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Bicarbonate~reversible inhibition of the electron acceptor
side of photosystem II (PS II), but not of photosynthetic bacteria,
has been known for a long time. In formate treated thylakoids, the
[Qs"] decays show a larger slowing down after the second and
subsequent flashes than after the first flashf This suggests a
blockage of protonation that stabilizes Q; .

Measurements o©of the initial binding rate constant of
formate/formic acid, when one of the two (HCO,”/HCOOH) equilibrium
species is kept constant by changing the pH of the medium, suggest
that acid, not the anion, is the binding species. This conclusion
is also consistent with the preliminary data on the observed pH
dependence of the binding of (halogenated)-acetates as well as
(methyl)acetates.

Several halogenated acetates increase the lifétime of the Q)
reoxidation by Q;/0;” as well as the equilibrium [Q,"]. These effects
are reversed, in different degrees, upon the bicarbonate addition.
The inhibitory activity on the Q,-to-Q;" electron transfer
decreases, whereas the bicarbonate reversibility increases in the
following order: (1) trichloroacetic acid > dichloroacetic acid >
monochlorcacetic acid > acetic acid; (2) monobromoacetic acid >

monochloroacetic acid > monofluorcacetic acid > acetic acid.

Trichloroacetic acid, with a log P (partition coefficient) of 1.54
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and a dipole moment of 2.12 Debye, almost totally blocks the Q.
reoxidation just as DCMU does. A correlation between the inhibitory
activity and the geometry as well as the hydrophobicity of the
inhibitors is observed, demonstrating the importance of the CX;
group of these chemicals in affecting the plastoquinone reduction.
Furthermore, monochloroacetic acid, with an asymmetric chlorine
atom, a log P of 0.32 and a dipole moment of 3.25 Debye, converts,
in a bicarbonate-reversible manner, the flash number dependence of
[0,"] with the maxima occurring at even to that at odd flashes. This
apparent stabilization of Q,°, caused by MCA, is explained by a
combined effect of the shift of the Q{QB<—;>QAQ;' equilibrium

towards [Q,”] and an increase of the ratio of Qg to Qz in dark.
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CHAPTER I. INTRODUCTION

A. Background of Photosystem II (PS II)

The conversion of light energy into chemical energy is one of
the fundamental processes of life. In oxygenic photosynthesis,
absorbed light energy is used to transfer electrons from water to
C0,, with the concomitant release of O, and production of
carbohydrate (CH,0). Two photosystems and two light reactions (I
and II) are required for this process to be completed. In this
thesis, we focus on photosystem II (PS II), the water-plastoquinone
oxido-reductase. The ultimate important oxidation product, oxygen,
is a byproduct of the oxidation of water molecules in this system.
The reductant produced by PS II is plastoquinol and as, we shall
see later, it is the reduction of plastoquinone that is of interest
to my work. A schematic model of the PS II reactions, along with
the associated PS I, is presented in Fig. 1l.1.

The PS II reaction center complex of higher plants (see review
in Vermaas and Ikeuchi, 1991) is composed of, among others, three
well known proteins D1, D2 and cytochrome (Cyt) b559. The D1 and D2
proteins bind all of the cofactors involved in photochemical charge
separation. Photoexcitation of the PS II reaction center complex
(D1/D2/Cytb559) creates oxidized reaction center chlorophyll a,
P680" (E,, = + 1.12V, Jursinic and Govindjee, 1977; Klimov and
Krasnovskii, 1981), and reduced pheophytin within 3 ps (Wasielewski
et al., 1989%a,b). The charge separation is stabilized by transfer

of the electron first to a one-electron acceptor plastoquinone, Q,,
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Fig. 1.1. A diagram showing the primary photochemical reactions and
electron flow pathway in oxygenic photosynthesis. Dashed lines
encircle the components of the two multiprotein reaction center
complexes, located in the thylakoid membrane. Electron flow is
initiated when photons excite the reaction center chlorophyll a
P680 (in PS II) and P700 (in PS I) and/or when excitons from the
antenna pigments reach these centers. P680° and P700° indicate the
first singlet excited states of P680 and P700. The first reaction
of P680" is the conversion of excitonic energy into chemical energy
(charge separation). This involves the formation of the cation
P680* and the anion pheophytin~ (Pheo™) within 3 ps. The P680*
recovers its lost electron from 2 (tyrosine-161 of the D1
polypeptide of PS II). The positive charge on 2 is then transferred
to an Mn-complex located on the lumenal portions of the D1 and D2
polypeptides of PS II. The Pheo” delivers the extra electron to a
bound plastoquinone electron acceptor Q,. The reduced Q, transfers
its electron to another plastoquinone electron acceptor Qg
strongly bound only in its semiquinone form Q. After two turnovers
of the reaction center P680, Q,H, exchanges with the plastoquinone
(PQ) pool. After four turnovers of the reaction center P680, the Mn
complex accumulates four positive charges and oxidizes H,0 to
molecular 0, and releases 4 H's. Plastoquinol formed in PS 1II
reduces oxidized P700 (P700*), formed in PS I, via several
intermediates. CP-47, CP-43, LHC-II and CP-29 are pigment-protein
antenna complexes of PS II. The role of cytochrome b559 is unknown.
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via pheophytin, and then to Q, a two-electron acceptor
plastoquinone. The Q, operates as a two—electron gate (see g.d.
Velthuys and Amesz, 1974; Wraight, 1981, 1982). After the initial
photoreaction, a tightly bound semiquinone Qp” is formed. A second
photochemical reduction of Q, then reduces Qz to plastoquinol (QgH,),
which has a weaker binding affinity to the Q, site and is displaced
within milliseconds by a plastoquinone (PQ) molecule in the PQ
pool. The exchange of plastoquinol regenerates the oxidized Qy and
thus completes the photochemical cycle (see e.g., Crofts and
Wraight, 1983; Robinson and Crofts, 1984; Rich and Moss, 1987). The
cycle then repeats itself again with a periodicity of two. These
reactions in PS II can be summarized as follows, Jjust as in
photosynthetic bacteria (Takahashi and Wraight, 1991):
hv K,
first flash: QAQB——-->QA‘QB<—-——:>QAQB‘(H’) (1.1)
" )(stable)
Q QH,
. o hv o K, \.5
second flash: Q,0, (H") <-—-->0,7Q," (H )<——:—>QAQBH2— —===>0,0; (1.2)
" (unstable)
Here, K, and K, represent equilibrium constants.

The two protons required for the production of plastoquinol
appear not to come directly from the external aqueous phase
(Auslander and Junge, 1974). Crofts et al. (1984) proposed for PS
II, as already suggested by Wraight (1979) for the Q,Q; complex of
photosynthetic bacteria, that an amino acid residue near Q; must be
protonated to stabilize Qg before Q,” can accept a second electron

from Q,”. Furthermore, the pKa of this group appears to shift from

3
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about 6.4 to approximately 7.9 when Q; is reduced to Qp°; the
oxidation of Q,- by Qp is slowed down when this group is
unprotonated (Robinson and Crofts, 1984). The protonation of Q,” was
suggested to be the rate-determining step in the reduction of
plastoquinone to plastoquinol above pH 7.9, the pK of the state
Q05" -

The crystallization and X-ray diffraction analysis of the
reaction center (RC) complex of the photosynthetic purple bacteria,
along with the realization that there is an extensive functional
and structural homology between RC’s of PS II and from purple
bacteria, allowed investigators to obtain a better insight into the
mechanism of action of PS II (Deisenhofer et al., 1985; Trebst,
1986; Michel and Deisenhofer, 1988). A binding domain for Q, was
determined to be in a cleft of D1 subunit (equivalent of the L
subunit of photosynthetic bacteria), that spans the thylakoid
membrane in five hydrophobic o-helices; the amino acid 1loop
connecting the fourth and fifth transmembrane helices was suggested
to contain the Q binding site (Trebst, 1986). On the other hand,
Q, was suggested to be bound on the D2 subunit that is equivalent
of the M subunit of photosynthetic bacteria (see e.g., Barber,
1987), and the non-heme iron was suggested to be equidistant
between Q, and Q,. The suggested Q, binding site brings it within
the magnetic influence of the non-heme iron.

In photosynthetic bacteria, the Q; binding site appears to be
more polar than the Q, binding site with several ionizable residues

located nearby (Allen et al., 1988). Polar residues appear to form
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part of a chain to conduct protons from the cytoplasmic surface to
the Q site (Allen et al., 1988). L-E212 and L-D213 (glutamic acid

212 and aspartic acid 213 on the L-subunit) in Rhodobacter sphaeroides

(Paddock et al., 1989) and D1-H252 (histidine 252 on the D1
subunit) in PS II (Crofts et al., 1987; Blubaugh and Govindijee,
1988a) were suggested to be involved in the access of protons. L-

E212 and L-D213 in R. sphearoides are two polar residues in the binding

site of Qy. Using single and double site-directed mutants of L-E212

and L-D213 in R. sphaeroides, Takahashi and Wraight (1990, 1991, 1992)

have suggested the important role of both L-E212 and L-D213 in the
protonation reactions leading to ubiquinol formation.

PS II inhibitors such as DCMU, atrazine (a triazine) and o-
phenanthroline are known to compete with plastoquinone for binding
at the Q, site (Velthuys, 1981, 1982; Wraight, 1981, 1982; also see
Diner et al., 1984). Resolution of the crystal structure of

Rhodopseudomonas viridis reaction center indicated that this type of

competition occurs in the binding of the bacterial inhibitors and
the ubiquinones at the same site (Michel et al., 1986). In PS II,
the inhibitor binding displays a multiplicity of binding sites
(Oettmeier, 1992). Although DCMU and o-phenanthroline induce the
appearance of a strong axial component (g = 6.0) of the Fe(III) EPR
signal in spinach PS II membranes (Diner and Petrouleas, 1987a),
atrazine produces nearly no modification of this signal, suggesting

different binding environments for different herbicides.
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Two wunusual PS II characteristics suggest significant
structural differences between the quinone-binding regions in
reaction centers from oxygenic plants and cyanobacteria and those
from anoxygenic photosynthetic bacteria: (1) a presumed requirement
for bicarbonate to achieve maximal rates of electron flow in normal
PS II of plants (see Blubaugh and Govindjee, 1988a) and of
cyanobacteria (Cao and Govindjee, 1988; Nugent et al. 1988) but not
in photosynthetic bacteria (Shopes et al., 1989; Govindjee, 1991;
Wang et al., 1992) and (2) an oxidation of the non-heme iron, which
is able to act as an additional electron acceptor (Q400), is seen
only in PS 1II (Petrouleas and Diner, 1986; Zimmermann and
Rutherford, 1986; Diner and Petrouleas, 1987a,b), but not in
photosynthetic bacteria (Beijer and Rutherford 1987).

We shall now discuss the presumed requirement of bicarbonate
on the electron acceptor side of PS II. It manifests itself through
a unique bicarbonate-reversible inhibition of PS II reactions by
formate, nitrite, NO etc. (see reviews by Govindjee and Van Rensen,
1978; Govindjee and Eaton—-Rye, 1986; Blubaugh and Govindijee, 1988a;
Diner et al., 1991; Govindjee, 1991; Van Rensen, 1992; Govindijee

and Van Rensen, 1982).

B. Background for the Bicarbonate Effect in PS II

Warburg and Krippahl (1958, 1960) discovered a stimulatory
effect of CO, on the Hill reaction. This effect is located on the
PS II reactions (see Govindjee and Van Rensen, 1978). There is a

major effect on its electron acceptor side (see Blubaugh and
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Govindjee, 1988a) although effects on its donor side cannot be
discounted (see Stemler, 1982). Treatment of thylakoids with anions
such as formate at low pH results in decreased Hill reaction
(Stemler and Govindjee, 1973) and in slowing of electron flow
between Q, and the plastoquinone pool (Govindjee et al., 1976;
Jursinic et al. 1976; Siggel et al., 1977), which can be reversed
by the addition of bicarbonate. Bicarbonate is unique in the sense
that it is the only ion that can restore the activity (see e.g.
Good, 1963).

Several observations show that a major bicarbonate-reversible
formate effect exists on the electron acceptor (Q,-Fe-Q;) side of
PS II in the D, and D, proteins of RC II.

(1) There is a dramatic bicarbonate-reversible inhibition,
particularly after the second (or third) and subsequent flashes, of
the reoxidation of the reduced primary quinone acceptor of PS II,
Q,”, as measured by the chlorophyll (Chl) a fluorescence yield decay
(Govindjee et al., 1976; Eaton—-Rye and Govindjee, 1988a, b), or by
the absorbance change at 320 nm (Farineau and Mathis, 1983) in the
presence of formate.

(2) Light-induced EPR signals in the g=1.6 to g=8 region,
attributed to magnetic interactions between semiquinone forms of Q,
and Qz, and the non-heme iron of the acceptor complex (Q, Fe’ Qg”, Q.
Fe?, Q,Fe? and Fe’") (Vermaas and Rutherford, 1984; Bowden et al.,
1991; Hallahan et al., 1991), and the Mossbauer spectra of the non-

heme Fe?' (Diner and Petrouleas, 1987b; Petrouleas and Diner, 1990;
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Semin et al., 1990), are drastically altered by formate, NO and
bicarbonate.

(3) The binding of several herbicides (urea, triazine and
phenol-type herbicides), known to interact with the Qz-binding
protein D1, is drastically affected by the presence of bicarbonate

and vice versa (Khanna et al., 1981; Van Rensen and Vermaas, 1981).

Urea, triazine and phenol-type herbicides decrease the apparent
affinity of the thylakoid membrane for bicarbonate (Van Rensen and
Vermaas, 1981; Van Rensen, 1982; Vermaas et al., 1982; Snel and Van
Rensen, 1983). On the other hand, formate treatment, now known to
remove CO, (Govindjee et al., 199la), alters the binding of
herbicides (Khanna et al., 1981).

(4) Furthermore, a triazine-resistant mutant of Amaranthus

hybridus (in which S-264 of D1 was changed to glycine) showed a two
fold increase in the dissociation constant of bicarbonate (Khanna
et al., 1981l). Recent studies on several herbicide-resistant D1

mutants of the cyanobacterium Synechocystis 6714 (Govindjee et al.,
1990) and of the green alga Chlamydomonas reinhardtii (Govindjee et al.,

1991b), altered in single amino acids on D1, demonstrate
differential, but bicarbonate-reversible, sensitivity to
subsaturating concentrations of formate.

As already mentioned, the bicarbonate effect has been well
established in PS II of higher plants and cyanobacteria, but not in
photosynthetic bacteria. Differences in the amino acid sequence of

the reaction center polypeptides of PS II and of bacterial reaction
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centers suggested to Michel and Deisenhofer (1988) that the
different response to bicarbonate depletion could be due to the
provision of the fifth and sixth ligands of the iron atom to
binding by the carboxylate group of a glutamic acid residue in

bacteria (M-E234 in R. sphaeroides) and the absence of this linkage in

PSII; in PSII this role might be filled by bicarbonate. However,
Wang et al. (1992), on the basis of studies on M-E234V, M-E234N and

M-E234G mutants of R. sphaeroides, have concluded that this glutamic

acid is not essential to normal functioning of bacterial reaction
center and that the role of bicarbonate is different from the role
of this amino acid. Thus, further research will be necessary to
ascertain the reasons for the differences between bacteria and PS
II.

Two major, non-exclusive, possible roles for bicarbonate in
the function and structure of the acceptor side complex have been
suggested:

(1) Bicarbonate may provide a ligand to Fe® in the Q,~Fe-Q,
complex and keep the D1-D2 proteins in their proper functional
conformation, thereby facilitating electron transfer from Q,” to Q,
or Qg°. Experiments with nitric oxide (NO), that binds to Fe?
(Petrouleas and Diner, 199%0), suggest (Diner and Petrouleas, 1990)
that bicarbonate binds to Fe?" in PS II. For other evidences, see
earlier discussion on p. 7, this thesis.

(2) Bicarbonate may promote protonation associated with PQ
reduction at the Q; site, which explains the larger bicarbonate-

reversible formate effect on Q, decay after the second and

9
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subsequent actinic flashes than after the first one (Eaton-Rye and
Govindjee, 1988a, b; this thesis). This latter concept is
reinforced by observations on the effects of formate or bicarbonate
on H' exchange related to PS II reactions (Khanna et al., 1980;
Govindjee and Eaton-Rye, 1986; Van Rensen et al., 1988). The
formate inhibition was suggested to destabilize Q,” by preventing
the protonation process possibly involving binding to D1-R252
(Crofts et al., 1987; Blubaugh and Govindjee 1988a).

Taking advantage of the consideration of HCO,"/CO, equilibrium,
Blubaugh and Govindjee (1986) showed that HCO,” is the active
species. By studying the pH dependence of the apparent rate
constants for formate binding, it will be suggested in this thesis
that formic acid, not formate, is the inhibitory binding species.
The implication of this observation is not yet fully resolved.

The above discussion has centered around the major role of
bicarbonate on the electron acceptor side of PS II. Although a
possible donor side effect has not been fully explored, yet certain
data on this point deserve mention. Mende and Wiessner (1985)

studied the bicarbonate effect in the green algae Chlomydobotrys stellata

and concluded that bicarbonate depletion affects the donor side of
PS II, the oxygen-evolving side. El-Shintinawy and Govindjee (1990)
observed a decrease in the rate of oxygen evolution and
simultaneous quenching of the variable chlorophyll (Chl) a
fluorescence of spinach 1leaf discs after short-term formate
treatment, suggesting an inhibition on the electron donor side of

PS II. However, the quenching of wvariable Chl a fluorescence was

10
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observed even in the presence of hydroxylamine, that blocks O,
evolution and donates electrons to PS II reaction center,
suggesting that there is a site of formate inhibition between the
hydroxylamine donation site (2) and Q, (see Fig.l1.1l). This effect
of formate inhibition was also observed by the author in

Chlamydomonas reinhardtii (see El-Shintinawy et al., 1990). Further

research is needed to explore the bicarbonate effect on the donor
side of PS II (see e.g., Stemler, 1982); it is, however, not the

major concern of my thesis.

C. Objective of this Thesis

Bicarbonate-reversible inhibition of the electron acceptor
side of PS II, but not of photosynthetic bacteria, has been known
for a long time. In this thesis, I have explored the inhibitor
binding niche on the electron acceptor side by using different
small weak organic acids with different sizes and hydrophobicity.
Good (1963) had already found that treatment with small monovalent
anions (e.g., formate and acetate) increases the dependence of the
Hill reaction of thylakoids on bicarbonate. To this list was added,
among others, nitrite (see e.g., Eaton-Rye et al., 1986) and azide
(Cao and Govindijee, 1990b). Here, I have focussed on formate
(Chapters III, IV and VIII) and introduced various halogenated
acetates (tri-, di- and monochloroacetate; monobromo- and
monofluoroacetate; Chapters V and VI) because of their different
size and hydrophobicity. Preliminary data on other chemicals will

also be presented for comparison (Chapter VII).

11
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Although it was known that the electron transfer at the Q,~Fe-
Qs complex of PS II is significantly and reversibly inhibited by
the addition of anions, nothing was known about the kinetic
property of formate binding at its binding site and the competitive
mechanism of formate/bicarbonate. My first objective was to obtain
kinetic parameters of formate binding. When the initial binding
rate of formate/formic acid was analyzed, an obvious pH dependence
of the inhibition of Q,” oxidation was seen. My results suggest that
formic acid, not formate, is the binding sbecies (Chapter IV). In
order to obtain further support for the hypothesis that the acidic
form is the binding species, several weak organic acids
(halogenated acetic acids) were investigated. All of them were
found to inhibit the electron flow in the Q,-Fe-Q, complex of PS II
and the inhibition was pH dependent as that shown for formate
(Chapter V). Thus, I suggest that the acidic forms of weak acid
inhibitors are the active species.

An interesting hierarchy of the inhibitory effects of
trichloroacetic acid, dichloroacetic acid, monochloroacetic acid,
monobromoacetic acid and monofluorocacetic acid on the Q,~Fe-Q,
reaction was observed (Chapters V and VI). Furthermore, this
inhibition was reversed, but in different degrees, upon bicarbonate
addition. The observed correlation between the inhibitory activity,
the bicarbonate-reversibility and the geometry as well as the
hydrophobicity of the inhibitors demonstrated the importance of the
CX,; group of these chemicals in affecting plastoquinone reduction

and the equilibrium between Q, Q0,<-->Q,Q0:,". I mention just two

12
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examples. Trichloroacetic acid, that has a hydrophobic constant (m)
of 1.87 and a dipole moment of 2.12 Debye, not only blocks
drastically the reoxidation of Q,”, but dramatically shifts the
equilibrium towards Q,”. Here, the bicarbonate-reversibility is low.
Monochloroacetic acid, that has an asymmetric chlorine atom, a
hydrophobic constant (%) of 0.65 and a dipole moment of 3.25 Debye,
affects, in a bicarbonate-reversible manner, the two electron gate
of PS II by converting the flash number dependence of [Q,”] with the
maxima occurring at even to that at odd flashes. This apparent
stabilization of Q,7, caused by MCA, can be explained by a combined
effect on the Q,0s<-->Q,0;” equilibrium and a change in the Qz/Qj
ratio.

