH to—
gether added in the dark, Upon first illumination OI transient is clearly
seen in both (curves 1 and 3)./ In the case of samples treated with DCMU,
the transient recovers after 1-2 min Qf darkness (curve 2) but in the
.samples treated witﬁ both DCMU and hydroxylamine the initial transient

did not reéover (curve 4) even with a dark period of 10 minutes or more

and it remaiﬁed high. This experiment clearly indicates that the back

o :

Tecombination between Z'Q was prevented by hydroxylamine. Similar

results were obtained in oat chloroplasts (see later) and Chlorella (insert

Figure 30, c, d). Bennoun (167) independently obtained similar results
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Figure 320.

Recovery of the initial fluorescence transient in

dark in Porphyridium (main figures: a, b) and in -

Chlorella (insert ¢, d). Curve 1, in (a) initial

transient in the presence of 20 M DCMU; the curve

2 the same transient repeated after a dark period

"of 10 minutes. Curve 3 in (b) initial tramsient

in the presence of 20 pyM DCMU and 10 mM NHZOH.

Curve 4, the same transient repeated after 10

minutes of dafkness. Curve 5 in (¢), initial tran-
sient with 10 UM DCMU in Chlorella; Curve 6, repeated
after 1 minute 5f dargness. Curve 7 in (d), the
initial transient in the presence of both 10 M

DCMU and 10 mM NHZOH; curve 8, the same transient

after 1 minute of darkness. ©Note the difference

in time to reach the maximum fluorescence in Por—-

phyridium and Chlorella; the intensity of illumina-
tion for the latter was higher than the former. The

excitation intensity for Porphyridium was 9 Kergs

cmwzsec“l (from Mohanty et al., 154).
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with spinach chloroplasts and Chlorella. (His work came to our attention
after all our work was completed.) Using different concentrations of
NH20H, Bennoun (167) observed the progressive decline of the 0I rise

curve in DCMU treated samples. Both our results and those of Bennoun con-
firmed the earlier suggestions of Izawa et al. (168) that NHZOH might
block a back reaction bétween Z+Q_.

This observation is in agreement with the earlier findings of Bennoun
and Joliot (165) that (unlike Hzo) the photooxidation of NH20H does not
require éccumulation of more than one positive equivalent. It is clear
that some residual photo—oxidation of NHZOH occurs in the presence of
DCMU. This has been experimentally shown to be the case (165).

The measuremeﬁts of DiE with and without NHZOH further confirms the
suggestion that NHZOH reduces Z+ to Z:

dark

2" p680 Q” % 7 680 Q

NHZOH

If the slow component of DLE is assumed to originate from the back

N
1

recombination of Z' and Q_ (108, 109), one Woﬁld expect a dramétic decline
in the intensity of DLE in the presence of NHon and DCMU. This is what
was found (also see 108, 167). The details of the theory, assumptions,
and kinetics of various components of DLE have been discussed by Staci
et al. (108, also see ref, 109).

The above results with fluorescence recovery transient as well as on
DLE suggest that NH20H inhibits back reaction between Z+ and Q—. This
inhibitipn of back reaétion is due to reduction of Z+ by NHQOH and can

explain the fact that at low concentrations, NH,OH inhibits the photo-

2

oxidation of water and at higher concentrations, it feeds electromns to
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PS ITI. These results are in agreement with studies made earlier with
spinach chloroplasts and the green alga Chlorella by other workers (165,
168) .

7.3 Emission Spectra at 77°

‘As discussed in the introduction, there are three main emission bands
of chlorophyll at 77° K, F685, F696, and F712 representing emission peaks
at 685, 696, and 712 nm (see ref. 68 and literature citations therein).
Earlier analyses (70, 75{ 76, 169) of these emission bands in our labora-
tory indicate that F685 is emitted mainly from the bulk chlorophyll a of
System II. F696 is associated mainly with the energy- trap .of photosystem
II and F712 largely with chlorophyll a from the pigment system I. Figure
31 shows the emission spectra at 77° & of normal cells and cells treated
with NHZOH (in the absence of DCMU). If cells were pre-illuminated with
white light from a 60-W tungsten lamp (for about 5 min) and then quickly

frozen, there was a considerable lowering of the F696 band in the case of

Ja

cells treated with hydroxylamine alone. However, if the cells were not

pre-illuminated, no lowering of the F696 band was observed. (The amount
of lowering of this band with respect to F685 varied from culﬁure to cul-
ture.) Normal cells with or without DCMU‘and:cells treated with NHZOH
plus DCMU gave essentially similar emission spectra whether the cells
were pre-illuminated or not.

It is known that the manganese-deficient cells have lower intensity

of F696 band than the healthy cells (73). Studies of Cheniae and Martin )

(73, 166) indicate that NHZOH extracts an+ in dark. We do not believe

3

At higher concentrations of NHypOH besides the lowering of F696 band an
increase in the long wave (712 nm) band was also observed.
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Figure 31.

Emission spectra of normal and hydroxylamine treated

Porphyridium cruentum at 77 K. Curves normalized at

660 nm because we do not expect any change in the yield
and emission of phycocyanin f£luorescence; samples were
pre~illuminated with‘white light (60 watt bulb placed
at a distance of 20 cm.) and then cooled; hydroxy-

lamine, 0.5 mM (from Mohanty et al., 154).

v
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that the lowering of F696 band in pre-illuminated NH20H treated cells is
due to the ioss.of manganese as we do not see a decrease of this band in
NHzOH plus DCMU treated cells, and cells with NHZOH that were not pre-
illuminated. 1In the case of hydroxylamine treated cells, pre-illumination
will cause a steady photooxidation in contrast to all other cases.
Although in the case of cells with both hydroxylamine and DCMU, we expect
a residual photooxidation of hydroxylamine (as shown by Bennoun and
Joliot, 165), this small amount of photooxidation is not expected to cause
a substantiél\lowering of the F696 band. Thus, we assume that photo-
oxidation of NH,OH leads to a queﬁchingbof fluorescence at 696 mm. It is,

2

therefore, reasonable to assume that NHZOH feeds, at lease in Porphyridium,

very close to the System II reaction center as F696 has been suggested

.

to originate in or near the System ITI trap (71).

8 Effect of Uncouplers of Phosphorylation on the Slow Fluorescence
Yield Changes

Papageorgiou and Govindjee (87, 88) have shown the effect of uncouplers
like atebrin and FCCP on the slow changes in the vield of Chl a fluores-

cence in Chlorella and Anacystis. Figure 32 illustrates the effect of

itebrin and FCCP togethér with CMU, DCMU on the SMT change in Porphyridium.

At low concentration (2-5 (M) of FCCP (Figure 32 (B)), the P to §
ie;line rate becomes s;ower, but the 02 evolution is not suppressed to!
iny great extent. At higher concentrations (10 uM or more) a suppression
I oxygen evolution is seen (Table ITI.2). Atebrin, at concentrations
tsually used to uncouple photophosphorylation in cﬁloroplast reactions
10w, inhibitéd SMT change to the same extent as 10uM FCCP (Figure 20 A).
'hloridzin, the energy transfer inhibitor of ATPase, did not suppress SMT

ransient significantly.
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Figure 32,

Effect of electron transport inhibitors and phoso-
phorylation uncouplers on the slow changes in

fluorescence yield in Porphyridium. Left (A):

Normal cells; with 10 uM DCMU; with 10 M CMU;

with 10 uM FCCP; 10 (M Atebrin and 2 mM Phloridzin.

Right (B): slow transient with and without FCCP
(2 M or 5 ). The yield was normalized at peak
P. Other details are as in Figure 12 (from

Mohanty et al., 153).



124

AR

23S *IAWIL 235 'FIWIL
08I 061 02l 06 09 012 081 0OSl 0z 06 09 o¢
] _ “ I T 1 T _ ] ™
B L [Wizawowd
‘] ~ L wwdon
- o =
@ - ®
TVINLON - -
i} o - _
~— MIYaILY
AN
d224 W7 2 . .
— ﬂuwuu éﬂnﬂ?ﬁa«ﬂ”nﬂhj -~
02 :ﬂaﬂu.usﬂlllil/
B d204 Wi g | I !
Z : o e \
) AW a iy
- | ] ] l o L | i | [ |

ov

091

08l

‘07314 3DON3DS3HONTS

S1INN 3ALYTI3Y



125

Table I1I.2

Effect of the FCCP on the Steady State (3 min.)
02 Exchange Measured on a Rate Electrode
in Saturating White Light

Rate of 09 Exchange (Evolution)

oS

Concentration of FCCP (Relative Units)
1. 0 » 42
2. 2uM _ 40
3. » S5uM ' 35
Lo 10 19

e

% T -
The other experimental details are same as described in the legend
of Figure 26.

In the subsequent chapter we will report the effects of uncouplers

like FCCP on the fast fluorescence transient in Chlorella.

9. Fluorescence Induction in Glutaraldehyde Fixed Cells

Intact cells of Porphyridium Ffixed with glutaldehvde did not show
g y

any change in the absorption spectrum of the pigments in vivo (Figure 33)
(fixation of cells with aldehyde was made according to the mefhod of
Hallier and Park, 170). ‘However, Cohen-Bazire and Lefort-Tran (171) have
reported a &epreésion in the concentration of phycoerythrin although no
change in energy transfer from phycocyanin to Chl a was observed upon
fixation (172). The bCPIP reduction in the fixed cells, suspended in a
phosphate buffer at pH 6.8, was found to vary from 30 to 80 pmoles of

dye reduced/mg/Chl/hr in saturating white light. These rates of electron
transport were approximately the same as those of Hallier and Park (170).

Figure 34 shows measurements of oxygen evolution with CO2 as oxidant in
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Figure 33.

Absorption spectra of normal (solid) and fixed
(dashed) cells adjusted at the red peak. Fixa-
tion was in 3%’<V/V> glutaraldehyde in 0.05 M
phosphate buffer pH 7.8 (from Mohanty et al.,

153).
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Figure 34, Time course of oxygen evolution in normal and

glutaraldehyde fixed cells with G0, as an

|
:
|
i
i
|
|
i
|
|
|

acceptor. Details of measurement as in Figure

13; (from Mohanty et al., 153).
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both normal and fixed cells upon illumination with 540 nm light. No

measureable oxygen evolution was observed in the fixed cells.

Glutaraldehyde fixed Porphyridium cells are devoid oﬁ DPSMT fluores-
cence change (Figure 35); the very fast OI phase is, however, present.
We do not know if these fixed cells make ATP or not, although fixed chloro-
plasts are known not to phosphorylate (173,174). We, however, suggest

that the loss of ability to fix 602 and thus evolve 0, with CO, as oxidant,

2
may be related to the possible unavailability of ATP needed for the
Calvin-Benson cycle. The suppression of slow fluorescence changes, is,
perhaps, due to the loss of ability for structural changes to occur upon
fixation with aldehydes which are known to make molecular cross linkages

between SH and -NHZ groups of amino acids in proteins (175).

10. Summary and Conclusions

The time fourse of Chl a fluorescence yield in Porphyridium, after a

period of darkness, is very similar to that of green alga - both in sec.

and the min. range (Figures 12 and 15).
These changes are restricted to the fluorescence yield of Chl a,

while that of phycocyanin remains constant throughout the induction -

period. Consequently, the emission spectrum of Porphyridium is variable

(Figures 24 and 25). The room temperature emission spectrum shows a
higher F685 at M than at S. We also confirmed the earlier observation
of Lavorel that P has relatively more system II emission than S. Murata
(162) observed a decrease in the intensity of F684 and F695 and increase

c = o . . . . - 2o P
of F712 at 77 K by pre-illuminating the cells of Porphyridium with

system IT light. From these observations Murata suggests that pre-illumina-

tion of pigment system II changes the efficiency of excitation transfer




131

The fast and the slow fluorescence transient in nor-

mal and fixed cells. Samples were adjusted to equal

absorbance at the red peak (0.3). The main figure
(A), the fast OIDPS transient; the 0 level was mea-
sured by giving short flashes as outlined in Chapter
IT. The dashed curve represents data for the fixed
cells. 1Insert (B): The DPS transient and a portion
df T level. Excitation as in Figure 12 A and B;

(from Mohanty et al., 153).
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from chlorophyll a of System II to System I. Our results are in agreement

s

with the suggestion of Murata (162); we observed an alteration in the
efficiency of energy transfer from‘Chl a of system II to Chl 2 of system I
without any change in the efficiency of energy transfer from phycocyanin
to Chl a.
According to this hypothesis, P to S decline reflects a change from
a high system II yield (State 1) to a relatively low system II vield (State
=

2) due to redistribution of quanta (1, 78, 155). The interconversion of

these hypothetical states seem to be triggered by different colors of

t

light (155, 162). PS II light accelerates the change from State 1 to
State 2 rather rapidly (Figure 22) and PS I light prevents this intercon-
version (Figure 21). The high yield P (State 1) seems to decline much
more rapidly in the dark to a low yield (State 2) (Figure 22) than in

System IT light, although a long dark period shifts it to the high yield

State 1.

The experimental results obtained from Porphyridium also amplify the
earlier suggestioné that long term fluorescencevchanges are not associated
with the oxidation reduction level of the primary acceptor Q and these
changes may'be indirectly linked to energy conserving processes. This
view 1s supported by the following ob'servatioﬁs° (1) Absence of correla-
tion with the rate of oxygen evolution as shown previously by other
workers (87, 89) and in Figu?e 12. (2) Early saturation and intensity
dependence of P-5 and S-M phases as compared to DP phase, and the sensi-
tivity of these changes to uncouplers (87, 88) and Figures 18, 19 and 32.
(3) Furthermore, abélition of the slow changes in the fluorescence yield
when a net artificial electron transport (from NHQOH) occurs which prob- ‘

2bly inhibits the cyclic electron flow and ATP formation (Figure 29).
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Nevertheless, these slow changes do not seem to be completely independent
of the photosynthetic electron flow as these changes are sensitive to DCMU
and CMU (Figure 32).

Results obtained with cells fixed with glutaraldehyde (Figure 35)
further suggest that some kind of structural alteration is associated with
these slow changes in the yield. However, the gross macroscopic altera-
tion of structure may not be directly associated with the slow changes in
the yield and the slow phase may originate from_microscopicbchanges that
precede the gross structural alterations.

Fixation of cells and chlofoplasts with glutaraldehyde (or formalde-
hyde) immobilize the structural changes as shown by the absence of scat-
tering and volume changes kl74), Unfortunately, CO2 reduction is also
(Figure 34) abolished, perhaps, due to the lack of ATP formation. Fixed
chloroplasﬁs do not have the capability for transmembrane ion transport
(174) . Fixed cells have, however, normal electron transport ability in

_that they can reduce indophenol as well as viologen dyes although at re-
duced rates. Fixed cells do not exhibit slow fluorescence changes (Figure

35). These observations strongly suggest that electron transport par se

contributes very little to the slow fluorescence changes in intact cells;
the latter seem to be more intimately related to the energy coupling pro-
cess than electron flow during photosynthesis.

.

It is not possible from these studies to evaluate if the slow fluo-
rescence changes are rélated to proton transport across cellular membranes
as Vredenberg (176) has proposed from electrical potential measurements
with Nitella. However, we believe that fluorescence changes are related

to the energy dependent structural changes of the thylakoid membranes.

Other phenomena like the proton movement and phosphorylation affect




fluorescence via these structural changes. ' However, West and Packer (173)
‘have shown that, upon illumination, glutaraldehyde fixed chloroplasts can
take up protons - although at a reduced rate. (Mévements of other ions
into and out of chloroplasts are, however, largely eliminated.) If we
assume that fixed cells behave as fixed chloroplasts, then it follows that
proton uptake alone is not responsible for PSMT fluorescence yield change
in whole cells.
In this study, we have also analyzed the effect of hydroxylamine on

the fast transient (0IDPS) of Porphyridium (Figure 28). This potent inhi-

bitor of photosynthesis blocks the flow of electrons from HZO’ and at
higher concentrations, it donates electrons to PS II (Figures 27, 28).
Because of the ability of‘NHZOH to donate electrons without a_requirement
for the accumulation of oxidized equivalénts, it inhibits dark recombina-
tion between Z+ and Q-. This function of NHZOH was also observed inde-
pendently by Bennoun (167) in Chlorella and chloroplasts.

Furthermore, the changes in emission property of the F696 band, which
was previously shown to be associated with PS II reaction centers suggests
that NHZOH acts very close to the Photosystem II trap. Unlike DCMU, this
inhibitor 1owérs the yield of F696 band. It seems that the F696 band
reflects the redox state of the trap as well és‘other changes of the struc-
ﬁural alteration or changes in the environment of the trap as initially

observed by Cho and Govindjee (75).
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iV. "FLUORESCENCE INDUCTEON IN THE GREEN
AT.GA CHLORELLA PYRENOIDOSA

1. Introduction

The chlorophyll a f£luorescence transient of the green alga Chlorella
pyrenoidosa was recently studied by Munday (58) and Papageorgiou (59).
Munday (58) reviewed the literature of fast transients up to 1968. Papa-
georgiou (59) has analyzed the effect of light‘intensity, 'some electron
transport iphibitors and uncouplers of phosphorylatiénfon the slow changes
in the fluorescence yield and on O2 evolution. Bannister and Rice (89)

have similarly measured simultaneously 02 and fluorescence yield changes

in the wild and a few mutant species of Chlamydomonas.

Both the data of Papageorgiou and Govindjee (87, 88) and that of
Bannister .and Rice (89) present supportive evidence that cyclic -electron
flow may influence the slow changes in the yield of Chl EQ.fluorescence.

Bannister and Rice (89) reported a slow change in the yield of Chlorophyll

a fluorescence in the presence of DCMU in Chlamydomonas, which was not
observed by Papageorgiou and Govindjee (87) in Chlorella. Also, Papa-
georgiou and Govindjee (88) observed a suppression of'fluorescénce yield
by uncouplers like FCCP énd atebrin in Chlorella. These authors interpret
this suppression éf fluqrescence vield to be due to an inhibition of both
cyclic and non-cyclic photophosphoryiationwv There are also.reportS»of
guenching of fluorescence‘yield by FCCP in the preéence of DCMU, both in
intact algal cells (177) as well as in isolated chloroplésts (178, 179).
The nature of this quenching is still unknown. |

Inithis ch;pter, we will discuss the experiments that were designed

to study the following:



(a) The effect of system I illumination during the slow SMT phase.
This will enable us to assess the extent of dependence of the
slow changes in the yield on the oxidation level of Q.

(b) The interdependence of slow changes in the yield, namely SMT
phase, and the fast changes in the fluorescence yield (OIDP
Phase).

(¢) The investigation of the nature and extent of slow changes that

are present when net electron transport is blocked by poisons.

(d) Tﬁe‘effect of salts on fluorescence yield changes and its cor-

relation with other phenomena.

We believe such types of investigations are necessafy to gain insight
into the cause of slow changes in fluorescence yield, and its relation to
photosynthesis.
| Figure 36 shows the typical characteristic points of the fast tran-
sient in Chlorella. The P/0 ratio is about 3.0. This ratio varied, de-
pending.upon the culture condition, from 2.0 to 4.0. Figure 37 (left)
describes the‘ccangee in the amplitude at O, P acd S with various exciting
intensities of illumination. There ie no change in the-slope of this F
vs. I curve at 0 level, éuggesting a constant yield of fluorescence at 0
(158, 161). The yields of fluoresceﬁce at S and P change with .exciting
intensity, but the increase in yield at P is much greater than at S (mea-
sured after 3-4 seccnds after illumination).

These results are similar to that of Munday and Govindjee (83, 84) who
Dbseryed a greater increase in the fluorescence yield at P than at S or
at I. Figure 38 (right) is a plot of relative variable fluorescence

7ield at P and at S. We observe that the fluorescence yield at P does
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Figure 36.

The typical fast Chl a fluorescence yield changes in

Chlorella pyrenoidosa exhibiting characteristic OIDPS
transient. The cells were suspended in Warburg buffer
#9 (0.1M, pH 9.2). The sample was'illuminated,with a
blue green light (C.S. 4-96 plus C.S. 3-73 filter; in-
tenéity of excitation, 18 Kergs cm-zsec‘l). The sample
was kept in dark for 7 minutes before illumination.
Fluorescence was measured at 685mm (half b;nd,wiath,
6.6nm). A corning‘C.S. 2-61 filter was used before the

photomultiplier to guard the leak of excitation light.

Fluorescence signal was recorded with Esterline Angus

. recorder. The 0 level was measured with a short dura-

tion (1/20 séc) weak intensity flash.

8
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. Figure 37.

Figure 38.

(Left) Variations of fluorescence intensity and |
yvield as a function of excitation intensity in

Chlorella. Amplitude of fluorescence measured at

685 nm versus ‘excitation intemnsity. Fluorescerce

transient was recorded with an oscillographic
recorder. Illumination, blue light (C.S. 4-72 and
C.S. 3-73; half band width, 6.6 nm); intensity

1.00 = 12 Kergs cmfzéécfl.

(Right) Relative variable fluorescence yield
at P (open circles) représented as (P - 0)/0
dand (P ~ S)/S (solid circles) versus excitation

intensity.
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saturate at the highest intensity used. Since the fluorescence at 0
varies 1inéaraily with absorbed light (158, 161), (P-0)/0 represents the .
relative quantum yield of fluorescence at P. The (P-S)/S curve saturates
at a lower intemsity of excitation than at P.

2. Effect of Pre-TIllumination on the PS Decline Phase of the Fast
Fluorescence Transient

The effect of pre-illumination on oxygen evolution has been well
documented (180), but, the effect of pre-illumination on the fast transient

has only recently been described by Munday and Govindjee (84) in Chlorella,

Bannister and Rice (89) in Chlamydomonaé, Vredenberg (152) in Porphyra

and Murata (151, 162, 181) in Porphyridium and in Porphyra. Figure 39

shows the typical transient of cells kept in the dark (7 minutes) and the

cells pre-illuminated with 710 mm. light for 1 minute and then excited by
a broad band system II light. As compared to the dark adapted sample,

both DP rise and P-S decline are slower in the pre-illuminated sample as

we observed in Porphyridium (Chapter III), and as Vredenberg (152) repor£ed
in,PorEhzra. The§e results also confirm the observation of Munday and
Govindjee (84) iniéhloreila. The decrease in P seen in Figure‘39 may not
be the true decreése in P as reported by Munday and Govindjee (84) as a

two second dark time intervened between pre-illumination and excitation
with system II light. It is, hbwever, clear that system I pre-illumiﬂa-
tion even after a period of 2 sec dark intervention has slowed down the

D to P rise and P to S decline. As discussed earlier, the slow D to P
rise is explai?ed to be due to rapid reoxidation.of ;educed QH by'consti-

tuents of pool A which are expected to remain in a more oxidized state in

-system I pre-illuminated cells than in dark-adapted cells, but then the

slower P to S decline cannot be explained on the basis of oxidation and
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Figure 39.

Enhancement of yield at S level by system I illumina-

tion' in Chlorella. Dark pre-treatment, samples were

~ kept in the dark for 7 minutes and then the fluores—

cence transient was measured. Pre-illumination,

) . ) +2 -2 =1
710 nm light (intemsity, 1.3 x 10 ergs cm sec )
for 60 seconds; transient was measured 2 sec after

the cessation of pre-illumination; all other condi-

tions as in Figure 36.
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reduction of Q. Some other factor(s) must govern the slow P to S decline.
Figure 40 sﬁows the effect of short exposure of system II light on the
fast transient of Chlorella. The upper trace is the tramnsient of the
usual 7 min dark adapted sample, and the lower (pre-illuminated) trace
was measured as follows: The sample was kept in the dark for 7 minutes,
and then system II broad band blue-green light was turned on until fluo-
reécenée reached P level and then it was turned off. After 2 seconds of
darkness the same light waé turned on again and the complete transient was
recorded. This experiment may be regarded as a short term system II 1light
pre-illumination. In the pre—illuminatéd sample, there is a rapid D-P
irtcrease aﬁd a faster P to S decline with respect to dark adapted sample.
The rapid DP rise is due to slower dark reoxidation of QH by the con-
stituents of the A pool which remain in a relatively more reduced state
due to6 prior system II illuﬁination. Again, the rapid P to S decline
cannot be easily explained on the basis of oxidation reduction reactions.
The results qf Figures 39 and 40 suggest that system I and system II
light act in an antagonistic manner on this unknown factor(s) which regu—
lates the P to S decline as they do in redox ieactions of Q:.PS‘II'light
accelerates while PS T light retards it. These}results confirm the find-
ings of Munday and Govindjee (84, 85)‘and I report here my data to empha-
size that the fluorescence change asséciated with P to S decline canno£
<

be easily explained on the basié of reoxidation of the primary acceptor
QH iﬁ spite of the aﬁparent complementarity of the rate of Q2 evolution
and fluorescence (89).

In the following section, we will describe some results of the inter-

action of system I and system II light during the SMT transient of
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Figure 40.

Effect of brief system IT pre-illumination on the Chl a

© fluorescence transient in Chlorella. Dark pre-treated,

usual transient with 7 minutes darkness; pre-illmninatéd
with blue-green light until P level was reached an&'then
the excitation light %as turned off énd.again it was
turned on and the transient recorded. The two tran-
sients are adjusted at 0 (2.53 scale unifs}e The éample
containing approximately 80 ug Chl/3 ml, was suspeﬁded
in phosphate buffer (0.05 I, pH 8.0) plus 0.0l M NaCl.
Excitation, blue-green light, peék at 480 nm (band

width, 120 nm); intensity.= 14 Kergs cm'-'zsec—l°
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3. Time Dependent Quenching of Fluorescence by System I Light During the
Slow Fluorescence Transient

In 1960, Govindjee et al. (9) reported a decrease in fluorescence
yield of chlorophyll a of system II %hen Chlorella was exposed to system I
light (A > 685 nm). This observation was extended to spinach chloro-
plasts and several other algae by Duysens and Sweers (10). The quenching
of Chla2 (Chla excited by sysfem.II light) fluorescence by system I light
is explained by the antagbnistic effect of two lights on the primary elec-
tron acceptor‘of system II. We have measured the time dependence of this
quenching effect on the various regions of the slow induction phase. The
details.of the experimental protocol have been publisﬁed earlier by
Mohanty_gi_gl. (182) and are briefly summarized below.

Fluorescence-waé excited by intense blue light'(K peak, 480 ﬂm; half-
- maximum band width, 100 nm; absorgéd quanta, approx. 4 x 1014/séc : cmz),
and was measured at 685 nm (half-band width, 5 nm). Quenching wés caused
by 710 mm light (half-band width, 13 nm; absorbed quanta, approx. 5 %
iOll/sec ) cmz). 546 nm light of similar band width and'intenéity caused
ﬁo change in fluorescence yield. Filters were used to transmit fluores—
cence and to prevent nearly all the exciting light from entering the
measuring monochromator. - With 710 nm‘light aldne, the light leak was
very low, less ‘than 2% of blue-excited fluorescence; it was measured and
sﬁbtracted from the blue -+ 710 nm excited fluorescence.

In our experiments a series of 5 minute dgrk—5 minute (blue) light
cycles were used. Blue light preferentially excited system II. The
system II fluorescence yield (observed at 685 mm) undergoeé a slow induc--
tion labelled S, M and T. Interaction with system I was studied by

adding 710 nm light at different times during the induction of fluorescence
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mentioned above.

The 710nm light caused no fluorescence quenching in the first 5-10
seconds of the (blue) light period (Figures &1 and 42). Instead, the
fluorescence yield increased slightly (1-5%). We considered the possibility
of an apparent increase due to nonlinearity in the fluoresceﬁce (F) versus
intensity (I) curve and the fact that about 10% of the 710 mm light quanta
excite System II. However, the intensity (I) of blue light ﬁas high.enough
so that the fluorescence (F) was in the second linear portion of the curve
F versus I..‘This linearity was tested by adding 546 nm light (absorbed
almost equally in the two systems; the intensity of this'light was ad-
justed to.give the same signal as 710 mm light). No chénge in the fluo-
rescence yield was observed with 546 nm light in contrast to results with
710 nm light. The small-increase. in fluorescence yield caused by 710 nm.
light during the first 5-10 seconds of Systém II light is, therefore,

considered real. The absence of quenching durihg this period was observed

in Chlorella cells suspended in their growth medium as well as in Warburg

buffer No. 9.

,Affer 10 seconés of blue light, however,‘7lO nm light caused quench-
ing (Figure 41), and this queﬁchihg increased‘up to 0.5 to 2 minutes, and
then decreased slowly until about 3-5 minutes (Figure 41). The amount of
quenching variéd.from culture to culture but remained constant in oné
sample; it varied from 7 to 18%. When the maximum quenching was 7%

(Figure 41 (a)) the quenching effect reached a peak at aBoqt 0.5 to 1

minute and the effect declined to 3% by 3 minutes. However, when the

maximum quenching was 10 to 15%, the peak occurred at 1-2 minutes and the
declime in quenching effect was still high at 5 minutes (10 to 14%)

(Figure 41, b).
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Figure 41..

Percent change in fluorescence yield due to 710 nm .

light at various times during the SMT fluorescence

. transient. Top (a): experiments with three dif-

ferent cultures (thick line with open triangles,

. 'solid circles and crossed circles) are shown; the

scale to the left. For comparisom, a typical-SMI
trahsient is shown with thin_line with small épen
circles; scale to the'right. Bottom'(b): similar
experiment with two other cultures (large open
circles and solid équares) exhibiting higher per-
centage of quenching of the fluorescence yield by
710 nm supplementafy light. The thin~line curve
(small open circle, with abscissé scale to the
right) represents the usual SMT fluoresgence tran-
sient recorded with a Keithley microvoltammeter and

a Brown recorder:(from Mohanty et al., 182).
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Figure 42.

Percent change (AF) in fluorescence vield in

Chlorella pyrenoidosa caused by supplementary

illumination of 710 nm. Fluorescence measured

at 685 nm excited by blue light (absorbed quanta,

. 4 -2 =1
approximately 4 x 10 quanta cm sec ).
(A): 710 nm far red light given after 5 sec. of
blue (mainly PS II) illumination, (B,C): Same
given after'successive'periods of 40 sec. The
level of fluorescence prior to 710 mm illumination
was adjusted to read,zero; the light leak due to

710 nm light alone has been subtracted (from

Mohanty et al., 182).
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Figure 42 shows the traces of the tranmsient imposed by system I1°
light. System I light added after 5 seconds of blue illumination caused
an enhancement (A) and the same light caused a quenching if added later
(B, C, D). In all trials of 710 nm light the decrease in yield was
stabilized only after about a:.second which suggests a slow irteraction
associated with the quenching process. Upon cessation of system I light
(710 om 1ight).the fluérescence vield increased (1 to 4%) and then de-
clined to the original steady state level. This transitory rise observed
at the end éf 710 nm illumination was compléted_within 1 to 2 seconds and
recovered to original level with a half time of S seconds or more. (This

«

" confirms the observation of Murata (162) in Porphyridium and those of

Bonﬁaventura and Myers (155) in‘Chlorella;)

We Qere surprised by the observation that such a weak system I ligh£
could bring about a large decrease in the fluorescence yield. But, a
quenching was .observed after 5-10 seconds of blue illumination in moze
than 20 separate cultures—-only in two cases we did mot observe any appre- -

ciable quenching. This quenching of Chl a, fluorescence by system I

2
light could, perhaps, be. explained as a light induced acceleration of
photoreaction I which in turn accelerates oxidation of Q, the quencher of
fluorescence. On the other hand, the slow changes in the yield seen
after the cessation of 710 nm illumination cannot be explained on the
basis of changes in electron tramsport alone.
We observed that if the intensity of Syétem IT (blue) light was

_ of . . . 4 *"2 -l . B}
lowered to 247 of-the maximum intensity (1.5 x 10 ergs cm “~sec ) thereby
putting the intensity near the lower portion of the F vs. I curve, there

was no quenching. This is probably because larger amounts of Q remain in

the oxidized state and the addition of .PS I light causes no significant
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change in the oxidation state of Q.