Additional, but preliminary, extension of my work to
inhibitors (such as propionic acid and trimethylacetic acid) on the
Q,~Fe-Q, reaction is presented in Chapter VII. A brief comment on
the effect on the donor side of PS II is presented in Chapter VIII.
Finally, in Chapter IX, I have provided a summary and a general
discussion of my thesis work in the context of the Q,-Fe-Q, binding
niche in the D1 and D2 proteins.

[Three appendices contain additional work done during my
tenure as a McKnight student in the laboratories of Profs. Jack
Widholm and Govindjee. Appendix A and B, that is not directly
related to the theme of the present thesis, is by itself of
significance since it deals with the first time culturing and
characterization of five new photoautotrophic suspensions of

various higher plant species, including two C4 species. Appendix C
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contains an attempt to measure Chl a fluorescence of spinach
thylakoids by flow cytometry. The usefulness of this method for
selecting cell 1lines and mutants needs further study. These
appendices are presented here, at the suggestion of my advisor

Prof. Govindjee, for completeness of my work at UIUC, Urbana.]

14
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CHAPTER II. MATERIALS AND METHODS

A. Isolation of Spinach Thylakoids

Spinach (Spinacia oleracea) leaves were obtained from a commercial

source. Selected young leaves were used to obtain thylakoids as
described by Eaton-Rye and Govindjee (1988a). Leaf segments were
ground in a medium containing 400 mM sorbitol, 50 mM NaCl, 1 mM
EDTA (ethylenediaminetetra-acetic acid) and 50 mM Hepes (pH 7.8)
for 5 seconds in a Waring blender. The resultant homogenate was
filtered through 6 and then 12 layers of cheesecloth. The filtrate
was then spun at 5,000 x g for 1 minute, which included the
acceleration time, to remove any remaining debris. The filtrate of
this step was then spun at 5,000 x g for 10 minutes. After
discarding the last supernatant, the pellet was resuspended and
osmotically shocked in a medium containing 50 mM NaCl, 5 mM MgCl,
and 10 mM Hepes (pH 7.8). The suspension was then spun again at
5,000 x g for 10 minutes and resuspended in 0.4 M sorbitol, 15 mM
NaCl, 5 mM MgCl, and 20 mM HEPES (pH 7.8). The suspension with 1 mM
Chlorophyll was frozen rapidly and stored in liquid nitrogen (77K).
It was thawed immediately prior to use. All isolation procedures
were carried out at 0-4°C.

Chlorophyll concentration was spectrophotometrically
determined in 80% acetone (v/v) extracts of thylakoids, as

described by Porra et al. (1989).
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B. Growth of Chlamydomonas reinhardtii Cells
Chlamydomonas reinhardtii cells were grown anaerobically in a Tris-

Acetate culture medium (tris-acetate buffer 17 mM, pH 7.3; and 1 mM
potasium phosphate, pH 7.0; see Gorman and Levine, 1965) at 25°C.
During growth, the cell culture was placed in 125 ml flasks on a
gyratory shaker under continuous illumination from 8 daylight
fluorescent lamps (15 W) and one tungsten lamp (15 W) (Shim et al.,
1990) . After four days, dark green cells were collected for assays.
Thylakoid isolation was made as described by Diner and Wollman
(1980). The description under this section and in the sections
below (C-F) is based on our description in El-Shintinawy et al.

(1990) .

C. Formate Treatment of Chlamydomonas reinhardtii Cells

Formate treatment of cells was carried out as described by
Eaton-Rye and Govindjee (1988a,b) for higher plant thylakoids.
Samples, containing 250 puM Chl, were incubated in the dark for 60
minutes in a CO,-free treatment buffer under a stream of N, (80%)
and 0, (20%), which had passed through a column of soda-lime and
ascarite to facilitate the removal of any trace of CO,, and through
a water column to prevent evaporation of the sample. A major
modification in this study was that a half-diluted culture medium
(containing 0.6 mM acetate) was used as a CO,~depletion medium
after the addition of 25 mM NaHCO, and the pH was lowered to 5.8 to

enhance the effect under investigation. Usually, for long-term
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formate treatment, Chlamydomonas cells are incubated for 3 hours at

20°C in the above medium under constant flow of N, gas over, not
in, the medium. However, we used mostly short~term treatment which
was carried out by the infiltration of the freshly harvested cells
in the CO,~depletion medium under gentle vacuum (about 1 kPa) for
5 minutes. The cells were then resuspended, before measurements, in
the half-diluted tris-acetate-phosphate medium with or without 25
mM NaHCO, at a pH of 6.5 or 7.5. Bicarbonate-restored samples were

prepared by adding 2.5 mM NaHCO, to the formate treated samples.

D. Heat Treatment of the Cells

Mild heating was done at 45° for 3 minutes; 10 mM freshly
prepared hydroxylamine (pH was adjusted to 7.3) was used, when
needed, as an artificial electron donor to PS II. The time of

treatment with hydroxylamine was 5 minutes.

E. Measurements of Oxygen Evolution

Oxygen evolution rates were determined polarographically by
using a Yellow Spring Instrument Clark-type electrode.
Illumination was provided by a Kodak Carousel 4200 slide projector
equipped with a Corning CS3-68 yellow filter. A 1 mM 2,5-dimethyl-
p-benzoquinone (DMQ) was used as an artificial electron acceptor
and 1 mM ferricyanide was used to keep DMQ in the oxidized state.
The 0.5 uM 2, 5-dibromo-6-isopropyl-p-benzoquinone (DBMIB) was used

as an inhibitor of electron flow between photosystem II and I
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(Trebst et al., 1970). A Chlamydomonas cell suspension containing 20

g Chl/ml was used for the oxygen evolution measurements.

F. Measurement of the Chlorophyll (Chl) a Fluorescence Transient
Chl a fluorescence transient measurements were made by using
a home-built spectrofluorometer, as described by Blubaugh and
Govindjee (1988b). The exciting light was provided by a Kodak 4200
projector with the light filtered by two Corning filters (a blue CS
4-76 and a yellow CS 3-73). Fluoréscence emission was detected,
with a slit width of 3.3 nm, by a S-20 photomultiplier (EMI 9558B)
through a Bausch and Lomb monochromator, protected from the
exciting light by a red Corning CS 2-61 filter. The photon flux
density at the sample was 40 umoles m?s™'. Signals were stored and
analyzed by a Biomation 805 waveform recorder and an LSI-11

computer.

G. Measurement of the Decay Kinetics of Chl a Fluorescence by Using
the Double Flash Technique

To monitor the redox state of Q,, Chl a fluorescence yields
after single-turnover saturating flashes (EG & G FX-124 flash lamp,
2.5 Uus duration) were measured by an instrument described elsewhere
(Eaton-Rye and Govindijee, 1988a; for earlier instruments, see
Delsome, 1971; Jursinic et al., 1976; Robinson and Crofts, 1983).
Using weak measuring flashes, the initial "O" (or F,) level of Chl
& fluorescence yield of 5 min dark-adapted thylakoids, and the

decay of the variable (F,) fluorescence, after saturating flashes,

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



were measured at 685 nm, using a 10 nm bandwidth interference
filter, by a photomultiplier (EMI 9558). The measuring flash was
fired at a computer programmed time after each saturating actinic
flash; the kinetics of Chl a fluorescence decay was derived from
these measurements. Both the actinic and measuring flashes were
filtered with Corning blue CS 4-96 glass filters; and the
photomultiplier was protected by the Corning red CS 2-61 filter.
The F, measures the yield when all of the Q, is in the oxidized
state (see, e.g9., Cao and Govindjee, 1990b), and the decay of F,
reflects the reoxidation of Q,” to Q,. For the above measurements,
thylakoids, containing 10 uM [Chl], were suspended in 0.4 M
sorbitol, 50 mM NaCl and 2 mM MgCl, (Eaton-Rye and Govindjee
1988a). Eighty MM quinhydrone was added , whenever specified, to
the sample to keep all Q, in its oxidized state. The pH of the
suspension was adjusted by using 20 mM MES (from pH 5.5 to 6.5) or

20 mM HEPES (from pH 7.0 to 7.5).

H. Calculation of the Concentration of Q,”

The concentration of reduced Q, was estimated from the above
Chl a fluorescence yield data by using the following equation
(Joliot and Joliot, 1964; see Mathis and Paillotin, 1981):

[F(t) = Fol/[Frx = Fol = (1 —-p)a/ (1 - pq) (2.1)
where F(t) is the Chl a fluorescence yield at time t, F, is the
fluorescence yield when all Q, is in the oxidized state, p is the
connection parameter or the probability of the intersystem energy

transfer and g is the fraction of the closed PS II reaction centers
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(i.e., g = 1, when [Q,7] is maximum). Here p was taken as 0.5
(Joliot and Joliot, 1964, also cf. Crofts et al., 1984) for
calculation of [Q,"] in this study. Therefore, q, the relative

concen;fation of Q,, can be represgnted by the following formula:

q = [F(t) - Fo]/{ (Fxnax - Fa) - O'S[Fmax - F(t)]} (2-2)

I. Fitting of [Q,"] Decay Into Exponential Decays

The fitting of the [Q,”] decay data into three (and sometimes
four) exponential decays was carried out by the GLOBALS UNLIMITED™
global analysis softwére (Beechem et al., 1991). [Q,"] is given in
relative units with 1 being [Q,"].,, obtained in the presence of 6 uM
DCMU. Thus, the sum of the anaiyzed amplitudes (A’s) need not add

to 1 in our analysis.

J. Measurement of the Kinetics of Formate Binding in the Dark-
adapted Spinach Thylakoid Suspension

The kinetics of formate binding in the dark-adapted thylakoid
suspension was mgasured by monitoring Chl a fluorescence yield
changes after an actinic flash at various times after injecting a
known amount of formate (preadjusted to the pH of the suspension
medium) with a syringe. The decay of the Chl a fluorescence yield,
reflecting oxidation of Q,”, was significantly slowed only after the
second and subsequent actinic Zlashes (see Chapter III). Those
centers in which the Q,” oxidation was blocked were considered to
be formate bound. The concentration of formate bound PS II RC’s was
estimated from the fraction c¢f centers showing inhibited Q,

oxidation (measured as'above) after the addition of formate. Other

details are described under Chapters III and IV.
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K. Calculation of Molecular Geometries as well as the Dipole Moment

Molecular geometries as well as the dipole moment of acetic
acid and its chloride derivatives were calculated by using the MMX
molecular mechanics (forcefield), calculation method with the
PCMODEL molecular modeling program (Anonymons, 1990). MMX is a
subprogram of PCMODEL. The calculation was made in an apolar
solvent with a dielectric constant of 1.5 to minimize the energy of

the molecular model and to obtain an optimal geometry of the model.

L. Calculation of the Hydrophobic Constant (m) of Acetic and
Chloroacetic Acids

The equation given by Hansch (1969) was used in this thesis to
obtain hydrophobic constants (m):

n = log P, - log P, (2.3)

P, is the partition coefficient of the derivative of the molecule

and P, is the partition coefficient of the parent molecule.

M. Chemicals

MES, HEPES, monochloroacetic acid, dichloroacetic acid,
trichloroacetic acid, monobromoacetic acid, monofluoroacetic acid,
trimethylacetic acid, sodium azide and quinhydrone were purchased
from SIGMA; Sodium formate and sodium acetate from J.C. Baker; 1-
octanol, sodium cyanate and sodium thiocyanate from Aldrich; and
liquified phenol from Fisher Scientific. Reagent grade chemicals

were used without further purification.
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CHAPTER II1I. FLASH NUMBER DEPENDENCE OF THE DECAY OF [Q,"] UPON
FORMATE TREATMENT AND THE PROTONATION HYPOTHESIS
A. Introduction

The two-electron gate scheme, developed for anoxygenic
photosynthetic bacteria and for oxygenic PS II (for a review, see
Crofts and Wraight, 1983), can be easily modified to accommodate
formate binding at PS II RC. Both oxidized and fully reduced forms
of the secondary PQ acceptor (Q, or QgH,) bind loosely to the D1
protein of the RC II, whereas the semiquinone form, Q,7, binds
tightly. Complete reduction of the bound quinone, Q,, requires not
only two electrons but transfer of two protons to Qg?°. The QgH, thus
formed exchanges rapidly with PQ from the pool and completes the
electron flow at this site, the so-called "two electron gate". The
steps at which Q; protonation occurs in PS II are not really known.
Many inhibitors block the electron transport beyond Q, by competing
with Q, at its binding site (Velthuys, 1981, 1982; Wraight, 1981,
1982). However, we have assumed in this thesis that (bicarbonate-
reversible) formate and Qp bind independently of each other.

The flash number dependence of the halftime (t;) of the [Q,7]
decay in long-term (hours) formate-treated thylakoid changes with
medium pH (Eaton-Rye and Govindijee, 1988a). The t., reaches maximal
level after two flashes at pH 6.5. However, at pH 7.5 t,, reaches
a much higher maximal level and saturates after 4 - 5 flashes. This
was interpreted by a much slower Q,” oxidation rate at pH 7.5 after
two turnovers of the two-electron gate. Since the protonation of Qg

is suggested to become the rate-determining step in PQ reduction
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above 7.9 (Crofts et al. 1984), bicarbonate was assigned a role in
this protonation process (Eaton-Rye and Govindjee, 1988a, b).
However, a clear—cut mechanism of formate binding and its effect on
0,—-Qp reactions is still not available. Therefore, the objective of
this chapter was to reexamine the pH dependence of the so-called
"two-electron gate turnover" and its relationship with the
protonation of Qz-. For this purpose, we have (a) chosen a shorter
and a direct treatement with formate to avoid secondary effects of
the longer CO,-depletion procedure; (b) analysed the data in terms
of the effects on the rates of the reoxidation of Q. as well as the
equilibrium [Q,"}; and (c) measured the flash number dependence of
[Q,"] decay at several selected pH’s (5.5, 6.0, 6.5 and 7.5) in
formate treated (bicarbonate-depleted) and control (or bicarbonate
restored) spinach thylakoids. This has provided me with a better
insight into the problem than available from the earlier work of
Eaton-Rye and Govindijee (1988a,b). Our results suggest that formate
treatment hampers protonation of Qg since the [Q,”] decay is slowed
significantly after the second and subsequent flashes. Thus, I have
discussed a working model for formate binding.

The present chapter 1i1s based on a paper published by the
author (Xu et al., 1991); however, additional analysis has allowed

me to obtain a better understanding of the phenomenon studied.

B. Materials and Methods
Spinach thylakoids were isolated from market spinach as

described in Chapter II. Chl a fluorescence yield decay, monitoring
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[Q,"] decay, was measured and analyzed as also described in Chapter
II. Fifteen minutes dark-adaptation of thylakoids was used to
ensure that all of the Q, was in the oxidized state before
measurements began. The reaction medium contained 0.4 M sorbitol,
50 mM NaCl, 2 mM MgCl, and MES buffer for pH 6.5.

In contrast to the experiments of Eaton-Rye and Govindjee
(1988 a, b) where long-term formate treatment under CO,-depletion
conditions was used, we have simply added here formate in darkness

and measured the effects after 15 min incubation.

C. Results and Discussion

After the addition of formate to spinach thylakoids, the flash
number dependence of the Chl a fluorescence (Fv/Fo) yield decay,
reflecting the reoxidation of Q,” by 03/0Qs” and the equilibration of
Q. 0Qs<——>0,Q;", was measured, up to 8 ms. At the 3 pH’s (6.0, 6.5 and
7.5) examined, a moderate slowing of the Chl a fluorescence yield
decay was found following the first flash excitation of dark-
adapted thylakoids, but considerably greater slowing occurred after
the second and subsequent flashes (Figs. 3.1, 3.2 and 3.3). Without
any analysis of this data, these results are most economically
explained by suggesting that protonation is inhibited at the Q,
site since the electron flow from Q,” to Q (after the first flash)
is almost normal (see equations (1.1) and (1.2) in Chapter I). The
formate binding at the Q; site is, thus, suggested to restrict the

availability of the proton for the formation of the plastoquinol,
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Fig. 3.1. Effect of formate addition on the Chl a fluorescence
yield decay at pH 6.5 in spinach thylakoids. The number in each
panel refers to the actinic flash number. Open squares, samples
treated with 100 mM formate; closed circles, control. T, refers to
variable Chl a fluorescence yield, and F, to minimum Zluorescence
yield in weak 1light. The time for dark-adaptation and formate-
treatment was 15 min. The reactlon medium contained 0.4 M sorbitol,
50 mM NaCl, 2 mM MgCl, and MES buffer for pH 6.5. The addition of
20 mM bicarbonate totally restored the F,/F, decay to the control
level, '
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Fig. 3.2. Effect of formate addition on the Chl a fluorescence
yield decay at pH 7.5 in spinach thylakoids. The number in each
panel refers to the actinic flash number. Open squares, samples
treated with 100 mM formate; closed circles, control. F, refers to
variable Chl a fluorescence yield, and F, to minimum fluorescence
yield in weak light. Other experimental conditions are the same as
that in Fig.3.1. The addition of 20 mM bicarbonate totally restored
the F,/F, decay to the control level.
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Fig. 3.3. Effect of formate addition on the Chl 2 fluorgscence
yield decay at pH 6.0 in spinach thylakoids. The number in each
panel refers to the actinic flash number. Open squares, samples
treated with 100 mM formate; closed circles, control. F, refers to
variable Chl a fluorescence yield, and F, to minimum fluorescence
yield in weak light. Other expetrimental conditions are the same as
that in Fig. 3.1. The addition of 20 mM bicarbonate totally
restored the F,/F, decay to the control level.
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QgH,. The addition of 20 mM bicarbonate restored the variable Chl
a fluorescence decay to the control level at the 3 pH’s used
demonstrating the competition between formate and bicarbonate.

The effect of formate was, however, different at the three
pH’s. After flash 2, the slowing down of fluorescence yield decay
was much larger at 6.5 (Fig. 3.1) than at pH 7.5 (Fig. 3.2). This
is in apparent contrast with the previous results of Eaton-Rye and
Govindjee (1988a) who had used a long-term formate-treated
thylakoids. We have not attempted here to resolve this difference,
but, instead focussed on our simple system. In addition, another
complication was observed at pH 6.0: a rising phase in the Chl a
fluorescence yield at short time (< 500 pus) after the flash (Fig.
3.3). This increase is related to the additional formate effect
before Q, and will be discussed in Chapter VIII.

If the differences of the variable Chl a fluorescence decay
between formate—-treated and <control samples, Fo/F o tormace)
Fy/Focontroyr are plotted, a maximal increase is found after the
second and subsequent flashes at different pH’s (Fig. 3.4). The
fact that two actinic flashes produce the largest inhibitory effect
on the fluorescence yield decay is obvious at pH 6.0 (Fig. 3.4C).
However, the effects after flashes 4 and 6 are also high, and
within the errors, at both 6.0 and 6.5 (Figs. 3.4B and C). It is
difficult to decipher these differences at pH 7.5 as the effects
are rather small, but it seems that flash 2 does not produce the
maximum effect and the effect saturates at higher flash numbers.

This is reminiscent of flash number dependence of t;,, observed by
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Fig. 3.4. Time course of formate-induced change in the gield of Chl
a fluorescence in spinach thylakoids at 3 different pHs. A: at_pH
7.5; B: at pH 6.5; and C: at pH 6.0. The symbols in panel C define
the number of the actinic flash used. The data were calculated from

Figs. 3.1 to 3.3 by subtractind the yield of the control from that
of the formate treated sample.
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Eaton-Rye and Govindjee (1988a,b). In any case, the results can be
explained by assuming that formate binding limits the availability
of protons for the formation of QgH,. The H' binding has a
relatively weak effect on the kinetics and equilibrium of electron
transfer after the first flash (H. Robinson and Crofts, A.R.
personal communication), and, thus, our results on the absence of
a significant effect by formate treatment after the first flash is
consistent with this observation if protonation hypothesis is
invoked for the formate effect. We also note a decrease in F,/F, at
pH 6.0; this effect is due to an additional effect on the donor
side of PS II and will be discussed in Chapter VIII.

The requirement of at least two flashes for the increased
level of inhibitory action of formate was further analyzed by first
converting Chl a fluorescence yields into [Q,”]. The [Q,"] decay
involves multiple processes (see e.g. Crofts et al., 1984; Cao and
Govindjee, 1990b; Etienne et al., 1990). Results of the [Q,”] decay
can be quantified in terms of three major (fast, intermediate and
slow) exponential components. Their amplitudes (A, - A;) and
lifetimes (T, — T;) were obtained from the [Q,”] decays up to 1 s as
summarized in Tables 3.1 and 3.2 for pH’s 6.5 and 7.5 for flashes
1 - 5. The fast (subms) component reflects the average kinetics of
direct reoxidation of Q,” by Q; and by Q;” since no attempt was made
in these experiments to start from all Q, state. The intermediate
component (ms) reflects the [Q,"] equilibrium, partially controlled
by the movement of plastoquinone to PS II without bound Q,, and the

slow one (s) reflects the back-reaction between Qg  and different
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TABLE 3.1. Amplitudes (A) and lifetimes (T) of components of the Q"
decay after flashes 1-5, in control thylakoids at pH’s 6.5 and 7.5.
Chl a fluorescence yield decays were measured up to 1 s. Six UM
DCMU was added to obtain F,,, at t = 0 and to set [Q,]..x @at 1. This
analysis is based on one experiment only.

PH flash A, T, A, T, A, T,
number (us) (ms) (s) X?
1 0.49 410 0.10 5.7 0.15 2.4 0.44
2 0.51 560 0.08 4.1 0.17 3.7 0.38
6.5 3 0.45 600 0.10 2.5 0.16 3.1 0.74
4 0.42 420 0.22 1.2 0.14 3.0 0.60
5 0.40 330 0.23 1.3 0.17 3.4 0.50
1 0.32 120 0.38 0.53 0.23 1.0 0.69
2 0.35 440 0.29 1.1 0.21 1.2 0.62
7.5 3 0.32 370 0.30 0.89 0.21 1.4 0.31
4 0.34 310 0.38 1.0 0.18 1.6 0.51
5 0.37 300 0.28 0.93 0.22 1.3 0.51

TABLE 3.2. Amplitudes (A) and lifetimes (1) of three components of
the Q) decay after flashes 1-5, in 100 mM formate-treated
thylakoids at pH’s 6.5 and 7.5. For other details, see TABLE 3.1.
This analysis is based on one experiment only.

pH flash A, T, A, T, A, T,
number (us) (ms) (s) X?

1 0.38 1500 0.08 22 0.19 6.8 0.64
2 0.20 1700 0.21 14 0.26 3.2 0.57

6.5 3 0.23 1500 0.15 14 0.31 2.1 0.55
4 0.22 1100 0.21 13 0.28 2.4 0.40
5 0.23 1600 0.18 17 0.30 2.1 0.35
1 0.50 280 0.11 12 0.29 4.4 2.7
2 0.43 750 0.06 16 0.32 3.4 0.66

7.5 3 0.39 670 0.06 11 0.36 3.7 0.34
4 0.45 610 0.04 12 0.36 3.7 0.59
5 0.42 480 0.05 13 0.39 3.2 0.34
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S states of the oxygen evolving complex, particularly S,. A
combination of both amplitudes of the intermediate and the slow
components, A, + A,;, could be chosen to represent a quasi-steady-
state [Q,"] due to {Q,"] equilibria.

A general picture at the 2 pH’s used is as follows. In control
thylakoids and after one flash, 32% - 49% of the [Q,"] decay is
through the fast component (T, ranging from 120 to 410 us), 25 -
61% through the intermediate and the slow components (Table 3.1).
There is no definite flash number dependence observable in control
thylakoids in agreement with the observations in earlier
publications (see e.g. Eaton-Rye and Govindjee, 1988a,b).

After the second flash and at pH 6.5, the [Q,”] decay in the
formate incubated thylakoids demonstrates (Table 3.1) (1) an
increase in 1T, from 560 us to 1700 us; and (2) a decrease of A, from
0.51 to 0.20 and, thus, an increase in the ratio of A, to (4, + A,)
from 2 to 0.4. These results indicate (a) decreases in the rate
constants of the Q,” reoxidation by Q,/0,~ and (b) shifts of the
equilibrium Q,7Q,<-->Q,0,” towards the left. This effect is sustained
after second and subsequent flashes. At pH 7.5, however, there is
no significant large difference in either 1, or the ratio of A, to
(A, + A;). In view of the preliminary nature of this analysis,
further experiments and analysis are necessary to obtain
quantitative results.

The above analysis suggests that formate causes an increase of
the lifetime of Q,” reoxidation by Q" and shifts of the equilibrium

Q. Qs<——>0,0;~ towards the left after the second and subsequent
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flashes at pH 6.5. Our analysis shows the requirement of at least
two flashes for the full formate effect on both 1, and equilibrium
[Q,"] and is consistent with the previously suggested role for
bicarbonate in protonation since bicarbonate fully reversed all the
effects.

To check if the effects of 100 mM formate, observed here, are
due to surface potential changes, 100 mM of NaCl was added to
spinach thylakoid suspensions instead of Na formate in experiments
otherwise identical to those used in Fig. 3.2. No effect was
observed on the decay of [Q,7] after any of the six actinic flashes
(data not shown). Therefore, the effect observed on the addition of
Na formate cannot be attributed to changes in the surface potential

of thylakoids.

D. A Working Scheme for the Action of Formate at the Plastoquinone
Reductase Site

Figure 3.5 shows a simplified working scheme that explains the
formate effect (Figs. 3.1 to 3.4) on the two-electron gate in PS
II.

When the plastoquinone pool is oxidized, the total (T) amount
of the dark-adapted PS II RC’s in the thylakoid membrane, to which
formate (F) is added, is expected to be in one of the following
states: Q, (without Qg bound), Q,Q; (with Q; bound), FQ, (Q, with
formate bound) and FQ,Q; (Q, with both Q; and formate bound). The
formate-free and formate-bound RC’s can be represented as:

(RC] = [Qal + [QaQsl
= {1 + K,/[PQ]} [QaQs] (3.1)
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Fig. 3.5. A working scheme showing the formate/formic acid (F)
binding mechanism which affects the two-electron gate in PS II
reaction centers. Open arrows indicate photoreaction of Q,
following the first or second actinic flash. Solid arrows represent
equilibria for dark reactions involving (1) electron flow, (2)
binding of quinone or formate/formic acid and (3) the protonation
of reduced Q. K, is the dissocdiation constant for plastoquinone.
Kr and K./ are dissociation constants for formate in the Q; vacant
or in the Q, bound reaction center. The heavy cross implies a
possible site for the blockage of a protonation reaction.
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and [FRC] [(FQ,] + [FQaQs]

{1 + K,/ [PQ]} [FQaQsl (3.2)

where, ([PQ] is the invivo PQ concentration. [RC] and [FRC]

represent the concentration of formate-free and formate-bound PS II
RC’s respectively. The total amount of RC, [RC),, includes both
[RC] and [FRC]. Equations (3.1) and (3.2) imply that the

concentration of each form of RC (RC or FRC) can be directly
determined by the concentration of the Q; bound complexes (Q,Q, and
FQ.Qs), K, and [PQ]. In our scheme, we have two branches of electron
flow in the Q,-Fe-Qy complex: (1) without formate bound (front of
the scheme) and (2) with formate bound (back of the scheme). Open
arrows indicate reduction of Q, following the first or second
actinic flash. Solid arrows represent equilibria in dark reactions
involving electron flow, the binding of quinone or formate and
protonation. K, is the dissociation constant for PQ at the Q,
binding site and is assumed to be independent of formate binding.
Kr and K./ are dissociation constants for formate at the PS II RC
when Q, is absent and when Q, is bound, respectively. K, =
(FQ,Qs1/[F]1[QaQsl; Ky = [FQu]/[F][Q,]. The estimation of kinetic
parameters for formate binding at PS II.RC’s is based on the above

scheme.

The following assumptions were made in the derivation of
equations describing formate binding to PS II RC’s:
(1) k¢ and k_; are defined as the on-rate and off-rate binding

constants of formate at PS II RC’s; their ratio defines the
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dissociation constant of formate binding, K.. k. is a second-order
constant, whereas k_ is a first-order constant. We assume that the
dissociation constant of formate at PS II RC’s with vacant Q, site
and that with bound Q, site are equal, i.e., K. = K.. This means
that, unlike herbicides, the binding of formate does not compete
with PQ. The two types of centers are separate and formate does not
exchange rapidly between them. For the same reason, K,, the
dissociation constant of PQ or PQH, for the Q, binding site, is
assumed to remain unchanged in the formate binding process.

(2) Compared to the rates of the reduction of Q,, the electron
transfer from Q,” to Qg or Qy, the binding of Q; at its binding site
and the protonation of reduced Q,, formate binding is assumed to be
relatively slow. Therefore, the concentration of [FRC] is
determined only by the formate binding process, and other reactions
mentioned above can be assumed to be at their equilibrium poise.
Furthermore, the rate of formate binding is very slow even when
compared with the dark interval (1 second) between two actinic
flashes, so that the fraction of formate bound centers does not
change during the period between the last actinic flash and the
assaying flash sequence.

After the first actinic flash, all of the PS II RC’s have
transferred one electron to form Qg in most centers. We suggest
that the protonation of Q" is drastically reduced in the formate-
bound PS II RC’s (see bold cross in Fig. 3.5). Therefore, although
the second photoreaction can take place in the formate bound PS II

RC’s and FQ,"Q3~ can form, further reoxidation of Q,~ will be
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hampered after the second flash since protonation is needed for
plastoquinol (QgH,) formation. This brings about the large increase
of the Chl a fluorescence yield measured, for example, at 1 ms
after the second actinic flash. We shall use the fluorescence yield
at 1 ms after the second flash to calculate the fraction of the
formate-bound PS II RC’s in Chapter IV. The protonation steps
during QgH, formation in PS II have not yet been deciphered. From
our present results we cannot decide whether the first or the
second or both protonation steps are hindered in formate-bound
RC’s.

The above description fits well with the results at pH 6 and
6.5 (Fig. 3.4). However, results at pH 7.5 are difficult to
understand because even in untreated thylakoids (Table 3.1) the
lifetime of Q, reoxidation is somewhat smaller at alkaline than at
the acid pH. Perhaps, one can invoke other factors in explaining

these results (see e.g., Eaton—-Rye and Govindjee, 1988a).

D. Conclusion

In this chapter, we have provided a working scheme for formate
binding at the electron acceptor side of PS II RC. I will use this
scheme to derive equations, which describe the binding of formate
to its binding site in Q,~Fe-Q, complex in Chapter IV. Furthermore,
results presented here strongly support the protonation hypothesis
for the bicarbonate-reversible formate effect at the Q,-Fe-Q;
complex of PS II. Future experiments will help us to understand the

relationship between the binding species and the protonation steps
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leading to QgH, formation, and to refine the scheme for the action

of bicarbonate-reversible inhibitors.
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CHAPTER IV. KINETIC CHARACTERISTICS OF FORMATE/FORMIC ACID
BINDING AT THE PLASTOQUINONE REDUCTASE SITE SUGGESTS THAT FORMIC
ACID IS THE ACTIVE SPECIES

A. Introduction

The requirement for CO, in the Hill reaction was originally
thought to indicate an involvement of CO, in the O, evolution
(Warburg and Krippahl, 1958, 1960; see Warburg, 1964). Good (1963)
was the first to critically examine the effect of various anions on
the bicarbonate dependence of the rate of the Hill reaction; he
found that small monovalent anions increased the dependence of the
Hill reaction rate on bicarbonate in chloroplasts. Particularly
effective were formate and acetate, which suggested that the
bicarbonate ion, not C0,, is the important species. Stemler and
Govindjee (1973) took advantage of this suggestion to obtain
reproducible large bicarbonate dependence of ferricyanide or 2,6-
dichlorophenolindophenol reduction by treating isolated thylakoids
with formate or acetate at low pH and high salt concentration in a
CO,~free atmosphere. Depending upon the pH dependence of the ratio
of bicarbonate to CO, at equilibrium, Blubaugh and Govindjee (1986)
discovered that the Hill reaction rate is stimulated in direct
proportion to the equilibrium bicarbonate concentration, but is
independent of the equilibrium CO, concentration. It was, thus,
suggested that bicarbonate is the binding species to the effector
site.

In this chapter, kinetic characteristics of formate binding

are studied at the plastoquinone reductase site. A pH dependence of
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the on-rate constant and the initial binding rate of formate is
obtained. This leads to a new insight into the binding species
problem. Our data suggest that formic acid, not formate, may be the
active species. Thus, [uM], not [mM], of the inhibitor may be
effective at the plastoquinone reductase site.

Data described in this chapter is based on a recent paper of

the author (Xu et al., 1991).

B. Materials and Methods

The isolation of spinach thylakoids, the measurement of Chl a
fluorescence and the calculation of ([Q,”] were as described in
Chapter II. The largest increase of [Q,”] was found at 1 ms after
the actinic flash (see Chapter III). Therefore, the change of
(0271 (formatey — [Qa7](controny @t 1 ms was chosen to study the kinetic
characteristics of formate binding throughout our study. The dark-
adaptation time for thylakoids was 15 minutes. The reaction medium
contained 0.4 M sorbitol, 50 mM NaCl, 2 mM MgCl, and MES buffer at
PH 6.5.

On the basis of the assumptions of the working scheme shown in
Fig. 3.5 in Chapter III, we equate the formate bound reaction
centers detected after the second flash with the fraction of
formate bound reaction centers before the assaying flash sequence,
so that [FRC] = [FQ,Q;"]. Changes in the concentration of the
formate bound PS II RC’s are given by Equation (4.1) and monitored

by the Chl a fluorescence yield after the second actinic flash:
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d{FRC]/dt

ke [F] [RC] - k_[FRC]

ke[F] ([RC]; = [FRC]) - k_[FRC] (4.1)
Under initial conditions, its normalized solution is
[FRC]/[RC]; = ke[F] (1 — exp{-(kp[F] + k)t})/ (ke[F] + k)
(4.2)

The time course of formate binding in line with Equation (4.2)
is obtained by plotting [FRC]/[RC], against time. [FRC]/[RC], will
reach a constant level when the incubation time is long enough. Its
first derivative is

d([FRC]/[RC] ) /dt = ky[Flexp{-(k:[F] + k_;)t}) (4.3)

The initial on-rate binding constant of formate,
{d([FRC]/[RC];) /dt} ., 1s equal to k.[F] when t approaches 0 and is
defined as C, which is dependent on the formate concentration in
the initial condition and is directly measured from the initial
slope of the time course. After plotting C against formate
concentration, k, is thereby determined, as defined.

The dissociation constant of formate, K., was calculated by
using the formate concentration and the ratio between formate bound
or unbound RC’s. This ratio was determined from the constant level
reached during the time course of formate binding. The off-rate

binding constant, k., was obtained from the ratio of k. and K.
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C. Results and Discussion
C.l. Determination of the rate constants for binding and unbinding,

and the dissociation constant of formate at the plastoquinone

reductase site

The time course of formate binding to spinach thylakoids at pH
6.5, as measured at different formate concentrations, is shown in
Fig. 4.1. At pH 6.5, the initial rate of formate binding increased
as the concentration of formate was raised. This result can be
explained by the second-order binding process indicated in Equation
(4.2). Furthermore, the higher plateau for [Q,”] at higher formate
concentration also agrees with Equation (4.2). Thus, our
experimental results are consistent with those for the binding
scheme in Fig. 3.5.

In Fig. 4.2, the initial on-rate binding constant of formate,
C, calculated from the slope of [Q,"] as a function of mixing time,
and at different pH values, was plotted against formate
concentration. The shape of the curves can be described by the
Michaelis—-Menten equation, implying a saturation effect. Although
the reasons for this saturation effect are not discussed here, it
may imply that it depends upon the binding equilibrium as well as
the characteristics of the binding site. C 4increased with
increasing formate concentration at all pH values (5.5-7.5)
examined (Fig. 4.2; Equation (4.3)). The initial slope of C,
reflecting the initial binding rate of formate when the formate
concentration approaches zero, was also dependent wupon the
suspension pH. Its value was relatively larger at lower than at the

higher pH’s. Since the second-order on-rate constant for formate
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Fig. 4.1. Concentration and time dependence of formate/formic acid
binding at pH 6.5, as measuréd by [Q,”] 1 ms after the second
actinic flash. Different symbols indicate the different
concentrations of added formate (see key in the panel). The other
experimental details were the same as in the legend of Fig. 3.1.
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Fig. 4.2. Concentration dependence of the initial rate constant for
formate/formic acid binding. The initial rate constant, C, was
calculated from the slope of {[Q,7] versus mixing time, for
formate/formic acid binding on formate concentration in spinach
thylakoids after the second ‘actinic flash. Different symbols
indicate the medium pH (see key in the figure). The other
experimental conditions were the same as in the legend of Fig. 3.1.
The number of experiments to obtain error bars was 4 to 6.
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binding, k;, is obtained from the initial slopes in Fig. 4.2, the
PH dependence of the initial slope of C also demonstrates the pH
dependence of k;, the on-rate binding constant of formate.

The dissociation constant, K;, was obtained under constant
binding condition. k., the first order rate constant for the
release of formate from its binding site, was derived from the
ratio between k; and K; in each case. The dissociation constant for
formate was calculated to be 94 mM at pH 6.5. The rate constants
for binding and unbinding as well as the dissociation constant of
formate are listed in Table 4.1. The on-rate binding constant of
formate, k;, was highly pH dependent (top panel of Fig. 4.3): it is
18, 14, 5.6, 1.7 and 0.50 107%s”'M! at pH 5.5, 5.7, 6.0, 6.5, and
7.0, respectively (Table 4.1): k; decreased with decreasing proton
concentration. However, the off-rate constant, k.., is independent
of pH. K; also shows a pH dependence. It changes from 12 to 260 mM

in the pH range of 5.5 to 7.5.

C.2. The binding species: formate or formic acid?

It has been tacitly assumed, thus far, that formate is the
binding species that produces bicarbonate-reversible inhibition of
electron flow between the Q, and PQ pool. However, the pH depen-
dence of the on-rate constant (top panel of Fig. 4.3) and of the
initial binding rate (Fig. 4.2) of formate leads to a new insight
into the binding species problem. In the medium, formate equilib-
rates with formic acid. The pK of formate is 3.75. In the 5.5 to

7.5 pH range, used in this study, the change of formic acid
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TABLE 4.1. The on-rate (k;), the off-rate (k) binding constant,
and the dissociation constant (K;) of the binding species
(considered to be formate here) in spinach thylakoids.

ke k_p K
PH n
107%s™IM™ 1072s7! mM
5.5 18 + 6 0.21 + 0.04 12 + 4 6
5.7 14 + 5 0.18 + 0.05 13 + 5 4
6.0 5.6 + 3.0 0.17 + 0.03 30 + 16 4
6.5 1.7 + 0.93 0.16 + 0.03 94 + 51 4
7.0 0.50 + 0.25 0.13 £ 0.01 260 + 130 4

n = number of experiments; + indicates standard error.

TABLE 4.2. The on-rate (k;), the off-rate (k_) binding constant,
and the dissociation constant (K;) of the binding species
(considered to be formic acid here) in spinach thylakoids.

kp k_r KF
pH n
s™IM™! 107%s™ uM
5.5 10 + 3 0.21 + 0.04 210 + 60 6
5.7 12 + 4 0.17 + 0.05 140 + 50 4
6.0 10 + 6 0.17 + 0.03 170 + 100 4
6.5 9.6 + 5 0.16 + 0.03 170 + 90 4
7.0 8.9 + 4 0.13 + 0.01 150 + 70 4

n = number of experiments; indicates standard error.

|+

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 30
- 420 =~
=
3k .
N
=
- 410
A o §
o 2
=
xl =
s
3r 120 -
n

w
n
o0
o
)
)

70 75
pH

Fig. 4.3. pH dependence of the on-rate (k;) and the off-rate (k_)
binding constants when formate or formic acid is considered to be
the binding species. Top: after the second actinic £flash when
formate is considered to be the binding species. Bottom: also after
the second actinic flash, but when formic acid is considered to be
the binding species. Number of experiments to obtain error bars was
4 to 6. Open circles: k;; open squares: k_. :
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concentration with the pH change is far greater than that of
formate. At pH 6, 99.4% of the total amount of the two equilibrium
species is formate, changing only to 99.94% at pH 7.0. It is
obvious that the change in formate concentration is negligible when
the medium pH changes from 5.5 to 7.5. In contrast, the change in
formic acid concentration is highly dependent on the medium pH in
the pH range of this study. Results (Fig. 4.2 and the top panel of
Fig. 4.3), showing the pH dependence of the initial on-rate binding
constant, C, and the second order rate constant, k., imply that
formic acid, rather than formate, may be the binding species in PS
ITI.

Since formic acid, not formate, appears to be the binding
species, all of the data in Table 4.1 were recalculated using the
concentration of formic acid. Using the pK value of formate (3.75)
and the medium pH, the ratio between concentrations of formate and
formic acid was derived. At pH 5.5, 6.0, 6.5 and 7.0, the concen-
tration of formate is 56, 178, 563 and 1778 times the concentration
of formic acid, respectively. The actual concentration of formic
acid was calculated and replaced with that of formate in previous
[F] in all calculations. New results listed in Table 4.2 are based
upon the assumption that formic acid is the binding species. A
remarkable result is observed (bottom panel of Fig. 4.3, also see
Table 4.2): the on-rate constant, k; (around 10 s™'M’!) becomes pH
independent in the pH range of 5.5 to 7.5. The off-rate constant of
formate, k.;, however, still remains pH independent as before. The

dissociation constant, K;, which was larger than 10 mM when formate
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was thought to be the binding species, becomes 200 UM and rela-
tively independent of pH. It is satisfying that the concentration
of formic acid required to inhibit Q,-to-Q; reaction is in the
micromolar range, not in the 10 millimolar range as would be the
case if formate were the inhibitory species.