Addition of 10 uM DCMU abolished the quenching effect as well as the
transitory increase after 710 nm light was turned off. A very small 1-2%
increase was, however, observed. These results were confirmed in &4 dif-
ferent cultures. Addition of methyl viologen (0.1 mM) abolished the
temporal fluctuations in the quenching but only small constant amount of
quenching bersisted. Methyl viologen caused a decrease in the yield at P
and a suppression of the siow changes in the fluorescence yield (see later).
Thus it appéars that a complete photosynthesizing system and the. presence
of SMT changes are needed to show a variation in the quenching effect with
time. It is clear that for an equal level of fluorescence yield at two
different points (Figure 41 a and b) on the SMT phase, the amount of
queﬁ;hing caused by the same intensity of system I light is different.
Thus, one cannot quantitatively correlate the extent of quenching by PS I
light with the level of_reduced Q. This together with the temporal in-
crease in the yield»after 710 nm system I light;illuminationv(Figure 42)
strongly suppbrts the view that other factor(s) besides Q govern the level
of fluorescence during the slow changes in the yield of Chl a fluorescence.

4. Effect of Electron Transport Cofactors andJUncouplers of Phosphoryla-
tion on the Fluorescence Yield Changes

4.1 Cofactors

Munday and Govindjee (85) éhowed that the low potential dye, methyl
viologen, quenches the fast fluorescence transient of Chlorella. Figure 43
shows the effect of 0.1 mM methylviologen after i~2 min (middle trace) and
after 10 min of incubation (bottom trace). It is clear that this low

potential dye (Em = —440 mV) completely suppresses P and lowers S. 1In the

presence of 0.1 mM methyl viologen, (Mev), the OI phase is not affected;
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Figure 43.

_Recordér tracing of the fast Chl a fluorescence tran-.

sient of Chlorella with and without methyl viologen.

. The cells were suspended in carbonate bicarbonate

buffer (0.1 M; pH 9.2). Upper trace, untreated
sample, middle trace 1 minute after addition of

0.1 oM methyl viologeﬁ (Mev); lower trace 10 min

after addition of Mev. 1In each case the sample was | -

kept in darkness for, at least, 7 min. Other

details of measurement as in Figure 36.
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‘this was clearly shown by Munday and Govindjee (85). We observed a rapid
restoration of the OI transient in the presence of MeV (t; = 0.5 sec).
2

The 0 level was not affected at this concentration of MeV. As MeV is

known to pick up electrons from the primary acceptor of photosystem I in
isolated chloroplasts, Munday and Covindjee (85) interpreted their results
of suppression of P by MeV to be due to an acceleration of ‘the rate of
electron flow. 1In their language, the P is due to a "traffic jam" of
electrons beyond X and MeV, Being highly autooxidizable, by-passes this

limiting step.

Table IV.1 shows the effect of MeV in inhibiting photosynthesis (02
evolution). Preincubation with 0.1 mM MeV for 10-15 minutes is enough

to cause inhibition of 0, evolution; the latter is replaced by a small

2
amount of O2 uptake (as measured in saturating the white light). Higher
concentrations of MeV increase the light stimulated oxygen uptake. The

rate of 02 uptake in light decreases with time. We could not restore the

ability of cells to evolve oxygen by subsequent washing with buffer.

Table IV.1

Effect of Methyl Viologen (MeV) on the Net 0

‘Exchange in Saturating White Light 2

Concentration of MeV Net O2 exchange relative units
0 +4.5
0.1 mM ' -0.5
1.0 mM -2.5
5.0 mM -3.0

) O2 evolution (-) 0, uptake as measured on the rate electrode with

2

PO4 ~KC1 buffer (pH 7.0).
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Similar observations have been made by Turner et al (183), using another

viologen dye diquat in Chlorella vulgaris. Inspite of the difficulties

of restoring the oxygen evolution ability, our results indicate that a

light induced O, uptake occurs in the presence of methyl viologen in intact

2
cells as in the case of isolated chloroplasts.

In a preliminary experiment we compared the extent of PS I 1light
induced oxidation of Cyt f (measured at 419 nm; 3 mm slits, 10 nm half
band width) in the presence aﬁd in the absence of 1 mM methyl viologen.

In the presénce of methyl viologen, the steady state extent of Cyt f oxi-
dation by 710 nm light was hiéher (2-to 2.5 times) than control cells.
Admittedly; this observation needs to be confirmed by constructing action
spectfa for Cyt T oxidation, with and without MeV. However, this pre-
liminary observation, together with the observation that MeV caﬁses oxygen
uptake in whole cells of Chlorella, indicates that methyl viologen
accelerates the electron flow and bypasses the NADE+ reduction. Thus, the
suggestion of Munday and Govindjee (84, 85) that the DP rise is brought
about by an accumulation of QH, AH, and XH and that MeV prevents the
accumulation of these reduced carrieré, seems to be consistent with our
observations. P to S decline, thus, may be regarded as a consequence of
this transitory accumulation of the reduced electron transport cérriers
(QH, AH, XH, etc.)-which cause the closure of PS-iI trapé thereby facili-
tating a spill over of excitation energy from PS II’to PS I (see later).
Methyl viologen, on the other hand, accelerates electrén transport and
keeps the traps open. On the basis of this logié; one would expect a
higher extent of,spill over in the presence of DCMU; this'gggﬁ_ggg happen,
as the fluorescence yield remains high in the presence of DCMU. MoreovérJ

even in the presence of methyl viologen addition of DCMU increases the



2;yield. We may speculate that an electron flow is, somehow, required to
promote theFSPill over of quanta from PS II to PS I.

As discussed in the introduction, Duysens (86) recently reported a
quenching of the Chl fluorescence by P by a bright microsecond flash of
system I light. This result indicates that all the intersystem intgr—.
mediates are not in the reduced state at P. The fluorescence yield at P
in bright iight is also lower than the yield in the’presence o£ DCMU which
may indicate that probably all Q are not reduced at P. It seems that even
the fast flﬁorescence induction phase is also influenced by factors other
than Q.

‘Figure 44 shéws*typical SMT transient (upper curve) and the effect
of 1 mM MeV on thesé slow changes (lower curve). Most of the SMT varia-
tion is replaced by a slow decline to a low level within 10 seconds of |
illumination and then a slight rise. A similar result was observed in

the case of the red alga Porphyridium (not shown). It seems that most of

the slow transient is suppressed by this cofactor of electron transport.
We could not induce any alteration in the time dependent changes in

the fluorescenée yield of Chlorella by the addition of ferricyanide, even

at a relatively high concentration (15 mM). Apparently, ferricyanide does

not get intoc the cells.

- Figure 45 illustrates the alterations in thg time course of fluores-
cence by 0.1 mM parabenzoquinone (PBQ). PBQ cbmpletely suppresses the
P and 1owersvthe amplitude of S. PBQ also lowers (10-15%) the 0 level
(not shown). But the maximum quenching occurs aﬁbP. This quenching of
variable fluorescence seems to be due to the ability of quinones to act
as typical Hill oxidants. The actiop sﬁectrum of quinone photoreductioﬁ

(as—measured by'O2 evolution in_Chlorella)..shows the "red drop"

160



161

Figure 44. The slow SMT transient in the Chl g_fluorgscence yield
with and without methyl viologen. 'Upper"curVe, untreated
cells; bottom curve, 1 mM MeV. In both cases 7 min of
dark time was interposed before illumination; illumina-
tion, blue light (C.S. 4-72 plus C.S. 3-73; intensity

. _ .
~ 10 Kergs cm sec Fluorescence was measured at 685

nm (half band width, 6 nm).
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Figure 45..

Y2

Time course of the relative fluorescence yieﬁﬁ in

Chlorella with and without parabenzoquinone (PBQ).

-Main figure shows the fast transient in untreated

' (upper curve) and in treated (with 0.1 mM PBQ) cells.

(Lower curve). (The 0 level is not shown;) Insert:
slow time couise of fluorescence yield changes in
normal (open circles) and paraoenzoquinoﬁe treated
(PBQ) cells. The samfles were suspended in fresh
growth medium of Chlorella (pH 6.8); excitation
blue 1light (C.S.'4;72 plus C.S. 3-73) intensity,

14 Kergs cm-QSec‘l. Observa;ion A= 685 nm;-half-‘
band width, 6.6 nm, Corning C.S. 2-58 filter before

the photomultiplier.
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(R. Govindjee et al., 184). From these observations, we concluded that
the suppression of the variable fluorescence at P is due to oxidation of .
Q by the quinones. The slow changes in yield that persist in the quinone
treatment seem to be Treminiscent of the .SM rise in the normal, but this
| rise is slower tham in the normal. With 0.1 mM PBQ, the S level is lower
than in normal and it rémains low (lag period) for 10-15 seconds and then
it gradualiy increases to a higher lével. The final yield of fluorescence
was higher than the terminal (T) level of untreated éells. With a higher
concentration of PﬁQ or with a longer period of imcubation (20 to 30 min)
the lag period was prolonged‘and the fiﬁal intensity was decreased to a
lower level (not shown)m' Tt is noteworthy that there is a slow rise in
yield with PBQ. Such a significant extent of slow increase in fluores-
cence &ield was not observed in the presence of MeV in Chlorella althotgh
MeV suppresses P and S like PBQ. We will &iscuss later the probable
cause of the different effects of these two éleétron transport cofactors.
.Table IV.2 shows the results of a typical experiment on the effect of
-various concentrations of PBQ on the amplitude of P and S. Progressive
increase in concentration depresses P to a much greater e#tent than S.
The ratio of P/S gradualiy dropped from 1.29 to 0.95. Fork and Amesz (1855
have previously shown that quinones iﬁ general gquench variable fluores-

cence of isolated chloroplasts to a larger extent than the constant fo

level. They have shown that this quenching occurs even in the presence of

DCMU. TFork and Amesz (185) suggested that the quenching by quinones may
be due to a dynamic type of quenching very similar to what has been
observed for Chl a in solution. We observe that PBQ quenches fluorescence

maximally at P level in Chlorella. Since the development of P is due
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Table IV.2

Effect of Increasing Concentration of PBQ on the
Amplitude of P and S and P/S Ratio

Concentration of “Amplitude P % Lowering
PBQ added in M at P at S S of P of S
0 170 132 : 1.29 1.0 1.0
5 155 120 1.29 o1 .90
10 142 112 1.27 .83 .84
20 132 110 1.20 .78 .83
30 130 110 | 1.18 .76 .83

Fluorescence transient was measured at 685 nm after 7 minutes of incuba-
tion in the dark. A high concentration of ethanolic solution of PBQ was
added by a lambda pipette. Maximum alcohol concentration was ~2%.. Cells

were suspended in phosphate buffer (0.05 M, pH 7.8) with 0.01 M NaCl.

mainly to the accumulation of QH and since PBQ is known to act.as a Hill

oxidant in Chlorella, we believe that the mein cause of Tlowering of P by

PBQ is due to its ability to act as a Hill oxidant (acceptor for PS II)T

Although PBQ suppresses P to S decline, it does ﬁof completely eliminate

the slow SM rise in normal cells. Thus, it appears that slow rise is not
dependent oﬁ thé development of the firsé wave.

4.2 Uncouplers

The effect of uncouplers of photophosphorylation én the fluorescence
yield changes has been reported by many invéstigétors. 6né-of the most
studied uncouplers is carbonylcyanide phenylhydrazoﬁe (CCCP and FCCP).
Bannister (177) and Bannister and Rice (89) showed that 10 yM FCCP sup-

pressed the O2 evolution and lowered the.yield of f£luorescence in
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. Chlamydomonas. These results are explained on the basis of the uncouplihg

activity (iﬁcreased electron flow) of the chemical. However, Itoh et al.
k186) suggested -that CCCP induced lowering of fiuorescence in isolated
chloroplasts is due to inhibition of electron transport from water to

PS II and not due to uncoupling of phosphorylation.

Recently two reports on the effect of CCCP on electrom transport and
on the chlbrophyll fluorescencé yield of isolatéd chloroplasts have
appeared. Kimimura et.al. (178) support the view.of’Itoh et al. (186)
that low stéady state yield of fluorescence is mainly due to an inhibifion
.of electron transport while Homann (179) has shown that CCCP accelerates
a Mehler type reaction even in previously uncoﬁpled chloroplasts and
causes aviowering of fluorescence yield. Thus, the quenching of fluores-
cence is due to a rapid rate of electron transport. |

Wé have studiéd the effect of FCCP and CCCP mainly on the fluores-
cence yield changes in intact algal cells. Eariier, Papageorgiou and
Govindjee (8) repérted the .suppressing effect of FCCP in Anacystis and
Chlorella respectivelj on the slow SM rise and on MT decline of Chl a
fluorescence. Recently, Govindjee and Delosme (personal communication,
187) studied the effect of FCCP on the fast transient of Chlorella. Re- -
sults of Govindjee and Delosme are very similaf to those that we obtained
iqdependently af Urbana.

- Figure 46 shows the effect of various concentrations of FCCP on the

amplitude of fluorescence at O, I, P, and S in the red alga Porphyridium.

(We show this here for comparison with Chlorelia.) At low (0.1 @) con-
centration of FCCP there is an increase in I and P, but the fluorescence
yield at 0 and S remains relatively unchanged. On increasing the con-

centration to 0.5 M, the fluorescence yield at I .declines while the




168

Figure 46.

Changes in the relative fluorescence yield at varicus

- characteristic points of the fast transient in Porphy-

ridium cruentum as a function of concentration of FCCP.

- Top curve, ratio of the yield P/S; ordinate scale on

the right. Blue-green excitation light (C.S.. 4-96 plus

C.S. 3-73) intensity} 18 Kergs cmnzsec ; observation
A = 685 nm (half band width, 10 mm); Corning C.S. 2-58
filter before the analyzing monochromator. Cells were
suspended in carbonate-bicarbonate plus 0.25 M NaCl

buffer, pH 8.5. FCCP was added in the dark and equili~

brated for at least 5 minutes before the measurements.
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yield at P and S increases. At stiil higher concentrations of FCCP (4 uM)
both P and S decline and we observe an increase in the 0 level fluores-
cence. Govindjee and Delosme (187) have obtained similar xresults for the
effect of FCCP on Chlorella. (We have also obtained similar results on
the effect of FCCP on Chlorellé.)

Figure 46 (top curve) shows the variation in the ratio of P/S as a
function of the concentration of FCCP. It is clear that the P/S xatio
decreases at a reiatively lower (~1 uM) concentration of FCCP when the
vield at P is‘still high. Figure 47 is a similar plot of the variation
in the amplitude of fluorescence at I, P and S as a function of the con-
centrationd of CCCP in Chlorella. At low concentrations, we observe a
similar enhancement in the yield at I and P as well as at S and then the
fluorescence yield declines on increasing the concentration of CCCP. The
fluorescence yiéld at S level showed a larger enhancement in the yield at
low concentration. But on incfeasing the ‘concentration of CCCP it also
was suppressed. Again, the ratio of P/S decreasés at a concentration of
CCCP when the yield of P is high. CCCP‘is known to be comparatively less
poteﬁt than FCCP and thus a relatively higher concentration of CCCP was
needed to cause similar effects. In these experiments we have used rela-
tively higher concentrations of both CCCP and FCCP as compared to what is
routinely used in the case of isolated chloroplasts or mitochondria. éuch
high doses of uncouplers are prdbably necessary as we do not know the
exact fraction of the compound that permeates to the fﬁnctional site of

the chloroplasts in vivo. .

Figure 48 shows the trace of the fast transient (up to 2 sec of illum- -

ination) with and without 10 UM CCCP in Chlorella. The extent of quenching

at P war more than what was observed in Figure 47 as a separate culture of
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Figure 47.

Effect of various concentrations of CCCP on the ampli-
tudes of various points of the fast fluoréscénce tran-
sient in Chlofella. The bottom P/S curve, scale Eo the.
right. Cells suspended in 0.1 M carbonate»bicarbonaté
buffer, pH 9.1 with O;Ol M NaCl; blue excitation 1light
(C.S. 4-72 plus C.S5. 3-73) intensity, 14 Kergs cm'2
sec_l; C.S5. 2-60 filter before the photomultiplier.

CCCP was added in the dark approximately 5 min. before

the measurements.
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Figure 48. Time course of Chl a fluorescence yield in Chlorella with
and without 10 uM CCCE. Cells were éuspended in 50 mM
Tris-Cl plus 0.01 M sodium chloride‘bufférg pH 7.8. A

observation, 685 nm; other conditions as in Figure 36.
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Chlorella was used in this experiment. Besides the suppression in P,
there was a delay in time to reach P level (tp) . Figure 49 is a plot of

the time to reach P (tp) as a function of the concentration of FCCP in

Porphyridium. Again, a different effect was observed at lower concentra-
tion of FCCP than at higher concentration of FCCP. At low concentration
of FCCP the tp is hasténed (not clearly shown in Figure 49), but on rais-
ing the coﬁcentration of FCCP the tp is progressively delayed.. Very
similar results were obtained on the effects of FCCP on tp in Chlorella
(not shown); ‘Figure 49 (right) is a similar plot of tp versus the con-
centration éf FCCP obtained from an acidophilic alga Cyanidium. Although
no clear hastening of tp at low concentrations of the uncoupler was notedv
here, a progressive delay of tp at higher concentration was observed (see
bottom curve with open circles). .Again, the amplitudes of fluorescence |
at various characteristic points of the fast transient, namely 0, I, P,
and S, showed similar variation with incréasing.dosqs of FCCP as it was

observed in the case of Porphyridium or Chlorella. Thus the results ob-

tained with three different algae suggest that observed results are a
general manifestation of the action of this uncoupler. It hés at least
two modes of action; at lower concentration, it causes'an enhancement of
I, P, and the Iatevof DP rise and at higher concentration, it suppresses
them. |
Figure 50 shows a stimulation of the slow rise of fluorescence yield
in Chlorella‘with FCCP. The P/S ratio (S measured.at .3 sec) was lowered
from 1;35 to 1.25 in-this sample. The effect of stimulation of a slow
S-M rise by FCCP is much greater at pH 6.8 than at pH 8.0 (not shown; but
see Papageorgiou and Govindjee (87) for.comparison). At pH 6.5 we ob-

served a slow increase in yield (S-M type) in the presence of FCCP and
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Figure 49.

Effect of varying concentrations. of FCCP on the time
for development of peak fluorescence yield.(P) in

Porphyridium cruentum and on the fluorescence yield -

changes in Cyanidium caldarium. ZLeft: time to reach

p (tp) versus concentrations of FCCP in Porbhyridium.

Right: tp, open circles (and dashed line); scale to
the right; relative yield at P (open circles and solid
line), at I (solid triangles), and at O (closed circles);

scale to the left. Porphyridium cells were suspended in

carbonate bicarbonate buffer (pH, 8.5) plus sodium
chloride; ézanidium cells were suspended in growth:
medium (pH, 2.0); other.details of measurement as. in

Figure 36.
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igure 50. Time course of the slow changes in Chl a fluorescence

x|

09

vield in Chlorella with and without FCCP, 10 uM with
phosphate buffer and NaCl, pH, 6.8; all other'cqnditions

for measurement as in Figure 46.
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;the final level of fluorescence was about 2-3 times higher than the normal
| (T) terminal level (Figure 50). Since CCCP and FCCP are weak acids, one
;would expect higher affinity of these uncouplers to the "energized state
‘at a pH around their pKa [the pKa of FCCP is mot known with certainty but
it has been estimated to be around 5.5 to 7.5 (see references in 188)].
In spite of.the different kind of buffer used in this experiment, the
results suﬁmarized in Table IV.3 indicate that FCCP is more effective in
stimulating slow fluorescence rise at lower pH (6 to‘7) than at.a high
pH (9). Although FCCP or CCCP suppress both PS and MI decline, they
énhance the slow SM rise even in alkalihé pH (8.0) as shown earlier by
Papageorgiou and Govindjee (87).

Atebrin, another potent uncoupler of phosphorylation acts very simi-
larly to FCCP (Govindjee and Delosme (187)), but unlikg FCCP, atebrin |
was found to suppress the SM risei We shall attempt to expiain the prob-
able cause of this differential effect observed with these two uncouplers
later in our discussion.

The enhancement of I and P, and of the rate of D-P rise suggests that
CCCP or FCCP at low conceﬁtrations brings about inhibition of the rate of
back reoxidation of QH or Q'. This would cause a hastening of tp. On

increasing the concentration, CCCP or FCCP presumably accelerates the flow

of electrons either due to the uncoupling effect as suggested by Itoh et al.

(186) or increasing the O2 uptake as suggested by Homann (179). Such an
acceleration of electron flow will decrease P and delay the formation of

P (Figure 49). TFCCP has been known to stimulate light induced Oz‘uptake

in Chlamydomonas (89). (Also, see Chapter V.) Thus, it seems that FCCP

or CCCP also stimulates 02 uptake in whole cells as it does in isolated

chloroplasts.
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Table IV.3

Stimulation of Slow Rise in the Fluorescence Yieid by 10 uM
FCCP in Various Suspending Medium in Chlorella

Relative Fluorescence ,
Suspending Yield Ratio of
Medium : » at' S at T T/S

50 mM phosphate
pH 6.0 © 25 60 ' | 2.4

pH 7.0 25 55 2.2

50 mM Tris—-Cl
pH 7.2 29 43 - 1.5

pH 8.0 29 40 » 1.4

100 mM carbonate-

bicarbonate
pH 9.2 26 47 1.9

pH 9.5 ) 29 44 : 1.5

. . . . -2 =1 : .
Broad band blue excitation; intensity =~ 10 Kergs cm ~sec ~; A observation
= 685 nm; the S/T ratio of normal cells suspended in growth medium for

this particular sample was 0.89.

In summary, it appears that FCCP or CCCP has more than one mode of

action. At low concentrations, it, perhaps, alters the environment of the .’

primary'donortand acceptor of PS II such that the back recombination be-
tween Z+ and Q_ is prevented and this causes a faét D-P rise. At higher
concentrations, FCCP or CCCP accelerates the reoxidation of QH by inter-
system intermediates. This may be due to uncoupling action of FCCP or

acceleration of a pseudosyclic electron flow (Mehler reaction) as both
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will cause a rapid electron flow.

The suppression of P to S decline by FCCP does not seem to be primarily
due to the acceleration of electron flow, as we see a lowering of the P/S
ratio at a concentration when the yield of P is high (Figures 46, 47).
This suggests that suppression of PS decline is not solely dﬁe to an un-
coupling actiyity but may be associated with the change in membrane perme-

ability and structural changes linked to the uncoupling action.

4.2.1 Effect of Uncouplers in the Presence of DCMU

Poisoné.of electron tranéport, like CMU and DCMU or orthophenanthro-
line, eliminate most of the slow changes in the yield of Chl a fluores-
cence in Chlorella (Figure 51). Bannister and Rice (89) reported a DCMU

resistant fluorescence change in the gheen alga Chlamydomonas at a rela-

tively high intensity of excitation. They also observed slow changes in
y : .

the fluorescence yield in a mutant strain of Chlamydomonas lacking an

electron carrier on thé reductant side of Photosystem I. However, in
Chlorella, there is no significant slow changé in the yield of Chl a
fluorescence in the preseﬁce of DCMU. Figure 51 illustrates the maximal
effect'we have observed. From our experience with, at least 20 experi-
ments, we conclude that ﬁhere is no significant slow change in fluorescence
yield in DCMU poisdned Chlorella.

Bannister (177) reported that FCCP depresses the increased fluorés—
cence yield of DCMU treated Chlorella. Da%a in Table IV.4 confirms the
findings of Bannister. Uﬁén addition of FCCP, fhe fluorescence yield
declines slowly to a lower value over a period of‘2 to 3 min. The amount
of quenching of fluorescence increases on increasing the concentration of
CCCP (Table IV.4). XKimimura et al. (178) observed similar quenching of

fluorescence at a high concentration of CCCP in isolated spinach
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Figure 51.

Time course for the slow fluorescence yield changes in

Chlorella in the presence and absence of electron trans-

port inmhibitors. Upper curve, 10 uM DCMU; middle curve,
20 WM orthophenanthroline; lower curve, no addition; buf-
fer (0.05 M phosphate plus 0.01 M NaCl; pH 6.8). Other

conditions for measurements are as in Figure 46.
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Table IV.4

Quenching of Chl a Fluorescence Yield of DCMU
Poisoned Chlorella by CCCP

Concentration Steady State Fluorescence
of CCCp Yield in Relative Units Fraction of Control
None . 50.0 1.00
10 M | 45.5 091
30 pM ‘ 39.0 0.78
50 ™M 29.0 0.58
100 uM 27.0 '0.54

Fluorescence was measured at 685 nm; cells were suspended in fresh culture
>

-2 .
medium with 15 M DCMU; blue excitation light, ~10 Kergs cm secL C.S.

2-61 filter before the photomultiplier.

chloroplasts.

‘The amount of depression of Chl fluorescence yield by FCCP or CCCP
varied depending on the culture conditions andnthé age of algal samples
used (Govindjee and Bannister, unpublished data). The extent of quenching
is greater in cells grown in high light (with four 15 watt lamps, 3,3"
away) than the cells grown in low light (with a 40 watt lamp, 3.3" away).
Depression of fluorescence was observed both in aerobic as well as in
anaefobic samples (Figures 52 and 53). The room temperature emission
spectra of control, DCMJ treated and DCMU and FCCP treated samples (Figure
52), show that DCMU causes a preferential increase of the main band at
585 nm and FCCP quenches mainly this increased fluorescence band. Figure-
53 shows similar results in anaerobic cells of Chlorella. The high lighg
cells, in general, showed a greater extent of quenching by FCCP in the

-~
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Figure 52.

Room temperature emission spectra of aerobic cells of D
treated Chlorella with and without FCCP. TLeft: low ligl
cells; lower curve (open circles), contrél; middle curwv
(open squares), 80 (M FCCP; upper curve (solid circles)
30 uM DCMU. Cells were suspended in Warburg buffer #9
(pH 9.2); optical demsity of thé sample was adjusted
approximately to have 5% absorption at the red peak, sar
were excited with bright blue light (C.S. 4-96 plus 3-7!
(intensity -~ 10 Kergs Cm-zsec‘l). Observation monochron
tor was guarded by a C.S. filter 2—64; slit width of the
monochromator 5nm. (Right) emission in high light: cells

all additions as in previous measurements (after Govind:

and Bannister, unpublished observations).
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Figure 53.

Room temperature emission spectra of anaerobic

‘cells of Chlorella with and without FCCP .in the

présence of DCMU. Right: Tow 1ight,ce115}
Middle: high light cells from one batch of
culture; Left:‘ the same but from a separate
batch of high light cells exhibiting pronounced
lowering of peak emission with FCCP tréatments.
In each case, DCMU concentration WaS'30.uM, and
FCCP 80 uM. Anaerobic condition was maintained
by gasing 5% CO2 in argon. All othef conditions
of meésurements as in Figure 52 (after Govindjee

and Bannister, unpublished observations).
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presence of DCMU than the low-light cells. The high-light cells showed
also a greater extent of quenching under anaerobic conditions. Perhaps
these cells have a higher rate of cyclic photophosphorylation than the
low light cells. However, growing cells under high 1ight conditions may
simply make them more permeable to the uncouplers. In any event, FCCP
causes a quenching of Chl a fluorescence yield in the presence of DCMU
both under aerobic and anaerobic conditions. Thus, the observed quench-
ing cannot be solely associated with a Mehler type of reaction; it may be
associated with the alteration of energy transfer between the two photo-
systems, or a physical alteration of the membrane structure causing a
loss of quanta as heat. : |
Table IV.5 shows the results obtained with another uncoupler dinitrq-

phenol (DNP). Like FCCP, DNP causes a quenching of the fluorescence yield.

Table IV.5

Quenching of Fluorescence Yield by DNP
in DCMU Poisoned Chlorella

Concentration Relative Fluorescence
uM Yield at 685 om Fraction of Normal N
None . 145 1.0
40 _ 145 ‘ ‘ 1.0
80 120. 0.83
120 110 0.75
160 : 85 0.59
200 80 0.55

DCMU, 8 uM; Buffer, 50 mM phosphate, pH 6.8; ethanolic stock solution of

DNP was diluted with HzO before use; all additions are in the dark; [Chl],

45 pg/ml; excitation, 633 nm; intensity, 25 Kergs cmﬁzsec?l.
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% The percent-quenching remained the same at-the low as'well as ‘the high
light iﬁtensity. These results afpear to be contradictory to those of
Hoch and Randalls (163), Wﬁq observed an enhancement of fluorescence yield
upon addition of DNP at weak light intensity. However, the light inten-
sity used‘by them was extremely weak, such that the fluorescénce yield is
low even in the presence of DCMU. THe DNP uncoupler, probably, also
inhibits the back recbﬁbipation between Z' and Q and thus causes an
increased yield in their experiments.

Figure'54 shows the room temperature emission spectrum of Cﬁlorella
in the presence of DCMU and DCMU plus DNP. As'in the case of FCCP, the
DNf éauses‘a preferential lowering at the main.685 band without signifi-
cant effect on the system i band. The ratio of F685 to ¥710 band was
decreased from 6.2 to 4.9 by the addition of DNP. Afhe quenching of
fluorescence by DNP and FCCP seems to be very similar to the emission
characteristics of Chlorélla.

5. Induction of Slow Changes in Chl a Fluorescence Yield .of DCMJ Poisoned
Cells by Cofactors of Electron Transport

It is well known that PMS (phenanzine methosulfate) is an efficient
cofactor for cyclic electron transport in isolated chloroplasts (189).
This cyclic flow of electrons, generating AIP,‘iS‘mediated by photosystem
I. Arnon EE.El; (190) observed that.PMS quenches fluorescence of Chl a
iﬁ chioroplasts, and Govindjee and Yang (191) oﬁserved that PMS could
quench the fluorescence yield of DCMU poisoned chloropiasts; Cramer and
Butler (192) also observed a similar quenching in isolated chloroplasts.,
Murata and éugahara (193) reported a detailed analysis of this quenching
of Chl a fluorescence in DCMU poisoned spinach chloroplasts by reduced

PMS. Wraight and Crofts (194) made similar studies with another cofactor
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Eigure.S&..

Room temperature emission spectra of DCMU poisoned
aerobic cells of Chlorella with and without DNP.
Upper curve (opeﬁ circles), 15 M DCMU;-low light
cells suspended in fresh growth medium (pH 6.7);
excitation A, 633 nm; intensity, 20 Kergs cmnzsec

Aill other conditions as in Figure 53.

-1
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DAD (diaminodurene) which was found to be more effective in bringing abovu
quenching of Chl a fluorescence in chloroplasts than PMS. The quenching
was found to be sensitive to all uncouplers and ionophorous antibiotics
like gramicidin and nigericine. Cohen and Sherman (195) have shown that
the EDTA (ethylene diamine tetraacetate) treatment, which inhibits proton
accumulation, also impairs the quenching of fluoréscence yield.by DAD.