By taking advantage of the pH dependence of the equilibrium
ratio of formate to formic acid to effectively hold one species
constant while varying the other, we further probed the chemical
nature of the active species of the inhibitor. Measurements of the
initial on-rate binding constant, C, over a pH range from 5.5 to
7.5 indicated that the initial binding rate is proportional to the
concentration of formic acid, but independent of formate
concentration at constant formic acid concentration (Figs. 4.4 and
4.5). These results demonstrate rather convincingly that formic
acid is the active species involved in the inhibitory process.

It has been suggested that bicarbonate and formate bind to Fe?*
or D1-R269 in PS II (Blubaugh and Govindjee, 1988a). If this is the
case, formic acid would have to diffuse a certain distance (e.g.,
10-20 A) before reaching the binding site. It is therefore neces-
sary to consider the influence of diffusion when analyzing the
binding kinetics. First, the dependence of the initial binding rate
constant, C, on formate concentration (Fig. 4.2) does not show a
linear characteristic, as is expected for diffusion, but satura-
tion. This is best seen from the set of straight lines obtained
after the data in Fig. 4.2 were replotted as a double-reciprocal

(Lineweaver-Burk) plot (Fig. 4.6). This implies that the effect of
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formate/formic acid follows the saturation characteristic of
binding at a specific site on protein. Second, the time scale
(minutes) of the formate/formic acid binding is much slower than
the diffusion limited rate constant (in the order of 10° cm?/sec)
calculated from typical diffusion coefficients for small organic
molecules in water (Bruins, 1929). Therefore, we conclude that the
binding dominates the time course of formic acid inhibition, and
the effect of diffusion can be ignored in the analysis. For further
discussion, see Chapter IX.

When formate was considered to be the binding species, a pH
dependence was found for the double-reciprocal lines in the left
panel of Fig. 4.6. Intercepts on the [concentration]™ 1line
indicated that the Michaelis constant, K, related to the
dissociation constant, is pH dependent. K, is 16, 19, 56 and 100 mM
when the pH is 5.5, 6, 6.5 and 7, respectively. The double-
reciprocal line became pH independent when formic acid was taken as
the binding species (right panel of Fig. 4.6). K, is 91 uM in this
case. The K, values fit K. values in Table 4.1 and Table 4.2 within
errors, as expected from the above conclusion that formic acid is
the binding species. The intercepts on the 1/C axis indicated a
maximal initial binding rate of about 1.5 1073s™! for both formate

and formic acid.

D. Conclusion
In this chapter, the apparent rate constants for binding and

unbinding and the dissociation constant of formate were determined
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in the pH range from 5.5 to 7.5. The rate of onset of inhibition
following formate addition, reflecting the binding of
formate/formic acid, was highly dependent on the pH of the
suspension medium. Measurements on the initial binding rate, when
one of the (HCO,”/HCOOH) equilibrium species was kept constant,
suggests that formic acid is the binding species that inhibits
electron transfer at the Q; binding site in PS II. The K, of formic
acid was shown to be about 90 uM. This finding gives new insight
into the binding niche of CO,/bicarbonate; we need not consider

only positively charged amino acids as binding components.

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER V. DIFFERENTIAL EFFECTS ON Q,” REOXIDATION AND EQUILIBRIA
BY CHLOROACETIC ACIDS EXHIBIT THE IMPORTANT ROLE OF CX, GROUP

A. Introduction

We have shown in Chapter IV that formic acid, rather than
formate, is the species that reversibly inhibits reoxidation of Q,~
by Qs and affects [Q,”] equilibria. This has implications on the
binding niche of bicarbonate-reversible inhibitors in the D1/D2
protein. In this chapter, we have extended our study to (1) acetate
and its several chlorinated analogues: monochloroacetate,
dichloroacetate ahd trichloroacetate, and (2) phenol. The pKy
values of acetate and chloroacetates are closer to that of formate
(PKy’s range from 4.73 to 0.70) than that of phenol (pKy = 9.9).
Furthermore, formate, bicarbonate, acetate and chlorocacetates all
have an identical carboxyl group on one side, but different groups
on the opposite side. Phenol has, in addition, a hydroxyl group
similar to that of bicarbonate. Thus, this study is expected to
provide further information on the relationship between the
structure and the activity of the bicarbonate reversible (or
irreversible) inhibitors, as well as the mechanism of action of

plastoquinone reduction.

B. Materials and Methods

The isolation of spinach thylakoids, the measurement of Chl a
fluorescence and the calculation of [Q,”] were as described in
Chapter II. The fitting of [Q,”] decay data into three (and
sometimes four) exponential decays was carried out by the GLOBALS
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UNLIMITED™ global analysis software. [Q,"] is given in relative
units with 1 being [Q, ], obtained in the presence of 6 uM DCMU.
Thus, the sum of the analyzed amplitudes (A’s) need not add to 1 in
our analysis. Thawed thylakoids were suspended in 0.4 M sorbitol,
50 mM NaCl, 2 mM MgCl, and 1 nM gramicidin to a final Chl
concentration of 10 uM. Eighty UM quinhydrone was added to keep
most of Qp in the oxidized state before the measurements began. The
pH of the suspension was adjusted by using 20 mM MES (at pH 6.0 and
6.5) or 20 mM HEPES (at pH 7.5).

To study the concentration dependence of the inhibition of Q-
reoxidation by the chemicals used, the increase in the
concentration of Q,” in the PS II reaction centers is plotted as
[Qa Jireatea = [QaJlconcror» The increase was estimated after 1 minute
incubation of thylakoids with the chemical and at 5 ms after the
actinic flashes.

Molecular geometries as well as the dipole moment of acetic
acid and its chloride derivatives were calculated as described in

Chapter II.

C. Results

C.l. Inhibition of the Q,” reoxidation and effects on Q,” equilibria
by acetate and three chloroacetates.

C.l.a. Acetate

Figure 5.1 shows [Q,"] decays in control, 100 mM acetate (pKq
= 4.73) treated and acetate plus 20 mM bicarbonate treated
thylakoids at pH 7.5 (Al - A4) and pH 6.0 (Bl - B4). These [Q,7]
decay measurements, monitoring Q,” reoxidation and equilibria were
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Fig. 5.1. Decay of [Q,”] after an actinic flash in control and
acetate-treated (+ bicarbonate) thylakoids at pH 7.5 and at pH 6.0.
The number in each panel refers to the actinic flash number 1 - 4.
Panels A: pH 7.5; Panels B: pH 6.0. The dark-adaptation time was 5
min. In the reaction medium, 0.4 M sorbitol, 50 mM NaCl, 2 mM
MgCl,, 1 nM gramicidin and 80 fIM quinhydrone were included. Open
circles, 100 mM acetate-treated; pluses, control; open squares,

acetate—-treated spinach thylakoids to which 20 mM bicarbonate was
added. '
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based on the decay of Chl a fluorescence yield after flash 1 (Al,
Bl1), 2 (a2, B2), 3 (A3, B3) or 4 (A4, B4) (dark interval between
flashes, 1 s). At pH 7.5, no significant inhibition of the Q,”
reoxidation or an effect on Q. equilibria is seen with acetate
treatment, but, an effect on both Q, reoxidation and equilibria
is observed at pH 6.0. The increased effect at the lower pH is
consistent with the conclusion that the acid, not the anion, is the
active inhibitory species, as was found for the formic acid
(Chapter 1IV).

The [Q,"] decay involves multiple processes (Crofts et al.
1984, Cao and Govindijee, 1990b; Etienne et al., 1990). Results were
quantitated by describing the decay in terms of three major (fast,
intermediate and slow) exponential components. Their amplitudes (A,
- A;) and lifetimes (T, - T,;) were derived from [Q,"] decays (up to
1 s) and summarized in Tables 5.1, 5.2, 5.3 and 5.4 for flashes 1 -

4. The fast (subms) component reflects the kinetics of direct
reoxidation of Q,” by Q, and/or Q,” (see e.g., Robinson and Crofts,
1983) . The intermediate one (ms) is suggested to reflect the [Q,7]
equilibrium, partially controlled by the movement of plastoquinone
to PS II without bound Q; (Crofts et al., 1984). The slow one (s)
reflects the back—-reaction between Q,” and different S states of the
oxygen evolving complex, particularly S,. The summation of
amplitudes of the intermediate and the slow components, A, + A,,
represents a quasi-steady-state [Q,7] due to [Q,"] equilibria.

(A, + A;) /A, is the ratio between the quasi-steady-state [Q,"] and
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the [Q,”] that is oxidized by Qp (or Q7). Data at pH 6 were chosen
for analysis as they showed the largest inhibitory effect.

In control thylakoids (with 20 mM bicarbonate) and after one
flash, 63% of the [Q,”] decay is through the fast component (1,, 420
Us), 15% through the intermediate (t,, 3.3 ms) and 14% through the
slow component (T,, 1.8 s) (Table 5.1). (A, + A;)/A, is 0.46. No
large changes were observed after flashes 2, 3 and 4 (Tables 5.2 -
5.4).

After flash one, the major effect of DCMU, the well-known PS
II herbicide, is a drastic increase in A; to 75% (Table 5.1) and
concomitantly in (A2 + A;)/A; to 1ll1. This is accompanied by a
drastic decrease in A, to 8%. This shows almost complete inhibition
of electron flow from Q,” to Q, since the latter is displaced by
DCMU (Velthuys, 1981). Furthermore, in the 8% of centers, the
electron flow was slowed to about 1.6 ms. The intermediate
component is also very small (9%) and its lifetime was increased to
about 140 ms; within the errors of measurements, no significant
difference was obtained after flashes 2, 3 and 4 (Tables 5.2-5.4).
Finally, DCMU did not alter T, (1.8 + 0.3 s). All of the above
information can be used in evaluating the nature of effects by
(chloro) acetates.

After the first flash, the incubation of thylakoids with 100
mM acetate causes an increase in 1, (from 420 Uus to 610 Us) and a
noticeable decrease in A; (from 0.63 to 0.53). All other changes
were within acceptable errors. The increase in 1T, indicates an

increase in the lifetime of the Q, reoxidation by Qz. (A, + A;) /A,
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TABLE 5.1. Amplitudes (A) and lifetimes (1) of three components of
the Q,~ decay after flash 1, in control and (chloro)acetate-~treated
(+ bicarbonate) spinach thylakoids at pH 6.0. Chl a fluorescence
yield decays were measured up to 1 s. Concentration is 20 mM for
bicarbonate or 100 mM for (chloro)acetates. Six UM DCMU was added
to obtain Fp, at t = 0. [Q,"] at F.., was arbitrarily set at 1. T, =
1.8 + 0.3 s. Amplitudes were within + 0.05, 7, within + 50 ps and
T, within + 2 ms for control and acetate samples and within + 20 ms
for others (n = 2 - 4).

A, 1T, (Us) A, T, (ms) A, X*
1. control (with bicarbonate) g_ 43 420 0.15 3.3 0.14 0.95
2. 1. + DCMU 0.08 1600 0.09 143 0.75 0.47
3. with acetate 0.53 610 0.21 9.0 0.16 0.68
4. 3. + bicarbonate 0.63 470 0.09 4.6 0.15 1.3
5. with monochloroacetate 0.47 710 0.27 170 0.21 1.2
6. 5. + bicarbonate 0.54 510 0.13 27 0.17 1.1
7. with dichloroacetate 0.41 970 0.08 65 0.44 (.37
8. 7. + bicarbonate 0.45 550 0.14 48 0.29 0.53
9. with trichloroacetate 0.16 640 0.10 99 - 0.42 0.34
10. 9. + bicarbonate 0.08 - 0.14 -7 0.40 0.35

£3

due to errors larger than 100 us and 20 ms for T, and T, in this
sample, T, were not determined.

TABLE 5.2. Amplitudes (A) and lifetimes (1) of three components of
the Q,” decay after f£lash 2, in control and (chloro)acetate-treated
(+ bicarbonate) spinach thylakoids at pH 6.0. Chl a fluorescence
yield decays were measured up to 1 s. Concentration is 20 mM for
bicarbonate or 100 mM for (chloro)acetates. Six UM DCMU was added
to obtain F,, at t = 0. [Q,"] at F,,, was arbitrarily set at 1. 1; =
2.5 + 0.4 s. Amplitudes were within + 0.05, 1, within * 50 us and

T, within + 2 ms for control and acetate samples and within + 20 ms
for others (n = 2 - 4). '

A, T, (us) A, 1T, (ms) A, X?
1. control (with bicarbonate) 0.62 490 0.10 6.0 0.15 1.8
2. 1. + DCMU 0.09 1100 0.06 98 0.83 0.19
3. with acetate 0.51 610 0.17 12 0.19 0.81
4, 3. + bicarbonate 0.64 440 0.12 5.9 0.14 1.2
5. with monochloroacetate 0.50 920 0.18 53 0.20 0.67
6. 5. + bicarbonate 0.61 570 0.09 24 0.14 0.68
7. with dichloroacetate 0.31 920 0.16 46 0.49 0.36
8. 7. + bicarbonate 0.53 640 0.14 86 0.21 0.51
9. with trichloroacetate 0.09 1700 0.17 114 0.56 0.22
10. 9. + bicarbonate 0.18 1000 0.14 54 0.48 0.32
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TABLE 5.3. Amplitudes (A) and lifetimes (1) of three components of
the Q,” decay after f£lash 3, in control and (chloro)acetate~treated
(+ bicarbonate) spinach thylakoids at pH 6.0. Chl a fluorescence
yield decays were measured up to 1 s. Concentration is 20 mM for
bicarbonate or 100 mM for (chloro)acetates. Six UM DCMU was added
to obtain Fp,, at t = 0. [Q,7] at F,, was arbitrarily set at 1. T, =
2.3 + 0.5 s. Amplitudes were within + 0.05, 7, within + 50 Us and

T, within + 2 ms for control and acetate samples and within + 20 ms
for others (n = 2 - 4).

A, T, (Us) A, 1T, (ms) A, X
1. control (with bicarbonate) (.60 770 0.08 17 - 0.11 0.93
2. 1. + DCMU 0.09 1100 0.18 290 0.72 0.12
3. with acetate 0.50 850 0.13 14 0.17 0.80
4. 3. + bicarbonate 0.54 500 0.17 5 0.12 1.4
5. with monochloroacetate - 0.43 920 0.22 73 0.19 0.42
6. 5. + bicarbonate 0.55 670 0.13 69 0.12 0.77
7. with dichloroacetate 0.30 920 0.14 29 0.49 0.33
8. 7. + bicarbonate 0.47 700 0.13 66 0.24 0.61
9. with trichloroacetate 0.09 990 0.14 72 0.61 0.20
10. 9. + bicarbonate 0.19 800 0.13 22 0.52 0.34

TABLE 5.4. Amplitudes (A) and lifetimes (1) of three components of
the Q,” decay after flash 4, in control and (chloro)acetate-treated
(+ bicarbonate) spinach thylakoids at pH 6.0. Chl a fluorescence
yield decays were measured up to 1 s. Concentration is 20 mM for
bicarbonate or 100 mM for (chloro)acetates. Six UM DCMU was added
to obtain F,, at t = 0. [Q,"] at F,,, was arbitrarily set at 1. 1T; =
1.9 + 0.3 s. Amplitudes were within # 0.05, T, within + 50 us and

T, within % 2 ms for control and acetate samples and within + 20 ms
for others (n = 2 - 4).

A, 1T, (Us) A, T, (ms) A X
1. control (with bicarbonate) 0.69 520 0.11 5.4 0.10 1.1
2. 1. + DCMU 0.08 960 0.10 17 ~0.80 0.22
3. with acetate 0.58 800 0.13 12 0.14 0.98
4. 3. + bicarbonate 0.66 410 0.15 5.0 0.09 1.1
5. with monochlorcacetate 0.53 980 0.18 85 0.15 0.72
6. 5. + bicarbonate 0.64 490 0.11 11 0.12 0.64
7. with dichloroacetate 0.32 820 0.12 21 0.50 0.41
"8. 7. + bicarbonate 0.53 520 0.11 20 0.25 0.56
9. with trichloroacetate 0.11 1300 0.14 64 0.63 0.37
10. 9. + bicarbonate 0.21 880 0.14 39 0.49 0.22
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increases from 0.46 to 0.70, indicating that acetate also causes a
shift of equilibrium Q, Q,<-->Q,Q;" towards [Q,”]. The addition of 20
mM bicarbonate reverses the [Q,”] decay to its control level after
flashes 1 - 4 (Fig. 5.1). The inhibition of Q,” oxidation and the
effect on Q,” equilibria by acetate is much weaker than that by
formate (cf. Fig. 5.1 with Fig. 3.1). Furthermore, the difference
between the effect after flash 1 and flash 2 is not as obvious for

acetate as it was for formate (Chapter III).

C.1l.b. Monochloroacetate

Figure 5.2 shows (Qa7] decays in control, 100 mM
monochloroacetate (MCA; pKy; = 2.81) treated and MCA plus 20 mM
bicarbonate treated thylakoids at pH 7.5 (Al - A4) and pH 6.0 (Bl -
B4) after flashes 1 - 4. No significant inhibition of the Q,”
reoxidation or an effect on Q,” equilibria by MCA seems to be there
at 7.5. However, a large effect appears to occur at pH 6.0 both in
the reoxidation rate of Q,” as well as in Q,” equilibria reactions
(cf. panels A and B). These effects, after all of the 4 flashes,
are much larger than those in the presence of 100 mM acetate at pH
6.0 (cf. Fig. 5.1 with Fig. 5.2, panels B).

Analysis of the [Q,"] decays, after the first flash, displays
that in the MCA incubated thylakoids (Table 5.1): (1) T, increases
from 420 pus to 710 Mus; (2) T, increases from about 3 ms to 70 ms;
(3) A, decreases form 63% to 47%; (4) A, increases from 14% to 21%;
and (5) (A, + A;) /A, increases from 0.46 to 1.0. The latter implies

a shift of the equilibrium Q,Qy<-->Q,0,~ towards [Q,"] by MCA. The
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Fig. 5.2. Decay of [Q,"] after an actinic flash in control and
monochloroacetate—treated (+ bicarbonate) spinach thylakoids at pH
7.5 and at pH 6.0. The experimental condition was the same as in
Fig. 5.1. Open circles, 100 mM monochloroacetate-treated; pluses,

control; open squares, monochloroacetate-—treated to which 20 mM
bicarbonate was added.
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increase of T, shows that MCA induces an increase of the lifetime
of the Q, reoxidation by Q. After flashes 2, 3 and 4 (Tables 5.2~
5.4), effects were essentially similar, but 71, was larger (920 us)
than that after flash 1. The addition of 20 mM bicarbonate restored
the [Q,"] decays to the control level (Fig. 5.2); however, the res-
toration of T, and T, was not complete (Tables 5.1-5.2). A compa-
rison of results on MCA with acetate suggests that an enhancement
of the inhibition of Q,” oxidation by Qz (or Qy7) and of equilibrium

[Q,"] may have been caused by the chloride substitution in CH,.

C.l.c. Dichloroacetate

[(Qa"] decays in control, 100 mM dichloroacetate (DCA; pKy =
1.30) treated and DCA plus 20 mM bicarbonate treated thylakoids are
shown in Fig. 5.3 at pH 7.5 (Al - A4) and pH 6.0 (Bl - B4) after
actinic flash 1 (Al, Bl), 2 (A2, B2), 3 (A3, B3) or 4 (A4, B4). At
PH 6.0, DCA causes an observable inhibition of the Q,” reoxidation
as well as an increased [Q,"] equilibrium. These effects are seen
even at pH 7.5, and are larger than those induced by MCA treatment
(cf. Fig. 5.2 with Fig. 5.3), indicating that further replacement
of hydrogen in CH,Cl by chloride enhances the inhibition of Q,-
reoxidation and equilibration. A comparison of data in panels A
with those in panels B shows that after all of the 4 flashes, not
only the inhibition of [Q,”] decay, but also the equilibrium [Q,”]
is larger at pH 6 than at pH 7.5. In contrast to data with acetate
and MCA, the restoration of [Q,”] decay to the control by the

addition of 20 mM sodium bicarbonate is only partial in the DCA-
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Fig. 5.3. Decay of [Q,”] after an actinic flash in control and
dichloroacetate-treated (+ bicarbonate) spinach thylakoids at pH
7.5 and at pH 6.0. The experimental condition was the same as 1in
Fig. 5.1. Open circles, 100 mM dichloroacetate-treated; pluses,

control; open squares, dichloroacetate-treated to which 20 mM
bicarbonate was added.
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treated sample (Fig. 5.3). This is particularry true for the
effects on Q,” equilibration. The replacement of a second hydrogen
by another chloride in the acetate appears to enhance the
inhibition of the Q,” reoxidation and equilibration. These effects
must be due to its altered binding in the Q,-Fe—Q, complex.

After the first flash, the [Q,"] decay in the DCA incubated
thylakoids shows (Table 5.1) (1) an increase in 7, from 420 us to
970 ps; (2) an increase of 7, from 3 ms to 65 ms; (3) a decrease of
A, from 63% to 41%; (4) an increase of A; from 14% to 44%; and (5)
an increase of (A, + A;)/A, from 0.46 to 1.3. The increase of
(A, + A;)/A, shows that DCA induced a shift of the 0,°Qy;<-->0,0;"
equilibrium towards [Q,”]. The increase of 1, shows that DCA also
causes an increase of the lifetime of the Q, reoxidation by Q.
These results are intermediate between the control and 6 uM DCMU-
treated samples. After flashes 2, 3 and 4 (Tables 5.2-5.4), there
was a further small but significant increase in A; and decrease in
A, without significant change in 1, and 7T,; (A, + A;) /A, increased to
2.1. The decrease in A, and increase in A, slightly more after the
second and subsequent actinic flashes than after the first one is
partially reminiscent of results with the effects of formate on Q,"
reoxidation (cf. Chapter III with those in Tables 5.1 - 5.4). Thus,

~in both cases, the protonation at the Qz~binding site may have been
affected after the addition of the inhibitors. However in the case
of DCA, a drastic inhibition is observed already after the first
flash at pH 6 (Fig. 3.Bl) and a significant inhibition at pH 7.5

(Fig. 3.Al). DCA has been shown here to cause a significant
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equilibrium shift of Q,Qz<—-->Q,0;" towards [Q,”] as well as an
increase of the lifetime of the Q,” reoxidation by Q,/Qs;". Partial

restoration of [Q,”] decay by bicarbonate makes it a unique

inhibitor.

C.1.d. Trichloroacetate

Figure 5.4 shows [Q,”] decays in control, 100 mM trichloro-
acetate (TCA; pKy = 0.70) treated and TCA plus 20 mM bicarbonate
treated thylakoids at pH 7.5 (Al - A4) and pH 6.0 (Bl - B4) after
flashes 1 - 4. Both the inhibition of the Q,” reoxidation and the
equilibrium [Q,”] appear to be greatly enhanced here compared to
that with MCA or DCA, especially at pH 7.5. However, somewhat
larger effects occur at lower pH (pH 6.0) than at the higher pH (pH
7.5). In contrast to other acetates, the addition of 20 mM sodium
bicarbonate to 100 mM TCA-treated samples can hardly restore the
[Q,"] decay to the control 1level (Fig. 5.4), displaying a
bicarbonate irreversible inhibition similar to that with DCMU (data
not shown).

Analysis of the [Q,”] decay, after the first flash and at pH
6, shows that in the TCA incubated thylakoids, T, increases only to
640 MUs but 1T, increases to 99 ms, and A; increases to 42% (Table
5.1) . However, A, is greatly decreased to 16%. (A, + A,;) /A, increases
from 1.3 to 3.3 after flash one, indicating that TCA causes a
significant shift of equilibrium Q,Q,<-->Q,0," towards Q,”. The large
decrease in the amplitude of the fast component is partly due to a

decrease in the F,,, extrapolated to time zero. In this particular
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Fig. 5.4. Decay of [Q,”] after an actinic flash in control and
trichloroacetate-treated (+ bicarbonate) spinach thylakoids at pH
7.5 and at pH 6.0. The experimental condition was the same as in
Fig. 5.1. Open circles, 100 mM trichloroacetate-treated; pluses,
control; open squares, trichloroacetate-treated to which 20 mM
bicarbonate was added.
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case, the four-component analysis by the GLOBALS program displayed
a rising phase in the us time range. This could be explained by an
additional blockage by TCA on the electron donor side of PS II (for
a discussion of the rising phase, see Kramer et al., 1990). It is
consistent with the earlier suggestion of a donor side effect by
high concentration (1M) of acetate (Saygin et al., 1986). This
effect on Fp,,, and thus, on the electron donor side of PS II is,
however, not obvious after the second and subsequent flashes (cf.
panels B2 - B4 with Bl in Fig. 5.4). Furthermore, it 1is not
reversed by bicarbonate.

After flashes 2, 3 and 4, A; increases from 10-15% to 56-63%,
A, decreases from 60-70% to about 10% and T, increases from 490-770
Us to 1000-1700 s (Tables 5.2 - 5.4). (A, + A,;)/A, increases
further to a very large value of 8.1 (flash 2). Comparing these
data with 6 UM DCMU data, the Q,” reoxidation must be almost totally
blocked in the presence of 100 mM TCA at pH 6.0 after the second
and subsequent flashes (Fig. 5.4). In the presence of 6 UM DCMU,
(A, + A3)/A; is 10 - 11, only a bit higher than that with TCA (also
see Fig. 5 in Appendix B). Results with TCA suggest that the third
chloride substitution further enhances the inhibition of the
reoxidation of Q,” by Q,, shifts the apparent equilibrium towards

high [Q,"], and greatly decreases the reversibility by bicarbonate.

C.l.e. A comparison of the effect of chloroacetates: a hierarchy in
the effects on the 0,0, reactions

In the presence of DCA and TCA, and at pH 6, the inhibitory
effect on Q,” reoxidation by Q and on equilibrium [Q,”] is already
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large after flash 1, but it is more after the second and subsequent
flashes. This is particularly obvious for TCA. Figure 5.5 compares
the decay of [Q,”] up to 30 ms after the first with that after the
second flash in samples treated with 100 mM acetate, MCA, DCA or
TCA. A hierarchy in the effects on the Q,” decay is obvious. Acetic
acid has a very small difference between flash 1 and 2. DCA shows
a higher equilibrium [Q,"] more after the second, than after the
first flash. TCA, on the other hand, seems to inhibit Qx
reoxidation as well as increase equilibrium [Q,”] more after the
second than after the first flash. MCA behaves differently and
deserves a separate study (Chapter VI). After all flashes, A,
increases and A, decreases when the number of the chloride moiety
of chloroacetic acids increases (Tables 5.1 and 5.2). A sequential
increase of (A, + A;)/A;, is observed, and thus, a hierarchy in
changes in the equilibrium [Q,”] and/or the inhibition of the Q,”
reoxidation by Q occurs as follows: TCA > DCA > MCA > acetic acid.
This order indicates a likely correlation between the chloride

substitution and the inhibitory strength of (chloro)acetic acid.

C.1.f. Concentration dependence of chloroacetates
To quantitatively analyze the inhibition caused by
(chloro)acetic acids on Q,” reoxidation, the increase of [Q,”] was
measured at 1 and 5 ms after each flash. The values of [Q, ], eatea —
[Qa lconcrorr ©Stimated at 5 ms after 1 - 4 flashes, are plotted
against concentration of acetate, mono-, di- or tri-chloroacetate

(Fig. 5.6) . The [03 )ireatea — [Qa)concror Values, measured
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Fig. 5.5. A comparison of the [Q,"] decay after flash 1 with that
after flash 2 in the presence of acetate, monochlorcacetate (MCA),
dichloroacetate (DCA) and ttichloroacetate (TCR) at pH 6.
Concentration of each chemical, 100 mM. Spinach thylakoids. For
other details, see the legend of Fig. 5.1. -
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panel refers to the actinic flash. Panels A: pH 7.5; Panels B: pH
6.0. The changes of [Q,”] were measured at 5 ms after the actinic
flash. The mixing time of chemical with spinach thylakoids was 30
seconds. Open squares: acetate; closed triangles: monochloroactate;
closed circles: dichloroacetate,and open circles: trichloroacetate.
For other details, see the legend of Fig. 5.1.
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at 1 ms, display similar results (data not shown). The increase
caused by TCA is the largest, and the one by acetate is the weakest
at all concentrations used. The initial slope of increases in
[Qa ) treatea — [Qa Jcontrorr @S @& function of inhibitor concentration,
shows the same hierarchy as in equilibrium [Q,”] and/or the
inhibition of the Q,” reoxidation: TCA > DCA > MCA > acetic acid.
At pH 6, DCA and TCA cause larger increases in [Qa Jireaceda = [Qa”)control
after the second and subsequent, than after the first flash.

However, at pH 7.5, the effect is much larger after the first than

after the second flash (Figs. 5.3, 5.4 and 5.6).

C.1l.g. pH dependence
The pH dependence (pH 5.5 to 7.5 range) of the TCA-induced
changes in [Q,"] was further studied in the lower concentration (0 -
10 mM) range. [Qx )irearea = [QaJeconcrorsr ©Stimated at 5 ms after
flashes, is plotted against the concentration of TCA (Fig. 5.7).
Lowering the pH of the suspension medium from 7.5 to 5.5 leads to
an increase in the initial slope of changes in [Q,7 ] eated = [Qa ] concrol
plotted as a function of TCA concentration. The flash number
dependence of the inhibition is <clear: a larger increase in
(Qa Jireated = [Qa Jconcror Can be seen after flashes 2 - 4 than after the
first flash (Fig. 5.7). The [Q,"] decays in acetic acid-, MCA- and
DCA- treated samples also show a stronger inhibition of the Q,"
reoxidation at pH 5.5 than at pH 6.0 (data not shown). These

results are consistent with our earlier conclusion that the acid,

not the anion, maybe the active inhibitory species (Chapter IV).
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of trichloroacetate at different pH’s and after different zctinic
flashes. The number in each panel refers to the actinic flask. The
changes of [Q,"] were measured at 5 ms after the actinic flasz. The
mixing time of chemicals with ,spinach thylakoids was 30 secaonds.
Open circles: pH 5.5; closed circles: pH 6.0; closed triangles: pX
6.5; open squares: pH. 7.0 and open triangles: pH 7.5.
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C.2. The inhibition of the Q,” reoxidation and effects on Q,”

equilibria by phenol

Phenol has a hydroxy group. In the reaction medium, it
dissociates into a phenolic anion and proton. Its pK, value is 9.9,
higher than the pH range used in this study and the pK; values of
formate and (chloro)acetates. It may, thus, act differently than
the inhibitors thus far used. Figure 5.8 shows [Q,”] decays in
control, 1 mM phenol-treated and phenol plus 20 mM bicarbonate
treated spinach thylakoids at pH 7.5 (Al - A4) and pH 6.0 (Bl — B4)
after flash 1 (Al, Bl), 2 (A2, B2), 3 (A3, B3) or 4 (A4, B4). It
appears that the incubation of thylakoids with phenol not only
inhibits the Q,” reoxidation but also increases equilibrium [Q,7].
The phenol-induced inhibition of the Q,” reoxidation by Q; and
increases in equilibrium [Q,”] are also dependent on the suspension
PH (cf. panels A with B in Fig. 5.8). In contrast to data with
formate (Chapter III and IV) and (chloro)acetates (this chapter),
phenol inhibits the Q,” reoxidation more at pH 7.5 than at pH 6.0.
In changing the pH from 6.0 to 7.5, the change of phenolic anion
concentration is far greater than that of phenol, the latter being
negligible. At pH 6.0, 98% of the total amount of the two
equilibrium species 1is phenol, changing to 92% at pH 7.5. In
contrast, the concentration of phenolic anion increases 4 times
(from 2% to 8%). These results imply that phenolic anion rather
than phenol may be the active binding species in PS II. No
significant bicarbonate recovery was observed (Fig. 5.8),

indicating that bicarbonate cannot compete with phenolic anion.
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Fig. 5.8. Decay of [Q,”] after an actinic flash in control and
phenol—-treated (+ bicarbonate) thylakoids at pH 7.5 and 6.0. The
number in each panel refers to the actinic flash numbers 1 - 4.
Open circles, 1 mM phenol-treated; pluses, control; open squares,
phenol-treated spinach thylakoids to which 20 mM bicarbonate was

added. For other details, see the legend of Fig. 5.1 and Materials
and Methods. '
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Either phenol is bound at a site different from the bicarbonate, or
it is so tightly bound that bicarbonate cannot displace it.

[0a7) treated — [Qa]lconcrorsr Measured at 5 ms after flashes 1 - 4, is
plotted as a function of phenol concentration in Fig. 5.9. The
increase of [Q,”] is proportional to the phenol concentration. The
saturated level of [Qa )ireaced = [Qa Jconcror cOuld not be reached in the
phenol concentration range (< 2mM) used here. Unlike formate
(Chapter IV), phenol does not show any flash number dependence of
the inhibition either at pH 6 or 7.5. This suggests that phenol may
directly inhibit the Q,-to-Q, electron transfer as other PS II

herbicides do.

D. Discussion

As already mentioned in Chapter I, Warburg and Krippahl (1960)
observed that the Hill reaction with quinone or Fe(CN)¢ as
electron acceptor is dependent on bicarbonate. A low Hill reaction
rate is found without bicarbonate, but the addition of bicarbonate
results in an enhancement of this activity. Good (1963) examined
the effect of various anions on the Hill reaction rate in higher
plant chloroplasts and concluded that: (1) smaller monofunctional
anions (formate, acetate) cause a bicarbonate-dependent inhibition
of Hill reaction rates; (2) anions with hydroxyl close to the
carboxyl (glycolate, salicylate, lactate) produce a bicarbonate-
independent inhibition on Hill reaction rate; and (3) anions
consisting mainly of large or polyfunctional ions (citrate,

oxalate, malonate, maleate, arsenate, phosphate and pyrophosphate)
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Fig. 5.9. Dependence O0f [Q, Jtreatea — [Qa Jconeror ©on the phenol
concentration. The changes of [Q,] were measured at 5 ms after the
actinic flash. The mixing time of chemical with thylakoids was 30
seconds. The upper curve was measured at pH 7.5 and the lower at pH
6.0. Different symbols denote different flash numbers: open
squares, first; closed triangles, second; closed circles, third and
open circles, fourth. Other experimental conditions were the same
as in Fig. 5.1.
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do not affect the Hill reaction rate. In this Chapter, we have
extended this list to phenol and chloroacetates, and studied their
effects at the specific Q,Q; site.

Halogenated acetates have commonly been used as protein
modifiers. At high concentrations (10% in the suspension medium),
they neutralize the surface charge of the protein and
nonspecifically denature the protein. Stemler (1985) showed that
bromoacetate, a protein modifier, as well as a structural analogue
of formate and bicarbonate, binds to the PS II reaction center.
After a short time of the incubation of maize thylakoids,
bromoacetate competed with bicarbonate in binding to PS II. After
overnight incubation of maize thylakoids with a high concentration
of bromoacetate, the binding of H!CO;” to PS II was abolished.
Results of the analysis of [Q,"] decay components, described in this
chapter, suggest that (chloro)acetates selectively bind in the Q,-
Fe-Qp, complex. At pH 6, DCA and TCA increase equilibrium [Q,”] and
inhibit the Q,” reoxidation somewhat more after the second and
subsequent flashes than after the first flash (Figs. 5.5 and 5.6).
In comparison, formate shows a much more pronounced difference
between the first and second flash data (Eaton-Rye and Govindijee,
1988a; Chapter III). In addition, DCA and TCA greatly inhibit
electron flow from Q,- to Qp as herbicides do (Figs. 5.3, 5.4 and
5.6) . These results demonstrate that (chloro)acetates must hamper
the formation of plastoquinol. Therefore, chloroacetates should be

considered as inhibitors of the electron acceptor side of PS II;
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their predominant site of action has been shown in this chapter to
be in the Q,-Fe-Q, region.

The COOH group, but not CO00-, contributes to the formate
binding in the Q,~Fe-Q, region (Chapter 1IV). Results on pH
dependence of the effects of acetate (pKy = 4.73; Fig. 5.1), MCA
(PKy = 2.81; Fig. 5.2), DCA (pKy = 1.30; Fig. 5.3) and TCA (pKy =
0.70; Fig. 5.7) are consistent with this prediction. The [Q,”] decay
after actinic flashes is inhibited more at the lower than at the
higher pH by acetate or chloroacetates. Acetic acid and
chloroacetic acid have an identical carboxyl group. Their pK,
values are much lower than the medium pH in this study (from 5.5 to
7.5). When the medium pH is lowered from 7.5 to 6.0, the ionic
portion in the total amount of the two equilibrium species
decreases. It is lowered from 94.1% to 78.0% for acetate; however,
it is lowered only slightly from 99.0% to 96.0% for MCA, from 99.8%
to 99.1% for DCA and from 99.9% to 99.5% for TCA. On the contrary,
changes in the acidic forms are from 5.9% to 22% for acetic acid,
from 1% to 4% for MCA, from 0.2% to 0.9% for DCA and from 0.1% to
0.4% for TCA. Therefore, the change in the concentration of weak
acid with the pH change is far greater than that of its ionic form.
The prediction that -COOH is the candidate for binding/inhibiting
in Q,-Fe-Q, region is, thus, consistent with results in this chapter
on (chloro)acetic acids.

A correlation between the number of chlorides replacing
hydrogen and the binding affinity is made here for the first time.

Equilibrium [Q,”] and inhibition of the Q,” reoxidation by Q,
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increases with the increase of the number of the chloride moiety in
the CX; group (Figs. 5.1 - 5.4), implying that the active groups
should include not only -COOH but also -CX;. The most prominent
features of chloride replacement on [Q,”] decay are the increase of
the amplitude of the slow component and the decrease of that of the
fast one (Figs. 5.1 - 5.4; Tables 5.1 - 5.4). The reversal of the
inhibitor-induced effects by bicarbonate becomes difficult with the
increase in the number of chlorides. This implies an increase in
their binding strength and the inhibition of the Q,” reoxidation by
Qs and/or an enhancement of equilibrium (0] . Unlike,
formate/formic acid, TCA behaves more like the herbicides, but DCA
is intermediate.

Since the sequential substitution of hydrogen by chloride in
(chloro)acetic acid decreases the pK, value from 4.7 to 0.7, one
could first assume that the increase in the amount of anion is the
major cause for the increase of the inhibitory effect. The
substitution of hydrogen by chloride in CX; causes little change in
the percentage of anion in the total amount of two equilibrium
species (anionic and acidic). At pH 7.5, dichloroacetate is 99.8%
of the total amount and trichloroacetate is almost the same
(99.9%) . The percentage change of anion in the total amount would
not explain the large increase in the inhibition (Figs. 5.3 and
5.4) . Thus, the enhancement in the inhibition seems to have nothing
to do with the change of the percentage amount of anion.

In order to understand the nature of the sequentially

increased inhibition of Q,” reoxidation and/or enhancement of
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equilibrium [Q,"] by (chloro)acetic acids, the initial slopes of the
change o0f [Qa J)ieatea — [Qalconcror VErsus the anion concentration
(obtained after flash 2 in Fig. 5.6) were plotted as a function of
the pKy’s of the inhibitors (solid squares in Fig. 5.10). The
percentage of anions (closed circles) or acids (solid triangles)
and the anion/acid ratio (open circles) were also plotted against
the pKy values (see abscissa). The initial slope of the [Q,”] change
does not match either the changes in percentage of the anions or
the acids. It is also not correlated with the acid/anion ratio.
However, a very weak correlation is observed with the anion/acid
ratio, the largest noncorrelation being for DCA (Fig. 5.10).

In Fig. 5.11, the initial slopes O0f [Qa lireacea — [Qa7]concrol
(solid squares, obtained after flash 2 in Fig. 5.7) for
trichloroacetic acid were plotted as a function of pH (5.5 - 7.5)
and compared with the percentage of the anions (closed circles) or
the acids (solid triangles), and the anion/acid ratio (open
circles). In contrast to Fig. 5.10, an approximate correlation of
the initial slope with the percentage of acid, or the acid/anion
ratio is observed. However, the [Q,”] data do not match either the
change in the percentage of the anion or the anion/acid ratio.
Figure 5.11 suggests that the change of the inhibitory activity can
be explained by the proportional change of acid in the case of
single species, such as TCA. A similar conclusion was obtained
separately for DCA, MCA and acetate (data not shown). This is
consistent with our previous observation that the COOH not the

CO0™ is active group (Chapter IV). However, when different species
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Fig. 5.10. A comparison of the change in [Q,”] with the change in
the.proportion of the ionic or the acidic form of the inhibitors.
The abscissa shows the pKy; values of the acetate and
chloroacetates, whereas the ordinate shows the following: closed
circles, percentage of the ionic form of the chemical in medium;
solid triangles, percentage of the protonated form of the chemical
in medium; open circles, the ratio of the ionic to the acidic
forms, and solid squares, the inhibition of the reoxidation of Q.-
monitored as the initial slope of the change of [Q,"], [Qa)treatea —
[Qa )controrr With respect to a change in the inhibitor concentration
after the second flash (see Fig. 5.8). Note the different scales
for the different data (see both the left and the right ordinates).
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Fig. 5.11. A comparison of the rH dependence of the change of [Q,7]
with the <change in proportion of trichloroacetate or
trichloroacetic acid and their ratio. Closed circles, percentage of
the trichloroacetate in the medium; solid triangles, percentage of
the trichloroacetic acid in the medium; open circles, the ratio
between the ionic to the acidic forms; solid squares, initial slope
of the change of [Q4], [Qx)irescea = [On )comerorr With respect to a
change in the inhibitor concentration after the second actinic

flash. Note the different scales for the different data (see both
left and right ordinates). '
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of (chloro)acetates are compared (Fig. 5.10), no clear-cut
correlation is observed between the ionic/acidic form and the
inhibitory effect. Thus, additional factors must be considered.