Sybesﬁa and Williams (196) and Williams et al. (197) reported a simi
lar type of quenching of fluorescence yield with another cofactor (DCPIPE
of electron.transport in intact algal cells of Chlorella. We reinvesti-
gated the effect of these éofactors on ﬁhe fluorescence yield changes in
intact algal cells with both PMS and DCPIP.

Figure 55 (A, C, D) shows a slow induction of & lowering Qf Chl a
" fluorescence yield in the presence of 10 uM DCMUlby oxidized PMS. Figure
55 (B) shows that the recovery of the original fluorescence level occurre
within 40-45 seconds of darkness. This restoration to the original Ievel
of fluorescence yield is slower than what has been seen in chloroplasts.
Figure 55 (C) shows quenching of fluorescence with different concentra-
tions of PMS. The quenching of PMS saturates at about 50 uM PMS. The
quenching requires a relétivély high intensity (~1.4 % lO4 ergs cm “sec
of light. Figure 55 (D) illustrates %he effect of 4 M FCCP on the rate
of quenching of the fluorescence yield by PMS. FCCP slows down the rate
- 0of lowering of yield and it also decreases the extent of quenching.

Figure 56 is a plot of a specific quenching activity represented as
-AF/FDCMU versus concentration of PMS. The extent of quenching wasAfound
to be greater at pH 8.0 than at pH 6.8. Although we have not studied the

optimal pH for the maximal quenching, we assume from Figure 56 that the

optimal is probably in the neighborhood of pH 8.0. (In some cultures we
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Figure 55. Light induced quenching of Chl a fluorescence yield
in Chlorella by PMS in the presence of DCMU. TUpper
left (A): upper curve (open circles) 10 M DCMU

j-alone; lower curve, 10 uM DCMU + 25 uM PMS. Upper
right (B): dark recovery of the fluorescence yield
(closed circles) as measured by weak intensity 1/10
sec flashes; lower left (C): various'concentrations
of PMS with 10 uM.DCMU, lower right (D): 10 uM DCMU,
4 pM FCCP and 30 (M PMS, additions as shown. Buffer,
50 mM potassium phosphate, pH 8.0; [Chl], 60 ug/3 ml.

Other details of measurement as in Figure 46.
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Figure 56. -

Effect of varying concentrations of PMS oﬁ the lowering
of Chl a fluorescence yield in DCMU poisoned Chlorélla.
FD, steady state fluorescence yield at 685 mm ﬁith

10 uM DCMU; Fq,<stead§ state fiuoreséence yield at

685 nm with 10 uM DCMU plus 30 M PMS; open circles,

pH 6.8; open triangles, pH 8.0. Buffer, 50 mM phos-
phate buffer plus 0.01 M XCl; other details as in |

Figure 46.
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found approximately the same extent of lowéring with PMS or PMSH2 at pH
6.8 or pH 8.0.) Although we are not aware of any study suggesting ap
optimal pH for photophosphorylation and electron transport in vivo, it
- may be that the optimal pH is probably around pH 8.0 as in the case of
isolated chloroplasts (193). Figure 57 shows the emission spectra of
Chlorella at liquid nitrogen temperature (77O K), in the presence of DCMU
and DCMU pius PMS. Both the samples were ﬁre—illuminated before cooling
(rapidly) with liquid nitrogen. The emission characteristics are mot
significantiy altered by PMS. Murata and Sugahara (193) reported a total
depression of yield of fluorescence, without any alteration of emission
characteristics by PMS at,7_7O K. Although it is difficult to ascertain
the yield at 77° X as we do not knowythe exact path length of illumination
after freezing with liquid nitrogen (45), ié is clear that PMS does not |
seem to alter significantly fluorescence bands or their relative ratios.
This suggests that 1owering of yield by PMS is prébably not a;sociated
with a change in spill over of quanta from PS II to PS I.

In collaboration with Professor C. Sybesma, I made some experiments
on the effect of DCPIPH, and PMSH, on the chlorophyll yield changes in

2 2

the red alga Porphyridium as well as in Chlorella. The data of a typical

experiment with Porphyridium is presented in Figure 58 (with the permission

of Dr. Sybesma).. The details of these experiments and their possible

relation to the recent findings of a light induced potential change across

the chloroplast membrane by Vredenberg (198) will be elaborated on later
by Dr. Sybesma (personal communication). Figuré 58 shows that the quench-
ing induced by DCPIPH2 is reversed by an uncoupler, FCCP (3 M) and an |
"energy transfer' inhibitor, phloridzin (1 mM). The quenching caused by

the photosystem I cofactor DCPIPHQ is faster than that caused by PMSH2
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Figure 57.

Emission spectra of Chlorella at 77° X with DCMU and DCMU
plus PMS. Curve with open circles, 10 pM DCMU; curve with
closed circleé, 10 uM DCMU plus 30 UM PMS; buffer, 50 mM
phosphate, pH 7.8 plus 10 mM NaCl; excitation A = 435 mm
(half band width, 6.6‘nm); observatioﬁ slit, 3.3 nm. The
samples were pre-illuminated for 3 min Qith broad~-band

blue light before cooling.
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Figure 58.

Time course of slow fluorescence yield changes in the

red alga Porphyridium cruentum. (A): 15 uM DCMU; (B):

15 UM DCMU + 1 mM Ascorbate (neutralized); (C): 10 M

DCMU + 0.1 mM DCPIP and 1 mM Ascorbate; (D): C plus

1 mM phloridzin; (E): C plué 3 M FCCP; 4~day old celis
in fresh culture medium, blue green excitation light
(C.S. 4-96 - C.S. 3-73) intensity, 1.8 x 104'ergs cm—2
sec—l. Observation A, 685 nm (half band width, 24& nm) ;
all additions were done in the dark I-2 minutes befofe

the measurements (C. Sybesma and P..Mohanty, unpublished

obseérvations).
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(not shown). Ascorbate alone did not change the yield except for a slight
increase. Low concentration of FCCP is more effective in reversing the
lowering of yield by DCPIPH2 than the glucoside phloridzin. But we did
always observe a small inhibition with phloridzin.

We observed that the reoxidation of reduced DCPIP was accelerated in
light by these intact cells which suggests that DCPIPH2 feeds electrons,
probably véry similar to that in isolated chloroplasts. (We have not made .
a detailed study of this observation.) But because of this rapid reoxida-
tion of the.dye, the problem of inner filter effect of the indophenol dye
gave rise ta problems in repeating this transient repeatedly. In spite

of these problems, we could observe a general quenching by DCPIPH2 in

Chlorella (not shown) as well as in Porphyridium (Figure 58) in the pre-

sence of DCMU. We shall discuss the probable nature of this type of
system I mediated quenching or lowering of fluorescence yield later in our

discussion.

6. Salt Induced Changes in the Fluorescence Yield in Chlorella

It has been recently shown that ionic environﬁent influences yield
in intact algal cells as well as>in isolated chloroplasts. Papageorgiou
an@ Govindjee (199) reported variations in Chl a fluorescence yield of
intact Chlorella cells by change in pH of the bathing medium. Homann (56)
first observed an increase in the fluorescence yield by the addition of
salts. Murata (200) has recently catalogued the effect of various mono
and divalent cations (notably Mg++} on increasing the fluorescence yield
in isolated spinach chloroplasts (also see Chapter VI). Murata (57) has
zlso shown that these ions also enhance the photochemical activity of

PS5 II reaction with a concomitant decrease in PS T activity.
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In this section, we report the effect -of various salts on the fast
transient of Chlorella. These experiments wer carried out to investigate

if the ions influence the change in fluorescence yield as they do in iso-

lated chloroplasts (53, 201). Cells from a 4-6 day-old culture of Chlorella

were washed in distilled water or in 0.005 M PO4_ buffer (pHv6.8) several
times (at least, 3 to 4 times). Very small quantities of salts were
addgd in the dark and fluorescence transients were measured after a dark
period of 7 to 10 minutes. (P. Mohanty and Govindjee presented the re-
sults of this section at the conference on the Primary Photﬁchemistry of
Photosynthesis, Argonne National Laboratory, November, 1970.)

Figure 59 shows the effect of KC1l on the émplitude of 0, P and S.

The data are plotted as ‘the percent of control. The percentage of quench-
ing at P varies between 10 to 20%, depending on the culture conditious.
The quenching occurred only at a relatively high éoncentration of salts.
We did not observe any.increase in the relative yield of fluorescence at
any éoncentration of salts used.

The gquenching is greater at P than at S iﬁ the presence of KC1. The
constant '0" level varied very slightly, and in some measurements, it Te-
mained constant. In the case of NH401 the extent of quenching remains
the same both at P and at S. There is a genefal depression of yield but
E/S ratio did not change for NH

4
affected at 0.3 to 0.4 M XCl in the bathing medium.

Cl, while P to S decline is markedly ’

Since Mg ions are known to cause maximum enhancement of the yield

of Chl a fluorescence in isolated chloroplasts, we have investigated the
o - B - . » . =l -
effect of MgCl2 on the fast fluorescence transient. Again, the effect of

MgCl, (Figure 60) is very similar to KCL or NaCl (not shown). MgC12 was

2

found to be effective in lowering the yield at a relatively lower (0.3 M)
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Figure 59.

Salt induced fluorescence yield changes in Chlorella:
ffect of various concentrations of salts of KCL and
NH4CL on the P and S levels of the fast fluorescence

trangsient. Upper 3 traces, fluorescence yield changes

with KCL at S (solid squares), at 0 (solid circles),

and at P (open circles); curve with large open circles
(with small solid squares inside) represents the

changes in yield at both P and S with NH,CL (0 level

A
was not measured). Bottom traces,vP/S'ratio for RCIL
(solid circles); and for'NH4Cl (open-circles); ord-
inate scale to tHe right. Fluorescence yield of cells,
without salts was adjusted to read 1.0 in the upper &
curves. Blue light excitation (C.S. 4=72, 3-73) inten-
sity, 11 Kergs'cmnzsec-l;.K observation, 685 nm (half

band width, 6.6 nm). All additions were made in the

dark.
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Figure 60.

Salt induced fluorescence yield changes in Chlorella;

effect of various con¢entrations of MgCl, on the

2
fluorescence yield at the O and at the P levels of
fluorescence transient. Bottom curve, P/S ratio;

ordinate scale to the right. All other details of

measurement as in Figure 359.
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concentration than KCl. We did not observe any increase in yield at any
s . .
concentration of Mg = ions used as observed by others in chloroplasts.
Figure 60 shows the relative changes in the yield at 0 and at P levels

with the increasing concentration of MgCl The relative yield at 0 de-

-
clined only 9 to 10% while the P was suppressed approximately 30 to 35%

compared to the untreated sample. The bottom curve shows the decrease in
the P/S ratio with increasing concentrations of MgCl7; a complete suppres~

sion of P to S decline occurred with 300 to 350 mM MgCl The exact con-

5
centration of the salt necessary to suppress this decline varied with

different cultures and, also at times, with the time of incubation with
salt. (We usually used 10 minutes of incubation between the addition of

salts and measurements.) Table IV.6 shows the relative fluorescence yield

at P, when measured at 685 nm and at 720 nm with normal and MgCl2 treated

Table IV.6

Relative Changes in Fluorescence Yield at P as
Measured at 685 nm or at 720 nm in Chlorella
With and Without MgClZ>.

3

Yield at P ' , Yield at P
: A Observation, A Observation,
Addition : 685 nm 720 ‘nm
HzO . 1.00 ‘ 1.00
0.15 M MgCl2 0.98 , 1.00
0,3 M MgCl, 0.79 0.89

Other conditions for measurements of relative yields as in Figure 59.

samples. (These data were collected from a separate experiment.)
The extent of lowering of the fluorescence yield was greater at 685

nm--the main band of the fluorescence spectrum--than at 720 nm band which
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probably has a larger contribution from PS.I than PS II. We observed a
similar effect with KCI.

Figure 61 shows the effect of varying the intensity of illumination
on the percent of quenching by 0.25 M MgClz. The percent quenching re-
mained invariable at most of the intensities used (the decreése seen at
the lowest intensity is due to an_uncertainty in our measurements). We
know that the,yield at P does not remain constant at these intensities of
excitation--the yield declines when the intensity is lowered to 40% of
the maximum intensity used. Thus, the intensity independence of quenching
by Mngz suggests that this lowering of the yield is not associated with
thé primary acceptor of PS II.

This suggestion is further verified from the observation of a quench-
ing in the presence of DCMU whichekeeps all Q in the reduced state at high
intensity of illuminaﬁion. With 350 mM MgCl, we observed 50-55% quenching

by Mgclz. Figure 62 is a plot of F /¥ versus concentration of

DCMU salt.
added MgClZ. This reciprocal plot indicates that the quenching by Mgclz
is not a simpig dynamic quenching as we do not obtain a straight line as
predicted by the Stern-Volmer relationship. Thus, from our observations
of quenching by KC1l, NaCl or Mg012 in the presgnce of'DCMU; we conclude
that it is not influenced by the reduction level of the primary acceptor
Q, and that thevquenching is not.of collisional type.

Since chloroplasts are known to shrink ox éwell depending on the
ionic environment, it has been suggested that these maéroscopic changes
of structural state may govern the yield of fluoréscence. However, the
molecular mechanism- of shrinking or swelling is not clearly defined for

the salts of strong acids (125). On ‘the other hand,the mechanism of

structural changes brought about by salts of weak organic acids are very
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Figure 61.

Ratio of yield of fluorescence at the peak P or normal

to that of MgCl, treated samples of Chlorella as a

2

]

function of excitation intensity. Intensity 1.0
] -2 -1

14 Kergs cm sec ~. All other details of measure-—

ment as in Figure 59 except that the cells were

washed repeétedly in distilled water and suspended

in distilled water (pH 6.8).
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Figure 62.

Salt induced fluorescence yield changes in DCMU poisoned
Chlorella. Ratio of steady state Chl a fluorescence
yield of Chlorella cells treated with DCMU (FDCMU) to
a it F 1
that treated,WL h DCMU plus MgClz ( salt> versus

various concentrations of Mgclz. Other details. of mea-

surement as in Figure 60.
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.well defined by Crofts et al. (123) (see In?roduction). We, thus, tested
the effect of salts of weak acids (weak acid anions and weak base cations)
on the fast fluorescence transient of Chlorella.

Figure 63 illustratgs the effect of potassium acetate on the ampli-
tudes of various characteristic points of the fast transient measured at
685 nm. - Both fluorescence yvield at P and S are lowered, but the yield at
P is more sﬁppressed thén at S. The effective concentration is in about
the same range as usually used to cause volume changes in the chloroplasts.
At SO_ to lOC_mM K~acetate, P to S changes are abolished. Injection of
15 QM DCMU.to the potassium acetate quenched samples causes an increase in
the yield; .But this increase in yield does not reach the level attained
by DCMU poisoned sample; it is alway; lower than the normal sample treated
with DCMU alone. Further addition of K~acetate quenches the fluorescence

even in the presence of DCMU.

Figure 64 shows the effect of 100 mM NH4-acetate and 100 mM K-acetate.
K-acetate (also Na-acetate) completely abolishes most of the fast transient .
whilezﬁhe same concentration of ammonium acetateionly hastens the D to P rise
slightly; these salts either accelerate, or do.not affect the P to S declimne.
The faster DP rise with NHA—acetate could be explained to be due to a
slowing down of the rate of electron transport by ammonium acetate, but PS
decline is mot affected. Similarly a suppression of the development
of P by sodium and potassium acetate may be due to an acceleration of
electron flow. We have not made oxygen exchange measuréments to support E
or discard this suggestion. However, it seems véfy‘unlikely that ammonium

and sodium salts of acetic acid would cause entirely opposing effects on

the electron flow. (We also mote that NHACl did not alter the rate of DP i
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Figure 63.

Effect of varying concentrations of potassium acetate on
the 0, P and S of the fdst transient in Chlorella. Bottom
curve (éolid squares), P/S ratio; ordinate scale to the

right.‘ Other details as in Figure 59.
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Figure 64. Time course of Chl a fluorescence yield of Chlorella.
A observation, 685 nm (half band width, 5. mm); excita-
tion blue light (C.S. 4-72, plus C.S. 3-73) intensity,

‘ -2 . . . ‘
14 Rergs cm “sec *; curve with solid circles, normal;
dashed line, 100 mM ammonium acetate;®solid line, 100

mM potassium acetate. Dark time, 7 min beéfore illumina-

tion. Other details of measurement as in Figure 36.
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tise to any measurable extent.)
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Furthermore, from the data in Table IV.7,

it is clear that salts of sodium benzoate and sodium acetate; that they

also lower the fluorescence yield even in the presence of DCMU although

Effect of the Addition of 100 mM Salts on the
Yield of Fluorescence in Chlorella

Table IV.7

4

Relative Fluorescence Ratio of
Salts Yield at P P/S
No addition-~ 1.00 1.3 to 1.35
KC1 0.97 1.25
NaCl 0.98. 1.27
NH4C1 0.90 1.30
'K acetate 0.65 1.00
Na acetate 0.60 1.00
Na benzoate 0.70 1.00
NH, acetate 1.04 1.50

Fluorescence was measured at 685 nm; excitation, broad band blue light

intensity

14 Rergs cmtzsec

; salts added 5-7 min. before measurements.

to a lesser extent “than MgCl

Thus, these data indicate that lowering of

P by salts of sodium or potassium acetate is not due to a change in-the

electron transport. Instead of a quenching, we observed a slight increase

in the constant '0° level by the addition of potassium or sodium acetate.

This increase was found to be greater in sodium salts than potassium and

the extent varied from culture to culture.

(Particularly, in the case of

Na-acetate we observed an increase of O on increasing the time of incuba-

tion.) We have not investigated the cause of this differential effect on
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0 by Na-acetate and NaCl. Since the extent of enhancement at the 0 level
is much smaller than the quenching observed at P level; we believe that
this does not influence our conclusions to any great extent. The 1owéring
of fluorescence yield by benzoates or acetate or other salts in the pre-
sence of DCMU may be interpreted to be due to an acceleratioﬁ of back
reactions (see discussioﬁ). Salts are known to stimulate delayed fluores-
cence or délayed light emission (105, 106). But, in these experiments,
salts are added after the illumination to cause a shift in the ionic
environment-between the inside and outside of chloroplast membranes. We
believe that the cause of the fluorescence yield decreése by the addition
of salts is not due to a stimulation of back reactions as we observed no
~change in the percent of quenching at low and high'intensity of illumina-
tion with Mgclz. The back Teaction should predominate at lower intensity
of excitation.

Table IV.8 shows the effect of adding 100 mM salts of various kinds

on the yield of fluorescence at P and on the ratio P/S. The weak acid

Table IV.8

Effect of Sodium Acetate and Sodium Benzoate on Lowering the
Steady State Fluorescence Yield in DCMJ Poisoned Chlorella

Steady State : Fraction
_ Fluorescence Level, ’ of
Concentration Arbitrary Units Control
10 uM DCMU (control) 7.0 i 1.0
+ 100 mM Na-acetate 6.6 ‘ 0.94
+ 200 mM Na-acetate 5.2 _ 0.74
200 mM Na-benzoate 5.8 - 0.83

Fluorescence was measured at 685 nm as described in the legends of

Figure 61.
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anions (acetate and benzoate) are very effective in causing a quenching
in the Chl a fluorescence yield. These salts are known to cause very
large magnitudes of shrinkage in isolated -chloroplasts.

The lowering of fluorescence with salts reported above does not seem
to result from an osmotic effect as the addition of 0.6 M sofbitol only
slightly depressed the yield at P but the PS decline did not alter signi-
ficantly.

6.1 Spectral Changes in the Presence of Salts

Figure 65 shows room temperature emission spectra of Chlorella in the

preseﬁce and in the absence of Mgclz; the ratio of F720/F685 is increased

by MgClZ. The same ratio at liquid nitrogen temperature increased from

0.9 to 1.4 by the addition of MgCl2 (see Table IV.9). This indicates that

Table IV.9

Comparison of the Ratio of the Long Wavelength (F720) to the
Short Wavelength Fluorescence Band (F685) at Room
Temperature and at Liquid Nitrogen
Temperatures in Chlorella

Addition 298K - . 77°x
None 0.133 0.9
150 m MgCl, 0.140 : 1.1
300 mit MgCl, - 0.177 _ 1.4

For liquid nitrogen spectra the samples were pre-illuminated for 5 minutes -
before cooling to 77°K. The ratios were calculated from uncorrected

emission spectra. S
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Figure 65.

Room temperature emission spectra of Chlorella with

and without MgCl, (normalized at 660 nm). Solid

2
circles, normal cells measured 5 min after illumina-
tion; open circies, 300 mM MgClz, al;o measured 5 °
miﬁ after illuminatioﬁ; excitation, Broad.band blue
light (C.S. 4~72 and C.S. 3-73) intensity, '14 Kergs
cm-zsec—l; X observation, variable (half band width,

5 nm). A Corning C.S. 2-64 filter was place&Lbefofe

the analyzing monochromator.
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MgCl2 increases energy transfer from system I to system 1. Figure 66
shows room temperature emission spectra of Chlorella in the presénce and
absence of 100 mM sodium acetate. The intensity of the two samples was
matched at 685 nm to show the.increase in the intensity of the long wave-
length fluorescence (690-720) associated with PS I.

Figure 67 shows emission spectra measured at liquid nitrogen tempera-
ture (77QK§ with and without potassium acetate. It is clear that F720 is
enhanced with respect to F685 in both potassium and sodium acetate (not
shown) treéted samples. In these cases, 15 M DCMU was added to the nor-
mal samplé to avoid the complications of spectral changes that may be
associated With SMT changes during illumination before freezing. However, . |
we obtained almost similar results if DCMU was omitted. These results
indicate that the fluorescence yield changes stimulated by addition of

salts are mostly independent of the redox state of the primary acceptor

of PS II. The decrease in the yield of fluorescence of chlorophyll a

of system IT may be caused by changes in the structural state of the chloro-
plasts. Our iesulté suggest that the shrinkage.of chloroplast volume in
light causes a change in energy transfer from PS II to PS I. It is well
known that chloroplasts shrink in light in the presence of Na-acetate or
benzoate and éwell in the presence ofﬂammoniuﬁ salts. Perhaps, chloro-
plasts ig4ziy9 a1so shrink in light in the presence of salts iike' NaCl,
KC1l, or MgC12 althoégh both swelling and shrinkage have been shown to
occur in light in the,présence of salts of Cl ions (seé references cited
in 124). The mechanism of structural changes with chloride salts has not
been cléarly elucidated yet. |

Although we believe that most of the quenching is due to an increase

in energy transfer from the strongly fluorescent PS II to weakly -'.
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Figure 66.V Room temperature emission spectra of thorella (norma-
lized at.740‘nm) with and Without sodium acetate. - Solid
curve, 10 pM.bCMU plus 100 mM sodium acefate; open

circles with dashed line, 15 yM DCMU alone. Other de-

tails as in Figure 64.
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Figure 67.

Emission spectra of Chlorophyll a fluorescence of

Chlorella at 77°K. Open circles, 15 M DCMU;

solid circles, 15 M DCMU plus 100 mM potassium
acetate. Both samples were pre~illuminated be-
fore cooling. A excitation, 436 nm (half band
width, 10 nm); C.S. 2-58 filter before the photo-

multiplier.
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fluorescent PS I; some of these salts may also affect, to some extent, the
rate of electron transport. The concentration of salts used to observe
the lowering of fluorescence yield is relatively high. But, in all like-
lihood, the actual concentration of salts in the vicinity of chloroplasts
must be lower than the amount present in the bathing medium.

The effects of salts in intact algal cells seem contradictory to what
has been observed in isolated chloroplasts. We believe this difference
arises due to different limiting membranes in intagt.algal plastids and
broken class II type chloroplasts usually used.in such studies. In bro-
ken chloroplasts the thylakoid membranelmay have been ruptured. This
would allow salts to enter into the space between the outer and the inner
portion of the membrane of the thylakoids and bring about a differential.

shrinkage and folding between these portions of the membranes thereby

causing a spatial separation of two photosystems. In intact algal plastids
the whole chloroplasts would shrink and cause ssacking with salts and this
would bring the two photosystems close to each other and thereby facili-
tate energy'transfer. 4Obvious1y, these are speculative suggestions and

we have no experimental support.for it yet.

,
7. Summary and Conclusions

The results reporteaﬁin this chapter confirm and amplify the sugges-
tiom (87, 88, 155) that.the slow changes in Chl fluorescence yield are
not affected by the redox state of Q, although a net electron transport
may be necessary to support the SIOW'changes in fluorescence yield.

The ability of system I light to queﬁch the system II fluorescence
yvield was found toAbe complex. Our results (Figure 41 a, b) clearly indi-

cate that the quenching by system I light is not the same for the same
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amount of fluorescence yield (same level of QH) during the SMT transient.
Iﬁ other words, the fluorescence yield during SMT phase is not solely
governed by the amount of QH. If it were so, we should have observed the
same extent of quenching at times when the fluorescence yield during the
SM rise and MT decline are about the same. System I light brings about
an immediate dec;ease in the yield of fluorescence caused by system II
illuminatibn. This imﬁediate decline in the yield seemé to be associated
with oxidation of QH. However, during the period when both lights are
on, the fluﬁrescence yield tends to increase slowly with time and appears
as an overshéot when syétem I illumination is turned off. This slow in-
crease in yield caused by PS I illumination is mot linked with the oxida-
tion-reduction state of . It may be associated with a shift in quantum
distribution between the two photpsystems as proposed by Murata (162), |
Bonaventura and Myers (155) and Duysens (157). Thus it seems that the SM
rise portion of the fluorescence induction curve is due to suppression of
energy transfer from strongly fluorescent PS.II to weakly fluorescent
PS I. |

The S to M rise phase of the 'second wave" of fluorescence induction
was stimulated or remained unaffected by uncouplers (cf. Figure 50) énd
to the surrounding pH oﬁ the medium as shown ﬁy Papageorgiou and Govindjee
(199), but MT &ecliné:was found to be very sensitive to these parameters
(Figure 50). FCCP, CéCP, DNP and atebrin all caused greater suppression
of the MT decline phase of the fluorescence transient than the SM rise
phase; These results indicate that SM rise phasé has different under-
lying causes than the MT decline poftion of the sloﬁ fluorescence induc-
tion curve. Moreover, a comparison of ﬁhe PS decline and the MT decliné

kinetics in Chlorella suggest that these two modes.of the fluorescence
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yield changes are not related. Furthermore, the O2 transient and greater
sensitivity of'thé PS decline to system I pre-illuminatioﬁ support this
suggestion. The extent of MI decline was found to be greatly influenced
by the cell culture and the nature of the suspending medium.

We have shown that Hill oxidants like quinones, although tﬁey abolish
most oflthe fast fluorescence transient, still retain a slow SM rise in
the flqoreécemce'yieldv(Figure 45). With methyl'viologen (MeV), which
accepts electrons from the terminal acceptor of PS I, the extent of the
slow fluoreécence Tise was smaller than with parabenzoquinone. It may
be tempting to speculate that methyl viologen inhibits the cyclic photo-
phosphoryiétion which may be related to the slow rise in the fluorescence
yield. But, this does not seem to be the case as addition of MeV causes |
the net ATP content of the cell top increase over the control sample (Be—‘
dell, 145). Although it is difficult to ascertain the cause of the in-

crease of ATP by methyl viologen, it is clear that ATP, and probably .its

precursors, are not limiting in the MeV treated sample. Thus, we believe

that the depression of the extent of slow changes in the yield is probably

" due to some additional effect of MeV on the membrané structure. In any 1
event, results obtained with parabenzoquinoggdindicate-that a slow increase

in fluorescence yield persists even when most of the primary acceptor:

would be expected to be in the oxidized state. ZFurthermore, our results

with FCCP andfpapgbeﬁzoquinone'indicate that a slow SM type rise persists |

when most of the DPS changes in yield are suppressed.

As in the case of Porphyridium most of the slow changes in the fluo-

rescence yield in Chlorella were arrested -by the addition of DCMU or
orthophenanthroline (Figure 51). It has been assumed that cyélic photo-

phosphorylation support slow changes in:fluorescence (88, 89). Our
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results indicate that there is probably a very limited rate and extent of
cyclic photophosphorylation in Chlorella. -Measurements of ATP with DCMU '
poisoned samples of Chlorella by Bedell (145) seem to agree with this
suggestion. (We are aware that the ATP content of the cell may not re-
flect the true extent of the cyclic electron transport.) However, it was
observed that a slowldecline in yield and subsequent quenching can be
induced bylthe addition of ionophorous chemicals like CCCP, FCCP and DNP
in the presence of DCMU. (This confirms the observations of Bannister
who first discovered that FCCP lowers the fluorescence yield in the pre-
sence of DCMU-(177);) This kind of lowéring in the fluorescence yield .
probably arises due to the change in the permeability of the thylakoid
membranes to protons. However, our studies with these proton permeating
uncouplers indicate, at least, three modes of action for these compounds‘
depending on the concentration (Figures 46, 47, 4§). This seems to be
true, at least, for CCCP and.FCCP and, maybe, also for DNP (Figures 52,
54). These chemicals cause an inhibition of the back reaction between

Z+ and Q in some unknown fashion, stimulate electron flow, and seem to
alter structural sfates of the chloroplasts.

We have shoﬁn a lowering of the fluorescence yield in DCMU-treated
intact algal cells by PMS (Figures 55; 56} which is very similar to what
has been observed‘iﬁ isolated chloroplasts (191-194). Other photosysﬁem
58). 1In the first approximation, the kinetics of these two types of
lowering are similar to each other. The sensitivity of this iowering of
fluorescence yield to uncouplers of phosphorylation both in chloroplasts
as well as in intact algal cells strongiy suggests that a high energy

intermediate may also regulate the chlorophyll a fluorescence (see
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Chapter_VI).

Finally, we have shown that different ionic environments bring about
modifications in the fast changes in Chl a fluorescence yield. de Kouch-
kovsky (201) has made independent observations on the effect of certain-
salts on Chl a fluorescence of Chlorella. However, we have provided exper-
imental support for the conclusion that fluorescence yield changes induced
by salts afe independent of the redox state of Q (Figure 61 and Table 1V.8);
furthermore we found that the effect of some salts cémposed'of weak acid
anions (sodium or potassium acetate) and weak base cations (ammonium ace-
tate) are different. In this respect Qﬁr studies are quite different from
that of de Kouchkovsky (201) who used salts of one type to modify the Chl
a fluorescence in Chlorella. As discussed in the introduction,.the mole-
cular mechanism is better defined. for the salt induced structural altera-
tions in the presence of weak organic acids than for salts like KCI. Our
results indicate that a shrinkage of chloroplasﬁ volume modifies the -spa-
tial relation between the two photosystems and causes a quenching of fluo-'
rescence. This provides circumstantial evidence that all fluorescence
yield changes, even after 1 to 2 seconds of illumination, are not fully
associated with the redox state of Q@ and A pool. Imn other words the
yield at P seems to be governed not oﬁly by Q to QH transformation but
also, to a lesser extent, by the so-called "state" transition associated
with the quéntﬁﬁ distribution between the two pigment systems, the P being
a low spill over state. Changes in ionic environment seem to alter the

state transition to a greater extent than the redox reactions.
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V. FLUORESCENCE INDUCTION IN THE BLUE-GREEN
ALGA ANACYSTIS NIDULANS

1. General

The prokaryotic cellular make-up of the blue-green algae constitute
the most exciting aspect for the use of blue-green algae (Cyanophyceae)
for studies in photosynthesis. From an evolutionary point.of view the
blue green algae are probably the progenitors of oxygen evolving capacity.
Like bacteria,.blue~green‘algae.do not have organized plastids but unlike
photosynthetic bacteria, they evolve molecular oxygen. The entire lamellar
system constitutes both photosynthetic' and respiratory thylakoid.