With the above in mind, we calculated the molecular geometry
and dipole moments of (chloro)acetic acids in an apolar environment
(dielectric constant, 1.5) with the PCMODEL molecular modeling
program (Table 5.5). The change in dipole moments does not
correlate with the changes in [Q,”], obtained with various
inhibitors having different number of chloride substitutions in
CX;. However, it remains to be seen if the dipole moment of the
head group, i.e., across the CX; group would correlate with the
changes in [Q,”]. The replacement of hydrogen by chloride leads to
a large change in the geometry of CX; but no change in the geometry
of the COOH group (Fig. 5.12, Table 5.5). As the number of the
chloride moiety increases, the angle between the major planes of
the molecules increases, and there is an obvious increase in the
size and shape of the CX; group of the molecules, chloride being
much larger than the hydrogen. Thus, the change of the geometry of
chloroacetic acids shows a general correlation with the hierarchy
of their inhibitory activities.

The log of the partition coefficient (P) of (chloro)acetic
acids is also listed in Table 5.5 (Hansch and Leo, 1979). The
values of log P increase when the number of the chloride moiety
increases. An approximate correlation between the inhibitory effect
and changes in partition coefficients of (chloro)acetic acids

appears to exist. Such a correlation between the partition
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Table 5.5. Dipole moments, the angles between two major planes, log
of the partition coefficient and hydrophobic <constant of
(chloro)acetic acids. Dipole moments (H, Debye) in Column A and the
angle (degree) between the two major planes of the molecule were
calculated by wusing the MMX molecular mechanics (forcefield)
calculation method with the PCMODEL molecular modeling program (in
a solution of a dielectric constant of 1.5). Dipole moments in
Column B, measured in benzene solution between 25° and 30°C, are
from McClellan (1963). Log of partition coefficient (P), measured
in diethyl ether/water system, is from Hansch (1969) . Hydrophobic
constant, ®, is calculated as shown in Chapter II; acetic acid is
taken as the parent molecule.

Dipole Moﬁent Angle between
A B two major planes log P T
(K) (in degrees)
acetic acid 1.61 0.74 1.5 -0.33 0.00
MCA 3.25 2.3 1.5/27.0" 0.32 0.65
DCA 2.53 - 14.0/28.0" 1.33 1.66

TCA 2.12 1.10 53.0 1.54 1.87

* values are listed for their two configurations.
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Fig. 5.12. Molecular geometry of acetic acid and chloroacetic acids
in an apolar solvent. Dielectric constant, 1.5. Top left: acetic
acid; top right: monochloroacetic acid; bottom left: dichloroacetic
acid; and bottom right: trichldroacetic acid. Models were obtained
by using the MMX molecular mechanics calculation method with the
PCMODEL molecular modeling program.
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coefficient of herbicides and their inhibitory effects has been
discussed by Shipman (1980) and Oettmeier (1992). P, the
octanol/water partition coefficient, is a measure of the free
energy required for a molecule to shed its solvation shell of water
molecules and enter into a lipid enviroment. Within each class of
PS II herbicides, there usually is a linear relationship between
log P and the log of the reciprocal of the herbicide concentration
(Is0) at which electron transport from PS II is inhibited by 50%.
We will use diethyl ether/water partition coefficient from Hansch
and Leo (1979) in this thesis. The hydrophobic constant (m) for
(chloro)acetic acids was estimated (Table 5.5) from the partition
coefficient, discussed above, from Eq. (2.3) (Hansch, 1969; Hansch
and Leo, 1979). According to the definition, T for acetic acid (x
= H) 1is defined as =zero. It 1is obvious that the hydrophobic
constant (W) increases when the number of the chloride moiety
increases. The so-called "hydrophobic bond" is one of the main
interactions available to protein for binding a chemical compound.
(Chloro)acetic acid molecules with larger hydrophobic groups may
provide more substantial binding affinity. An approximate
correlation between the inhibitory effect and changes in geometry
and hydrophobicity of acetic acid and chloroacetic acids, thus,
appears to exist. (Chloro)acetic acids may bind on the electron
acceptor side of the D1-D2 protein of PS II to show the effects

observed in this Chapter.
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E. Conclusion

In this chapter, we have shown that a hierarchy exists in the
inhibitory activity of the various chloroacetates on the Q,—to-Q,
electron transfer: trichloroacetic acid > dichloroacetic acid >
monochloroacetic acid > acetic acid. On the other hand, the
bicarbonate reversibility follows the reverse of the series. The
correlated enhancement of the inhibition with the number of the
chloride moiety implies that the active group also includes the CX,
head. The inhibitory activity appears to be related to the geometry
of the CX,; head and the hydrophobicity of the (chloro)acetic acids
that are suggested to bind in the Q,-Fe-Q, niche on the D1-D2
protein of PS II. This provides new information about the property
of the binding of weak acids in the Q,-Fe-Q complex of the D1/D2
protein of PS II. Incubation of thylakoids with (chloro)acetates
results in a pH dependent inhibition of the Q, oxidation by Q.
and/or change in equilibrium [Q,"]; a larger effect at the lower pH
supports the previous suggestion that an active group is COOH not
C0O0™. In contrast, pH dependence of the inhibition by phenol of the
Q.- oxidation by Qy suggests that phenolic ion is the binding

species.
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CHAPTER VI. DIFFERENTIAL EFFECTS ON Q,” REOXIDATION AND
EQUILIBRATION BY MONOHALOGENATED ACETATES AND THE BICARBONATE-
REVERSIBLE APPARENT STABILIZATION OF Q.- BY MONOCHLOROACETATE

A. Introduction

In Chapter III, we showed that bicarbonate-reversible
inhibitors like formate act by inhibiting protonation at the Q,
site. In Chapters IV and V, we showed that (1) the acidic form,
rather than the anionic form of single functional weak acids, is
the acting/binding species in the bicarbonate reversible (or
irreversible) inhibition of the Q,” oxidation by Q, and/or increase
in equilibrium [Q,”] and (2) mono-, di-, and tri-chloroacetic acids
differentially inhibit the Q, reoxidation and/or enhance the
equilibrium [Q,"] in the order: TCA > DCA > MCA > acetate, and that
their activity may be correlated with their geometrical property
and hydrophobicity. The aim of the experiments in this chapter is
to further investigate the importance of the halogen moiety in the
mechanism of inhibition of Q,” reoxidation and equilibration by

using monobromo-, monochloro- and monofluoroacetates.

B. Materials and Methods

The preparation of the spinach thylakoids, the measurement and
analysis of the [Q,”] decay and the calculation of the molecular
geometry, the dipole moment and the hydrophobic constant were as
described in Chapter II. The hydrophobic constants (n) for acetic
acid and monohalogenated acetic acids were estimated by using Eq.

(2.3). The © for acetic acid (x = H) is defined as zero.
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C. Results and Discussion

C.1l. Halogenated acetic acids differentialy affect the Q,~-to-Q,
electron flow and equilibration

Figure 6.1 shows [Q,] decays in control, MFA
(monofluoroacetate), MCA (monochloroacetate) and MBA
(monofluorcacetate) treated thylakoids at pH 7.5 (left panels) and
6.0 (right panels) after actinic flash 1 (upper panels) or 2 (lower
panels) (dark interval between flashes, 1 s). The dark incubation
time was 10 minutes. At pH 6.0, the addition of 100 mM
monohalogenated acetates apparently cause both increases in the
lifetime of the Q, reoxidation by Qy/Q; and shifts of the
equilibrium Q,"Q,<-->Q,0;," towards [Q,”]. This is more obvious after
flash 1 than after flash 2 (also see Chapter V). These effects were
marginal at pH 7.5. This observation on pH dependence is consistent
with our earlier conclusion that the acid, not the anion, is the
active species for the inhibition of the Q,- oxidation and/or
increase in equilibrium [Q,”] (Chapters IV and V).

What is new here is that MFA, MCA (pKy = 2.80) and MBA (pK, =
2.86) inhibit the Q,” oxidation in different degrees. The hierarchy
of inhibition, most clearly observed at pH 6 and after flash 1, is
MBA > MCA > MFA. The [Q,”] decay is mostly restored to its control
level after the addition of bicarbonate in the case of MCA (Fig.
5.2). Similar reversibility experiments for MBA and MFA are,
however, not available. The time dependence of [Q,”] decay after an
actinic flash (see e.g., Robinson and Crofts, 1983; Etienne et al.,
1990) is described by three major (fast, intermediate and slow,
also see description in Chapter V) exponential decay processes.
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Fig. 6.1. [Qa"] decays in monohalogenated acetate—-treated
thylakoids. Decay of [Q,”] was calculated from Chl a fluorescence
yield after actinic flash 1 (upper) or 2 (lower) in the control and
monohalogenated acetate treated spinach thylakoids at pH 6.0
(right) and at pH 7.5 (Left). The dark-adaptation time was 10 min.
In the reaction medium, 0.4 M sorbiteol, 50 mM NaCl, 2 mM MgCl,, 40
UM hydroquinone, 40 MM benzoguinone and 1 nM gramicidin were
included. Open circles, control; open squares, solid circles,
control; solid squares. Inset: molecular geometry of

monohalogenated acetic acids in apolar solvent (dielectric
constant, 1.5).

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



After flashes 1 - 4 and at pH 6.0 (Table 6.1), both 1,, the
lifetime of Q,” oxidation by 0,/Q;" and 7,, the lifetime related to
[Q,"] equilibrium show the hierarchy: MBA > MCA > MFA. Furthermore,
A,, the amplitude of the fast component reflecting the contribution
of the Q,” oxidation by Qz/Qy", decreases, whereas A;, the amplitude
of the slowest component (T;, 2.5 + 0.4 s) reflecting the
contribution of the back-reaction between Q- and S5, state (see
e.g., Etienne et al., 1990), increases with MFA, MCA and MBA
present.

The inhibitory hierarch§ among the various monohalogenated
acetates can be explained by differences in their geometry (inset
in Fig. 6.1). The size of the halogen shows a general correlation
with the inhibitory activity: bromide is the largest in size and
MBA causes the largest inhibition. Another correlation is with the
hydrophobic constant (m): MBA (0.97), MCA (0.65) and MFA (0.06)
(Hansch and Leo, 1979). The partition coefficients and hydrophobic
constants increase with the CX; size and the inhibitory strength of
halogenated acetic acids. MBA with largest hydrophobicity provides

the strongest inhibition.

C.2. MCA induces apparent stabilization of Qg

The flash number dependence of [Q,”] is shown in Figures 6.2
and 6.3. Fig. 6.2 shows the complete data, whereas Fig. 6.3 shows
the data measured at 300 and 400 ps after flashes in control
thylakoids (dark adapted with hydroquinone and benzoquinone). A

binary oscillation with peaks at even flashes (2, 4 and 6) is
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TABLE 6.1. Amplitudes (A) and lifetimes (1) of three components of
the [Q,"] decay, in control and halogenated acetate-treated spinach
thylakoids at pH 6.0. Amplitudes were within + 0.05. T, within *+ 50
Ms and T, within + 2 ms for control samples and 10 - 20 ms for
others. 1; (for all samples) was 2.5 + 0.4 s.

Flash A, T A2 1, A,
number (Us) (ms) X?
control 0.55 510 0.13 5.0 0.11 0.79
1 + MFA 0.50 760 0.22 20 0.16 0.44
+ MCA 0.39 1200 0.29 87 0.17 0.40
+ MBA 0.34 1700 0.34 104 0.18 0.44
control 0.46 540 0.15 4.7 0.12 0.88
2 + MFA 0.48 1100 0.17 26 0.16 0.59
+ MCA 0.44 950 0.17 32 0.21 0.57
+ MBA 0.42 1100 0.16 50 0.23 0.47
control 0.41 620 0.15 3.9 0.09 0.70
3 + MFA 0.47 1100 0.16 35 0.13 0.72
+ MCA 0.34 1200 0.18 44 0.23 0.42
+ MBA 0.32 1700 0.22 78 0.21 0.50
control 0.51 630 0.14 4.5 0.07 0.87
4 + MFA 0.49 990 0.19 27 0.14 0.67
+ MCA 0.46 1100 0.17 75 0.17 0.69
+ MBA 0.40 1100 0.18 52 0.21 0.50
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Fig. 6.2. Flash number dependence of [Q,”] from 110 us to 100 ms
after actinic flashes in control, MCA treated (+ bicarbonate)
thylakoids at pH 6.0. Panel A: control; Panel B: 100 mM MCA; and
Panel C: MCA plus 20 mM bicarbonate. The dark-adaptation time was
5 min. In the reaction medium, 0.4 M sorbitol, 50 mM NaCl, 2 mM
MgCl,, 40 UM hydroquinone, 40 pM benzoquinone and 1 nM gramicidin
were included.
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Fig. 6.3. Flash number dependence of [Q,”] az 300 and 400 pus after
actinic flashes in control and MCA treated (+ bicarbonate)
thylakoids at pH 6.0. Panel A: control; Panel 3: 100 mM MCA
treated; and Panel C: MCA plgs 20 mM bicarbonate. The dark-
adaptation time was 10 min. In the reaction rmedium, 0.4 M sorbitol,

50 mM NaCl, 2 mM MgCl,, 40 puM hydroquinone, 4C UM benzoquinone and
1 nM gramicidin were included.
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obvious in the 100 - 400 ps range. This binary pattern is due to
the oxidation rate of Q,” by Q, after odd flashes to be faster than
that by Q" after even numbered flashes (Bowes and Crofts, 1980;
Robinson and Crofts, 1983). Interestingly, we observed here that
this binary oscillation of [Q,”] is reversed by MCA, higher [Q;]
being observed between 220 Uus and 100 ms after odd than even
flashes (Fig. 6.2B). This rephasing of the binary oscillation is
seen very clearly after 400 - 500 us after the flash (Fig. 6.2.B).
Furthermore, the largest difference between [Q,”] after flashes 1
and 2 is seen at 3 ms. It is three times larger than that measured
at 300 us.

The above results suggest that MCA produces an 'aﬁparent
stabilization of Qp7. We may consider two non-mutually exclusive
possibilities: (1) the ratio of Q; to @ in darkness, prior to
actinic flashes, decreases; this ratio is normally high (7/3) in
dark-adapted thylakoids (see e.g. Wollman, 1978); (2) MCA causes a
change in the equilibrium of Q, Q,<-->Q,Q,” reaction such that the
apparent {Qg"] 1is increased. In Section C.1. of this chapter, we
have indeed shown that MCA inhibits the Q,-to-Qz electron flow and
shifts. the equilibrium Q, Q,<-->Q,Q,~ towards the left. If this
equilibrium shift were the only major effect produced by MCA, we
find it difficult to understand the dramatic reversal of the binary
oscillation observed at 3 ms, and the absence of this phenomenon
with TCA (data not shown) that is also known to_shift the equili-
brium towards [Q,”]. Thus, we suggest that a combination of a change

in the ratio of Q3 to Q" and a change in equilibrium of Q, Qp<—->Q,05"
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reaction is responsible for the unusual effects of MCA. What is of
interest to this thesis is that the addition of 20 mM bicarbonate
abolishes, to some extent, the MCA effect (Fig. 6.2C, Fig. 6.3C).
We donot know the reason why there is an irreversible component in
this phenomenon. The rephasing of the first and second flashes is
obvious.

The normal binary oscillation was also reversed by MBA (data
not shown). However, the effect of MBA is smaller than that of MCA

and was, thus, not investigated further.

D. Conclusion

We have established here that monohalogenated acetic acids
inhibit not only the reoxidation of Q, but also increase the
equilibrium [Q,”] at the platoquinone reductase site in PS II with
the hierarchy of effectiveness to follow the order: MBA > MCA >
MFA. This order seems to be related to their size and to their
hydrophobicity, but not to their dipole moments (3.11, 3.14 and
3.25 for MBA, MFA and MCA respectively) since they are all within
a narrow range.

A novel observation in this chapter is the rephasing of the
binary oscillation in [Q,"] as a function of flash number from a
maxima after even flashes to odd flashes. This suggests an apparent
stabilization of Qg°. The mechanism of such an effect is not yet
obvious, but one could speculate on the possibility of repulsion of
the negative charge on Q; by the negatively polarized asymmetric

chlorine atom of MCA, followed by its movement towards a positively
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charged niché and consequent stabilization. A MCA-induced change in
equilibrium in the Q,"Qs<—->Q,0;” can explain the data between 110 Ws
- 300 us after the flash. However, an increase in the equilibrium
[Q,"] cannot explain the persistence of the binary oscillation of
[Qa"] up to 10 flashes in the 300 pus to 100 ms range. The most
likely interpretation of our data is that MCA changes the ratio of
Qs” to Q in dark. We leave open the question of whether Q,” 1is
. stabilized or not for future experiments. Oxamic acid
(aminooxoacetic acid, NH,COCOOH), which has a similar molecular
weight as MCA but a lower dipole momént of 2.84, shows a 50% lower
ratio of [Q,7], measured 1 ms after flash 1 over 2 than that
observed after MCA (data not shown). This suggests the possibility
that the dipole moment in a certain geometry of these acid
derivatives may also modulate the inhibitory effect on Q.

oxidation.
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CHAPTER VII. PRELIMINARY EXPERIMENTS ON THE EFFECTS ON Q,~
REOXIDATION AND EQUILIBRATION BY TRIMETHYL ACETATE, PROPIONIC
ACID AND AZIDE

A. Introduction

In Chapters IV, V and VI, it was shown that CX; in halogenated
acetic acids plays important roles in the reactions at the Q,-Fe-Q,
complex. Halogen substitution for hydrogens in CX; enhances the
inhibition of Q,” reoxidation, alters the equilibrium between Q,7Q,
and 0,057, and/or provides apparent stabilization of Q,” probably due
to changes in geometry, hydrophobicity and electrostatic property.
In this chapter, the effect of change in geometrical size ¢f CX; by
replacement of hydrogens with methyl groups has been examined. The
effects of propionic acid and trimethylacetic acid on [Q,"] decay
are monitored by measuring the decay of Chl a fluorescence yield
after a single flash. The effect of several small weak acids (e.gq.,

azide) are also discussed.

B. Materials and Methods

The isolation of spinach thylakoids and the measurement of Chl
2 fluorescence were as described in Chapter II. Freshly thawed
thylakoids were suspended in a medium containing 0.4 M sorbitol, 50
mM NaCl, 2 mM MgCl,, 40 MM hydroquinone, 40 UM benzoquinone and 1
nM gramicidin, with a final (Chl] of 10 uM. The pH of the
suspension was adjusted by using 20 mM MES (at pH 6.0) and 20 mM

HEPES (at pH 7.5).
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Propionic acid, trimethylacetic acid, ethyl and methyl

formate, nitrite, azide, cyanate and thiocyanate were purchased

from Sigma.

C. Results and Discussion

In both trimethylacetate and propionate, hydrogens in CX,4
group of acetic acid are replaced by methyl. However, there are two
more methyl groups in CX; of trimethylacetic acids than that of
propionic acid. Decays of the normalized Chl a fluorescence yield
measured in the control (solid squares), (100 mM) trimethylacetate-
treated (closed circles) and (100 mM) propionate-treated (open
circles) thylakoids at pH 6.0 after flash 1 or 2 are shown in Fig.
7.1. Trimethylacetate caused a distinct slowing down in the Chl a
fluorescence decay after both actinic flash 1 and 2, as shown pre-
viously for some other small weak organic acids (see chapter V and
VI). Propionic acid also caused a slowing down of the yield of Chl
a fluorescence, but it was of much smaller magnitude. The distinct
effects of formate after flash 1 or 2 (Chapter III) are, however,
not observed here. Due to the preliminary nature of the work
presented in this thesis, I have not transferred Chl a fluorescence
yield into [Q,], but the observed slowing of Chl a fluorescence
yield decay indicates a possible blockage of the Q,” reoxidation as
well as a shift in the equilibrium of Q,7Q,<-->Q,Q,” towards the
left. The effects caused by either propionate or
trimethylacetate are pH dependent, being much stronger at pH 6.0

than at pH 7.5 (data not shown). As before, this could be explained
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Fig. 7.1. Decay of [Q,] after flash 1 or 2 in control,
trimethylacetate-treated and propionic acid treated thylakoids at
_PH 6.0. The dark-adaptation time was 5 min. The reaction medium
contained 0.4 M sorbitol, 50 mM NaCl, 2 mM MgCl,, 40 uM
hydroquinone, 40 MM benzoquipone and 1 nM gramicidin. Solid
squares, control spinach thylakoids; Open circles, 100 mM

trimethylacetate-treated; closed circles, 100 mM propionate-treated
samples.
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by the suggestion that the acidic form is the active species for
the alteration of reaction at the Q,-Fe-Q, complex. Since
trimethylacetate causes a large slowing of Chl a fluorescence yield
decay after flash 1, it must act as dichloroacetic acid or
trichlorcacetic acid, but not as formate.