One of the best studied members, in photosynthesis research, is fhe

unicellular alga Anacystis nidulans. Recently, Papageorgiou and Govindjee

(88) documented some interesting characteristics of the slow changes in
the fluorescence yield in this alga. The fast‘transient in blue—greenA
alga is’not well documented. Clayton (202) is the only one to report the
fast fluorescence tragg&eﬁt in a blue-green alga--a halophytic'épecies:

Anacystis montana.

Duysens and Talens (203) reported the slow (long term) changes in

the fluorescence yield in another genus of blue-green élga»Schizlothrix
calcicola. The results obtained by Duysens and Talens (203) are very

similar to those obtained in Anacystis nidulans by Papageorgiou and

Govindjee (88). We summarize below some of the interesting properties of
the 'slow fluorescence induction.observed by these investigators.

In these algae one observes a slow SM rise in the fluorescence yiéld.
attaining a maximum after 1 to 2 minutes of illumination (88). After

attaining the maximum level the fluorescence level remains high and the
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MI decline is very sluggish (204). Secondly, both Anacystis (88) and

Schizlothrix (203) exhibit DCMU resistant slow changes in the fluorescence

yield. During these time dependent variations of Chl fluorescence yield,
the flupresceﬁce yield of the accessory pigments (phycobilins) remains
coﬁstant throughout the period of illumination (88). Papageorgiou and
Govindjee (88) also documented a differential effect of the uncouplers on
the slow cﬁanges in the fluoreécence yield with and without DCMU. FCCP
was found to suppress to a large extent the slow chahges in fluorescence

yield in normal Anacystis although the same concentration of FCCP did

not alter the fluorescence yield changeé that persist after DCMU poisoning.

Because of a pronounced slow change in the fluorescence yield in the pre-
sence of DCMU it was believed that a product of cyclic phosphorylation
"reactivates” the photosystem II Teaction centers (cf. 88, 89, 203).

In this chapter we report experimental results characterizing in some

detail the fast fluoresgence tfansient in Anacvétis nidulans. This was
never done before. We have also employed a variety of metabolic inhibi-
tors to characterize DCMU resistant flﬁorescence yield changes in blue-
green algae. We will present evidence suggesting that the slow changes
in the fluorescence yield are entirely independent of the redox state of
photosystem II acceptor. We have also attempted to assess the contribu-
tion of cyclic phosphorylation as a source of energy for‘the slow chénges
in the fluorescence yield. We have also shown, in this study, that there
is a slow change in the th&lakoid structure upon illumination (with and
without DCMU) and these siow structural changes;.like slow changes in

. Chl a fluorescence, are sensitive to uncouplers.
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2. Fast Changes in Chl Fluorescence Yield in Anacystis

Blue-green algae are believed not to show the fast wave of fluores-
cence transient. But actually all blue-green algae which I examined have
a distinct but small fast (0IDPS) fluoresceﬁce transient. After attaining
the 5 level the fluorescence yield rises slowly to another maximum level
M. The MT decline in Anacystis, unlike in other algae, is extremely slow
(204). M ievel, in blue-green algae, is much higher than the P level

unlike Chlorella or Porphyridium where P level is the maximum level of

fluorescence yield during the transient. We always observed a higher M
than P level in Anacystis. Figure 68 is an oscilloscope tracing of the

Tluorescence transient in the dark .adapted cells of Anacystis nidulans.

After the onset'of illumination, fluorescence yield jumps to an initial

0 level from where the yield increases to I, and then declines to D. From
the minimum (D) level, the fluorescence yield increases to a.high P’
level. P to S decline is very smali in Anacystis (Figure 69). From S
the fluorescence gradually rises to another maximum M level (not shown

iﬂ the trace). Figure 69 shows that the cells grown in high light inten~-
sity (dotted line) have a slower DP rise and fS decline compared to cells
grown in low light. The 0 level is higher iq{the.high'light gfown cells
than cells grown in low light (not shown in the figure). (The 0I rise

is not recorded in this figure dﬁe to slow response time of the Keithiey
voltmeter used.)” Also, cells grown at 360C gave more pronounced OPS
transient than cellslgrown at roém temperature (23OC).V For most of our
experiments we grew -our cells in low light intenéity (~80 foot candles;
a 40 watt bulb placed 13 cm away from the flask) and at room temperature
for 2-3 days and then transferred to hiéh temperaturé (3OOC) for 2-3 days

before harvesting them. Usually, 5-7 day old cells were used. -Im spite
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Figure 68.

Oscillograph tracing of a typical Chlvgvfluorescence

transient in Amacystis nidulans. A observation =

685 nmm (half band width, 6.6 nm), C.S. 2-58 filter
before the photomultiplier; X\ excitation, 633 nm

(half band width, 8 nm; peak transmittance, 85%);

intensity, 26 Kergs cm-zsec . A 7 day old culture

of Anacystis was suspended in fresh culture medium
after washing the cells in the same medium; 15 min.
dark period preceded illumination. Ordinate, 1

volt/division; abscissa, 1 sec/division.
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| Figure 69. Time course of Chl a fluorescence in two different
-Cultures of Anacystis. A\ excitation, 633 nm; infen-
sity, 26 Kergs cﬁ-zsec'l; A observation, 685 nﬁ;
C.S. 2-61 before the analyziﬁg monochromator. bashed
line, cells grown in high light (100 watt bulb 13
cms away); solid line, cells grown in low light (40
watt, 13 cm away from the lamp, ~90 foot candles);
6 day old samples suspended in fresh growth medium,
absorbance of both' samples were adjusted at the réd

peak to 0.3 for 1 cm path length; OI rise not recorded.
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of these precautions we have obsarved occasional suppression of 0IDPS
transient in some cultures.

Figure 70 shows both the fast (sec) and the slow (min) changes in
fluorescence yield in another uncillular blue-green alga, Microcystis.
The fast IDPS transient is clear. With the intensity used, P occurred at
about 0.7 to 0.8 seconds and the P/0 ratio varied from 2.2 to 2.5. The
top curve kopen triangles) shows a slow SM rise of fluorescence yield,
which is very similar to that of Anacystis. We have also observed similar
0IDPS transient in two filamentous blue-green algae, namely, Plectonema
and Phormidium (not shown). It seems that the fast fluorescence transient,
though small, is-always present in all blue-green algae. In order to
observe a fast transient, a long dark adaptation (see below) and high
intensity of illumination are necessary. In all blue-green algae the dif
(D) is proﬁounced and the extent of P to S decline is small. The SM rise
cﬁnstitutes the largest‘variations in the fluorescence yield and this slow
transient usually masks the O0IDPS type fast-oscillations in the fluores-
cence yield.

2.1 Intensity Dependence

The fluorescence transient in Anacystis is responsive to the wave-
length and intensity of illumination. Blue light which preferentially
excites Chl-a does nof induce any measurable transient while the orange
light mainly absorbed by phycocyanin evokes a fluorescence transient.
This is because in blue-green algae, most of the phycoﬁilin pigments be-
long to system II and most of Chil a to system I;

The time course of Chl a fluorescence, recorded at various intensi-
ties of illumination, is shown in Figuré 71. The orange light, obtained

by the use of a narrow band interference filter peaking at 633 nm (half
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Figure 70.

Recorder trace of the time course of Chl a fluorescence

yield in Microcystis. A observation, 685 nm (half band

width, 6.6 nm); C.S. 2-58 f£ilter before the photomulti-
plier; A excitation, 633 nm; intensity, ~ 25 Kergs cmiz
sec ; open circles, fast transient; open triangles, siow
transient. Note the abscissa has two time scales; 7 day

old culture was used. 15 min dark time between measure—

ments; 0L rise not recorded.
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Figure 71L.

Fast transient of Chl gyflubrescénce yield at different
intensities of excitation. A observation, 684 nm; C.S.
2-58 filter before the photomultiﬁlier. The number;.on
the curves are fractions Qf the maximum intensity used.

-1

Intensity 1.0 = 26 Kergs cm-zsec ; 15 minutes dark

period between measurements; cells were centrifuged and .

suspended in Warburg buffer #9 (pH 9.2) plus 0.01L M
NaCl; absorbance at the "red” Chl peak, 0.35 for 1 cm
path length; PC/Chl (peak absorbance) = 1.3. Signals

were recorded on an Esterline Angus recorder.
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band width, 8 nm); excites mainly phycocyanin and causes fluorescence
yield changes of Chl a, (Chl a belonging to photosystem II). From Figure
71, it is evident that weak intensity of illumination fails to evoke the
DP rise. On increasing the intensity of illumination both OI (not shown)
and DP rise are accelerated and a distinct P is observed. It is also
clear that the dip (D) remains pronounced even when excitation intensity
is lowered.byjﬁO% to 66%,0f the maximum intensity used. Munday and
Govindjee (83, 84) suggésted that the ID decline is due to the antagon-
istic effect of two photosystems and thus, one would expect to observe

a pronounced D at moderate intensity of system II light. PS decline is
ﬁronouncéd.at high intensity of illumination and the extent of the de-

cline would be lower as excitation intensity is lowered.

As shown in the case of Porphyridium (Chapter II; for Chlorella, see

reference 83) the time interval between the onset of illumination and the

peak P (tp) depends on the exciting light intensity. A graph of this
time interval (tp) versus exciting intensity is shown in Figure 72. These -
data were plotted from an earlier experiment vefy similar to that shown
in Figure 71. As intensity increases the tp becomes gradually smaller.
The plot of l/tp versus 1 shows that I x tp is constant at low intensi-
ties of excitation, but this relationéhip bre;ks down at higher intensi-
‘ties of illumiﬁation. Under light limiting conditionms, the formation of
P depends solely on the dose of light which is proportional to the ab-
sorbed quanté. At high light intensity some other factors besides light
become limiting and delay the development of P.

The time to reach P (tp) in saturating light iﬁtensity seems to be

characteristic of the organism. 1In Porphyridium, P occurs within 300-350

msec after illumination, in Chlorella it takes about 400-450 msec to
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'Figure /2.

Time for the appearance of peak (P) versus intensity
of exciting light. Open circles, time to reach P,
scale to the left; solid circles, reciprocal plot"
(1/tp), scale to the right. Intensity 1.0 = 26
Kergs cm sec . Other conditions for measurement
were as in Figure 71 except that an oscillographic
recorder was used for thg determination oﬁ the time

interval between illumination and the development of

peak ®).
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reach P while in Anacystis, P develops after 500-600 msec of illumination.

This, in all likelihood, reflects the size of the photosynthetic units and
the limiting step in the electron tranmsport chain in each organism. (It
must, however, be mentioned that occasionally, in some Anacystis cultures,

tp occurred at 500 msec, and a delay in tp was observed in some. unused

cultures of Porphyridium and Chlorella.)

Figuré 73 shows tﬁe changes in the amplitudes at the points 0, I and
P of the fast transient with increasing excitation intemsity. The. curve
for V0" in Figure 73 shows no increase in the yield as light intensity is
increased. Bﬁt, both I and P assume a éteeper slope at high intensity of
illuminatidn. The fatios of high intensity to low intensity yields were
about 1.3 for I, and 2.0 for P.l The values are lower thén that for
Chlorella, where we observed a 3-4 fold increase in yield at P.

As mentioned earlier, a dark adaptation of se&eral minutes is neces-
sary for the development of a complete 0IDPS transient. Figure 74 shows
the amplitude of I and P as a function of dark time between illuminatioms.
At shorter dark times, there is a rapid 0I rise énd a small DP rise. As
dark period is increased, the level of fluoreécence at I gradually de-
creases and the DP transient becomes prominent. When the dark interval
between illumination is short, some of the'eleétron transport carriers
reduced by the previous illumination remain in the reduced state; this
probably causes a high ievel of fluorescence at I upon second illumina-
tion. But, as discussed earlier, the maximum fluorescénce'level remains
low and does not attain the P level of the long dark adapted sample. If
the dark period is, however, increased, the ampiitude of fluorescence at
P increases and attains a maximum value after 10-12 minutes of darkness.

These results as originally indicated by the observations of Duysens and
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Figure 73.

Amplitude of fluorescence at points 0, I and P of the
fast transient as a function of excitation intensity.
. : -2 -1 .
Intensity 1.0 = 26 Kergs cm “sec —; other details as

in Figures 71 and 72,
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Figure 74. Dark recovery‘of the fast transient of Chl a fluorescence
. and oxygen spike in Anacystis. Fluoresceﬁce was measured
as described iﬁ the legend of Figure 68, but the cells |
were suspended in 50 mM phosPha#e plus 0.0L M KCl, pH 7.8;
ordinate scale to the'right. Open cifcles, height of the
02 spiké measured on the same sample with a Haxo-Blinks
type rate electrodé; illumination, orange light (K-5 Bal-
zer filter; intensity ~20 Kergs cm'zsec'l° O2 meésure—

ments with 5 sec fiashes; ordinate scale to the left.
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Sweers (10) in Porphyra suggest that the requirement of a dark period for
the development of O0IDPS tramsient is not associated with the redox state
of Q. 1In the darkness, bésides oxidation of Q some other tranmsition
related to high fluorescence yield occurs. From Figure 74 it is clear
that rise‘of P in darkness is biphasic, there is a rapid phaée occurring
within'l to 2 minutes of darkness an& then a slow asymptotic rise in the
yield at P with an increase in dark time. On the other hand, the.Q2 gush

» (0, spike) which has been shown to be complementary with the DP fluores-

2
cence rise (and which, also like fast transient, requires darkness for
its development) does not show such a biphasic rise. This indicates that
besides the redox state of the pool A, which affects the 02 gush, there

is some other factor that influences the development of the fast (DPS)

fluorescence transient.

3. The Slow Changes in Fluorescence Yield in Anacystis

With continuous: system II illumination, a gradual increase in fluores-
cence yield to a higher level (M) is observed. In subsequent dérkness the.
fluorescence yield declines to a lower level. The half time of this dark
decline of fluorescence, monitored by a weak bluel436 nm light (~ 0.8 Kergs
cmfzsec—;) varied from 20 to 40 seconds. These resulté (not shown) are
very similar to those oﬁtained by Papageorgiou (59) who interposed short
(2 sec)'flashes. These results suggest that the dark decay of the M 1eye1
is comparatively slower than that of P (Figure 74).

Figure 75 shows the effect of various intensities of illumination on
the slow SM rise of fluorescence yield. Very_ﬁeak excitation causes only.
a slight increase in the yield of fluorescence with time--starting only'

after a lag phase. With increasing intensity the rate of rise of fluores-

cence ncreases. t moderate to low--but not high--exciting intensity,
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Figure 75.

Slow tramsient of Chl a fluorescence at various intensi-
3

ties of excitation. A excitation, 633 nm; A observation

684 nm; C.S. 2-61 filter before the photomultiplier to

.guard the light leak. The numbers on the curves repre-

sent the fraction of the maximal intensity (1.0 = 29

Kergs cm-zsec-l) used. Cells were centrifuged, washed,
and suspended in Warburg buffer #9 (pH 9.2) with 0.1 M
NaCl. [Chl]’= 72 ug/3 ml; Phycocyanin/Chl a peak ratié
= 1.4; 15 min dark period.betweenlmeasutements. Tran-—

sients were recorded by a Keithley microvoltammeter and

.an Esterline Angus recorder.
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the SM rise curve is biphasic. This biphasic SM rise suggests that the
light induced increase in fluorescence yield is opposed by a dark decay.
Figure 76(A) shows the amplitude of P and S as a function of exciting
intensity. At low light intensity, the P and S levels are indistinguish-
able; separation of P and S occurs at an intensity which is 30% of the
maximum inténsity used. Figure 76(B) is a similar plot of fluorescence
level at‘M.and at S obtained from a‘separate experiment. It is clear
that the separation of S and M occurs at a relatively low intensity (~ 5%
of the maxiﬁum intensity used). The M level rises much faster than the S
level. These results are similar to what has been observed in the case

of Porphyridium (see Chapter III). We have also observed that the variable

increase in yield at M (represented as (M-S)/S) saturates at lower inten-
sity than variable fluorescence yield at P (not shown). These data indi-
cate a lack of direct correlation between the electron flow during photo-

synthesis and the slow rise of fluorescence yieid.

4. Changes in Emission Spectra During Fluorescence Induction

Papageorgiou and Govindjee (204) showed that a large spectral distri-
bution accompanies long term fluorescence induction in Anacystis. However,
spectral changes during the first few seconds of illumination were not
reported. Figure 77 shows the emission spectra at three characteristic
points (D, P and S) in the fast transient in Anacystis. The fluorescence
band peaking at 655 nm represents the emission from phycocyanin, &nd that
at 683 nm Chl a. The ratio of fluorescence intensity at 683 nm to that
at 710 nm is 4.32 for "P" spectrum, 3.89 for VS" spectrum and 3.76 for
D" spectrum. It is clear that P is comparatively enriched in Chl a

-2

fluorescence relative to S and conversely S is comparatively enriched in
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Figure 76. ‘Amplitudés of‘fluorescence at P, 8, and M as a function
of exciting intensity. Left (A): A excitation, 633 nm;
' intensity; 1.0 = 29 Kergs cm—zsecvl; A observation, 685 - |
nm (half band Width; 4.8); carbonate-bicarbonate (0.1 M)
Warburg buffer #9 plus 0.0l M NaCl; [Chl]; 60 ug/B.ml.
Left (B): [Chl], 20 pg/2 ml; other conditions as in (Aj.

Fluorescence transient was recorded with a Keithley

microvoltammeter and a Brown recorder.
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Figure 77. Room.temperature emission spectra at the stage D
(solid triangles), S (solid circles), and P (open
circles). 15 min darkness between measurements;
A excitatiom, 633 nm; intensity, 26 Rergs cm’2
sec-lj Schott fed filter (645) was placed before

the analyzing monochromator; 6 day old culture in

carbonate-bicarbonate buffer (0.1 M) plus 0.01 M
NaCl, pH 9.2; [Chl], 6.5 ug/ml; Phyéocyanin/chl a

Peak ratio = 1.2. !
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Chl 2 fluorescence. These results are similar to that of Lavorel (161)

on other algae; he was the first to éhow the heterogeneity in emission
spectra at '"0" and "P". We also observe here a striking enrichment of
system I fluorescence in the 'D" spectrum. Since Papageorgiou and Govindjee
(88) have made an extensive study of ‘the spectral changes during the slow
fluorescence induction, we did not measure point by point spectra for the
SM rise phase of the induction curve. But on several occasions we have
compared the ratio of intensity at F684 to that at.FflO at S and at M.

This ratio for S varied from 3.0 to 3.5 and for P it ranged from 3.5 to

4.5 depending on the culture conditions; These variations in the ratio

are mainly due to changes in the emergy transfer from phycocyanin to

Chl a

2

we always observed an enrichment of Chl 2, fluorescence in M compared to

as shown by Ghosh and Govindjee (205). 1In spite of these variations,

that in S. Thus it can be safely concluded that the S to M rise accom-

panies an enhancement of Chl a, fluorescence just as we have shown in

2

the case ‘of Porphyridium (Chapter III). Since the fluorescence yield of

phycocyanin does not change during the induction period (88) the SM rise
must be a suppression of energy transfer to weakly fluorescent Chl a of

system I.

5. Time Course of Fluorescence Yield Changes and of Oxygen Evolution .

In the case of Porphyridium, we observed that the SM rise portiom of

the fluorescence parayiéls the rise in oxygen evolution. TFigure 78 shows

\
AN

the time course of oxygen evolution and of fluorescence yield after a
15 minute period of darkness. For both of these measurements a bright
saturating red light was used to excite the sample. Both transients were

recorded on identical samples. The lag in the appearance of the 02 spike




265

Figute 78;

j
' |
Time course of the fluorescence yield of Chl a and the

rate of oxygen exchange (evolution) in Anacystis. Re-

‘corder trace of the fluorescence transient (solid

circles); conditions for the fluorescence measurements
are as described in the legend of Figure 75 except
that the cells were suspended in 50 mM phosphate plus
160 mM KC1, pH 7.8; intensity of excitation, 26 Kergg
cm-zsec—l; the fast OL phase is not shown. Oxygen
exchange (open ciréles) was measured with a Haxo-Blinks
type rate eléctrode; samples were illuminated from the
top with red light (C.S. 2-58); intensity, 15 Kergs

am “sec ; electrolyte, 50 mM phqsphate plus ld mM

KCLl, pH 7.8, 2% €0, in air in gas phase; a 15 min dark

time preceeded the measurements.
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with reference to the P level of fluorescence is due to a diffusional 1ag
of the polarograph to oxygen. But, it is very clear that the S to M rise
in the fluoresceﬁce induction is parallel to the increase in the rate of
oxygen evolution and the latter continues to increase even after fluores-
cence reaches the maximum intensity (M). This parallel incréase in the
rate of O2 evolution and the yield of fluorescence was earlier observed by
other inveétigators (88) in Anacystis. Furthermore, this parallel rise

during this interval of induction seems to be an intrinsic characteristic

of all 0O e&olving organisms as it has been observed in Chlamydomonas (89),

2
Chlorella (87) and Porphyridium (Chapter III). 1In Anacystis, the O2 spike

is very prominent (Figure 78); in anaerobic samples, the spike is more
pronounced and the rate of O.2 evolution declines after the spike to the
base level from where it again rises gradually to a steady staté level
(not shown).

Figure 79 shows the effecﬁ of varying concentrations of DCMU on the‘
height of the oxygen spike measured by a 5 sec flash of saturating white

8

light. At 10—9‘M and 10 ° M DCMJ the O gush (ﬁhe height of the spike)

5

.remains unchanged, then declines rapidly to almost zero level at 100° M

2

DCMU. But, some 5 to 107% steady state Q2 evolution persisted at this
concentration of DCMU even after 30-40 minutes:of incubation with DCMU
(;ee Figurékz9; solid triangles). Since O2 gush is a true indicatiqn’of
photosynthetic oxygen evolution, we believe that this concentration of
DCMU completely suppresses all photosynthetic electrogytransport in
Anaczstis.{ In ;11 our experiments we have used iO to 15 pM DCMU to
inhibit electron transport. The residual apparent evolution that resisted

DCMU poisoning is probably due to suppréssion of 02 uptake in light.
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Figure 79.

Height of the oxygen spike versus concentration of
DCMU in the bathing medium. Experimental conditions
as described in the légend,of Figure 74n For each
measurement the electrolyte containing the required
conceﬁtratidn of DCMU was incubated for at least 15
minutes before assaying the spike with a 5 sec flash.
Solid triangles represent the steady statg 0, evolu-

2

tion level after 3-5 min of illumination.
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6. Action of Cofactors and Inhibitors of Electron Transport on the Slow
Changes in Fluorescence Yield

10 yM DCMU inhibits oxygen evolution and electron transport. 10-15
UM DCMU also completely abolishes the fast DPS transient in Anacystis
(Figure 80). On the other hand, the slow fluorescence rise resists DCMU
poisoning (see below). We have also used a variety of other known elec~-
tron tramnsport inhibitors and in all cases the slow changes in yield
resisted the poisoning. We also tested the effect of HOQNO which is
assumed to inhibit cyclic electron flow in chloroplasts. At low concen-
trations of ﬁhis inhibitor (1-2 uM), the fast fluorescence was completely
inhibited, but unlike DCMU it did not cause a rapid OI rise of fluores-
cence. Both HOQNO and Antimycin A did not alter significantly the slow
fluorescence rise. Table V.l and Table V.2 catalogue the effect of some-
of the electron transport inhibitérs and cofactors on the ratio of fimal
(fm) and the initial (£i) fluorescence levels in Anacxétis. It seems from
the results in Tables V.1 and V.2 that all thé inhibitors of electron
transpoit give similar xresults in that they do mot suppress to'any great
extent the slow changes in the‘yield'while they depress the fast DPS
transient. 1In the case of DCMU and orthophenanthroline the maximal yield .
was slightly enhanced compared to the untreated sample; Salicilaldoxime
and.phenylmercuric acetate (ib_4M) showed a gradual inhibition of the
yield with the time of incubation.

4

Although HOQNO and antimycin A are claimed to inhibit cyclic electron
traﬁsport (see review by Good et al., 206) it appears from our studies
that they probably inhibit the electron transport chain between the two

photosystems. Although a slight inhibition of the fluorescence yield

change was observed with HOQNO, we do not know if this is due to some
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Figure 80.

' Time course of the yield of Chl a fluorescence

3

in Anacystis with and without DCMU. \ excitation
633 nm; A observation, 685 nm; intensity,

-2 . '
~25 Kergs cm sec ; Corning C.S. 2-61 filter
before the photomultiplier; cells were suspended

in Warburg buffer #9; 15 minutes dark period

before illumination.
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Table V.1

Effect of Various Concentrations of Antimycin A on the
Initial (£fi) and the Final (fm) Level of
Fluorescence Yield in Anacystis

273

Relative Fluorescence Yield Ratio
Treatment fi fm fm/fi
No addition 75 125 1.6
15 M DCMU : 90 165 1.8
1 M antimycin A 92 151 1.64
5 M antimycin A | 91 150 1.64
10 M antimycin A 90 151 ‘ 1.66

30 uM antimycin A ‘ 90 155 1.7

Samples were incubated in 50 mM phosphate plus 10 mM NaCl buffer (pH 8.0)
with the inhibitors for 10 minutes before each measurement. (Antimycin A
was obtained from Sigma Chemicals, St. Louis, Missouri.)

uncoupling effect of HOQNO ox due to inhibition of electron flow.

Wé were, however, surprised to note the differential effect of the
addition of 1.0 wM MeV with and without DCMU. In normal cells, MeV
abolished the development of P as in the case of Chlorella (Figure 81).
Methyl viologen depressed the maxiﬁal_fluorescence (M) level in the ab-.

sence but not in the presence of DCMJ. Papageorgiou and Govindjee (88)

have shown that slow changes in fluorescence yield are resistant to treat-

ments of uncouplers in the presence of DCMU, while the same concentration

of uncouplers suppresses the slow changes in normal cells. It seems that
) 7 .

methyl viologen (MeV) exhibits somewhat similar differential behavior. I

is logical to assume that MeV is more effective in suppressing cyclic

electron transport as a non-cyclic flow is favored. Although methyl

—
[




274

Table V.2

Effect of Various Electron Transport Inhibitors on the Maximal
Steady State Fluorescence Yield (fm) of Anacystis

Additions ' Maximal Change fm/fi
None | 1.60
10 @ DOW | 1.8
5 mM Salicilaldoxime ' 1.67
10 M HOQNO | 1.5
0.1 me orthophenanthroline | 1.7
1 mM MeV 1.47
15 UM DCMU + 1 mM MeV ‘ _ 1.75

Conditions of measurement as in Table V.1. HOQNO and orthophenanthroline
were obtained from Sigma Chemicals, St. Louis, Missouri; Salicilaldoxime
from Kodak Chemicals, Rochester, N.Y.; and methyl viologen (MeV) from Mann
Research Chemicals, Orangeburg, New York. HOQNO and orthophenanthroline
were dissolved in ethanol, salicilaldoxime in methanol and MeV in distilled
Hp0. Salicilaldoxime was added to the empty Dewar flask and was allowed

to evaporate a few seconds before the addition of cells. All additions
were made in dim room light.

viologen, due to its low redox potential (E; = (.44 volt) may be expected
to disrupt the cyclic flow, this may not occur in all cases.

Figure 82 shows the effect of adding 20 yM PMSH, on the slow changes

2
in fluorescence yield in normal Anacystis. PMSH2 abolished the OPS tran-
sient (or simply delayed the PS decline). Upon illumination, the fluores- .
cence yield rises to P level and then remains constant for 10-15 seconds

and then gradually rises to a maximum value higher than the M level of
normal cells. Both reduced and oxidized PMS gave approximately similar
results. But with DCMU treated samples, PMSH2 brought about a small

depression in the £inal fm level in Anacystis. This was somewhat
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Figure 81.

Time course of Chl a fluorescence in normal and methyl
viologen treated cells of Anacystis. A observation;
684 nm (half band width, 6.6 nm); intensity, 26 Kergs
cm-zsec—l. A 6 day old culture was suspended in 50 mM

phosphate NaCl buffer, pH 8.0. MeV was allowed to

incubate for 15-20 minutes before each measurement.
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Figure 82. Slow transient in the yield of Chl a fluorescence in

Anacystis in the presence and in the absence of PMSH
' -1

9
A excitation, 633 nm; intensity, 26 Kergs cm-zsec
20 uM PMS with 0.1 mM Na ascorbate (neutralized); buf-

fer, 50 mM Tris-Cl, pH 8.0, with 10 mM NaCcl. [Chl],

21 ug/ml. All additions were made in the dark.
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unexpected.

In normal cells, PMS could act as a Hill oxidant. If it were so, one
would expect results similar to methyl viologen which depressed the slow
rise in.Chl a fluorescence in normal Anacystis and did not stimulate the
extent of SM rise. It may be tempting to assume that PMS accelerated
cyclic electron flow. But one would expect, from an analogy with results
in chloropiasts, ﬁhat PMS would accelerate cyclic electron flow even in
the presence of DCMU. If slow f£luorescence yield is triggered by PS I
mediated electron transport, we would also expect to see a stimulation in
slow fluorescence rise with DCMU poisonéd cells of Amacystis. Our results
show that fhis is not the case. It may be possible that the enhanced SM
rise, seen in the case of normal Anacystis with PMS, could be due to an
increase in light induced swelling. However, DCMU poisoned samples show
a greater extent of swelling as measured by the 540 nm absorbance change
(see later). Thus, we suggest that the observed depression in the yield
in the presence éf DCMU, noted above, may be due to an additional effect

of PMS in causing an enhanced dissipation of heat.

7. Slow Changes in Fluorescence Yield in DCMU Poisghed Cells

As in the case é% Chlorella, addition of DCMU abolished the fast
(0IDPS) fluorescence yield changes in Anacystis (Figure 80). But, gnlike
Chlorella, fluorescence yield rises slowly from a low initial level to a
maximal level upon illumination. The fluorescence yield attains a maximum
value only after 1-2 min. of illumination.

In normal Anacystis the ratio of Fm/Fi (also referred to as fm and fi
at certain portions of this thesis) varied from 1.4 to 1.6 depending on

the condition of the culture of the algae. DCMU treatment, in most cases,
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but not always, gave only 10 to 15% increase in maximal yield over normal
cells. Mar et al. (45) obtained similar results in their fluorescence
life time measurements in that the life time of Chl a fluorescence (T) in
bogh normal and DCMU. poisoned Anacystis cells are within 10-15% (~0.8 |

nsec).

7.1 Intensity of Illumination

Figure 83 shows the ‘time course of slow fluorescence yield changes
as a function of light intensity.in DCMU poisoned cells. Very weak- light
intensity does mot cause any appreciable increase in yield with time of
illumination. 1Increase in intensity evokes a large enhancement in fluo-
rescence yield with time.’ In Figure 84 the initial (Fi) and the final
(Fm) levels of fluoréscence yvield are plotted as a function .of exciting
intensities. Both init}al (Fi) and maximal (Fm) intensity increase
linearly with intengity, although ﬁith different slopes, but at a high
intensity of excitation, the deviations from liﬁearity is much steeper
for Fm than Fi levels. - (Our results are slightly different from that of

.Papageorgiou and Govindjee (88) who observed a completely linear relation-
ship between fluorescence intensity and excitation intensity in’DCMU
poisoned samples. Howevér, the maximum exéitation inténsity used by them
was lower than that used in this expe?iment.) ‘The relative fluorescence
yield increment represgnted as (Fm-Fi)/Fi shows a saturation at a relé—
tively low light intensity (top curve).

The increase in thé rate of rise of fluorescence yield with iilumina-
tion intensity indicates that it originates from phgtochemical events and
an early saturation suggests its relationship with the PS I mediated cycle
which is also known to saturate ig’yiiglat a relatively low light inten-

sity (207).
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Figure 83.

Slow transient of Chl a fluorescence in DCMU poisoned
Anacystis at different intensities of excitation; num-
bers on the curves are fractions of maximum: intensity

used. 1.00 = 29 Kergs cm sec ~; cells were suspended

in Warburg #9 buffer pH 9.2, with 0.01 M NaCl; PC

(Phycocyanin)/Chl a peak ratio = 1.35; other conditions

as in Figure 80.
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Figure 84,

i

Amplitude of the initial (Fi) and final level (Fm) of

- Chl a fluorescence in DCMU poisoned Anécxstis at various

exciting intensities. Intensity of 1.00 = 29 Kergs

¢m sec . Top curve (stars), specific increase in

variable fluorescence yield (Fm-Fi)/Fi; ordinate scale

to the right. 4-day old culture was centrifuged and

resuspended in 50 mM Tris-Cl with 10 mM XC1 and 15 LM
DCMU (pH, 7.9); [Chl], 18 pg/ml; Phycocyanin/Chl a

peak ratio = 1.25.




284

sliuny  eAnojey  *ly/(ly-Yy)

n

o

o
X
N AN
~

! H
0.60 0.80 1.00

1
040

~ o
Apisusu) - 8ous0s8.40n)4 m;.\\m\mt

intensity

itation

Exci

Relative




285

Figure 85 shows comparison of the effect of system I illumination
(X, 436 nm) and system II (mainly) illumination (A, 633 nm) in causing
slow induction of fluorescence in DCMU poisoned cells. 1In this figure,
we adjusted both the curves at initial level (Fi) to compare the relative
extent of the rise in fluorescence yield. It is clear that system I is
quite effective in causing slow changes in fluorescence yield in DCMU
poisoned célls. Duysens and Talens (203), using'a dual beam spectro-
fluorometer, have shown that system I illumination causes a larger magni-

tude of slow change than system II light, in Schizothrix calicola if the

initial rate of rise is matched. OQur results with Anacystis also show a
small increase in relative yield at stationary level in system I light
over system II illumination. We cannot meaningfully compare our results
with those of Duysens and Talens since different techniques of measure-
ment and different organisms were used by these éuthors. Nevertheless,
system I illumination is quite effective in causing the slow changes in
fluorescence yield. We did not use system I illumination for routine
measurements since the intrinsic yield of fluorescence is very low. Thus
the large variations in the fluorescence yield in the presence of DCMU
(when all oxygen evolution is completely inhibited) indicates that PS I
mediated electron flow somehow supporﬁs these variations in the fluores-
cence yield. |

- “}- .
7.2 The Influence of Back Reaction Between Z and Q

The slow (long-term) rise of fluorescence yield in the presence of
DCMU is taken as evigence that these changes are not related to the redox
level of the acceptor Q. However, one may argue that in these organisms
there is a faster turn over of Q due to dark back-recombination of Z+ and

Q , causing a slow rate of rise in the fluorescence yield. To test if a
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Figure 85.

Time course of the slow rise in the yield of Chl a

fluorescence in. DCMJ poisoned Anacystis. Open circles

system I blue light; solid circles, system II orange
light; the initial fluorescence levels were normalized

to the same level. X observation, 685 nm (C.5. 2-62

filter before the photomultiplier). ' 5 day old culture-

suspended in 50 mM Tris-Cl buffer with 10 mM NaCl, pH
7.8 was used. Phycocyanin/Chl a peak ratio = 1.39;

15 min. dark adaptation before illumination.
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back reaction at all influences the slow changes in fluorescence yield, the
following experiments were dome.

Figure 86 shows the decay 6f delayed light emission observed aftex
‘0.1 second of switching off of the illumination in normal, DCMU.and DCMU
plus hydroxylamine treated cells of Anacystis. As reported éarlier (110),
the peak intensity of the slow (sec) component of DLE is smaller in DCMU
poisoned Félls than in.no:mal cells. Hydroxylamine in the presence of
DCMU completely abolished all DLE suggesting a complete elimination of a-
back recombination reaction. But from Figure 87 it is clear that NHZOH
suppresses the development of the DPS transient. As in the case of Por-
phyridium, we observe that NHQOH causes an 1D decline and from»D, the
fluorescenée increases slowly, suggesting a feeding of electrons by NHZGH
to PS II centers.

Figure 88 shows that NH2OH alone or in the ﬁresence of DCMU did not
inhibit the slow long-term rise in the fluorescence yield in Anacystis.
Measurements of DLE of identical cells and under identical conditions
‘showed no measurable amount of DLE in the presénce of these two inhibitors.
(The slight riée-in fluorescence level seen in normal cells treated with
10 mM NHQOH (open sqﬁareé) is probably due to a small rise in the constant
.(O level) fluorescence.) In any event, most‘of the slow changes persisted
in the presence of both DCMU and NHZOH (Figure 88) wheﬁ all back reactions
seem to have been inhibited completely (Figure 86). This experiment
strongly suppcrts the contention that the slow changesvin vield are inde-

pendent of the 1eVe1 of Q and thus there must Be other factor(s) that

also govern fluorescence yield besides Q.
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Figure 86. ‘SloW'delayed light (DLE) intensity in Anacystis in the

presence of DCMU and DCMU pius hydroxylamine. 1 ml al-
gal sample was illuminated with & broad band blue light

(C'S. 4-96 plus C.S. 3-73; intensity, 21 Kergs cm—zseé”l

D)
for 2 minutes. DLE was measured 0.1 sec after illumina-
tion. Cells were suspended in carbonate-bicarbonate
buffer (0.1 M) pH 9.2 plus 0.0l M NaCl; absorbance at

the red peak; 0.3; Phycocyanin/Chl a peak ratio = 1l.4;

15 (M DCMU; 10 mM NH,OH.
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Figure 87.

Recorder traces of the fast transient of the Chl a
fluorescence yield in the presence and thé absence of
NHZOH. Open circles, no addition; closed circles,

5 mM NHZOH. A observation, 684 nm (half band width,
2.7 nm); C.S5. 2-62 fiiter before the photomultiplief.
-1

. . . c : -2
A excitation, 633 nm; intensity, 25 Kergs cm sec

cells were suspended in phosphate, sodium chloride

buffer, pﬁ 8.0.
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Figure 88,

Time course of the Chl a £luorescence yield in the

1

‘presence and the absence of DOMU and DCMU plus hy-'

droxylamine. Cells were suspended in Warburg buffef
#9, pH 9.2, with OfOl M NaCl; absorbance at the red
peak of Chl a = 0.3; PC/Chl a peak ratio = 1.4, Addi-
tions, 15 uM DCMU;'lO mM NHZOH° 15 min dark perioa
before illumination; A excitation, 633 nm; intensity,

26 Kergs cm-‘sec‘l,
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7.3 Emission Spectra

In Figure 89, the room temperature emission spectra of DCMU poisoned
Anacystis, excited by low and high intensity of 570 nm light are compared.
The two curves are adjusted at the invariable pﬁycocyanin fluorescence
band for comparison. At low intensity, used in the experiment, there is
no change in. fluorescence yield, and thus, the emission spectrum would be
comparableAto that of the yield at initial low level (Fi). At high inten-
sity of illumination, the recorded spectrum is for the maximum steady state
level (Fm).  It is clear from the figure that an increase in fluorescence
at highylight intensity is due to énhanéement in system II fluorescence
band. .As in the case of normal Anacystis (88), the DCMU poisoned samples
show an extensive change in the emission spectra during the slow fluores-
cence induction in DCMU poisoned cells. This type of enhancement in flué—
rescence intensity in the main Chl a fluorescence band at the high emis-
sive (Fm) state compared to low emissive {(Fi) state indicates a suppression
of energy transier from PS II to PS I during Fhe SM rise. The higher
fluorescence yield and parallel rise in the rate of oxygen evolution in
unpoisoned cells are indicative of change in distribution of quanta in
favor of PS II. This, hbwever, occurs even when the PS II reactions are
blocked by DCMU.

8. Effect of Inhibitors of Phosphorylation on the Slow Changes in
Fluorescence Yield in Anacystis

Papageorgiou and Govindjee (88) found that uncouplers like FCCP sup-
press the slow changes in Chl a fluorescence in normal cells of Apacvstis
but not as much as in DCMU poisoned samples. 1In this section, we report
results obtained with uncouplers likevCCCP and FCCP, and those with tetra- : ;

chlorosalicylanide derivatives (S, and 813, ref. 208). OQur results

6
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Figure 89.

Room temperature emission spectra of Anacystis in the
presence of DCMU. Solid circles, excitation with high

intensity of 570 nm light (half band width, 15 nm),

; open circles, with low intensity

of 570 nm light, 0.11 Kergs cmnzsec-.l° 15 uM pCMU

9.3 Kergs cmnzsec

in carbonate-bicarbonate buffer, pH 9.1, plus 0.01 M
NaCl. Both spectra are adjusted at 650 nm to read.

equal intensity.
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indicate that these latter potent uncouplers inhibit the slow rise in
fluorescence in both normal as well as DCMU treated samples. We have alsg
employed some ATPase inhibitors to study their effect on the slow changes
in"the Chl a fluorescence yield.

Figure 90 (top) dépicts the effect éf two concentrationé of CCCP on
the fast fluorescence in Anacystis. 5 UM CCCP lowered the development of
P and thus-the PS declined but the slow fluorescence rise was not altered
at this concentration (open triangles). On doubling the concentration to
10 yM (open squares), fluorescence yield was further depressed at the
level of P and the SM rise was also lowered. The bottom curve of Figure
90 shows the effect of 5 and 10 uM CCCP in the presence of DCMU. 10 uM
CCCP did not cause the same extent of suppression in the slow rise of
fluorescence in the presence of DCMU as iﬁ did in its absence.’ Papa-
georgiou and Govindjee (88) observed a similar, buf more dramatic differ-
ential behavior with normal and DCMU treated Anacystis with 10 uM FCCP
which is a more powerful uncoupler compared to CCCP.

Figure 91 illustrates the effect of FCCP ana 813 on the SM rise of
Chl a2 fluorescence in unpoisoned Anacystis. 10 pM FCCP inhibited DPS
change and also suppresséd the extent of SM rise (solid squares). TUpon
increasing the concentration to 10 uM fhe S level was slightly lowered,
compared to nofmal (open circles), the SM rise was slowed down, the rate
of the fluorescence rise was depressed and the maximal level of éhe fluo-
rescence yield was lower than that of normal. S was found to be com-

13

paratively more effective in inhibiting the slow fluorescence changes in

w

Anacystis than FCCP. At a concentration of 1 to 2 M, most of the slow
changes were abolished. On increasing the concentration, it stimulated

a decline in the yield of fluorescence upon illumination. - Both S6 and
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Figure 90; Fffect of the‘uncoupler'CCCE on the fluorescenée vield
of Chl a in normal and DCMU poisonedLAnaczstis. _(ToP
figure): fast changes.in the fluorescence in normal
celis. (Bottom figure): poiscned samples with 15 M
DCMU k.observation, 685 nmm; C.S. 2-62 f£ilter before
the analyzing monochfomator; buffer;ISO mM fris-cl;
pH 7.8, with 10 mM NaCl. (Ethanolic solution of GCCP

was diluted with water, ethanol concentration  1%.)
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Figure 91.

Effect of uncouplers on the slow fluorescence transient
of normal Anacystis. A observation, 685 nm (half band
width, 6.6 nm); A excitation, 633 nm; intensity, 23
Kergs cm-zsec’l} A 6.day old culture, centrifuged and
suspended in 50 mM Tris-Cl plus 10 mM NaCl buffer, pH
7.8, was used. Phycocyanin/Chl a peak ratios = 1.3;
ethanolic solution of S, . and FCCP were ad&ed; efhanol

13

concentration 2%.
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813 were found to exhibit similar effects on the long term fluorescence

yield changes as S..,. However, the former seems to be more effective in

13
suppressing the fluorescence yield in'Anaczstis.

Figure 92 shows the effect.of FCCP on the rate of oxygen evolution
in Anacystis. Addition of FCCP (5 M) depressed the oxygen spike and
caused uptake (decline in the rate of evolution). With time, the rate of
0, evolution increaées, but at a slower rate than in the normal. The

2

steady state 0, evolution was approximately 15 to 20% less than in normal

2
Anacystis. It seems that FCCP partly accelerates O2 uptake in light al-
though steady state photosynthesis was not inhibited to any great extent.
With 10 uM FCCP, there was a further suppression of steady state photb-
synthesis, but photosynthesis‘was not tofally inhibited. This suppression
of measured photosynthesis may either be due to loss of ATP synthesis

(and thus of complete photosynthesis) or photo—induced 02 uptake. No

»

measurements of O2 evolution with 813 were made.,

Figure 93 shows the effect of 6 (208), another derivative of sali-
cylanilide, on the fluorescence transient of DCMU poisoned Anacystis.
With 2 M S,

doubling the concentration, a further lowering of both initial and maxi-

most of the fluorescence transient was suppressed. Upon

mal levels of fluorescence was observed. 813 gave about the same results

as FCCP was found to bring about less inhibition of the slow changes

86;
in the fluorescence yield.

Figure 94 shows room temperature emission spectra of DCMU poisoned
Anacystis in the presence and in the absence of the uncoupler Slé' The
sample was excited with a broad band 570 nm light (half bana width, 20 nm;

. .. -2 -1 . ) . .
intensity, ~10 Kergs cm “sec ~ ). After 5 minutes of 1llumagétlon, the
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Figure 92. .

Time course of oxygen exchange in Anacystis in the
presence of FCCP. Values above the baseline are
taken to be due to oxygen evolution. Othér condi-
tions for the measurement of the rate of 02 ex—
change as in Figure 75. Open circles, normal sample;
sclid circles, with S'QM,FCCP; after the measurement
of the normal sample the electrolyte was quickly
drained out and was replaced with buffer containing

FCCP, incubated for 20 minutes and bubbled with 2%

CO2 in air before the FCCP curve was recorded.
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Figure 93. Time course of the slow rise in Chl a fluorescence yield
in DCMU poisoned Anacystis with and without uncoupler 86. |

Other conditions for measurement as described in the

legend for Figure 91.
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e
H

gure 94. Room temperaﬁure emission spectra in the presence and
the absence of 813 in..DCMU' poisoned cells of Anacystis.
Cells were suspended in growth medium containing 15 pM
DCMU; open circles, DCMU poisoned sample; closed circles,

DCMU + 5 uM 813‘ Other details as in Figure 89.
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emission spectra were recorded and the two 'spectra were arbitrarily adjusted
at 655 nm with the assumption that phycocyanin fluérescence remains un-
changed. A depression of system II fluorescence (580 nm peak) accom-

panied by an increase in th; long wavelength fluorescence was céused by

513. In other words, during the slow SM rise system II fluorescence
increases and system I fluorescence decreases, a parameter ‘which is indi-
cative of é shift in tﬁe energy distribution between the two photosystems.

Figure 95 illustrates some of the effects of so-called energy trans-
fer inhibitors of phosphorylation on tﬂe slow changes in fluorescence
yield. Dio-9, an experimental antibiotic, is known to inhibit ATP syn-

~thesis in chloroplasts (209, 210). Dio-9, at a concentration of 120 ug/
ml, did mot inhibit significantly the slow changes in fluorescence yield
in thg presence of DCMU. Phloridzin, which is also a terminal inhibitor
of phosphorylation, did not cause any.inhibition of slow change in fluo-
rescence yield e&en at 1 mM concentration (not éhown). DCCD (N, N' dicy-
clohexylcarbodiimide), also considered as an energy transfer inhibitor

of chloroplasts and mitochondria (211, 212) suppressed fluorescence
yield changes in the presence of DCMU. At a éoncentration of 1.0 mM,
most of the slow changes'in yield were inhibited.

We have also tested the effect of some respiratory inhibitors like
azidefand arsenate and found them to be ineffective in inhibiting thé
slow changes fluoresceﬁce in yield in DCMU poisoned samﬁies.

Our results reported in this section appear contradictory to those
of Papageorgiou and Govindjee (88) who foundvthéf DCMU resistant fluores-

cence yield changes are also resistant to uncouplers and ener transfer
: P

inhibitors. Admittedly, the slow changes in fluorescencevyield in the
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Figure 95.

Effect of Dio-9 and DCCD on the slowlrise in Chl a

fluorescence in the presence of DCMU in Apacystis.

~ Other conditions as described in the legend of

Figure 91,
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presence of DCMU is rather resistant to inhibitors and was only lowered
at relatively high concentrations of compounds. We shall discuss later
in this chapter the differential effect of uncouplers on the fluorescence

yield changes.

9. Structural Changes in Anacystis

It has been proposed that light induced structural changes which
accompany phosphorylation modify fluorescence yield (87, 88); If Apacystis
cells suspended in phosphate buffer (0.05M, pH 8.0) with 0.01M NaCl or in
the growth'médium (pH 6.8) were illuminated by zred light (Schott R.G. 665 .
or C.S5. 2-64), a decrease in optical density at 540 nﬁ was observed
sugge;ting a swelling of the thylakoid membranes; this decrease in ab-
sorbance at 540 nm was observed both in the absence and in the presence -

“of 15 M DCMU, However, DCMU treéted samples exhibited slightly greater
change than normal cells (not shown). |

Figure 96 illustrates the.decrease in optical density at 540 nm
measurea in Professor C. Sybesma's difference absorption spectfophoto-
meter in Anacystis induced by three intensities of red illumination. For

L c e . . & -2 -1
the bottom trace the actinic illumination was 1.8 x 10 ergs cm ~sec ,

- P : 4 -2 ; -
for the middle trace, 2.4 x 10 ergs cm sec ~, and for the upper trace

4 -2 - . . , .
3.0 x 10 ergs cm sec ~. Upon illumination there was a lag for about
15 to 20 seconds and then absorbance at 540 nm began to decline slowly
and finally a maximal decrease in optical density was obtained after 4 to
5 minutes of illumination. On turning off the actinic illumination (nmot
shown) there was again a lag of 15-20 seconds after which the optical
density incfeased and was restored to the dark level after about 5 to 7.

N

minutes of darkness. This sequence could be repeated. Decrease in the
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Figure 96.

Decrease in the 540 nm absorbance induced by three_
different intensities of red actinic illumination

in normal Anacystis. The numbers on the‘ordinate‘
should be multiplied by 10-3; A measuring,; 540 nm;
slit width, 6.6 nm; C.S. 4~72 filter before pHoto-
multiplier. Actinic £ilter, Schott R G 665. Open
circles, intensity = 1.00; open triangles, intensity
= 0.80; open squares, intensity = 0.60 (1.00 = 3.0
b:e 104,ergs cm sec-l). Cells were éusPended in
phosphate sodium chloride buffer; absorbance at

the red peak of Chl & for 1 cm path = 0.35; PC/

Chl peak ratio = 1.32.
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intensity of actinic illumination pronouncéd the lag period and lowered
the rate and extent of decrease in absorbance at 540 nm. However, time
to attain saturation did not alter very much.

The intensity of actinic light used for these measurements was higher
than that used for the fluorescence measurements. However, the time
course of decrease in 540 nm optical density is much slower than that of
slow changés in fluorescence yield (Figure 96). We do not ‘expect a cor-
respondance in time of these two events. The decrease in optical density
reflects thé large macroscopic volume changes of the membraneous vesicles
and changes in conformation of the individual thylakoid membrane should"
preceed gross macroscopic changes in structure; and we expect only the
former to alter spafial relations or orientations of the two pigment sys-—
tems. Also, the extent of swelling is not proportional to the . intensity
of illuﬁination although the relative fluorescence yield remains constant
at these intensities. This observation does noﬁ pose any Trestriction cn
the hypothesis that structural changes are related to Chl a fluoreécence
yield changes. Macroscopic changes in volume may not be proportionately
related to a photochemical events while fluorescence yield is dependent
on the excitation intensity, (Volume changes are light triggered pheno-
mena but photochemical reactions are ﬁot.)

Figure 97 shows the effect of uncouplers (10 WM FCCP, 5 pM 513 and
5 uM 86) on the ghanges in tramsmission at 540 nm in DCMU~poisoned cells.
The concentration of chlorophyll used here is slightly higher than the
concentration used for fluorescence measurementé? Interestingly, 10 uM
FCCP did cause some 50-60% inhibition while 813 and é6 suppressed 80-907
decrease in optical demnsity at 540 nm. In some measurements, a completé_

suppression in change in absorbance at 540 nm was observed.
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Figure 97.

Time course for the decrease in 540 nm absorbance.

- The numbers on the ordinate should be multiplied

by 10-3; A measuring, 540 nm (slit width 6.6 nm);
C.S. 4-72 filter before the photomultipliér;
sample was illuminated with red actinic'light
(Schott R.G. 665; intensity 3.0 x.104:ergs c:m~2
sec‘l);'cells were suépended.in phosphate buffer
with 15 M DCMU. TUncouplers (FCCP, 86 or 813)
were added to the sample and pre-incubated for 10
min. in the dark béfore each measurement. Ab-
sorbance of the sample at the red.Chl‘g peak =
0.35 for 1 cm path length; phycocyanin/Chl a

peak ratio = 1.2,
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FCCP did not cause as large an inhibition in fluorescence yield
changes as it did for structural changes in DCMU-poisoned Anacystis, al- .
though 10 to 20 M FCCP did suppress (10-20%) fluorescence yield. (We'
do not know the reason for this difference.) But, qualitatively our
results indicate Fhat both salicilanilide and FCCP suppress the light
induced volume changes as well as slow changes in fluore;cénce; S6 and -

813 are more effective than FCCP.

9.1 TFixation with Formaldehyde

We have earlier shown (Chapter III) that fixation of Porphyridium

cells causgs a loss of the slow‘fluoreséence transient and loss of-COZ'
fixation although 2 net electrom transport capacity is retained in these
preparations.

Anacystis cells were fixed with 2% {(w/V) paraformaldehyde in 0.035M
phosphate buffer, pH 7.4, according to the method of Ludlow and Park (213).-
These authors have shown that formaldehyde fixed cells can support both
PS I and PS II activity.

Figures 98 and 99 illustrate that formaldehyde fixation caused a
complete loss of slow changes in fluorescence yield both in the presence
and in the absence of DCMU. Thié result was ;imilar to that observed in

Porphyridium. From Figure 99 it is clear that the -addition of DCMU caused

an increase in the fluorescence yield in fixed cells due to inhibition of
electron transport in spite of bright illumination used in these experi-
ments. However, the long term slow changes in yield were completely
arrested by aldehyde fixatioﬁ. | ’

The results reported in this section support a correlation between

light triggered structural and slow changes in fluorescence yield. How-

ever, the probable cause of alteration in fluorescence yield must be
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Figure 98.

Time course of Chl a fluorescence yield in formaldehyde

fixed cells of Anacystis. Fixation was done according
ﬁo Tudlow aﬁd_Eark (213). {?ixed cells could reduce

28 umoles of dichloroPheﬁol indophenol / mg Chl hr;
there was no reduction of dye by unfixed cells.]‘ Fluo-
rescence transient was measured as in Figure 87. 0T

rise phase was not recorded; [bhl];IIS ug/ml.
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Figure 99. Time course of Chl a fluorescence in formaldehyde
fixed cells of Anacystis in the presence of 15 LM

DCMU. Other conditions as in Figure 87.
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associated with microscopic alteration in membrane structure and not with
the gross swelling or shrinkage of the entire orgamelle. This later pheno-
menon is the net terminal result of a change in membrane conformation and

is associated with energy conservation processes (120).

10. Estimation of ATP TLevels in Anacystis

Studies with uncouplers and other inhibitors of phosPEorylation sug-
gest that the energy depéndent structural altération.is associated with
fluorescence yield changes. A time course of ATP lével or more importantly
some Precursdr of it would yield a meaningful comparison. (However, any
hypothetical precursor of ATP (like XE) is difficult to measure in whole
;cells.)

The cells were suspended in carbonate-bicarbonate buffer (0.IM, pH
8.2) and incubated with additives in the dark for 45 minutes. The ;amples
had an absorbance of 0.3 at the red Chl a peak corresponding to chloro-
phyll concentration of approximately 30 ug/ml. Other details of measure-
ments are as in feference 145; 50 units of luminescence signal:corres—
ponds to 5 x 1078 1 atp.

We have not‘measured the time course of light induced ATP formation'
in Anacystis. In the absence of such‘experiments, we have only estimated
the total ATP content before and after illumination. Such determination
of total ATP content will enable us to.assesé.the source of energy depen-
dent structural changes that presumably alter the fluorescence yield.

Table V.3 shows the relative changes in the ATP triggered luminescence

S

signal in normal and treated Anacystis before and after 30 seconds of

A(These experiments were done with the collaboration of Mr. G. W. Bedell
using the assay procedure developed by him (145).)

-
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Table V.3
Changes in ATP Level in Treated and Normal Anacystis

(Experiments made in collaboration with G. W. Bedell, 145.)

1 : 2 ' 3
Relative Relative
Additions ATP Level ATP Level : (L-D)
before after 30 sec
" illumination illumination
(D (L)
None . 38.1 36.7 -1.4
10 uM FCCp 23.4 36.0 +12.6
15 M DCMU - 38.0 46.7 48.7
(normalized to control)
15 UM DCMU + 10 WM FCCP 23.9 30.5 +6.6
15 0 DOMU + 5 4 5, 28.2 24.6 . -3.6

Cells were suspended in Warburgs buffer pH 8.2; kept in dark for 45
minutes before illuminating for 30 sec with bright (~ 100 Kergs cm'ZSec“l)
orange light; 50 units = 50 nm ATP.

. . . . . . . -2 =1
illumination with a bright saturating orange light ( ~100 Kergs cm “sec ).

In these determinatiqns, variations in the dark level introduced a large
problem. Evideptly, all these poisons, including DCMU, affected dark ATP ‘
“levels. Sinée dark incubation period'exceedeé that of light illumination,
we can conceive of én accumulatioﬁ of ATP in dark. Both 5 uM 813 and

10 M FCCP lower Fhe dark level, perhaps, due to uncoupling of respira-
tion. Upon illumination, there is an increase in ATP ievel,-presumably
due to cyclic electron transport in DCMJ treate&‘cells. It seems that

813 uncouples the cyclic photophosphorylation to a greatef extent than

FCCP.
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In normal unpoisoned cells, there is no net accumulation of ATP,
probably, due to vrapid utilization of ATP in light. Bedell (145) has ob-
served similar results in Chlorella. The accumulation of ATP in FCCP
treated samples of Amacystis, in all likelihood, represents the inhibition
of these utilization steps; we have shown earlier that FCCP, at this con-

centration, also inhibits photosynthetic oxygen evolution.-

s

11. Summary and Conclusions

In this chapter we have characterized, for the first time, the fast
fluorescence tramsient in blue green algae. Blue green algae have a

" diminished 0IDPS transient in comparison to the red alga Porphyridium and

green alga'Chlorella. Anacystis shows a pronounced dip (D) and this dip
arises, perhaps, due to a rapid oxidation of QH By PS I light.

Unlike red and green algae, Blue green algae exhibit a very pro-
nounced SM rise,\the M level being much higher than the P level, and the
MT decline is extremely slow. The M levei was 60 to SOZ higher'than‘fhe
P level. This type of fluorescence seems to'be-characteristic.for all
blﬁe green algae examined.

We have confirmed the earlier observation of Papageorgiou and
'deindjée (88) that during the SM rise there is also a parallel increase
in the rate of met Qz-evolution;(Figure 78). DCMU inhibits both 02 gvolu-
tion and the fast induction wave; however, the rapid 0I rise and the slow
changes persist. Other cofactors of electron transPoft 1like PMS and MeV
and some other inhibitors of electron transport abolish the fast transient
without causing any significant effect on the slow fluorescence yield

changes (Figures 81, 82). It seems that the slow tramnsient is not

entirely dependent on the fast tramsient. We have provided evidence that
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the DCMU resistant slow changes in the fludrescence yield are not influ- .
enced by the acceleration of a back reaction befween the oxidized primary
donor (Z+) and the reduced acceptor (Q ). Hydro%ylamine abolished the
DLE which pfesumably originates from such back reactions but did not
inhibit the slow changes in fluorescence yield in Anacystis. (cf. Figures
86 and 87 and 88).

In thé presence of DCMU, the steady 'state O2 exchange‘was‘negligible.
(DCMU inhibited more than 80-90% of O2 evolution.) But, the slow fluo-
rescence chénge is still present. It appears that photoinhibition.oZ
respiration does not influence the slow'changes in fluorescence yield.
From TableVV.B and from a gomparison of the &ata of Bedell (145) on

FChlorella, it appears that the extent of cyclic phosphorylation is greater
in Anacystis than in Chlorella. This observation prompts us to believe |
that DCMU~resistant éyclic flow and DCMU resistant slow changes in fluo-
Trescence are correiated. 1t is, however, difficqlt to assess whether or
not DCMU treatment iﬁduces a cyclic electron flow. If the slow changes

in fluorescence yield are assumea to reflect the cyclic electron flow it
seems there is not too large an enhancement in the slow fluorescence yield
in .the DCMU treated overlnormél cells. This poses a dilemma as the obser-
vation of Papageorgiou and Govindjee (88), and some of our own, Show
differential suppression of the slow rise in the presence and in the ab-
sence of DCMU. We do not have a satisfactory answer to this problem at
this time. But the slow changes in fluorescence yield, both with and
without DCMU, are not dependent on the path of eiectron transport but on
the source and supply of high energy intermediate that alters the ’
lamellar conformation and thereby electrbnic excitation energy transfer'

process in the pigment bed.
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It is conceivable that different uncouplers may have differential
affinity for the high energy intermediates. We have shown that slow
changes in fluorescence yield in the presence of DCMU are not immune to
uncouplers. 813 and S6_abolished the slow changes in the flqorescence
yield. These uncouplers also abolished the cyclic ATP formation (Table
V.3) and light induced écattering changes at 540 nm (Figure 97). FCCP,

in comparison to S, or , was found to be less potent for blue green

6 °F 513
algae. (SeeKraayenhof, 214, 215.)
Qur reéults with the so called energy transfer inhibitors posed:
.another problem. Phloridzin exerted no.effect on DCMU resistant slow
changes in.fluorescence.yield, We do not think that this result is simply
due to non-penetrability of this glucoside as it has been shown'both in
our work as well as in ref. 216 (also see ref. 210) to get into intact
celis. Dio-9 has been known to inhibit active K% influx (217, 218) and
thus.ma& cause.altéréfiqn in structure. Dio;9, unlike phloridzin,
slightly lowers the extent of slow rise in fluorescence yield. DCCD
(N, N" Dicyclohexylcarbodiimide) which is also known to inhibit energy
transfer in mitochondria and chloroplasts (210) (see reference 212)
inhibited the sloﬁ changés in'fluorescence_yigld (Figure 95). However,

‘Harold et al. (219) and Harold and Baérda (220) have observed that DCCD,

in intact cells of Streptococcus faecilis affects a number of energy

dependent processes like accumulation of K+ by exchange with Na+ or H+.
Their results also indicate that DCCD is a potent inhibitor of a membrane
bound ATPase both in isolated membrane fragments and in intact cells.
These authors suggest that the ATPase plays a key role in the maintenance

¢

of a pH gradient. Conceivably, DCCD may bind to specific sites on the
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membranes to inhibit indirectly ion transport, ATP hydrolysis and Qsmbtic
changes of lamellar conformation. |
We, therefore, do not consider our results with DCCD or Dio-9 to be

inconsistent with the suggestion that a high energy intermediate rather
than ATP is the source of energy for light induced changes in lamellar
conformation. Chemicals Iike DCCD or Dio-9, besides being enéergy trans-
fer inhibifors, also interfere with energy dependent ion uptakg pro-
cesses (217, 218). Similarly, Smith (221) has shown that uncouplers
~affect solute uptake which requires pH gradient. Thus, it seems that
although the structural alterations that modify the fluorescence yield
is mostly dfiven by aMhigh energy intermediate, it is also partly modi-

fied by other ATP requiring processes like ion or solute transport.
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VI. FLUORESCENCE TRANSIENT IN ISOLATED CHLOROPLASTS

1. Fluorescence Transient in the Presence of Electron Acceptor (Methyl
Viologen) and Donor (Hydroxylamine)

As discussed in the introduction, the isolated broken chloroplasts
from higher plants exhibit only the fast (Fo, Fi, Fs) type of transient
(Figure 100). Figure 101 shows the typical transient of isolated spinach
chloroplasfs without any added acceptor. Upon addition of DCMU, the
fluorescence rapidly rises to & maximum (0I phase). If, howéver, an
excess of aﬁ~acceptor like MeV (0.1 mM) is added before illumination,
the fluorescence level remains low. Addition of MeV would keep Q in the
oxidized sﬁate and thus the fluorescence yield remains low.