As noted above, the effects by propionic acid are weaker than
that by trimethylacetic acid (Fig. 7.1), suggesting that the
effects on the reaction in the Q,-Fe-Q, complex are enhanced when
two hydrogens in CX, of propionic acid are further replaced with
methyl groups in trimethylacetic acid.

To explore further the structural requirement <for <tche
inhibitor binding niche, methyl formate was used. Here, a methyl is
linked to COO™ side of formate to form methyl formate. No effect of
100 mM methyl formate was found on Chl a fluorescence yield decay
curves. On the other hand, 100 mM ethyl formate slowed Chl a
fluorescence yield decay curves (data not shown). However, this
effect was weaker than by trimethylacetate at the same
concentration. We don’t yet understand the significance of these
preliminary observations.

Weak acids such as nitrite, cyanate, formate, thiocyanate,
acetate, azide and to a lesser extent, bicarbonate, were shown to

stimulate the protonation in the IL-E212N mutant of Rhodobacter
Sphaeroides, which suffers a total block in the normal protonation

necessary for the double reduction of Qp (Takahashi and Wraight,
1991). In PS II, however, formate has been suggested to inhibit the

protonation to reduced Q; and bicarbonate to facilitate this
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protonation (see Chapter III). Furthermore, nitrite and azide were
shown by Cao and Govindjee (1990b) to function in cyanobacterial PS
II in the same manner as formate does. Thus, the reaction center of
photosynthetic bacteria and of PS II are affected differently by
these weak acid anions, as already alluded to in Chapter I.

In view of the above, I investigated the effects of some of
the above-mentioned weak acids. I confirmed that nitrite (100 mM)
behaved like formate as was already known (Eaton-Rye et al., 1986;
Cao and Govindijee, 1990b). In addition, I found (1) that the effect
on the equilibrium [Q,”] was pH dependent, being stronger at pH 6.0
than at pH 7.5; and (2) the largest inhibition occurs after the
second and subsequent flashes (data not shown). Therefore, we can
now be certain that nitrite acts in the same manner as formate. The

effects are of comparable magnitude.

Azide (100 mM), on the other hand, had two effects on the Chl
a fluorescence yield decay curves after actinic flashes: (1) the
maximum fluorescence vyield was greatly decreased and (2) the
fluorescence yield decay rate was greatly slowed down (Fig. 7.2).
These features are quite different than that shown by formate and
indicate that azide has additional effects on PS II. An interesting
and new observation was that if formate was added prior to the
addition of azide, the above mentioned decrease of maximum
fluorescence was abolished (see Fig. 7.2). This implies that azide
and formate may compete for the same binding site. If formate is
bound, azide cannot bind. The reverse was also true as the addition

of formate after azide addition caused no further change.
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Fig. 7.2. Effects of formate and azide on the decay of variable Chl
a fluorescence yield, measured at pH 6.0 and after the first
actinic flash. +, control spinach thylak01ds, x, 100 mM formate
treated; open squares, 100 mM azide added 1 min after the addition
of 100 mM formate; o, 100 mM azide; open triangles, 100 mM formate
added 1 min after the addition of 100 mM azide; closed circles,
calues of 100 mM azide treated sample normalized by multlpllcatlon
with a factor of 4.5.
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Cyanate (10 mM) and thiocyanate (10 mM) did not show any
effect on the Chl a fluorescence decay after flashes 1 - 4 at both
PH 7.5 and 5.5. No conclusion could be made due to the preliminary
nature of my experiments. They are mentioned here only for the
sake of completeness, but they could be the starting point for
another detailed study comparing the bacterial reaction centers and

PS II.

D. Conclusion

The geometrical requirement for the derivatives of acetic
acids was extended in this chapter. We used propionic acid and
trimethylacetic acid where hydrogens are replaced by methyl groups
in the CX; of acetic acid. Trimethylacetic acid, that had 2 more CH,
groups than propionic acid, slowed to a greater degree the [Q,7]
decay, monitored by the Chl a fluorescence yield decay. This effect
may be related to differences in their hydrophobicity. Preliminary
experiments with several small weak organic acids hint at further
possible differences with bacterial reaction centers and imply that

azide and formate may bind to a common site on PS II.
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CHAPTER VIII. PRELIMINARY RESULTS ON AN ADDITIONAL EFFECT OF
FORMATE/FORMIC ACID PRIOR TO Q, IN PS II

A. Introduction

In addition to the site of action of bicarbonate on the
electron acceptor side of PS II, another site on the electron donor
side of PS II has been proposed (see e.g., Stemler, 1982). This
effect could be on the 0, evolution step itself, between Mn and the
electron carrier Z, or between 2 and the reaction center
chlorophyll a P680 (see Fig. 1.1). Jursinic and Dennenberg (1990)
have observed a small but significant (i.e., beyond the error
limits) slowing down of the kinetics of 0, evolution upon formate
addition to photosynthetic systems. Jursinic et al. (1976), using
a repetitive flash technique, were unable to demonstrate any
bicarbonate/formate effect between Mn and Z. This, however, could
not demonstrate if there was any effect or not on individual steps
dependent upon the redox states of the "S" state of the oxygen
evolution complex. Furthermore, using again a repetitive flash
technique, Jursinic et al. (1976) could not demonstrate any
bicarbonate/formate effect between Z and P680. Govindjee et al.
(1989) extended this observation to individual Z to P680 reactions
dependent upon the redox states of the "S" state and concluded that
there was no bicarbonate/formate effect on any of the Z to P680
steps.

Mende and Wiessner (1985) discovered that CO,-depletion caused

different effects in the green alga Chlamydobotrys stellata depending upon
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the time of CO, depletion. After prolonged depletion (>15 min), CO,
depletion mainly blocked the electron flow beyond Q,; however, in
the short-term range of depletion (< 15 min), a blockage on the
electron donor side of PS II was observed. El-Shintinawy and
Govindjee (1990) succeeded in reproducing this observatiocn in
spinach leaf discs. They used a formate infiltration method for CO,
depletion, needing only 10 seconds for the short-term treatment.
Decreases in chlorophyll a fluorescence yield during fluorescence
induction after the short-term formate infiltration of spinach leaf
discs led El-Shintinawy and Govindjee to suggest that an inhibition
of electron donor side of PS II indeed occurs. However, almost
identical observations were made when hydroxylamine, instead of
water, was an electron donor leading to the suggestion that this
effect was between "2" and Q,. In collaboration with El-Shintinawy,

I have made a similar conclusion in Chlamydomonas reinhardtii cells (El-

Shintinawy et al., 1990). This is discussed in this chapter. In
addition, I have also discussed here my preliminary observations of

a donor side effect on spinach thylakoids at low pH.

B. Materials and Methods

The growth conditions for Chlamydomonas reinhardtii cells, the

thylakoid isolation, the formate treatment of cells, the (mild)
heating of cells, the measurement of oxygen evolution rates, the
Chl a fluorescence transient measurements and the kinetics of decay
of O, to Q, were done as described in Chapter II. For electron flow

measurements, 1 mM 2,5~dimethyl-p-benzoquinone (DMQ) was used as an
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artificial electron acceptor and 1 mM ferricyanide was used to keep
DMQ in the oxidized state. DBMIB, 2,5-dibromo-6-isopropyl-p-
benzoquinone (0.5 puM), was used as an inhibitor of electron flow

between photosystems II and I (Trebst et al., 1970).

C. Results and Discussion
C.1. Experiments with Chlamydomonas reinhardtii

The existence of a bicarbonate-reversible formate effect on
the electron flow from Q, to Q"' was confirmed in the green
eukaryotic alga C.reinhardiii (see El1-Shintinawy et al., 1990). A long
term (hours) formate treatment did slow the rate of oxidation of Q,”
, measured by variable Chl a fluorescence decay after an actinic
flash. Addition of 2 mM HCO;” to the formate treated samples fully
reversed all of these effects. The formate/bicarbonate effects on
the electron flow from Q,” to Q,'’ were accompanied by effects on the
dimethylquinone/ferricyanide Hill reaction: a fourfold stimulation
was observed upon the addition of 20 mM HCO,” (pH adjusted, 6.5) to
formate-treated samples. Since this stimulation was observed in the
presence of DBMIB, which inhibits intersystem electron flow, it is
unrelated to CO, fixation in intact systems. Thus, it is due to

formate/bicarbonate effect on PS II reactions in intact cells of C.

reinhardtii cells.
In order to establish the donor side effect of formate, a

short-term treatment (5 minutes) was applied to Chlamydomonas cells

in dilute tris-acetate phosphate medium (see Chapter II). The
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short-term formate treatment brought about a dramatic quenching in
the Chl a fluorescence transient, suggesting a blockage on the
electron donor side of PS II. Furthermore, addition of 10 mM
bicarbonate restored the Chl a fluorescence transient to the
control level. To locate the site of this inhibition, heated (45°C,

3min) and hydroxylamine-treated C. reinhardtii cells were used. (Mild

heating blocks 0O, evolution and hydroxylamine is an artificial
electron donor to PS II.) Cells were incubated for 5 minutes in a
medium containing 25 mM formate or formate plus bicarbonate in the
presence of 10 mM hydroxylamine at pH 7.3. Figure 8.1 (trace 1)

shows a Chl a fluorescence transient of C. reinhardtii cells incubated

for 5 minutes in the diluted culture medium without the addition of
formate or bicarbonate. Trace 2 shows the quenching of the
fluorescence in 5 min formate-treated cells that had been
pretreated with heat and 10 mM hydroxylamine. Trace 3 shows the
restoration by 10 mM HCO,  of the fluorescence of these cells. This
result suggests that the site of inhibition by short-term formate
treatment (and its reversibility by bicarbonate additicon) occurs
after the site of electron donation by hydroxylamine, i.e., between
"Z" (or "D") and Q,. It is not yet possible to decipher if this
effect is between Z and P680, at the reaction center itself, or
between pheophytin and Q,. Further research is needed to unravel

this additional formate/bicarbonate effect on PS II.
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Govindjee, 1990.)
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C.2. Experiments with spinach thylakoids

As noted in Chapter III, formate treatment of thylakoids
sometimes shows a reduction in F,,, especially at the lower pH’s
(5.5-6.0) (see Fig. 8.2). This is followed by a fluorescence rise
due to equilibration of ZP680*'<-->Z'P680 reaction,‘where P680* is a
quencher of Chl a fluorescence (see Butler, 1972; Kramer et al.,
1990) . These results are best explained by suggesting that formate,
in addition to its effects on the electron acceptor side of PS II,
also blocks electron flow between Z and P680. We will now look at
the data on formate binding.

The time course of formate binding in spinach thylakoids was
followed by monitoring Chl a fluorescence 1 ms after the second
flash, as a function of the mixing time, after the injection of a
formate solution at different pH’s (for details, see Chapter 1IV).
The change in the concentration of Q,7, [Qx] (formate; — [Qa] (control)s
reflects the fraction of PS II in which formate is bound. The
increases in [Q,7] (formatey — [Qa ) (controry @re due to the formate binding
leading to the accepter side effects on PS II. The pH dependence of
time course of [Q,7] (formater — [Qa") (controry 1S shown in Fig. 8.3 for
flash 1 (upper panel) or 2 (lower panel). The initial rate of
formate binding increased as the pH was decreased as discussed in
Chapter IV. At acidic pHs (e.g., pH 6) and at shorter times after
mixing (< 3 minutes), a decrease in the Chl a fluorescence yield
was observed. This had led to a lowered calculated [Q,"]. It is more
obvious when the fluorescence is measured after the second flash

than after the first (Fig. 8.3). The decrease is interpreted as an
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Fig. 8.2. Effect of formate addition on the Chl a fluorescence
yield decay up to 2 ms at pH 6.0 in spinach thylakoids. The number
in each panel refers to the actinic flash number. Open squares,
samples treated with 100 mM formate; closed circles, control. F,
refers to variable Chl a fluorescence yield, and F, to minimum
fluorescence yield in weak light. Other experimental conditions are
the same as that in Fig. 3.1.
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Fig. 8.3. Time dependence of formate/formic acid binding at
different pH, as measured by Chl a fluorescence yield 1 ms after
flashes 1 and 2. [Q,"] was calgulated from this yield without any
consideration for any quencher of fluorescence other than Q,.
Different symbols indicate different pH (see key in the panel)

Other experimental details were as in Fig. 3.1.
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additional secondary effect of formate/formic acid on the electron
flow pathway before Q, and is consistent with the results in Figs.
8.1 and 8.2. The lower fluorescence yield (from which ([Q,”] was
calculated) may be due to an increased amount of P680%, or Pheo’,
which acts as a fluorescence quencher (Butler 1972).

Formate was in equilibrium with formic acid; the latter is a
weak acid which could move across the thylakoid membrane to induce
internal acidification in the thylakoid 1lumen. Therefore, we
tested if internal acidification was responsible for the effect
observed above. First, the effect was not due to change of the pH
of the medium as it did not change after the addition of 100 mM
formate. Second, nigericin, which is known to abolish the pH
gradient across the thylakoid membrane (Junge and Jackson, 1982),
did not significantly influence the time course of formate binding
after the first and second flashes at both pH 6.0 and 6.5 (data not
shown). Thus, it is highly unlikely that the internal acidification
in the lumen is the reason for the decreased fluorescence upon

formate treatment at pH 6.0.

D. Conclusion

Our preliminary observations have confirmed the existence of
a formate/bicarbonate effect before Q, in both algal cells and in
spinach thylakoids. Results on chlorophyll a fluorescence induction

after the short-term formate-treated C. reinhardiii cells showed an

bicarbonate-reversible inhibitory site of formate effect prior to

Q, (Fig. 8.1). This inhibitory effect is also shown within a short

115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



incubation time in spinach thylakoids treated with 100 mM formate
at a low pH (pH 6.0 or lower) (Figs. 8.2 and 8.3). It is already
known that high (1 M) concentration of acetate irreversibly
irhibits the donor side of PS II (Saygin et al., 1986; Bock et al.,
1988). Further research is needed to pinpoint the site and

mechanism of the formate/bicarbonate effect prior to Q,.
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CHAPTER IX. SUMMARY AND GENERAL DISCUSSION

When I began work on this thesis, it was known that: (1)
treating thylakoids with monovalent anions (formate, nitrite or
acetate) causes a bicarbonate-reversible inhibition of electron
transport supported by a Hill oxidant; (2) the major site of the
formate/bicarbonate effect is the quinone-acceptor complex of PS
II, particularly the Q,—to-Q,"” reaction; and (3) the possible
binding sites of bicarbonate/formate are the non-heme 1iron.
Recently, certain positive amino acid residues in the D1 and D2
proteins have been implicated in bicarbonate binding (see Chapter
I; Blubaugh and Govindjee, 1988a; Govindjee, 1991). The objective
of this thesis has already been presented in Chapter I. Certain key
results in the preceding chapters will now be summarized. Then the
concepts previously developed will be discussed and an attempt will
be made to incorporate the available information into a coherent
explanation for the binding/action of weak organic acids in the

Q,—-Fe—-Qy, niche of the D1/D2 protein of the PS II reaction center.

A. Hierarchy of Inhibitory Effects: Correlation with
Hydrophobicity
Some of the interesting results of this thesis are summarized
in Table 9.1. A number of single functional weak organic acids
(monochloroacetic acid (MCa), dichloroacetic acid (DCA),

trichloroacetic acid (TCA), monobromoacetic acid (MBA),
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Table. 9.1. A summary of major results in this thesis. [Q,"] decays
were taken at pH 6.5 for formic acid and at pH 6.0 for others. Two
1, values for MCA-treated sample were obtained from two sets of
experimental data, the one in parenthesis belongs to the set with
MFA and MBA, and the other to the set with DCA and TCA. The T, and
(A, + A;) /A, for the control spinach thylakoid were 420 pus and 0.59,

respectively. Log P is from Hansch and Leo (1979). See text for

details.
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monofluorocacetic acid (MFA), propionic acid, trimethylacetic acid
and oxamic acid) cause (1) an increase of the lifetime (T,) of the
Q. reoxidation by QB/QB', and (2) a shift of the 0, Q<-->Q,0;"
equilibrium towards [Q,"], as monitored by the ratio of the
amplitudes of the slow to the fast components, (A&, + A;)/A,, of the
[Qs"] decay (Table 9.1). In addition, the concentration of acetates
needed . to give the same effect on changes in [Q,”] for TCA, DCA and
MCA are estimated (from Fig. 5.6 for flash 2 at pH 6) to have the
ratio of 1 : 5 : 25. An obvious hierarchy of these effects followed
the order: (1) TCA (pKy = 0.7) > DCA (pKy = 1.3) > MCA (pKy = 2.8)
> acetic acid (pKy = 4.7); (2) MBA (pKy = 2.9) > MCA (pKy = 2.8) >
MFA for both Q,” reoxidation and Q,” equilibration. Furthermore, in
the case of the first set, the bicarbonate reversibility followed
the inverse order: acetic acid > MCA > DCA >> TCA. A correlation of
these activities with the molecular geometry was presented in
Chapters V and VI. Since the hydrophobic constant (or log P) of
TCA, DCA, MCA and acetate are 1.87 (1.54), 1.66 (1.33), 0.65 (0.32)
and 0 (-0.33), an excellent, although approximate, correlation is
observed between it and the inhibitory effects of the
(chloro) acetates at the 0,0, complex. Furthermore, the hydrophobic
constants (or log P) of MBA, MCA and MFA are 0.97 (0.64), 0.65
(0.32) and 0.06 (-0.27); this also correlates with their effects at
the Q,0; complex. No obvious correlation, however, exists with

dipole moments since they are 2.12, 2.53, 3.25 and 1.61 for TCA,
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DCA, MCA and acetate, respectively. Similar noncorrelation of
dipole moments (W) with the inhibitory effects of MBA (u = 3.11),
MCA (L = 3.25) and MFA (U4 = 3.14) is observed. However, it remains
to be seen if a correlation exists between the dipole moment of the
head group. (Data with other series were too preliminary to be

included in the above discussion.)

B. Protonation and Active Inhibitory Species

Experiments in this thesis show that the largest bicarbonate-
reversible increase of the lifetime of the Q,” reoxidation by Q,/Q4
and shift of the Q,70z<-->Q,Q;” equilibrium towards [Q,"] occur after
the second and subsequent flashes in formate/formic acid treated
thylakoids (see Table 3.2). These data suggest that a bicarbonate-
reversible inhibition of the protonation reaction occurs near the
Qs binding site. Formate binding near the Q, site is proposed to
restrict proton binding for the formation of plastoquinol, Q,H, (for
details, see Chapter III). Bicarbonate reverses this implying its
involvement in normal protonation near the Q, binding site.

The reaction center protein may stabilize Q,” in a hydrophobic
environment without the need for direct protonation of the
semiquinone anion (Wraight, 1979; Crofts et al., 1984); this
protonation may occur on a neighboring amino acid. Shipman (1980)
discussed three non-mutually exclusive means for this stabilization
process: (1) uptake of H" on a protein binding site near Q,”; (2)
the generation of a strong static electric field across the binding

site near Qy; and (3) the relaxation of the protein conformation
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when Q; is reduced. The function of bicarbonate may be to somehow
aid in the processes that lead to protonation of Q;7; some of the
bicarbonate~reversible inhibitors may function by displacing
bicarbonate.

A ubiquitous pH dependence of the increase of the lifetime of
the Q,” oxidation by Qz/Qs- and the shift of the Q, Q;<—=>Q0,0;"
equilibrium towards Q,- was observed following the addition of
formate, acetate, (chloro)acetates and (methyl)acetates, the
inhibition being larger as the pH is lowered. These data suggested
that the acidic not the anionic form is the active inhibitory
species. Furthermore, measurements on the initial binding rate of
formate or formic acid, when one of them is fixed, also suggested
that formic acid is the active binding species (Chapter IV). Thus,
extending this argument to other small weak acid inhibitor may mean
that in all cases it is the acidic form that is active. However,
the pH dependence of the inhibition by weak acids can also be
explained by two other alternative explanations. The first
explanation considers that at low pH, as compared to high pH,
neutralization of negative surface charges facilitates the entry of
formate ions, and thus, does not support the formic acid being the
active species. The second explanation is that at low pH, as
compared to high pH, more CO, is released and thus one may be
measuring this event rather than the formate binding. We show below
that these are not valid explanations here.