) Figure 102 shows a fluorescence transient obtained from oat chloro-

plasts. Here, we see typical transients of chloroplasts with and without
DCMU, and hydroxylamine. The addition of lO mM NHZOH does not affect the
rapid (Fo-¥i) inérease qf'fluorescence vield. However, the final steady

state fluoréscence is higher than in the norﬁal. This confirms Izawa

et al. (168) who first-observed this phenomenon in spinach chloroplasts.

Table VI.1 shows the effect of the addition of 50 ﬁM and 100 mM
NHzoﬂ on the steady state fluorescence vield of oat chloroplasts treated
with 15 uyM DCMU. We observe a small but significant increase in the
steady state 1ével of fluorescence by the additiop of NH20H to the DCMU
treated chloroplasts. Similar results were obtained with both oat and
spinach chloroplasts. (We have also observed a small increase in f£luo-
rescence level by the addition of NHZOH to the-DCMﬂ poisoned Anacystis

(Chapter V).) An increase in the steady state level of fluorescence

ce f s . . +
would be expected ir NBQOH were to inhibit the back reaction between Z
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Figure 100.

Time course of chlorophyll a fluorescence in isolated.
broken chloroplasts with and without DCMU. X observa~

tion, 685 nm (half band width, 6.6 nm): éxcitatioﬁ,

broad band-blue light (C.S. 4-96 plus C.SV 3-73), in-

L - -
tensity, 1.6 x 10 ergs cm sec l; oat chloroplasts;
[Chl], 10 pg/ml; buffer, 40 mM phosphate, pH 6.8, with

10 mM KC1; 10 minute dark time between measurements.
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Figure 101.

Time course of Chl a fluorescence in broken spinach

“chloroplasts with and without terminal electron

acceptor. Fluorescence was measured at 685 nm (half

band width, 6.6 nm); solid circles, normal chloro-

plasts without any addition; open circles, 15 M

ﬁCMU;'open triangles, 0.1 mM methyl viologen (MeV);
0 lével.not recorded in these plots. Excitation,
broad band blue 1ight (C.S. 4-96 .and C.S. 5—73),
intensity, 1.4 x lO4 ergs cm sec—¥; [Chl], 40 g
in 3 mi; buffer, 40 mM phosphate plus 10 mM KCI,

PH 6.8; dark time 10 minutes before each measure-

ment.
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Figure 102. Time course of Chl fluorescence in broken oat chloro-
plasts in the presence of an excess of h&droxylamine.

ALL conditioﬁs as in Figure 100 except that chlofo—

plasts were previously stored frozen in dry ice and
acetone. [Chl]; 40 @g/B ml; buffer, 40 mM phosphate,

with 10 mM KCL, pH 7.%4.
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Table VI.1

Effect of the Addition of NHpOH on the Steady State
Fluorescence Yield of Oat Chloroplasts in the
Presence of 15 M DCMU

Relative Ratiovof Yield of
Treatment - Fluorescence Yield NHQOH + DCMU/DCMU‘
None . 45.2 ————
15 @1 DeMy | 48.0 | R
:50 mM NH,OH -+ 15 uM DCMU ' 49.5 1.03
100 mM NHzoﬁ + 15 M DOMY 50.0 1.04

Three ml of chloroplast samples containing 30 g of chlorophyll in 0.05 M
phosphate buffer, pH 7.4, were used. Fluorescence was measured at 685 nm
with a 6.6 nm slit width. A Corning filter C.S. 2-61 was used to guard
the light leak. The sample was excited by blue 1ight (C.S. 4-96 + C.S.
3-73) with an approximate intensity of 1.4 x 104 ergs cm2sec L. NHoOH
(neutralized) was added 5 minutes before measurements. Chloroplast
samples were previously frozen with dry ice and acetone and then stored
for later use.

and Q . The extent of increase in the fluorescence yield would be ex-
pected to be the same in the normal as well as the DCMU poisoned sample.
But this is not the case. We do not have any simple explanation for this
difference. The higher level of F_ ip the presence of NH2OH compared to

norma@l chloroplasts may be due to an elimination of quenching by oxygen.

Figure 103 shows an oscilloscope picture of fluorescence rise curve

in the presence of NHQOH and DCMU (added in the dark) in oat chloroplasts.

The initial transient (lower trace) .is very similar to chloroplasts
treated with DCMU alone, but after a dark period of 2 minutes, the tran-
sient does mot recover and remains high (upper curve). This is because,

as proposed earlier (Chapter ITII), NHzOH reduces the oxidized Z , and QH
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Figure 103. Oscilloscope tracing of the fluorescence recovery
transient in the presence of DCMU and 5ydroxylamine.
Lower trace, imitial transient; upper trace, after
2 min. of dark interval; [Chl] = 11 pg/ml; buffer,
40 mM phosphate with.lO mM XC1, pH 7.4; hydroxy-

lamine, 10 mM; DCMU, 15 uM. Abscissa, 0.2 volt/

division; ordinate, 50 msec/division; intensity of

_l.

. . . . 4 -2
blue excitation light, 1.2 x 10 ergs cm sec "

oat chloroplasts.
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remains reduced due to the blocking of electron flow by DCMU. As both
QH and Z remain reduced, the back reaction between them is prevented and
fluorescence remains high--as seen in the second illumination. As men~
tioned before, Bennoun (167) and Mohanty et al. (154) have independently
obtained similar data with other systems. (Furthermore, Bennoun (167)
has shown a gradual loss of the fluorescence transient with various con-
centrationé of NHZOH in the presence of DCMU.)

Figure 104 shows a set of fluorescence transients reproduced from
another set of experiments with spinach chloroplasts. Here we observe a
decrease in fluorescence yield by Washiﬁg the chloroplasts with (0.8 M,
pH 8.0) tris-Cl. Addition of DCMU to the tris washed chloroplasts
.increases the fluorescence yield. These observations are similar to
that of Yamashita and‘Butler (222) who suggested that tris-washing in-
hibits the flow of -electrons from HZO to NADP+. Figure 105 shows
that additions of‘lO mM NHZOH increases the fluorescence yield both of |
normal as well as of tris-washed chloroplasts to the almost same level. ' |
According to Yamashita and Butler (222), NHZOH feeds electrons to PS II
at a site closer to "Z" and farther from the site of inhibition by tris.

One would expect, from a simple competitive relationship, that any
inhibition of elect?on transport would cause a concomitant rise in the
ﬁluorescence vield. But inhibition of electron transport by tris—waéhing
brings ébout a decrease in fluorescence yield. Furthermore; addition of
DCMU to tris-washed chloroplasts should not cause any further change in
the fluorescence yield. But the fluorescence riées (Figure 104). No

satisfactory explanation has been given for this phenomenon. We have.

explored some of the possibilities for the cause of the low yield in




341

Figure 104.. Time course of Chl a fluorescence in normal and tris
washed chloroplasts without any electron acceptors or
donoxrs. Excitation, broad-band blue light; intensity,
1.4 x lOA"ergs cmfzsec_l; A observation, 685 nm {(slit
width, 6.6 mm); C.S. 2-58 filter beforé the photo~
multiplier. ris-exfraction as in reference 222.
Spinach chloroplasts were incubated in 0.8 M Tris,
pH 8.0, for 20 min. in dim white light; buffer, 0.05
M, Tris-Cl, pH 7.8; 7 min. dark tiﬁe befqre illumina—

tion.
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Figure 105.

Time course of Chl a fluorescence in normal and tris-
washed chloroplasts in the presence and the absence of
10 mM hydroxylamine hydrochloride. Stored (frozen)
chloréplasts were thawed and diluted to give 14 ug
Chl/ml; buffer, 50 mM Tris—Cl, pH 7.4; intensity,

4 . . .
1.0 x 10 ergs cm sec 7; other conditions as in

Figure 100.
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tris-washed chloroplasts‘and the increase of it with DCMU; these results
will be discussed later. All the results described above are well-known
phenomena. We showed them here to illustrate that £fluorescence yield
changes in isolated chloroplasts are, in most cases, dependept.on redox

level of Q.

2. Cation Induced Changes in Fluorescence Yield and Emission

' . 2+ ' . )

Homann {(56) discovered that cations like Mg can enhance the yield
of Chl a fluorescence in isolated chloroplasts. Figure 106 illustrates
the effect of 5 mM MgC12 on the fluorescence yield in chloroplasts both
in the presence and in the absence of DCMU. In both cases the yield was

2+ . . . . .
enhanced by Mg . 1In this particular experimental sample the variable
- . . . e A3 =2 -1
fluorescence yield was low; also, a low intensity (8 x 10~ ergs cm sec 7)
of illumination was used. Additions of 5 ulM of MgC12 causes a.greater
enhancement of yield than the addition of DCMU. Also, the extent of
. . 2+ . . .
enhancement of the yield with Mg was the same both in the presence and
the absence of DCMU. The fluorescence level slowly increases after the
. £ a2t . . _ .
addition of Mg and it takes about .2 to 3 minutes to reach the maximal
level. 1In our experiments, we allowed 5 minutes of incubation before
each measurement. TFigure 107 shows a fluorescence transient in lettuce
. o . 2+ .

chloroplasts, with and without Mg , measured at a faster time scale;
1. : . 2+
this was done to record the influence of Mg~ on the constant level (Fo)
= . . 2+ ‘ ) i
fluorescence. This experiment shows that Mg~ does not affect signifi-
cantly the constant (Fo level); the steady state yield, however, increases

(30-80%) by the addition of Mg2+.

1

. - . . 2+
This enhancement of fluorescence yield by Mg  cannot be due to an

inhibition of a back recombination reaction as in the case of NHZOH
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Figure 106. Time course of Chl a fluorescence in the presence of
MgCL, . Excitation, blue light (C.S. 4-72 plus C.S.
A B B
3-73); intensity, 0.8 x 10 ergs cm 2'sAec, . Spindch

chloroplasts suspended in 0.005 M Tris-Cl, pH 7.9;‘

[Ch1], 15 pg/ml; 5 mM MgCl,; 10 WM DCMU.
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Figure 107.

Oscillograph recording of £luorescence yield changes,
with and. without MgClZ, in lettucé chloroplasts, A
observation, 685 ﬁm. Note the absence of chaﬁge in
Fo upon the addition'of.Mg2+; buffer 0.001 M tris-Cl
pH 7.8, [Chl], 12 ug/mi. All other conditions as in

Figure 100.
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because in the case of‘the latter we did not observe any change in the
ratio of F685/F730 emission bands at 77° K, While‘Mg2+ caused a large
change in the relative ratio of these two emission bands, as shown by
Murata (57) (also see below).

Although changes in 77° X emission spectra were recorded before (57),
changes in the room temperature emission chéracteristics caused by cations
were not measured earlier. The latter become important because of possible
errors that may occur with 77° spectra. Figure 108 shows the room
temperature -emission spectra of lettuce chloroplastsbwith and without

10 mM MgCl There is a decrease in the ratio of F720/F685 band, by the

¢
2+ .o,
addition of Mg™ ', from 0.15 to 0.13, suggesting an enhancement of F685
. 2+ . i

band with Mg~ treatment. Figure 109 shows similar room temperature
spectra of chloroplast fragments {broken chloroplasts) with and without
10 mM CaClz. Here, the fluorescence level at 685 nm'has been adjusted
te give the same value; a decrease in the fluorescence level at 720-740
nm bands by the addition of cations is observed.

Figure 110 shows the emission spectra, at 77° K, of lettuce chloro-
plasts with and without MgCl2 added prior to cooling. Again we observe
a relative decrease in the height of the long wavelength band and an

increase in the 685 nm band by the addition of Mg2+; the ratio of F730/

F685 band decreases from 2.75 to 1.70 suggesting an enrichment of system.

- . 2+ . :
II fluorescence with Mg" . Hence, the type of enhancement of fluorescence

yield does not reflect the reduction level of Q and 1like A pool but a
decrease in the energy transfer from PS II to PS I. From the enhancement
of fluorescence yield by cations, we estimated that the rate constants

(probability per unit time) for the electronic excitation transfer from




Figure 108.

Room temperature emission spectra of Chl a fluorescence

with (soli& circles) and without (open circles) MgClZ.

A excitation, broad~band blue light (C.S. 4£-72 and C.S.
3-73); C.S5. 2-58 filter before the ;nalyéing monochro-
mator;‘l.6 nm slits, small amount of. concentrated.

Mg012 added to give final concentrgtion of 15 mM;_[phlj,'

5 wg/ml. All other conditions as in Figure 106.
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Figure 109.

Room temperature emission spectra of Chl a fluorescence
in the presence and the absence of Caclzg the fluores—
cence yield at 683 nm has been adjusted to give the same
value; open ecircles, no addition, closed.cifcies, with
10 mM CaClZ; A excitétion, 435 nm with 5 nm slits; A
observation, variable; 1.5 nm slits. Corning C.S. 2-61

before the photomultiplier; [Chl]-= "5 pg/ﬁl; buffer,

- 0.05 M Tris-Cl, pE 7.4,




354

x L 1 T
150 | £\683
Maize Chloroplast
2 Fragments
= > room femperafure
D .
w 100 [ '
=
E_..
<
I
wl
ﬁ: .
)
O
=z
=8
g 50 L
L
oz
@)
]
—
L
&
630 670 710 750
WAVELENGTH, nm )
| &




355

Figure 110.

Emission spectra of Chl a fluorescence at liquid

nitrogen temperature. (Left): Solid circles, nor-

mal (-Wg2+>; open circles,‘with MgZT, A excita-
tion, 435 nm; samples were pre~illuminated with a

60 watt bulb, 10 cm away for 2 minutes before freez~
ing. (Right): emission spectra of system IT par-
ticles (Huzisige type) from maize chloroplasts given
here as an illustration of the emission character-
istics of system II particles (74). These system’
IT particles do not show‘any Mg2+'induced altera-

24
tion in the yield; the solid line, with Mg ' ; open

' 2+
circles, without Mg .
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PS I1 to PS 1 are approximately 4 to 5 times greater than that of de-

excitation by fluorescence (see Appendix).

3. Fluorescence Yield in Tris-Washed Chlor0plasts“

As shown in Figure 104, tris extraction causes a lowering of fluores-

cence yield. It has been clearly established that tris extraction inhi-
bité electron flow from.HZO to PS II traps (222). On the basis of a
simple complementary relation between photosynthesis and fluorescence,
one would expect a high yield of fluorescence but one observes a low
yield of flubrescence. Addition of DCMU, however, increases the flu;res-
cence yield to almost the level in the normal sample.

Yamashita and Butler (222) suggested that chloroplasts contain
limited quantities of endogenous donors sufficient enough to reduce all
Q But insufficient to reduce all the secondary pbols of acceptors.in the
chloroplésts, This suggestion, although apparently explaining the obser-
vations, has two difficulties: (a) repgated washing in tris, as it was
used in this method, should deplete the pool of this hypothetiéal endo-
genous donor ?hat may be present in the 'parent' chloroplasts; (b) the
photo-oxidation of a hyﬁpthetical donor in the presence of DCMU would be
expecte& to inhibit the recovery of fluorescence rise éurve in the pre-
sence of DCMU. - Our results indicate that this is not'the case (see
below) . / |

Another suggestion (224, 225) to explain the cause of the low yield

is the acceleration of cyclic flow by tris-washing; DCMU, according to

one hypothesis (224) would have to intercept this cyclic flow of

oL

“The following studies were made with the colleboration of Mrs. Barbara
Z. Braun; a preliminary report has already been published (223).
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electrons, causing an increase in fluorescénce yield. A third possibility
is that tris-washing may have caused a conformation change so as to .in-
crease the spill over of the quanta from strongly fluorescent PS II to
weakly fluorescent PS‘I, Thus, the fluorescénce yield will be low.

Another alternative is that both the oxidized donor and the.acceptofS‘
accumulate in light in tris-washed preparations. This possibility. arises
from the féct that 1) more than one equivalent of positive charges can
accumulate on Z (81l), and 2) there is a greafer abundance of secondary
pool acceptérs than Q, and 3) the interaction between Q and A is rather
fast (31).

Our résults with the fluorescence transient and the delayed ligﬂt
emission (DLE) measurements suggest the last possibility is the most
likely cause of the low fluorescence yield in tris-washed chloroplasts.

It has recently been suggested that the slow component of delayed
light emission is due to the férmation of excitéd chléroPHylls by the
back recombination reactions between Z+ and Q. (see 108). 1If tris_washing'
were to induce a strong back recombination betwéen Z+ and Q-, and DCMU
were to inhibit this\flow, we would expect (a) a higher intensity of DLE
in tris-washed chloroplaéts than in normal and (b) complete elimination
of DLE in the ﬁresence of peMi.  Qur éxperimeﬁts {Table VI'.2) show that
the intensity of DLE (sec) in tris-washed chloroplasts is approximatély
the same as in normal chloroplaéts. However, see xref. 225 for different
results in the msec. DLE. Addition of 10 UM DCMU considerably lowers
the intensity of DLE in both cases; it is approximately the same in both
cases. This lowering of DLE by DCMU has been reported in Chlorella cells

(110). Increasing the DCMU concentration to ZO'pM did not lower the DLE
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Table VI.2

Relative Intensities of Delayed Light Emission. (1 Sec)
in the Presence and Absence of DCMU in Normal and
ris-Washed Chloroplasts
(after Mohanty et al., 223)

Normal : Tris-Washed

Treatment Chloroplasts ~_Chloroplasts
None ' 70 + 5 76 + 5

10 uM DCMU &1+ 5 41 + 5

20 uM DCMU - 45 + 5 48 + 5

10 @ DCMU + 1 m NH,OH o 0

Two mi of the sample, containing 40 pg Chl in 0.05 M tris-Cl buiffer (pH
7.8), was illuminated for 15 sec with blue 1ight (C.S. 4-96 and 3-73
filters) with an intemnsity ~10 K ergs cm~2sec™l. DLE was measured after
1 sec. of the cessation of illumination. Add additions were made in the-
dark. DLE values, given above, represent an average of 10 measurements
except in the case of 20 UM DCMU where two measurements were made.

any further. However, addition of 1 mM.NHzOH, which is known to feed
electrons very close to PS II, completely abolished DLE. The elimination

of the slow component of DLE by the addition of both NHZOH and DCMU has

been shown to occur in intact cells of Porphyridium, Anacystis and
Chlorella and in isolated chlor0p1a5t§, and has been iﬁterpreted to be
. due to the inhibition of back reaction between donor;Z+ and reduced
| . | +,
acceptor Q of PS II. If the back recombination reaction between Z and
Q is indeed the source of sloﬁ component of DLE, our results show that
DCMU does not inhibit most of it. Thus, our results in Table VI.2 indi-
cate that an acceleration of cy;lic electron flow cannot be the cause of
low fluorescence yield in tris-washed chloroplasts.

It is well known that in the presence of DCMU the fluorescence
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increases from a low level (fo) to a high level (f_) upon illumination,
and that this transient could be repeated if a dark period is interposed
- . - +
between measurements (226). This means that both Q and Z Tecover to Q
and Z in the dark period. The addition of both DCMU and hydroxylamine
eliminates the restoration of the fluorescence transient as shown and
discussed earlier (also see refs. 109, 154, 167). This observation
supports the hypothesis that hydroxylamine inhibits the reoxidation of
Q in the dark and the possible mechanism of the block in the restoration
of the transient is due to the reduction of z by NHZOH. If DCMU were to
1 g 4 e + 3 ~ > - =
block the recombination between Z and Q in tris-washed chloroplasts,
no fluorescence transient would Dbe observed after the first illumination
and the fluorescence level would remain high during subsequent exposures.
Figure 111 shows the oscilloscope. tracings of the recovery of the fluores-
cence rise curve after a 2 minute dark period in tris-washed chloroplasts;
more than 90% of the fluorescence transient was recovered. Thus, DCMU
. . < -+ - . . .
does not seem to block the recombination between Z and Q in tris-washed
chloroplasts. If domors such as reduced TMPD (that feed electrons to
L ’ 1 .

PS II) are added, fluorescence remains high and the transient does not
recover after the first illumination (Figure 111, C and D).

Incidentally, our measurements of DLE (Table VI.2) and the Trecovery
.0of Chl fluorescence transient (Figure 111) rule out the possibility that’
the functional site of DCMU is on the water side of PS II; and that it
must act on the Q side of PS II--in order to stop the flow of electrons
from H2O to NADP' . This, of course, is the accepted site of DCMU action
(see ref. 10 and 86). If DCMU inhibits the flow of electrons from Q to

. . . . - s
the intersystem carriers (4), the back reaction from Q to Z will not
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Figure 111.

N
Restoratién'of Chl a fluorescence transient in tris-
washed spinach chloroplasts in the presence of DCMUJ.
(A), initial transient after 7 min of darkness; (B),
recovery of transient after 2 min. of dark time after
A was measuted; (C), initial transient from experiment
with reduced TMPD after 7 min. of darkﬁess; (D), ab-
sence of recovery of the fluorescence transient
measured 2 min. of darkness after C was measured.
For A and B, [Chl] ='45 ug/3ml; buffer, Tris-CLl, pH

y

7.8; for C. and D., 0.02M TMPD and 0.2 M ascorbate

. (neutralized). X observation, 685 nm; excitation,

4
broad band blue iight; intensity, 0.6 x 10 ergs

-1

cm—zsec All additions are iﬁ dark.
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be hampered and we will expect both the recovery of the fluorescence
transient as well as DLE. Our data show that both the DLE and the.re-
covery of the transient persist in tris-washed chloroplasts. Thus, there
does not seem to be any endogenous PS II donor providing electrons. as
proposed by Yamashita and Butler (222); if there were endogenous donors
these donors like other PS II donors, would cause a loss of DLE and re-
storation bf the transient.

Table VI.3 shows the results of an experiment designed to test if

there is a difference in the energy spill over from PS II to PS I upon

Table VI.3

Relative Fluorescence Yield (Final Steady State) Level
Upon the Addition of 5 mlM MgCly to Normal
and Tris-Washed Chloroplasts

Normal Tris-Washed
Treatment Chloroplasts Chloroplasts
None 0.96 + 0.04 0.70 + 0.04
5 mM MgCL, 1.82 + 0.06 | 1.20 + 0.05

Spinach chloroplasts were washed and suspended in low molarity (0.005M)
Tris-Cl buffer. Other dq?ails as in reference 223.

the addition of Mg; this spill over decreases in both tris-washed and
normal chloroplasts. Furthermore, the liquid nitrogen emission sPectfum
of tris-washed chloroplasts had about the same ratio of F7307F685 bands
as the control (Figure 112). One would expect the F720 band to increase
and the F685 band to decrease if there were any appreciable enhancement,
in the extent pf energy flow from PS II to PS I by washing with tris.®

These results rule out the possibility that the cause of low fluorescence
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Figure 112.

Emission spectra of Chl a fluorescence in tris=washed

chloroplasts, at 77° X (with and without DCMU). 3-5

——————

pg Chl/ml; 0.2 ml total volume, preilluminated for

3 min, and then cooled. A excitafion, 435 nm

(slit width 10 nm); A observation, variable (5 nm
slit width); C.S..2-58 filter before the photomulti-

plier.

)
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yield in tris-washed chloroplasts is a masséive spill over of energy from
PS ITI to PS I.
The results in Table VI.4 suggest that the addition of DCMU, after

a long illumination of tris-washed chloroplasts, does not cause an

Table VI.4

Relative Changes in the Steady State Fluorescence Yield
Upon the Addition of DCMU in the Dark and in the
Light to the Normal and Tris~Washed Chloroplasts

(after Mohanty et al., 223)

, Normal Tris-Washed
Treatment Chloroplasts : Chloroplasts
None 1.04 + 0.04 0.65 + 0.05
10 uM DCMU added in 1.30 + 0.05 1.25 + 0.05
the dark before illumin.
10 yM DCMU added in 1.26 + 0.05 0.80 + 0.05

light after 2-3 min.
of illumination.

Three ml samples containing 15 pg Chl/ml in tris-Cl buffer (0.05 M, pH
7.8%. T?e blue excitation light (C-S 4-72 and 3-73); intemsity, 10 Kergs
cm “sec —. DCMU was added either in the dark or in the light to give a
final concentration of 10 uM.

enhancement of the yielgfof fluorescence to the same extent as DCMU added
in the dark prior to illumination (also see Figure 105). 1In light, Q

is reduced and the donor Z is oxidized to Z+. Although the oxidizedﬂz-+
cannot be re-reduced due to inhibition of electron flow from the HZO’

QH is quickly re-oxidized by secondary pool of acceptora (A Pool). Thus,
in light, without DCMU, Z" and @, accumulate and the addition of DCMU

after a long period of bright illumination would not cause any further

change in the steady state oxidation or reduction level of either Z or
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Q. 1If, however, DCMU is added in the dark periods before illumination,

Z will be oxidized and Q will be reduced upon excitation with bright
light. But in this case, QH would not be available to A pool and thus

Z+ and Q would be the predominating species at the PS II traps. Thus, it
seems that interception of electron flow on the oxidant side of PS II
(acceptor or Q- side) causes an accumulation of reduced acceptors while a
block of eiectron flow on the reductant or Z {(water side) causes an accu-

mulation of oxidized donors. But, it is the oxidation-reduction level of

the acceptor:Q that mostly determines the. fluorescence yield.

4. Fluorescence Yield Changes in the Presence of DCMU

DCMU poisoned chloroplasts do not exhibit slow changes in the fluo-
rescence yield upon illumination. With a moderately_bright light, the
yield increases rapidly within 30;50 msec. to a maximal level. This tran-
sient rise of fluorésgence yield from a low . level (Fo) to the maximum
level (Ew) recovers if a dark period of about 1 to 2 minutes i; given
bétween.illuminatiqns. After reaching the maximum level, fluofescence
yield remains fairly conmstant with prolonged periods of illumination.

Murata and Sugahara (193) showed that fluorescence yield declined
to a 1oﬁer level if PMS was added to DCMU poiSonéd chloroplasts. ZFigure
113 shows the effect of PMS in effecting such a decline in the yield.
This decline of fluorescence is slow, with a t% of approximately 10-15
seconds. The lowering of the fluqrescence yield by PMS occurs only in
the 1light; the fluorescence yield recovers in the dark to its original
level. The recovery of fluorescence to the original level required a
30-40 sec dark period (Figﬁre 113,.Cj. The extent of quenching decreased

on successive ilJuminations.
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Figure 113.

PMS induced.quenching of Chl a fluorescence in the

. presence of DCMU. (A) First, 15 uM DCMU was added

and then chloroplasts were illuminated for 2 min.,
then 30 UM PMS was added and again chlorbplasts

were illﬁminated qntil a new steady state level of
fluorescence was reached. (B) recovery of light in-
duced PMS quenched fluorescence after 3 min. dark
time. (C) Dark rise of fluoréscence yield monitored
by short (0.05 sec) flashes. Spinach chloroplasts;
14 ug/ml; 3 ml total volume; buffer, 50 mM Tris-ci,
pH 7.8. Excitation, blue light; 1.8 x lO4 ergs

-2 -1
cm sec -
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We measured the effect of PMS, PMSH,, and reduced DCPIPH, on fluores-

93
cence yield of DCMU-treated oat chloroplasts. Reduced PMS and oxidized
PMS caused about the same émount of quenching (Figure 114). DCPIPHZ,
unlike in whole algal cells of Chlorella, did not cause any appreciable
quenching. Ascorbate alone (not shown) also did not alter the yield.
PMS at a concentration of 100 uM suppresses the initial fluorescence
level, but‘the extent of slow lowering in the yield remains fairly con-
stant, both in the presence or in the absence of DCMU if the exciting
light was bright enough.

Table VI.5 summarizes the extent of quenching by 30 UM PMS in the

presence and absence of MgClZ, both in normal and in tris-washed

Table VI.5

2+ : »
Effect of Mg~ on the PMS-Induced Lowering of Steady State
Fluorescence Yield in Normal and Tris-Extracted
Chloroplasts in the Presence of 10 uM DCMU

Initial Final Intensity -Amount ~ Percent
Intensity of Fluorescence Quenched Quenched
of After Additiom
Treatment Fluorescence of 30 UM PMS
1. Normal .
Chloroplasts 1.00 0.59 . - 0.41 41.0
+ 5 mM MgC12 1.20 . 0.76 0.44 36.6
2. Tris-Washed
Chloroplasts 0.70 0.45 0.25 34.1
+ 5 mM MgC12 1.02 6.75 0.27 26.4

Three ml samples, containing 18.5 ug Chl/ml, were suspended in Tris-Cl
buffer (0.005 M, pH 7.8) containing 10 M DCMU. PMS was added, after the
initial fluorescence measurement, to give a final concentration of 30 pM.
Fluorescence was again measured after 3 minutes of equilibration with PMS.
Fluorescence was excited by blue light (C.S. 4-72 + C.S. 3-73); intensity,
10 Kergs cm2sec™l. 2 observation, 685 nm (half band width, 6.6 nm).
Corning C.S. 2-61 filter was used to guard the entry of stray excitation
light into the photomultiplier.
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Figure 114, .

Time course of Chl a fluorescence in DCMU poisoned

oat chloroplasts in the presence of cofactors of

the system I reaction. 12.5 g Chl/ml; (preparation
buffer 0.05 M phosphate, 0.4 M sucrose, and 0.01 M
NaCl, pH 6.8 in 0.05 M tricine-OH, pH 7.8. . Additions
as shown; PMS and DCPIP were reduced with 0.02 M
neutralized ascorbate. Excitation, blue light;

-2 -1
intensity, 2.0 x 104 ergs cm sec ,
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chloroplasts. The extent of quenching remained approximately the same,
although we observed a small decrease in the extent of quenching in the
2+ 24

presence of Mg Mg“" does not exert any significant effect on PMS

induced quenching of Chl a fluorescence.
Results of Table V1.5 and Table VI.6 indicate that the gquenching in

fluorescence intensity by PMS is not associated with a shift in the

Table VI.6

Comparison of the Ratio.of the Long Wavelength (Mainly
System I) Emission Band to the Short Wavelength
Emission Band (Mainly System II) at Liquid

Nitrogen Temperature ’

Treatment : ' Ratio of F735/F685
None 2.4
5 mM MgCl, 1.8
PMS 15 uM - ‘ 2.2

0.2 ml of chloroplasts, containing 3 ug Chl/ml, were illuminated before
cooling quickly to 77° X. Emission spectra were measured with an excita-
tion at 435 nm (half band width, 6.6 nm).

distribution of quanta between the two photosystems.

Ifble VI.7 shows the effects 5f ﬁncouple%s (ccepe, 813) and an iono-
phorous/antibiétic (gramicidin) on the PMS-induced quenching. These'com-
pounds reverse the effect of PMS. The susceptibility of the PMS induced
quenching of fluorescence to these compounds suggests that the quenchﬁng
may be related to a cyclic électron flow mediated energy conservation
process.

Murakami and Packer (121) have shown that PMS induced cyclic electron

flow causes a decrease in thickness and spacing of the thylakoid membrane.
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Table VI.7

Reversal of Quenching of Fluorescence Induced by 20 WM
PMS by Uncouplers of Phosphorylation

Relative
Steady State ‘Fraction of
Addition Fluorescence Intensity Control
None . 115.5 . 1.000
PMS ' ’ 83.5 0.722
+PMS + 5 M CCCP 105.2 | 0.919
+PMS + 1 uM 813 o 111.8 0.968
+PMS + 4 M gramicidin D 98.7 0.855

Three ml of oat chloroplasts, containing 20 pg Chl/ml, were suspended in
phosphate buffer (0.05 M, pH 8.0) with 10 M DCMU. Chloroplasts used in
this experiment were previously frozen in dry ice and acetone and then
stored. Fluorescence was measured at 685 nm as excited by blue light
(intensity, 10 K ergs cm'zsec'l).. The uncouplers alone, at the concen-
trations used, had no appreciable effects on the steady state fluorescence
yield. All other conditions were as in Table VI.5.

This kind of shrinkage becomes pronounced if the chloroplasts are incu-
bated with weak acid anion solutions. Figure llSvshows the effect of

100 mM sodium acetate on the PMS induced quenching in chloroplasts. Ian
the presence of sodium acetate, the fluorescence yield declines to a low
level, but unlike sodium ehloride,‘the yield inereases slowly to some
iptermediate level. We consider this small but significant rise in the
fluorescence level to be due to structural changes associaeed with a
sodium acetate action. 1In other words, PMS causes a qeenching of fluores-
cence, and a sodium acetete—induced shrinkage proBably causes a slow in-
crease in the fluorescence yield. |

The extent of quenching by PMS could be reduced by adding excess of
g by y g
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Figure 115. ‘Time course of Chl g_fluorescencé in ocat chloroplasts.
Open circles, 15 M DCMU;‘solid triangles, 15 uM DCMU +
50 uM PMS ~+ 150 mM NaCl; solid squares, 15 uyM DCMU +
160 yM PMS + 100 mM Sodium acetate. Other conditions

as in Figure 114,
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(0.1 mM) MeV. But if the PMS concentration was now increased, the extent
of quenching could again be restored. (At high concentrations of PMS,
the initial level of fluorescence is also very low. This effect.is not
solely due to be an.inner filter effect, as we obtain similar results
with blue (480 nm) and red light (633 nm) excitation. From the absorp-
tions“spectrum of PMS we expect negligible absorption with red light.
Thus, a vefy high concentration of PMS may have some nonspecific inhibi-
tory effect.)

Preliminary results on the life time of ﬁluorescence (7), obtained
in collaboration with Mr. J. Hammond, show that PMS induced quenching is
a true decfease in the fluorescence yield (¢). Thus, the 30% decrease in
yield induced by PMS, in the presence of DCMU, results ffom an increase in
the rate constant (probability per unit time) of heat losses. We suggesﬁ
that this acceleration in loss arises due to a structural modification of
the membrane structure. Glutaraldelyde fixed chloroplasts are unable to
show PMS~induced QUenching of fluorescence. Such chloroplasts_areighown
t& retain the ability to show light-induced pH changes (173). Thus, the
latter cannot be directly responsible for slow fluorescence changes.

5. Fluorescence Transient in Intact Leaf Segments and Class T
Chloroplasts™

Although the fluorescence transients are very well characterized in
broken Class II chloroplasts, no fluorescence studies have been made with
Class I chloroplasts. We expected that these whole chloroplasts would

exhibit fluorescence transiemts similar to that of intact algal cells.

Ja

The experiments reported in this section were done in collaboration with
Drs. W. 5. Vredenberg and Govindjee.
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But, unfortunately, we observed slow irreversible decline of the yield in
dark as well as in light (see below, and reference 134 for a discussion of
this topic).

Figure 116 shows a transient of Escarole leaf. The fast fluorescence
transient is similar to that of isolated chloroplasts. Clasé-I chloro-
plasts prepared, essentially, according to Nobel (129), showed a fast
transient éimilar to that of the leaf segment (not shown).

Figure 117 shows that there are no large fluctuations in the fluores-
cence yie1d in broken Class ITI (maize) chloroplasts even if illumination
is prolonged up to 3-4 minutes. .Figure’ll7 (right) shows that the unin-
jured 1eaf‘segment exhibits reproducible PSMT transients in the fluores-
cence yield. However, if.the leaf surface is gently scratched (see ref.
134) these variations in the yield were suppressed but a slow decline pef—
sisted. Depending on the extent of injury the extent of the slow decline
in the yield varied.

From this type of observations Vredenberg {227) suggested that the‘
slow changes in fluorescence yileld are associatéd with ion transport
between chloroplasts and cell mellieau. Figure 117 also illustrates a
slow irreversible decline of the fluorescence yield in isolated Class 1
chloroplasts. This decline was irreversible énd it occurred both in dark
as well as in iight. Addition of NaHCO3 did not inhibit the irreversible
decline in the yield. We prepared and used Class I chloroplasts from a
variety of leaf materials by a variety of preparative ﬁrocedures (227,
228, 229, 230). In each case we were faced with the problem of an irre-
versible slow decline in the yield, except in the case of cotledonary

leaves of pumpkin where this slow transient could be repeated for a few
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Figure 116.

Fluorescence transiept of a leaf:sggment/of Escardle.
2 mm x 2 mm_éegment of the leaf kept wet with drops
of buffer (50 mM phosphate, 0.4 M sucrose 0.01 M NaCl)
and covered with a cover slip; 5 min dark time before
illumination. A Qbéervation, 685 ﬁm (half band

width, 6.6 nm).
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Figure 117.

Time course of Chl a fluorescence im chloroplasts

and leaf segments. (Left): maize chloroplasts,

. previously stored, frozen in dry ice and acetone,

thawed and suspended in 50 mM phosphate buffer
(pH 7.2); 30 ug Chl/3ml; illumination, broad band
P . 4 -2 -1
blue light; intensity, 1.4 x 10 ergs cm sec ;
7 min dark time; abscissa has two scales.
(Right): Escarole (Z.mm x 2 mm) leaf segment
immersed in 0.3 M sorbitol, 0.01L M NaCl, 5 mM

tricine-NaCH (pH 7.9), and 1 mM MgCL Scraping

9
of leaf segments was done with a spatula. Class II
broken chloroplasts (solid circles) were prepared .

by suspending chloroplasts in 0.05 M phosphate buffer

without any sugar (pH 7.8); class I (whole) chloro-

plasts were made according to reference (129).
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successive illuminations. Since biochemical aspects of these pumpkin
chloroplasts are not known, we do not wan£ to draw any conclusions from
_these results. Our results from the above studies, at this stage of the
investigation, are difficult to iﬁterpret. We need more data to reach a
general conclusion. |

It is possible that the slow decline of fluorescence yield may just
be due to a leakage of some enzymes, thus causing a loss of CO2 fixation
ability by these chloroplasts. It is well known that the CO2 fixatiqn
ability of chloroplasts indeed is ephemeral (229, 230). Attempts shouid
be made to repeat these measurements with chloroplasts having good CO2

fixing ability.

6. Summary and Conclusions

The 'OIDP' type fast fluorescence changes in broken chloroplasts
reflect the reduction of the A pool. 1In some preparations a very slow
long term decline has been observed (Figure 117). This decline may be
associated with the Mehler reaction. Class I type intact chlofoplasts
showed an irreversible decline in yield, both in light and in darkness.
The cause of this decline could not be ascertained. ’

Addition of cations caused a gradual enhancement éf fluorescence
yield and also changes in emission characteristics of the chloropla;ts.
’Preliminary studies, made in collaboration with Mr. J. Hammond, indicate
that Mg2+ causes an increase in the lifetimq of fluoresceﬁce (7). Thus,
the increase in fluorescence intensity by cations (231) is a true increase
in yield and is caused by a shift in the extentlof spill{o&er from PS II
to PS I. (The latter is now placed on a sound basis as we also observe

an increase in the F685/F720 ratio even at room temperature.)
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The nature of PMS induced quenching of Chl a fluorescence in chloro-
plasts is not well understood. It has been suggested that the PMS—inducéd
lowering of fluorescence is due to a high energy intermediate (XE)vinduced‘
quenching. A positive correlation with PMS induced quenching and pH for-
mation was suggested (195). It is known that at a high pH and in the
presence of a relatively high concentration of PMS, a post-illumination
high energy potential (XE) persists (231), althoﬁgh no proton uptake can
be measured.

On the other hand studies of Rottenberg et al. (232) suggest that
light induced proton uptake measured by'the disappearance of protons
from the oﬁtside medium is not the same as the pH change inside the thy-
lakoid membrane due to the buffering capacity of the chloroplasts. Also,
at alkaline pH of the ﬁedium, the. extent of A pH (proton upﬁake) is highér
than at a low or neutral pH (232). It is possible that during cyclic
elect£on flow some PMS gets reduéed inside the thylakoid membrane and the
reduced PMSH2 and oxidized PMS develop a gradient. Such a gradient would
apbarently replace the formation of proton gradiént due to proton uptake
frémfthe medium (231). It is, however, very unlikely thatithere would be
any appreciable rate of electron flow in poisoned samples. It may be -
that a proton gradient.or a high eneréy intermediate (XE and X-I) or both
are aséociated with the quenching of fluorescence of Chi a by PMS. We
do not know as to how the proton gradient or XE cause a lowering of this
fluorescence yield. We may assume that quenching of Chl a fluorescence
by PMS may be somewhat similar to the‘quenching df atebrin flubrescence
(see refs. 233, 234 and 235 for discussion). It is assumed that uptake

of atebrin through the membrane brings about a decrease in dbsorption
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but not a decrease in fluorescence yield (234). Although it is mnot yet
certain if this type of screening effect is the real cause of decline of
atebrin fluorescence (233, 234) a similar kind of mechanism might be
possible for the PMS induced lowering of fluorescence yield. Secondly,
PMS may induce a thermal degradation of excited Chl a molecules.(an inf
crease in kh). Measurements of the lifetime of Chl a fluorescence (7
indicate that PMS induces a real decrease in the yield. Since kp is zero
aﬁd kt remains unaltered, 1t seéms that PMS erﬂn_ances"the.k.h alone. What—
ever the meﬁhamism of the lowering of fluorescence vield by PMS is, we
believe that it isjassociated with changes in the structural state of the
‘pigment bea. Studies made in collaboration with Mrs. Barbara Z. Braun
show that fixation of chloroplasts with glutaraldehyde abolishes the PMS-
iinked quenching as well as enhancement of vyield by Mg2+. It is well |
known that these fixed chloroplasts can carry out PS Il and PS I partial
reactions (213) and possibly have the ability tb‘transfer H+ from'outéide,
to inside (173). Thus, structural changes, mot pH changes, seem to con-
ﬁrol the fluorescence yield.

In our studies with isolated chloroplasts we have also shown that low
fluorescenée yield caused by tris-inactivation of electron donation
ability of water is due to the incomﬁiete reduction of A pool and not due
to an acceleration of a back reaction between Z+ and Q—.‘.Furthermore, it
was observed that 0.8 M tris extraction, although known to extract Mn2+
from chloroplasts, did not depress the F695 baﬁd. (It has been shown
before (166) that an+ deficiency causes a quenéhing of F696 band.) It
is possible that the sites of inhibition by these ﬁwo factors are

different.
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In summary, at least two main categories of ‘fluorescence yield changes
could be induced in chloroplasts (i) by the oxidation level of Q (Figures
101 and 104) (ii) by the structural state of the membrane (cation induced,
Figures 106 and 107, and PMS-induced, Figures 114 and 1153). The cation
induced changes in the fluorescence yield result in an alteration of
energy transfer between the two photosystems, but PMS-induced changes in
fluorescenﬁe are perhaps, due to an increase in the rate'constant of
internal conversion (heat).  Interaction of both photosystems is necessary
to exhibit cation induced and PMS induced changes in the fluorescence
yield as System II particles did not shbw-any alteration of the yield by
the additién of Mg2+ or PMS. A structural modification is definitely
associated with this type bf modification in the fluorescence yield. Our
observations suggest that under some conditions the probability of losses
by internal conversion is.altered and does not remain constant as is often
assumed. We speculate that a structural adaptation-may be a protectivé

device against high intensity illumination.
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VII. GENERAL DISCUSSION, SPECULATIONS AND CONCLUSIONS

1. General

The chlorophyll a fluorescence tramsients of dark-adapted aerobic

cells of a green alga Chlorella pyrenoidosa, a red alga Porphyridium

cruentum, a blue green alga Anacystis nidulans and of isolated chloro-
plasts from a variety of plants (oats, maize, spinach, etc.) were studied
in this investigation. It was the purpose of this investigation to find.
more information about the relationship between fluorescence yield changes
and electron transport, energy conservation, and stru;tural alterations
during photosynthesis. It was our aim to assess the role of different
factors that modify the chlorophyll 2 fluorescence yield during illumina-
tion.

A few years ago, it was believed that all fluorescence yield changes
were strictly related to_tﬁe redox level of the primary acceptor Q, and
that system I had no role in regulating the fluorescence emission from
photosynthetic organelies. In recent years observations from a number of
laboratories, including ours, indicate that redox chahges during photo-
synthetic electron transport are inadequate to explain all the observed

fluorescence yield fluctuations during illumination.

2, Comparative Statements

We have? in this investigation, made comparable studies with isolated
chloroplasts from higher plants and intact algal cells (or intact leaf
segments). This should allow us to make more meaningful comparisons
between in vitro and in vivo systems. Although fluorescence yield

changes were measured earlier by Munday and Govindjee (83, 84, fast) and
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Papageorgiou and Govindjee. (87, 88, slow) in our laboratory and also by
other investigators elsewhere (see ref. 1) we héve attempted to characterf
ize and compare both the fast and slow fluorescence yield changes in

three representative algae and in isolated chloroplasts. -

The fluorescence tramsient of dark adapted aerobic samples of all
three algae, when excited by an intense system II (+ I) light has a Base.
level (0) followed by three rapidly occuring sequential phases within one
second of illumination: a hump (I), a dip (D) and a peak (P). From P,
the fluoresqence yield shows a slow decline to a quasi-steady state level
S. After reaching the s level, the fluorescence yield slowly increases to
a second méximum M level and then declines after a few minutes of illumina-
tion to a low fluorescence (T) level. The T level indicates the terminal
level as mo significant change in the yields seem to occur afte# that.

From a comparative point of view, the blue green algae have a slightly
higher base *(0) fluorescence 1éve1 and a lower P and a higher M level‘
compared to Chlorella, the yield at M is much greater than that at P.

In blue-green algae, the PS decline is smaller énd the MT decline is

eiﬁher small or negligible. A comparison between the green algaé Chlorella

and the red alga Porphyridium shows that the fluorescence transients are

very similar except perhaps for a smaller SM rise in the latter. In both
cases the P level is the maximum level of fluorescence yield attained
during the course of the tramsient. Intact leaf segments of higher plants -

have almost the same transient as that in Porphyridium; however, the MT

to decline is comparatively faster in leaves than in algae.
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3. OIDPS Rise

Isolated broken chloroplasts (without added electron acceptorj ex-
hibit a biphasic, monotonic rise of fluorescence yield to a steady state
level upon illumination. After attaining a meximum F_ level (comparable
to the P level) the yield either slightly declinéé or remains constant
throughout the period of illumination. In the case of intact whole
chloroplasfs (Chapter VI), the fast transient is identigal to broken
chloroplasts but an ephemeral slow decliﬁe in fluorescence yield is ob-
served bothiin light and in darknessf Although this decline may be a
simple time dependent loss of activity,‘the reason for this slow change
in fluoreséence yield remains to be investigated.

It has long been known that artificial physiological electron accep-
tors of PS I added exogenously can cause a quenching of the fluorescence
yield in isolate& bquen chloroplasts. After a time proportional to the
amount of added electron acceptor the fluorescence rises back to its
maximum level (F_ or P 1evel); The autooxidizable low potential viologen
dyes under aerobic conditions are a perennial source of electrom acceptor,
and, thus in their presence the fluorescence yield remain verj low (Figure
101) in isolated chloropiasts.

Addition of DCMU, which blocks Ehe electron flow after the primary
acceptor Q, causes a rapid OI rise of fluorescence yield to a maximum
level. 1In bright light, the méximum fluorescence yield in the presence
and in the absence of DCMU is same (Figure 100). Therefore, the fluores-

cence yield changes in isolated broken chloroplasts are explained to be

due to the reduction of electron carriers (A) between the two photosystems. -

Darkness or a system I pre-illumination oxidizes these carriers and sub-

sequent system II light reduces them. Without any added exogenous.
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acceptor only a 02 gush is observed? suggesting a reduction of the pool
of intermediates (A). Thus all fluorescence yield changes: are considered.
to be governed solely by the redox level of Q.

In intact algal célls or in leaf fragments, one observes a fast 0IDP
rise of fluorescence yield comparable to the fast transient éf chloro-
plasts. But after attaining the peak P, the yield gradually declines to
a lower 1e§el S (Figures 12, 37, 68 and 117). This OIDPS transient may
be considered to consist of ﬁwo overlapping components of the time depen-
deﬁt yield éhanges: (a) a fast rising component and (b) slowly decaying
component. The fast rising component\méy be regérded, as in case of
isolated cﬁloroplasts, to arise due to the reduction of pool of electron
carriers between two photosystems. Again, the more reduced the state of
the hypothetical primary acéeptor_of PS II (Q), the higher the yield of
fluorescence. The slow declining component comprises both reoxidation of
carriers and structural.changés of the chloroplasts (Chapter IMI, IV and
V).

In the past, many mathematical formulationé.(see literature cited in 1)
have been méde to explain the 0IDP xise of the fluorescence trahsient.‘
For our purpose, these mathematical treatments are of limited value as
these formulations did not attempt to‘characte%ize the complete fluores-
cence transient. It is, however, important to note that most of the for-
mulations recognize the quenchef property of the primary'acceptor Q.

Munday and Govindjee (83) suggested that the ID décline results due
to -a push and pull effect of two interacting photosystems on the redox

tate of Q and DP results from an accumulation of reduced carriers arising

n

rom & slow limiting step beyond the primary acceptor of system I. That

Hh
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the DP rise occurs owing to a limiting step beyond Q is supported by the
evidence that an exogenous supply of’system I electron acceptors, as in
case of isolated chloroplasts (Figure 101), eliminates the DP rise. Methyl
viologen (or diquat) which is a terminal electron acceptor fqr Photosystem-
I, eliminates P in all three algae tested (Figures 43 and 81). Thus, it
seems that DP rise is mostly affected by the redox state of electron trans-
port carriérs connecting .the two photosystems and by the primary acceptor
of Photésystem II, the Q being the major determinant of fluorescence yield-
during this phase of indﬁction,

It is also interesting to note that the time for the development of
P, at a high intensity of illumination, is a characteristic of the sys-
tem IT un%Ls and the relative rates of electron transport. It is pos-
sible to estimate from the time to reach P (tp) the number of oxidants
molecules reduced per system II unit. This is a rather poor estimate, as
it will vary depending upon the assumed values‘for the various parametérs.
Nevertheless, this gives a rough idea of the number of equivalents re-
duced. |

The average time (E> between absorption of quanta by a single chloro-

phyll molecule is calculated by the relation:

(E)»= Number of chlorophyll molecules/ cm?

Number of absorbed quanta/cm2 sec

X 2 ' 4
to be about 5 sec (at I = 10 nanoeinsteins/cm  sec, and Eav =2 x 10
2
cm /mole).
Assuming that a system IT unit contains roughly 200 chlorophyll
molecules, each unit encounters a quantum about every 15 milliseconds.

Thus every 300-400 milliseconds, the time to reach P, epproximately 20
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oxidizing equivalents (A) per unit are destroyed (reduced).  This value is.
slightly greater than that has been measured for chloroplasts (92, 93). We
realize that the above number has been derived from a number of assumed
factors and that this value is probably an overestimate. |

Munday and Govindjee (84) have shown that a systém I pre-illumination
causes a decrease of and delay in P in'Chlorella. We have also observed -
a similar delay in the.development of P by PS I illumination in Porphy-
ridium (Figures 20 and 39). It is assumed that weak system I pre-illumina-
tion causes.a transfer of electrons from reduced A to X. In other words,
30 seconds of system I pre—illuminatién'keeps the pool of intermediates in
a more oxidized state than does 10 minutes of dark adaptation. Thus after
a system I pre-illumination more oxidizing equiyalents are available fo
reduction by the subsequent system II illumination and this caﬁses a deléy
in P. This suggestion is also in conformity with the observation of a
higher O2 spike in system I illuminated sample than in the samples thaﬁ
are kept:in darkness. But, if one assumes that at P all Q aré_reduced,
then the fluorescence yield at P would be maximuﬁ and would remain un-
affected by the system I pre-illumination. This is not the case. System
I pre-illumination decreases the yield at P.‘ Bannister and Rice (89),
using a high intensity of system I pré—illuminétion, have observed an
increase in thé yield at P over the dark adapted samples. Unfortunately,
we have not made any detailed study to decipher the cause of this dis-
crepancy. In spite of this difficulty, it appears thaﬁ at P, 1if 211 § is
reduced as our data with methyl viologen indicates (Figures 43, 81, 101)
the fluorescence yield shoﬁld be the maximum attainable yield (Figures 17.

and 38) and should not vary. Furthermofe, in imtact algal cells, unlike
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isolated chloroplasts, even with‘bright'system‘II'illUminatioﬁ’the fluores-
cence yield at P saturates at a lower value than in the presence of DCMU,
although in both cases all Q is presumably reduced. Ihese results indi-
cate that even during the first few secon&s of illumination the fludres—A
cence yield does not seem to be solely determined by the Ievél of reduced
Q. (The reduction level of the primary acceptor, however, may have been
the major factor in determining the yield of Chl a fluorescence during

this interval of illumination.)

4. The PS Dec;ine

The slow PS decline component of the fast fluorescence transient is
very complex. During the PS decline part of the transient, the rate of
02 evolution increases, but the PS decline does not seem to reflect the

reoxidation of Q, as shown by Duyéens and Sweers (10). Our results with

Porohyridium (Figure 22) indicate that the decay of the yield at P occurs
more rapidly in the dark than in System II 1ight. But in both cases a
dark period is necessary to festore the original transient. A brief
period of system I illumination restores the OIDP transient but slows

down the PS decline and enhances the yield at the S level over the dark
adapted control (Figures 20 and 39). Again, this effeét of system I pre-
illumination in delaying P and enhancing the S level decays in darkness
(Figure 20, insert). These complex resﬁlts suggest that during thisvpart
of transient the redox state of Q is not the only governor of the fluores-
cence yield. System I pre-illumination restores the electron carriers to
the oxidized state but it also alters some other factor(s) that influences
the fluorescence yield such that the yield at S is higher than in the

normal dark adapted samples. Similarly if the Iight is turned on again,
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the maximum fluorescence yield during second illumination is lower tHan
that of the first illumination (Figure 40). Sybesma and Duysens (236)
suggested that System I light probably acts the same way as prolonged
darkness in re-activating the fluorescence yield.

It appears that system.I and system II illuminations, besides oxi- -
dizing or reducing the pool of electroh carriers, alter some factor(s) in:
an antagonistic way that also governs the fluorescénce yield.

In recént'years, it has been proposed by'Murata'(l5l) and others
that the PS‘decline is caused by the light-induced increase in excitation
transfer from system II to system I, this ‘the availability of excitation
quanta to photosystem II decreases._ The terms, state 1 and state 2 were
coined to describe the phyéical states for the regulation of excitation
transfer between the two pigment systems (Figure 118). 1In 'state 1'a
greater pr0portionbof quanta is available to photosystem II than in
"state 2'. Consequently, ‘state 1' is more fluorescent than 'state 2' and
the PS decline reflects the 'state 1' to state 2 tramsition. . System I
‘light favors the tramsition to.'state 1' and sysfem IT to state 2. (In
terms of the equation ¢f = kf/(kf + kh + kp) during the P to S decline

system II 1ight increased kp as the 0, yield increased but kh may also

2
increase.) ‘
The above sPeculatiye model has received support mainly from two
kinds of experimental observatibns: (1) a higher rate of 02 evolution or
electron transport in state I than in state II during the SM transition

(see later); this is, however, not true during the PS decline; and (2)

state 11 has a higher ratio of system I to system II emission than state I.-
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Figure 118. A diagrazmmatic picture of the two conformational states
of the chloroplast membrane. State 2, a low fluorescent
but a high (favored) spill over state; State 1, a highly
fluorescent but loW'(unfavored) spill over state (after
Govindjee and Papageorgiou (1) based on the ideas of

Bonaventura and Myers, Murata and Duysens).
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From the above discussion, it -follows-that in the presence of DCMU

state I to state II transition does not occur. The state I is always pre-
4 .

served both in light and in darkness with DCMU. This seems, at least, to

be true‘in the green alga, Chlorella and in the red alga Porphyridium, but
this does not hold true in the case df the blue-green alga Aﬁaczstis
(Figures 83, 89) and isolated broken chloroplasts (Figure 106). In the
latter cases the Q independent fluorescence yield changes occur even in

the presence of this powerful electron transport imhibitor.

5. The SM Rise

The slow SM rise of fluorescence yield in Chloreila, Porphyridium and
Anacystis accompanies the parallel rise in O2 evolution. This parallel

rise of oxygen evolution and fluorescence yield was shown earlier by

Papageorgiou and Govindjee (87, 88) in Chlorella and Anacystis, and by

Bannister and Rice (89) in Chlamydomonas. We have observed a similar |

parallel rise in 02 evolution and fluorescence emission in Porphyridium
.and have confirmed it in Anacystis. Bonaventura and Myers (155), using’
a fast amperometric technique (which senses only the photosynthetic oxygen
evolution), showed that Chlorella cells change their fluorescénce yield

without any change in the rate of 0, evolution. They observed that cells

2
pre-illuminated with systém II light showed a parallel slow rise in the
rate of 02 evolution and in the yield of Chl a fluorescence. lAlthough
these experiments were done in a different context, these results also
show a slow parallel rise of photosynthetic O2 eyolution and fluorescence

yield. 1In our studies with Chlorella we observed that a superimposition

of weak system I illumination at S caused a small increase in the yield

h

of fluorescence rather than the expected Q-related decrease (Figure £41).
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This would suggest that system I light, besides oxidizing the intersystem
intermediates, caused a shift from the state II to state I. During the
SM rise part of the transient, the quenching effect of system I illumina-
tion is low (Figure 42) probably due to the transition of the so-called
"states.’' We have further shown that during the SM rise of fluorescence
yield there is a shift in emission characteristics (Figure 25 and Table
111.1). Af M, there is relatively more.system II to system I emission,
and at S, less. This suggests that at M a larger fraction of absorbed
qﬁanta are delivgred to PS II than.at S. Thus, the SM rise, like the PS
decline (Figure 77), indicates a light-induced control of distribution of
absorbed energy between the two photosystems. This may be more so because
of the parallel rise in Qé evolution observed during SM rise. It is
interesting to note that the fast K IDP fluorescence change represents a
balanced distribution between the two phothystems at the electron trans-
port level, while the slow PSM chaﬁge reflects another control mechanism
in sharing the electronic excitation energy.

'Thus, from the above discussion, we would iike to interpret that

the P to M change constitutes a full oscillation of state transitions

from state I to state II and then back to I. There is, however, a differ-

ential sensitivity to added chemicals~between)the PS decline and the SM
rise. The PS decline, in spite of its lack of correspondance with the
redox state of the quencher G, seems to be closely linked to the non-
cyclic electfon transport associated with accumulation of redox carriers.
This is shown by the complementarity of O2 evolution and Chl fluorescence

yield. Additions of methyl viologen or benzoguincnes (Figure 45), which

prevents accumulations of QH, eliminate the shift from state I to II. In




part of the transient, oxygen evolution remains constant (Figure 13). In
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fact, state I is not allowed to form. Under these conditions, however, a
slow SM rise--although suppressed—-persists (Figures 44, 45). It was
also observed that the PS decline was very sensitive to uncouplers of’
phosphorylation (Figures 32, 48) while the SM rise was relatively insen-—
sitive to these treatments (87) (also see Figure 50). This differential’
sensitivity to uncouplers indicates that these state transitions are re- .

lated to specific configurations of the pigment bed.

6. The MT Decline

The last phase of the fluorescence transient, the MT decline, was
found to be most sensitive to external perturbations. Change in external
pH and change in the growth conditions of algae exert the maximum influ-
ence on this slow decline of fluorescence. During this slow MT decline
blue-green algae (prokaryotes), this slow MT decline is significantly

very low (Figure 75). Although this decline may also result from a shift

-in the distribution of absorbed photons similar to that in PS decline, it

is kinetically different from it.

7. General Remarks

Frém the preceeding discussions,‘it is cléar that the ratio of P/S
or M/S is a rough parameter for measuring the ratio of the hypothetical
sﬁates I to II. From our resulﬁs the P/S ratio ranges from 3:1 to 5:1

in Chlorella and Porphyridium, but this ratio is lower (1:1 and 2:1) in

Anacystis. On the other hand, the ratio of M/S is maximum in Anacystis,

(53:1 to 6:1) while this value in Chlorella varies from 2:1 to 4:1; it is

slightly lowar in Porphyridium. Although these valueas give 'some estimate
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of the extent of the interconversion of states, it must be realized that
théy are not simple to interpret. If,we assume that during the PS de-
cline more and more quanta become available to photosystem I and fewer
photons reach system II reactions centers, this will also shift the
balance between the oxidation-reduction levels of § . to a more oxidized.
state, which.will also result in decreasing the fluorescence yield. = Simi-
larly, during the SM rise, as more and more quanta become available to
;ystem II, the balance of the oxido-reduction level of the pool of
carriers.is shifted toward the more reduced G causing an additional en-
hancement in fluorescence yield. Therefore, it is important to realize
that,"both:redox state changes accompany the ''state’ changes.  We recall
our results (Figures 41, 42) on the quenching effect of system I light
during the SMT transient of Chloreila which clearly indicates that more
than one factor influences the fluorescence yield.

The preceeding discussions iead to the-dilémma of.deciding between
the cause and the effects: whether change in the state imposes a change
in the redox reactions or vice Veréa.v It seemsvlogical to assume that
electron transport processes preceed the interconversion of states. As
we have discussed earlief; an accumulation of QH leads to the development
of the DP rise and this, in turn, seeﬁs to lead to the state tramsition
resulting in the P to S decline. But in the presence of DCMU, which-also .
causes accumulation of QH, a stéte I to II tramsition is arrested, at

least, in Chlorella and Porphyridium.

Greater influx of quanta to system I from system II would presumably

promote a greater system 1 activity. One may envisage that this may ensue

T 7
w oL

a higher rate of cyclic electron flow. Since cyclic electron flo
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mainly an energy comserving reaction, it leads to the accumulation of pre-
cursors for ATP. This, in turn, may promote a structural alteration re-
sulting in the SM type of fluorescence rise and an associated transition

to the original ‘state 17,

8. DPossible Relation of Chlorophyll Fluorescence .to Phosphorylation

‘Our results with uncouplers (Figures 32, 96, 91) and those of Papa-
georgiou and Govindjee (87, 88) suggest that energy conservation pro-
cesses are dinterlinked with the slow SMT fluoréscence change. The sugges-
tion of a cyblic phosphorylation fostering the slow SM rise, however,
meets with two difficulties: (a) it is claimed that ;ﬁ vivo cyclic
photophosphorylation saturatés at low light intensity and thus, direct
absorption by PS I unit should saturate it; and (b) system I illumination
alone does not cause appreciable Ehange in the fluorescence yieid. Al-
though we have shown that the relative increase. in the yield a M (repre-
sented as (M-5)/3) saturafes at low light, the above hypothésis suggests

-that a greater delivery of quanta from system IT to I is neceséary to
promote & maximum rate of cyclic electron flow. In other word;, the
lightyabsorbed directly by system I is insufficient to saturate the in
vivo cyclic electron'flow. This may not be trﬁe. Also, it makes no
sense! A greater difficdlty arises from the observation that DCMU, which
is not expected to inhibit cyclic electron transport, inhibits, all slow

changes in fluorescence yield in Chlorella énd Porphyridium as stated

earlier. Direct measurements of ATP levels by Bedell (145) in the pre-
sence of DCMU suggest that the extent of cyclic phosphorylation in vivo
may be low in Chlorella. (This conclusion, however, may not be correct

if it is assumed that the rate of respiration decreases during illumination.)
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On the other hand, there appears to be a larger amount of cyclic photo-
phosphorylation in Anacystis (Table V.3). 1In Anacystis, the slow changeg
in the fluorescence yield are enhanced by DCMJ. 1In this case, these
changes appear to be supported by cyclic photophosphorylation. TUncouplers
like S and S, and high concentrations of FCCP and atebrin'inhibit these

13 6
slow changes in fluorescence yield (Chapter VI). At the moment, it
appears reasonable to assume that accumulation of high energy intermediate
whether from cyclic or non-cyclic electron flow can lead to an energy

dependent of structural changes, resulting in a shift in the extent of

energy transfer from PS II to PS I.

9. Possible Relation of Chlorophyll Fluorescence to Ion Movements

Vredenberg (152, 198) proposed that ion exchange through the chloro-
plast membrane plays an important role in the "state' transitions. Sim-

ultaneous measurements of membrane potential across the plasmalemma and

tonoplast and the slow MI fluorescence yield change in Nitella translusence
showed that the decrease in fluorescence yield was accompanied by a de-

crease in potential (more negative). Although these experiments show a

correlation between slow fluorescence yield changes and membrane potential

changes, it is difficult to develop a clear rqlationship between the two
processes without a quantitative knowledge of the direction and the mag-
nitude of the potential as well as of the membranes and the ioms invoived.
One can assume that proton transpor£ across the thylakoid membranes
causes the slow changes in the fluorescence yield. Rumberg and Siggel
(237) suggested that the development of a steep proton gradient in chloro-
plasts restricts the dark reduction of P700 by Cyt>f. Govindjee and

Papageorgiou (1) extended this idea and made the following speculations.
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At P, according to their hypothesis, there develops & steep gradient which
suppresses electron flow through system I. This gradient collapses as
energy is harnessed in the form of some high energy intermediate. This
‘causes an increase in the electron flow and the PS decline. .During the

P to S decline, the gradient is collapsing, the inhibitory effect of the
gradient is being s10wlyiremoved,_leadingAto an acceleration of Q2 evolu-
tion that-continues beyond S. During the SM rise, the accelerated elec~
tron transport facilitates the build-up of the protoh gradient and this
leads to tﬂe increase in fluorescence yield. According to this view, |
the formation of fhe gradient enhances the fluorescence yield, and col-

lapse of the potential decreases the yield. Uncouplers ot ionophores"do

slow changes in fluorescence yield. This suggestion, apparently explains
some data, but it is not free from difficulties. According to this view,
a faster rate of electron transport would lead to a faster development

of the gradient and this would lead to a fast SM rise in the fluorescence
yield.- Addition of methyl viologen, which is eipected to accelerate the
electron transport, does not seem to cause fast SM rise. Secondly, since
the development of the gfadient is assumed to cause the fluorescence risé
and the formation of proton gradient is depenéent on electron transport,

it may be expected that the slow fluorescence yield changes have similar

[

\

|
| J
not permit the development of the proton gradient and thus inhibit the ]
ight saturation and intensity dependence as that of photosynthesis. This | .
is, however, not true. Admittedly, more carefully thought out experiments
are needed to fully elucidate the relation between the ion transport,

the development of the gradient and the fluorescence yield changes. 1In

the absence of such experimental results, we either assume that, either
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. ~+ i . .
due to the changes in the H gradient or in the high energy intermediate,
the thylakoid membrane undergoes a change in its structural organization
such that energy transfer between two photosystems is either facilitated

or prevented.

10. Possible Relation of Chlorophyll Fluorescence to the Structural

Changes

The fbllowing resuits support the suggestion that an actual struc-
tural change of the thylakoid membrane accompanies the change in "states'.

oy In-isolated broken chloroplasts, addition of cations induces a
shrinkage in light as well as an enhancement in fluorescence yield (Fig-
ures 106, 107; also see 57). Murata (238) has shown that the kinetics
of scattering change are similar to that of slow change in fluorescence
yvield. In the presence of salts,, chloroplasts are known to shrink. We
observed a slow increase in the yield of Chl a by the addition of Mg2.‘r
in both spinach and lettuce chloroplasts; these results are similar to
those of Murata (57). Cations only change the variable yield not the
constant Fo level (our results). This increase:in yield by Mg2+ occurs
both in the presence and in the absence of DCMU. Thus both cyclic and
non-cyclic electron flow supports the slow enhancement of the fluores-
cence yield. This ion-induced enhancement ofbfluorescence yvield accom-
panies a change in the emission characteristics both at room (our results)
and at liquid nitrogen temperatures (Figures 108,'109 and 110); there is
an increase of system II fluorescence. We have also observed that the
addifion of Mg2+ to system II particles does not cause any change in the
emission spectrum or in the fluorescence yield (our/results); Thus the‘

enhancement of fluorescence yield as well as an increase in life time

i

Fh

of Chl a fluorescence (our results) are due to a redistribution o
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absorbed quanta between the two interacting photosystems--there is a de-
crease in the spill over of energy from sfstem II to system I.

We observed light induced swelling in intact cells of blue-green
alga Anacystis (Figure 96). Unlike the case of isolated chloroplasts,.
the kinetics of volume change, as measured by the change in the absorbance
at 540 nm, are slower than that of the fluorescence yield change (SM rise).
As stated éarlier, we do not expect an exact correspondence between the
two events, as the volume change reflects the gross configurational change
of the thylékoid‘membr;ne, while fluorescence yield ought to be affected
by changes in- the tertiary and quaternary structure of the membrane pro-
teins.

'(2) Fixation of cells or chloroplasts with glutaraldehyde, which
immobilizes the protein structure by the formation of methylene bridges
(173), eliminates all slow fluorescence yield changes, although these
fixed cells do carry out electron tramsport (system I and II reactioné);
it is,vhowever, kﬁown that fixation with glutaraldehyde brings. about a
loss in the synthesis of ATP (173). The lack of ATP synthesis is prob-
ably, responsible for the inability of such cells tbvfix CO2 (Figure 34).

We believe that loss of slow fluorescence yield changes in fixed cells

th

of Porphyridium (Figure 35) and Anacystis (Figures 98, 99) is due to their

lack of ability for structural alterations. Thus, changes in the struc-
ture of the thylakoid membranes accompany the fluorescence changes and
the loss of ability for structural changes causes a loss of slow fluores-
cence yield changes both in algae as well as in isolated chloroplasts.

It appears that an actual change in the membrane orientation leads to an
acceleration or a suppression of electronic excitation tramsfer between

the two photosystems.
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The remarkable effects of cations in inducing fluorescence yield
changes in isolated chloroplasts prompted us to examine the effect of ions
on the fluorescence yield changes in Chlorella. Cations indeed caused.
redistribution of absorbed light, but unlike isolated chloroplasts; they
favored a large spill over to photosystem I (Figures 60, 65); Cation-
induced shrinkage, as well as shrinkage caused by the salts of weak acids,
caused a lbwering of the fluorescence yield both in the presence and in
the absence of DCMU (Figure 62, Table IV.8). Addition of cations caused
a shift towérds state II as evidenced by enrichment of the long wavelength
fluorescence band. Only at relatively high (extermal) concentratioms, did
salts induce a'decreaselin the yield at P and a loss of the PS decline.
Unlike chloroplasts, we have never observed any enhancement of fluorescence
yield at any concentration of the ioms.

We have no satisfactory explanatiog for the contradictory results
obtained with intact\algal cells (Figure 62) and broken chloroplasts
(Figure 106) although in both cases thylakoid membranes shrink in the pre--
sence of Mg2+ ions. We imagine that the presenée of an outer envelope
causes the two photosystems to remain in close proximity with each other,
when the membranes shrink. In isolated broken chloroplasts, the contrac-
tion and folding of membranes by ions must se?arate the two systems away
from each other. Although the gross macroscopic structural changes -
appear to be the same in isolated chloroplasts and in intact algal cells,
the actual spatial conformation of both photosystems must have been dif-
ferent in both cases to cause opposite results. This leads to the sug-
gestion that the actual conformation of the membraﬁe, and not the gross
structure of the chloroplasts, is important for the understanding of the

fluorescence phenomena.
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Like cations, many protonophorous uncouplers (e.g., FCCP, CCCP and
DNP) induce slow changes in the fluorescence yield. Both in algae as
well as in chloroplasts, FCCP causes a lowering of the fluorescence yield
in the presence of DCMU. This quenching of fluorescence yield, we
believe, is also due to a redistribution of absorbed light in favor of
system I (Figures 52, 53, 54). Uncouplers like FCCP seem to have multiple -
functions Besides uncoupling. FCCP seems to inhibit back recombination
of Z+ and Q— and it induces, at high cpncentrations,.permeability changes
facilitatiﬂg;energy transfer to system I. Atebrin, which seems to behave
like FCCP in its effect on the fast fluorescence yield changes, is, how-
ever, more effective at alkaline pH. As suggested by Schuldiner and Avron
(234) atebrin may behave like amines and NH401 (see Figure 6),'and un-
charged molecules of atebrin may enter into the membrane and cause some

screening effect, and thus, cause a lowering of fluorescence intensity.

11. Quenching of Chlorophyll a Fluorescence by PMS

In isolated broken chloroplasts, the slow changes in the fluorescence
yield can be induced by the adaition of cations or by‘exogenous proton
permeating agents. In‘recent years the quenching effect of cofactors of
cyclic électron transport like PMS and DAD (diaminodurene) has been re-
investigated in detail (193, 194). PMS causes a light-induced energy
‘dependent quenching of Chl a fluorescence in the presence of DCMU which
is sensitive to a large number of uncouplers and ionophorous antibiotics.
Because of the sensitivity to uncouplers, it has been assumed that this
quenching reflects the high energy state associated with proton trans-
location. We have observed that PMS, an activator of cyclic electron

transport, induces slow decline in fluorescence yield in the presence of
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DCMU in isolated chloroplasts (Figure 113) "as well as in Chlorella (Figure .

55). 1In Chiorella and in Porphyridium reduced DCPIP also induces a

quenching. Both DCPIPH, induced and PMSH, induced quenching of fluores-

2 2
cence are reversed by uncouplers. However, inhibitors of terminal phos-
phorylation are less effective (Figure 58) in suppressing the quenching of
fluorescence yield.

PMS iﬁduced lowering of fluorescence yield, in the presence of DCMU,
is not due to an increase in energy transfer from strongly fluorescent
system II to weakly fluorescent system I as no change in the emission
spectra was observed (Figure 57, Table VI.6). TUnlike cations, PMS causes
a lowering in the yield of fluorescence in chloroplasts as well as in’
Chlorella. Again, fixation of chloroplasts with glutarafdehyde eliminates
the PMS ‘activated quenching of fluorescence. This'suggests that an energy
dependent alteration of structural states of the chloroplasts induces the
lowering of fluorescence yield by PMS. Preiiminary measurements of the
lifetime of chlorophyll fluorescence (T) shows that the PMS induced fliuo-

ife-

(=

rescence yield lowering is indeed associated‘wifh a decrease in the
time of Chl a fluorescence. This suggests that quenchiﬁg by PMS and also
perhaps by DAD, is due to an accelerated conversion to heat (internal con-
version). It is usually assumed that the raté constant for radationless
.beat'loss (kh> does not change under changing physiological conditions.
But these results indicate that an energy dependent structural alteration
may, under some conditions, alter the rate of dissipating absorbed photon
as heat (also see ref. 1).

Murata (238) recently compared the time courSé of the scattering
change with that of the slow lowering of fluorescence yield induced by

PMS and could not find any positive correlation between the two. This Iled
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him to conclude that a structural alteration of the chloroplast-is not the
cause of PMS-induced fluorescence yield changes. It is true that a gross
structural change (volume alteration) of chloroplast is not related to
the fluorescence yield change. However, the microscopic conformational .
alteration of the thylakoid membranes must alter the spatial orientation
of chlorophyll molecules and other embedded carriers and chromophores.
such that éither an enhancement or suppression of the energy tramsfer
between variouélforms of chlorophyll a molecules occurs. This could lead
to an enhaﬁcement or suppression of Ffluorescence yield. The microscopic
conformational change of the membrane structure is one of the earlier
events in fhe hierarchy of events leading to macroscopic volume changes
of the chloroplasts (see Figure 5). Hence, in all likelihood, the kine-
tics of volume change would not correlate with the fluoresceﬁce changes.
Tamai (2395 has shown that broken chloroplasts incubated in a phosphate
buffer exhibit a photoshrinkage under non~phosph0rylating conditions.
Addition of PMS causes a swelling and these chloroplasts assume a maximal
volume after 3-5 minutes of illuminationm. Howevér, longer periods of
illumination induces a shrinkage. It appears that PMS—induced guenching

is probably related to the energy dependent swelling aspect of the con-

formational alteration of the membrane.

12. Chlorophyll Fluorescence and Ionic Interactions

Changes in membrane properties which are identified as conformational
changes are believed to be linked to the electron transport via ion trans-
port. Some investigators (121, 122) believe that proton extrusion or up--
take changes the enviromment of the membrane. This results in the altera-

(decrease) in membrane thickness and interloculus distance. However,

rl
'._l-
@]
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other investigators (126) consider the membrane of chloroplasts and mito-
chondria, within certain limits, to behave as flexible polyanionic macro-
molecules would. - Thus, the charge distribution on the surface of the mem-
brane would regulate the conformation. Electron transport-induced ion
transport would alter the charge distribution and, hence, the conformation
of the membrane. Deionization of chloroplasts would lead to the removal
of looselylbound counter ions and this would result in a repulsion between
the charges.  As a result, the membrane would uncoil and the interloculus
space would.tend to enlarge. Addition of catioms to the medium would
induce cation-anion intefaction and would reduce the repulsive interaction.
This would‘lead to a folding and contraction of the membrane. The two
interacting photosystems #re either moved apart or come close to each

other and this would cause either a suppression or an enhancement of

i
!
i
J

energy transfer between the two photosystems. According to this picture,

increasing the pH of the medium would enhance the.repulsion of anions and
lowering the pH would reduce this repulsive interaction due to protona-
tion of anions. Figure 119 shows changes in emission spectra (measured
- O A . P .
at 777 K) of oat chloroplasts suspended in neutral, acidic and alkaline
medium before freezing. We observed that in acidic pH the main system IT
fluorescence band is enhanced and the longwave length band is suppressed
extensively over the control at neutral pH. This emission spectrum looks
. . s ‘ . 2+
similar to the emission spectra of chloroplasts treated with Mg = or
other cations (Figure 110). On increasing the pH of the medium, by adding
NaOH, the emission at 685 mm is progressively lowered and the long wave
£ . ' . 24
length fluorescence band (735 mm band) is enhanced. Unlike Mg treat-
ment, acidification did not cause a large increase in yield of fluores-

cence at room temperature. This is because, at this low pH, there is
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Figure 119. Emission spectra of Chl a fluorescence in oat chloro-

- plasts suspended in acidic, alkaline and neutral

medium. Curve #3 (dashed line), suspended in 0.005 M
phosphate buffer pH 7.0; curve 1 (solid line), sample
was acidified to pH 3.8; curve 2 (dashed and dotted
line), same sample was titrated to pH 9.5 by addiﬁg
0.2 M NaOH. These spectra are not corrected for the
spectral sensitivity of the spectrofluorometer (Bausch
and Lamb monochromator blagzed at 750 nm, and EMI 95583

photomultiplier).
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some loss of chlorophyll from the membrane: A detailed titration of
chloroplasts with acid and alkali, which we have nof done, will resolve
the picture. However, our results indicste that the spectra are rever-
sible; therefore, any specific loss of any particular form of Chl a is

not the cause for the change in fluorescence emission characteristics..
Thus, the shift in emission characteristics may be due to alteration in
the membrahe structure. It seems that ionic forces play an equally impor-
tant role compared to hydrophobic interactions in the organization of .the
membrane. it is however, difficult to decide if hydrophobic interaction
or electrostatic attraction is the dominant force in organization of

membranes.

13. Summary and Conclusions

In summary, there are at least three factors (redox state of Q,
excitation energy tiansfer and heat losses) that regulate the chlorophyll
2, fluorescence yield during photosynthesis. Since most of the variable
fluorescence is emitted by oxygen evolving system‘II, these factors regu~-
late its yield. As has been documented by many workers;'the yield of
fluorescence during the first few seconds of bright illumination rgflects
the state of the trap. Closure of the trap results in.the formation of
polarized domnor (Z+) and acceptor (G ). As proposed by Duysens and Sweers
(10), it is the redox state of Q that determines the fluorescence yield.
During the 0IDP transient; the redox state of @, (that-is, the conversion

Q to Q)

Fh
l—-h

o) s the primary determinant of the fluorescence yield. We

have shown that in certain cases (such as tris-washed chloroplasts) when
the feeding of H20 to PS IT is inhibited, an accumulation of oxidized

-+
donor (Z°) "occurs. . The state of the donor does not seem to influence
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the yield of fluorescence. In this specific case (tris-washed) there does
not seem to be an increased cy;ling of electrons via system II (Chapter
VI). TUnder other conditions, where floﬁ of electrons from water is
blocked, a rapid cycling of electrons may be possible causing a lowering
in the fluorescence yield. But in such cases, it is the Q/Q_ ratio .that

: | . _
determines the yield and not the ratio of Z /Z. We cannot say from our
experimenté if there is more than ome form of Q. But 1f there are two
férms of Q; as has been suggested (164), their quenching affinity must
nét be too different.

The distribution of absorbed quanté'in favor of one photosystem or
the other is the second important factor that alters the yield. The
interconversion of states’I and II is the predominant factor in the PSMT
phése of the fluorescence transient. Thus,. the yield at P is determined.
both by the redox level of Q and the state of the membrane. In Chlorella

and in Porphyridium, the potent photosvnthetic inhibitor DCMU, which

blocks the electron transport after Q, seems to suppress the spill ovér
of energy to sfstem.l. In these algae, in the fresence of DCMU there is
no interconversion of states; that is, state I persists both in the light
and in the dark. 1In Anaégstis, however, there is a ''state conversion”
from the less fluorescent state 2 to state 1 in 1light in the presence of
DCMU. In broken chloroplasts, DCMU does not seem to affect the extent

of energy transfer (state interconversion). Isolated chloroplasts mostly
remain in ‘state 2'. We ﬁo not know the cause of these differences, but

we speculate that in Chlorella (and in Porphyridium), inhibition of elec-

tron £low by DCMU prompts a rapid (with a higher probability) energy

migration among system II units. Such a high probability of intra-unit
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excitation transfer may limit inter-system excitation energy spill over.
In the presence of DCMU, Mar and Govindjee (240) observed a greater de-

polarization of fluorescence im Chlorella and Porphyridium.-

The control mechanism of the hypothetical state interconversion, as
reflected'by flﬁoresceﬁce vield changes, the changes in emission spectra,
and the chenges in the rate of electron transport, are related to the
spatial orientation of the two interacting photosystems which in turn are
regulated b?IStructural changes of the‘thylakoid memgraﬁe. The structural
alteration of thylakoid membrane is supported at the expense of high energy
intermediates generated by electron tra55port.‘ It is reasonable to assume,
from the study of various cation effects on isolated chloroplasts andv
intact algal cells, that energy dependent structural alterations are
caused by transport of alkali ions across the membranes. The exact
relationship between structural alteration of the thyiakoid membrane and

photosynthesis-dependent ion transport is highly complex. We cannot pre-

h

dict the relatiomship without further elucidation of events. Both cyclic

and non—eyclic electron transport provide energy for structural changes
cf this membrane. TIn blue-green algae, like Anacystis, it seems that the
cyclic electron tran5pore mostly powers the st;uctural‘alteration of the
membrane leading to the slow SM rise ef the fluorescence yiel& (state II
to state I interconversion).

A third kind of regulation of fluorescence yield is associated with
the rate of conversion to heat (internal conversion). This is character-
ized by a change in the fluorescence yield without associated changes in
the emission spectra. This type of regulation of. fluorescence yield; in

association with energy spill over from system II to system I (state-

transition), seems to influence the slow MT decline part of the
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fluorescence transient. _Like state interconversions, this kind of varia-
tion in the fluorescence yield is also brought about by conformational
alteration of the membrane and seems to be eupported by system I-driven
cyclic photophospho:yletion.- Recent studies of Wraight and Croft (194)
indicate that this third type of control of fluorescence yield is related
to the electrochemical state of the thylakoid membrane. It seems that the
direction of the gradient (membrane potential), i.e., whether the inside
of the thylakoid membrane is more positive or less positive, controls the
conformation of the membrane such that the conversion to heat is either
suppressed or enhanced. The exact physiological condition when this mode
of regulation becomes predominant is uncertain at this time.

It is possible that syetem I-driven cyclic phosphorylation in vivo
may facilitate a reductive dephosphorylation reaction that would cause a
variation of fluorescence yield. But this will be reflected in the redox
state of Q. The existence of such a possibility has been proposed (1585
but has not yet been characterized.

The complete'physiological significance of tﬁese phenomena, described
here, is far from clear. But we can start to operate with the speculative
model that such structural transitions insure a regulation of excitation
migration among the units, a balanced.distfibufion of absorbed energy
between the twe photosystems, and a protection against excessive photo-
destruction. All these regulative factors, in turn, probably insure con-
trolled and optimal chemistry at the reaction centers.‘ It is by changing
the form of Fhe membrane that photosynthetic apparatus regulates its

function.
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APPENDIX

EFFICIENCY OF ENERGY TRANSFER FROM SYSTEM IT TO I

Recently Mar et al. (45) estimated the three modes of dissipation

of excitation energy following the absorption of a photon, namely, trapping

~

fluorescence and radiationless losses in three algae, Chlorella, Anacystis

and Porphyridium. These estimations were derived from the lifetime of

fluorescence (T) measurements with and without ﬁCMU. However, the radia-
tion losses calcu1ated from T measurements included the energyAtransfer
from PS II to PS I which is assumed to be weakly or non-fluorescent at
room tempefature. In this section, we have estimated the rates and effi-
ciency of the energy tranéfer from PS II to PS I in isolated chloroplasts
and in algae from the observed flporescence vield changes.

From the definition of Q; one obtains the following relation:

b

b oo | | (1)

where kf, kH, and k are first order rate constants for fluorescence,
. P ‘

radiationless losses and trapping of energy in photosynthesis. In the
presence of DOMU, k_ is zero as all traps are closed. Thus,

kg . _ (2)

£ =
DO Ky + kg

o1

Equation (2) can be rearranged as follows:

1
£

i

Hh
'
)

r1 1
- 1], and K = kg -7 1 @
DCMU ' DCMU
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An increase in the yield of fluorescence by the addition of MgZT ions to
the DCMU treated chloroplasts is observed. Thus the rate constant (kH‘)

‘ 2+
for radiationléss losses in the presence of DCMJ and Mg will be repre-

sented as

3

k'=k, | L -1 (4)
T oam + ug?h |

11

I1f one assumes that the spill over of quanta from PS II to PS I is negli-
. 2+ - N P
gible when Mg~ ' is present, the rate constant (kt) of energy transfer from

PS IT to PS I can be written as follows:

1 | 1
ke = O - k) = ke [ i} o ]

ooy - foow + mgZh

(5)

o1

From our measurements the relative ratio of ¢f Vop is

2+ N
(DeMT + Mg™)  TDeMU

End

approximately 1.60. Substituting this value into Eq. (5), we obtain

k., =0.375x k. /¢ . (6)
t I IDCMU

The value for k. can be assumed to be the same as estimated by Brody and
L

Rabinowitch (241) for Chl a in vitro. From their computation of T for

Chl a in solution as 15.2 x 10—9 sec, the kf is 6.57 X‘107 sec'l. This

assumption may not be éccurate in view of the)existence of various forms
of Chl a (see French, 242). However, in the first approximation kf in

: ﬁizg is very close to that of kf for Chl a in solution, i.e., 6.57 x

107 secﬂl.

The @ . can also be estimated from the measurements of the ratio
e
DCMU

of variable to constant (Fo) fluorescence level and assuming that the life-

time of fluorescence at the F  level is the same as measured by Mdller
o

t al. (243) in very weak intensity of excitation. We usually observe a
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value of 3.0 for (F, - FO)/FO in isolated broken spinach (or oat) chloro-

plasts. If the lifetime at Fo is taken to be 0.3 x 1O~9.sec (243) and

hence, for F_ as 0.9 x 1059 sec., then,

| -9
¢ = /T = 0.9 x 10 asec = 0.059 (7D

“paM °  15.2 x 10 “sec

(If, however, we assume that the lifetime of Chl & fluorescence at Fo is

~

equal to that of the lifetime of fluorescence at the '0° level in Chlor-

ella, as measuredvby Briantais et al., (48), to be 0.6 x 10_9 sec, then

¢ = 0.118.)
“DCMU S -
Inserting the values of k. (6.57 x 10 sec ) and 9. = (.059)
- T T
8 -1 DCMU
in Eq. (6) we get, kt = 4.2 x 10" sec . Thus the efficiency of energy

transfer from PS II to PS I can be estimated from the following equatiom,

k,

¢t k., + k. +k - (8
T H

where ¢_represents the quantum yield of energy spill over from PS II to
[ .
PS I.

Inserting the values of kt, kf, k., and k we estimate that ¢t to be
. . D .

e
. 0.118. (The value of kH‘and kp were estimated--from Eq. (3)-~to be 10.5
X 108 sec.l and 23.40 x 108 sec‘;1 respectively. Assuming the spill over
of photons are utilized in driving photochemical reactions at the reaction
centers of PS I, one estimates the overall efficiency of photosynthesis
to be approximately 70% to 78%.

From the above method of calculations, it is also possible to esti-
mate the rate constant for the back reaction (kb) between Z+ and Q—,

assuming that in the presence of a saturating amount ovaHZOH this reaction

is completely inhibited. From our data, we estimate a 6% increase in the




420

yield in the presence of DCMU and NH,OH ovér DCMU. This value enables usg

2
to compute ‘
1 1
ko o=¢. [ - ] (9)
b f Pe P -
DCMU (DCMU + NHZOH)
Substituting -
k
(2'82) Q,)f = 0.056 &/,
’ £ DCMU

DCMU

I

7 -1
6.23 x 10" sec .
The efficiency of this back reaction is in the neighborhcod of 1.7 to 2%.
It is possible to extend the above calculations to intact cells. 1In
‘the case of Anacystis, DCMU causes a slow rise in fluorescence yield simi-
lar to the effect of the addition of catioms to washed broken chloroplasts.

This increase in fluorescence yield is also accompanied by a spectral

i
1

. . P ~ - [ 1 : .
variation very similar to the effect of Mg in broken chloroplasts (Figure

89). We observe that uncouplers like S suppress the yield as well as

13
cause a shift in the emission spectra (Figure 94). We consistently ob-

serve a 1.4 to 1.6 times enhancement in fluorescence yield in the presence

of DCMU compared to the initial OI rise phase. In other words, the ratio

Hh

of Fi to F, varies from 1.4 to 1.6. 1In the presence of DCMU the rapid

M

rise of fluorescence yield to Fi level is due to the accumulation of)QH
and the slow rise of fluorescence yield is regulated by factor(s) other
than the redox state of Q. (One also obtains a similar ratio between the
yield at low light to that in very bright light in the presence of DCMU.)
We wish to interpret that this slow enhancement in yield is also due to

a suppression of energy transfer from PS II to PS I. Again, assume that

the lifetime of Chl a fluorescence at "0" level, when all the traps are
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open, is 0.3 mnsec. From our measurements the ratio of relative yield

at M/0 is approximately 3.25. Thus the lifetime of Chl a fluorescence

at maximal level of fluorescence would be 0.97 nsec. (This value is

slightly higher than that of Mar et al. (45) who obtained a value of

0.71 . t] = in @ =
nsec From the relation ¢f TDMCU/TO’ we obtain P

DCMU _ DCMU
0.0638. Using Equation (6), we obtain

} 7
_ 6.57 x 10° § -1
kt = 0.375 X'——6T6€§§—— = 3.643 x 10 sec and
k= (= = -7 L ) = <O ;O ~ 3 é7) X lO9 seé.l
P ‘at non at MM ‘ .
= 2.303 x 10° sec © = 23.03 x 10° sec ™.
o 1 1 ' -
Similarly, k.= ( - —) = (1.030 - 0.065) x 109 sec L
H T T
at M. 0
= 9.65 x 10° sec T .
Thus, o, = e _ 3.643 x 10°
ket kgt R (0657 % 10%) + (9.650 x 10%) + 23.03 = 10°

_ 3.643

= 33.337 6.109

rom PS IT to PS I is approximately

Hy

Thus the efficiency of energy transfer

11% in Anacystis.
For Chlorella, we can assume that the S to M rise is also due to the
suppression spill over of emergy from PS II to PS I as manifested by an
accelerated rise of 02 evolution; this suggests a greater availabilit&
of photons to PS II reaction centers. " In our experiments the M/S ratio
ranged from 1.3 to 1.45. Using the M/S ratio of 1.4, we obtain a kt of
o ] .

2.17 x 10 sec_l and using the values of k., and kp as estimated by Mar
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et al. (45) @t to be 0.122 or 12.2%. Bonaventura and Myers (155) have
estimated a maximal variation By a; the fraction of quanta that appear
in PS II somewhere between 9 and 10%. Thus, our estimate of 11% for. the
spill over of energy from PS II to PS I seems to be very close to their
yariability in'o. We realize that in all these calculationslwe have
assumed a total suppression of spill over of photons which is not

necessarily true. In other words, that estimated kt values are slightly

P

lower than the actual values.
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