In all cases it has been shown that at neutral pH the

thylakoid carries net negative charges on its surface (Barber,
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1982). The negative charge is almost certainly derived from
carboxyl groups associated with glutamic and aspartic acid
residues. When the pH of the suspension medium is lowered, the
thylakoid membrane becomes electroneutral at about 4.3. The D1
interhelical D-E loop is on the stroma side, part of which must
constitute the pathway for the entry of herbicides and weak acids
since Qp is located here (Trebst, 1986). This region has six
negatively charged residues (D1-E226, D1-E229, D1-E231, D1-E242,
D1-E243 and D1-E244) and two positively charged residues (D1-R257
and D1-R225) (Fig. 9.1). The extra negatively charged residues may
produce a electrostaticaly repulsive force to anions (formate,
nitrite, or acetate) and thus make them difficult to diffuse into
the Q, binding niche at neutral pH. When the pH of the suspension
medium is lowered (from 7.5 to 5.5 in this study), the negatively
charged residues are protonated. Thus, anions may therefore be
suggested to be free to diffuse to its binding sites at the lower
pH. However, we do not consider this explanation acceptable because
of the following. All thylakoids used in our studies were dark
incubated with 120 mM Na' and 5 mM Mg?* for 5-10 minutes. Mg? is
the predominant counterion to compensate the negative charges
(Barber, 1982). There is considerable experimental evidence that §
mM Mg®* is sufficient to diminish the thylakoid membrane potential
from 64 mV initially to 8 mV when equilibrium is reached at pH 7.0
(Barber, 1982). Therefore, the surface charges were almost

neutralized in our experiments.
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Fig. 9.1. A schematic diagram of a possible folding model of the D-
E loop, D and E oa-helices of the D1 and D2 polypeptides of
Synechocystis sp. PCC 6803. (For original references and diagram, see
the review by Govindjee and Van Rensen, 1992.) + refers to
herbicide-resistant mutants; amino acids in boxes next to amino
acids in the sequence refer to mutations published in the
literature; double lines indicate the residues suggested by Trebst
to be in contact within the Q; binding niche; and * indicates the
available mutations shown to be,related to the bicarbonate effect.
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Our conclusion that formic acid is the active species (Chapter
IV) is not complicated by diffusion arguments. The initial binding
rate constant should be closely related to the diffusion rate at
low concentration, when diffusion dominates the binding process. A
linear relationship 1is expected. However, such a linear
relationship was not observed between the initial binding rate
constant and the formate concentration (Fig. 4.2). On the contrary,
a Lineweaver-Burk plot (Fig. 4.7) for the formate/formic acid
binding displayed a saturation kinetics characteristic of binding
at a specific site of the protein. Moreover, at a fixed formate
concentration, the initial rate constant was independent of the pH
ranging from 5.5 to 7.5 (Fig. 4.4), clearly indicating that the
time course of the binding studied had nothing to do with the pH
change. Therefore, the surface charge hypothesis is not feasible.

In the second alternative explanation for the observed pH
dependence of the inhibition by weak acids, it is suggested that
the change in the initial rate of [Q,”] reflects the dissociation
of bicarbonate not the binding of formate since formate is a
competitive anion of bicarbonate binding. The pK; value of
bicarbonate is 6.4. In the studied pH range of 5.5 to 7.5, there
are large changes in the concentration of bicarbonate. Therefore,
it may very well be possible that the change in the initial rate of
[Qa"] is due to the dissociation of bicarbonate, although the
measurements and the calculation lead to the conclusion that formic
acid is the binding species. The following discussion demonstrates

that this explanation is also incorrect.
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The pH dependence (pH 5.5-7.4) of the inhibition of the Q,”
oxidation was also observed in spinach thylakoids previously .
bubbled with N, in the presence or absence of NO (Diner and
Petrouleas, 1990). At pH 5.5 and without NO or any other inhibitor,
it takes more than 2.5 hours for bicarbonate to completely
dissociate from its binding site. At pH 7.4, incubation longer than
3 hours produces only a small amount of bicarbonate dissociated
(less than 20% of that at pH 5.5). These changes are not a
measurement of CO, release but bicarbonate dissociation, because it
was shown previously that the equilibration between carbonic
species in aqueous solution is easy to complete within 1 minute
(Cooper et al., 1968).

Two observations <contradict the possibility that the
dissociation of bicarbonate is measured in the presence of weak
acids and NO. The addition of NO (Diner and Petrouleas, 1990) and
formate (Chapter IV) greatly accelerates the initial rate of the
inhibition of Q,” reoxidation and increase of equilibrium [Q,”]. The
saturated level is reached within 5 minutes rather than several
hours at pH 5.5. The initial rate of change in [Q,”] is much faster
(> one order) than the initial dissociation rate of bicarbonate
calculated in ordinary circumstance (Diner and Petrouleas, 1990).
Moreover, the measurement of the inhibition of Q,” oxidation and
increase of equilibrium [Q,”] following the addition of NO or
formate started after 10 minutes of dark incubation. By this time,
the carbonic species could be considered to be in a quasi-

equilibrium state. Owing to the quasi-equilibrium and the slowly
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changing rate of bicarbonate dissociation, an equilibrium constant
of bicarbonate dissociation is used to describe the change in [Q,]
under initial conditions. The initial rate mainly reflects the

binding of chemicals added, not the dissociation of bicarbonate.

C. General Discussion: Binding Niche

The observation that weak acid, not anion, is the inhibitory
species (see section B) raises additional questions regarding the
nature of the binding niche of bicarbonate as well as bicarbonate-
reversible inhibitors.

As previously indicated, weak acids must bind in the Q,~-Fe-0Q,
complex in the D1/D2 protein (see Figures 9.1 and 9.2). A group of
herbicides also act on this reducing side of PS II. These
herbicides include amides, benzimidazoles, biscarbamates,
carbamates, hydroxy-benzonitriles, nitrophenols, phenyl ureas,
pyridazinones, S-triazines, triazinones, uracil and ureas (Shipman,
1980; Oettmeier, 1992). They all have a hydrophobic component. The
primary function of the hydrophobic components is to increase the
lipid solubility and to improve contact ability of the herbicides
with the hydrophobic surface of the binding site. Weak acids share
this common feature of herbicides. In Section A (this Chapter), we
have already emphasized the correlation between the hydrophobic
constant of weak acids and their inhibitory activities on the Q,Q,
complex. A knowledge of the mechanism of binding of PS 1II

herbicides can aid us in understanding the weak acid/bicarbonate

effects on PS II.
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1 (M-numbering) 21 41 ; 61

L ALLSFER-KYRVRGGTLIGGOL-FDFWV-~GYFVGFFGVSALEFLE
M ADYQTLYTQIQARGPHITVSGEWGDNDRVGKPFYSYWL--GKI-GDAQI~-~GHIYLGASGTAAFAFGS
Dl , MTALLERRESESLWGRF -CNWITSTENRLY I -GWFGVLMIFFLLTATSVFIIAFIA
D2 MTIAVGKFTKD-EKDLFDSMDDWLRRDREVFVGWSGLLLFIECAY FALGGWFTGTTF

81 101
L C[GVSLIGYAASQGPTWDP=-====--FAISINPPDLKYGL-GAAP--~==-~~--~LLH
M  TAILIILENMAAEVHFDPLQFFRQFFWLGLYPPKAQYGM~GIPP~====~=-—~LHD)
Dl APPVDIDGI-REPVSGS-LLYGNNIISGAIIPTSAAIGLHFYPIWEA-ASVDEWLYN
D2 ATSWYTHGLASSYLEGCNFLTAAVSTP---~-ANSLAHSLLLLWGPEAQGDFTRWCQLEG, WAFVALHG

121 141 161 181
VEISRKLGIGWHVPLAFCVPIFMFCVLQVF LLGSWGHAF PY[3I LSHLOWVNN
YSRARALGLGTHIAWNFAAALFFVLCIGCIL LVGSWSEGVPFQLWPHIDWLT
WELSFRLGMRPWIAVAYSAPVAAATAVFLIYHIGQGSFSDGMPLIISGTENFMI
FELARSVQLRPYNAIAFSGPIAVFVSVFLIYHLGQSGWFFAPS AALIFRFIL

D2 AFALIGFM

201 221 241
L YQY HYMBGHMSSV SFLEVNAMALGUHGGL { LSVANPGOG ~~-===~-DKVKTAEH ~~==~===~ EN
M IRY YY FSIGFAYGCGLLFAAHGATILAVARFGGDREIEQITDRGTAVER~»~==mv—= AA

D1l AEH-NILMHPFFMMLGVAGVFGGSLFSAMH SLVTSSLIRETTENESA-~-NEGYRFGQEEETYNIVAAH
D2 GFH LNPFHMMGVAGVLGAALLCAL TVENTLF-EDGDGANT-- FRAFNPTQAEETYSMVTAN

sp.p. e

. 261 . 281 301
L QYFRD--VVGYS-I1GALSIHRLGLFLASNIFLTGA IASGPFWTRGWPEWWGWWLDIPFWS*
M LEFWRW--TIGFN-ATIES WOWEFFSLMVMVSASVIILLTGTFV-DNWYLWCVKHGAAPDYPAYLPA
D1 GYFGRLIFQYASFNNSRS FLAAWPVVGIWFTALIJISTMAFNLNGFNFN-QSVVDSQGRV INTWAD
D2 Rrgso-rscva-ssuxaw FLMLFPVTGLWMSALGVVGLALNLRAYDFVSQEIRAAEDPEFETEYT

e
321 .
M TPDPASLPGAPK*
D! IINRANLGMEVMHE--RNAHNFPLDLAAIEAPSTNG®*
D2 KNILLNEGIRAWMAAQDQPHEN-LIFPEEVLPRGNAL®*

Fig. 9.2. Sequence alignment of the L and M subunits from Rh. viridis
and the D1 and D2 proteins from spinach chloroplast (from Michel
and Deisenhofer, 1987). Residues binding to the special reaction
center pair (sp.p) and to the non-heme iron (Fe), and residues
forming the major part of the quinone-binding sites (q) are
indicated. The location of thestransmembrane helix in Rh. viridis is
shown by bars above the L subunit sequence. Numbers refer to the M
subunit from RhA. viridis.
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The forces involved in the binding of herbicide and
plastoquinone in the Q,~-Fe-Q; complex may involve covalent binding,
hydrogen bonding, London-van der Waal’s interaction and electro-
static interaction (see e.g. Crofts et al., 1987). Shipman (1980)
had suggested that the primary electrostatic interaction is
between the dipole moment of the herbicide and the localized
electric field on the protein. A common feature of these herbicides
is a polar component represented by its dipole moment. The dipole
moments for PS II herbicides range from 2.7 - 5.5 (Shipman, 1980).
As noted earlier, the dipole moments of MCA, DCA, TCA, MBA and MFA
range from 2.12 to 3.25. Thus, the forces involved in the binding
of weak acids may be similar to that of herbicides. However, as
noted in section A, we did not observe any correlation between
dipole moments and the inhibitory activity of the chemicals used.

Positive residues such as arginine are the appropriate
candidates to form the cation end of the salt bridge (Blubaugh and
Govindjee, 1988a) if the anion bicarbonate is considered to be the
active stimulatory species. However, for the inhibitory substances,
if weak acids, not anions, are active species, as suggested in this
thesis, they may hydrogen bond to the overlapping binding sites of
herbicides or at other places, including the positively charged
amino acids. The crystallographic structure of human lactoferrin,
the only other (bi)carbonate-Fe protein, reveals that the oxygens
of carbonate are H-bonded to neighboring amino acid residues

(including arginine) in addition to a bidentate ligand to Fe®*
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(Anderson et al., 1989), proving that a H-bond is possible for the
binding of bicarbonate/weak acid.

The presumed PS II residues involved in herbicide hydrogen
bond formation could include the hydroxyl group of D1-5264, the
backbone amide nitrogen of D1-F265, and the baékbone amide oxygen
of D1-A263 (Tietjen et al., 1991). The drastic influence of formate
on the binding of herbicide to D1 and vice versa (Khanna et al.,
1981; Van Rensen and Vermaas, 1981), as well as the excessive

sensitivity of D1-S264A of Chlamydomonas reinhardtii (Govindjee et al.,
1991b) and D1-S264A of Synechocystis sp. PCC 6714 (Govindjee et al.,

1990) herbicide resistant mutants to the formate/bicarbonate
effect, suggest that bicarbonate/weak acid could make H-bond to D1-
S264.

However, herbicide resistant mutant D1-L275F of C. reinhardlii
(Govindjee et al., 1991b) is insensitive to the formate/bicarbonate
effect. This suggests that this mutation changes drastically the
binding of formate/bicarbonate. Since Chl a fluorescence decay
kinetics of D1-L275F is as normal as that of the wild type
(Govindjee, personal communication), it is considered likely that
formate binding has been hampered in this mutant. It may also mean
that L275F mutant can function without bicarbonate!

D1-G256D, D1-F255Y, D1-V219I of C. reinhardti and D1-F211S5 of
Synechocystis sp. PCC 6714 (Govindjee et al., 1990) herbicide resistant

mutants are almost as sensitive to the formate/bicarbonate effect
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as the wild type, implying that they retain a sensitive binding
site for bicarbonate/weak acids.

Some binding sites of weak acids are on the D2 protein since
D2-K264X and D2-R265X (Diner et al., 1991) as well as D2-R251S and

D2-R233Q of Synechocystis 6803 (Cao et al., 1991) show enhanced

sensitivity to bicarbonate/formate effect. The similarity between
these mutants breaks down since there is a remarkable difference
between the D2-K264X/D2-R265X and the D2-R233Q/D2-R251S sets. The
D2-K264X/D2-R265X mutants have the (,70;,<-->0,0," equilibrium
drastically towards Q, Qs without formate/NO treatment, and they
require >10X more bicarbonate than the wild type for recovery to
normal conditions. D2-K264X and D2-R265X appear to be close to the
non-heme iron, shown in the putative model in Figure 9.3 (A). It is
possible that D2-K264 and D2—R265 may be involved in bicarbonate
binding in a major way. On the other hand, D2-R251S and D2-R233Q,
but not D2-R139H (Govindijee and J. Cao, personal communication),
are ten times more sensitive than the wild type to formate. Thus,
D2-R233 and D2-R251 may be involved in stabilization of bicarbonate
binding (Cao et al., 1991). The diagram of Fig. 9.3(A) suggests
that D2-R251 and even D2-R233 may be in the neighborhood.

Direct interaction of some exogenous ligand of
formate/bicarbonate with the non-heme iron in the Q,~-Fe—-Q; complex
is supported by EPR (Vermaas and Rutherford, 1984; Petrouleas and
Diner, 1990; Bowden et al., 1991) and Mossbauer studies (Diner and
Petrouleas, 1987a; Semin et al., 1990). The modulation of these

signals by bicarbonate/formate was interpreted as implying that
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D1-S264 S = \
(Da—R265 |

N\ —
D1-H252 / D2-K26 4\)

7~
D2-R233
e

Fig. 9.3 (A). A schematic diagram of a portiorn ¢f the D1 and D2
polypeptides of PS II in the Q,~Fe—-Q, region. The Zigure is courtesy
of C. Gibas and Govindjee; it is based on the PS I model of H.H.
Robinson, C. Yerkes, and A.R. Crofts (unpublishe<). This model used
the amino acid sequence of the D1 polypeptide frcz Anacystis nidulans and
the D2 polypeptide from spinach and the reaction ceater coordinates
of Rhodopseudomonas viridis. In this diagram, certain xer amino acids are
highlighted that are either involved in herbiciie resistance (D1-
S264, D1-L275), the bicarbonateseffect (D2-R251, C2-R265, D2-K264,
D2-R233, DI1-R257 and D1-R269) or suggested ta be involved in
protonation (D1-H252). See text for references.
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Bicarbonate

\ /)1 -H215

D1-R269

.D1- 5272 on -R263
/ \ ,
D2-H272 D2-E264

D2-H214

E‘:f.g..9.3 (B) . Another view of Fig. 9.3 (A) showing all the four
histidines (D1-H272, D1-H215, *D2-H214 and D2-H272) involved in
binding to the non—heme iron. Also shown is a possible site for
bicarbonate (green) binding. For other details, see Fig. 9. 3 (7).
Courtesy of C. Gibas and Govindijee.
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they could form the fifth, possibly the sixth ligand of the iron.
Fig. 9.3(B) shows a possible location for bicarbonate (C. Gibas and
Govindjee, personal communication).

The role of the non-heme iron (high-spin forrous, S=2, Fe?")
in the Q,-Fe-Q; complex is not yet understood. Observations suggest
that the non-heme iron can influence the redox equilibrium between
Q. and Q, and oxidation of non-heme iron leads to a conformational
change of the Q,-Fe-Q, complex: (1) the non-heme iron could be
oxidized by ferricyanide and it can rapidly oxidize Q,” (Bowes and
Crofts, 1980); and (2) oxidation of the non-heme iron markedly
alters the binding affinity of herbicides (Diner and Petrouleas,
1987a). The semiquinone EPR signals of both Q, and Q are
dramatically distorted by the magnetic interactions with the iron
(Vermaas and Rutherford, 1984; Petrouleas and Diner, 1990; Bowden
et al., 1991). The competitive interaction with the iron between NO
and formate/bicarbonate leads to the suggestion that formate
ligands to a NO-nonoccupied site on the iron or outside the first
coordination sphere of the iron. It is equally possible that weak
acids, used in this thesis, may also interact with non-heme iron,
but this remains to be tested.

The bicarbonate effect is specific for the PS II reaction
center and has not been observed in photosynthetic bacteria (see
Chapter I and a review by Govindjee, 1991). TCA does not produce
any inhibition of Q,” oxidation in purple photosynthetic bacteria
(X.Wang, personal communication) although a dramatic inhibition of

Q. -to-Q, electron flow was found in PS II system (Chapter V). The

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



explanation for these differences may involve differences in the
amino acid sequence and the molecular structure of PS II versus
bacterial reaction center (Fig. 9.2). In purple bacteria, a
glutamic acid (M-E234) residue is suggested to provide two ligands
to the non-heme iron (Deisenhofer et al., 1985; Michel and
Deisenhofer, 1988). However, this glutamate is not conserved in D2.
Instead, it had been suggested that bicarbonate acts as a ligand to
the iron in PS II (Michel and Deisenhofer, 1988). Wang et al.
(1992) replaced M-E234 with glutamine, glycine and valine by site-

directed mutagenesis in Rhodobacter sphaeroides. All mutants showed

normal electron transfer behavior and the absence of a
formate/bicarbonate effect. Thus, M-E234 is not even important for
Q. to Qg reaction. The absence of a formate-bicarbonate effect in
Wang’s M-E234X mutants implies that this glutamate is of no
consequence in taking over the function of bicarbonate.

There may be other primary structural differences in the Q,-
Fe-Q, complex between D1/D2 protein of PS II and L/M subunits of
purple bacteria to explain the absence of formate/bicarbonate
effect in bacterial system. There are 14 amino acid residues in the
D-E loop of D1 that are not found in the L subunit and 7 residues
in the D-E loop of D2 that are not found in the M subunit (Fig.
9.2). We do not yet know if these extra residues may be associated
with the bicarbonate/formate effect. Furthermore, the difference in
the bicarbonate effect between PS II and bacterial reaction center

may lie in differences in amino acid residues in D1/D2 protein and
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in the corresponding residues in L/M subunits. A search is now in
progress in the laboratories of Govindjee and B. Diner.

The protonatable amino acid residues in the Rhodobacter sphaeroides

reaction center were proposed to constitute two chains for proton
transport to Q.- (Feher et al., 1989). Specifically, L-E212 and L-
D213 were shown to be strongly implicated in the proton transport
to the @, site (Paddock et al., 1989; Takahashi and Wraight, 1990,
1991, 1992). The protonation role of weak acids (azide, formate,
bicarbonate, etc.) becomes obvious when these proton transport
chains are blocked by mutation (Takahashi and Wraight, 1991).
Crofts et al. (1987) proposed that D1-H252 and D1-R225 to be
involved in proton transport in PS II. Bicarbonate was assigned an
important role in the protonation of reduced Q; (Eaton-Rye and
Govindjee, 1988; Blubaugh and Govindijee, 1988a). It is possible
that bicarbonate acts in PS II as an analogue to the carboxyl acid
residues of proton conduction pathways in photosynthetic bacteria.
Bicarbonate may work cooperatively with as yet unknown proton

conduction pathway in PS II.

D. Final Remarks
Although a great deal of evidence now supports the concept
that bicarbonate plays an important role in proton transport in PS

II in vivo, it has been argued that endogenous bound bicarbonate is

not a requirement for electron flow in PS II when all anion binding
sites are considered empty of most anions. This suggestion was

given because of the inability of Stemler (1989) and Jursinic and
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Stemler (1992) to observe CO, release in such thylakoids that still
retain high rates of electron flow. There is, of course, the
possibility that in their thylakoids, that had been depleted of all
easily-depletable bicarbonate and other anions, CO, released from
the tightly bound sites, when formate is added to such
preparations, may have just filled the multitude of available empty
sites. Furthermore, the high oxygen evolution rates observed by
Jursinic and Stemler (1992) appears contradictory with those of Chl
a fluorescence measurements by Diner and Petrouleas (1990). In the
latter case, a large increase of variable Chl a fluorescence was
observed in thylakoids that were depleted of CO, without the
addition of anions. Ireland et al. (1987) have also observed a
block beyond Q, in leaves when CO, levels are reduced without the
use of inhibitors. Flash number dependence of the [Q,”] decay is
very helpful in studying the role of bicarbonate effect on the
protonation of reduced Q,. Thus, it is essential to simultaneously
measure Chl a fluorescence parameters under conditions of Jursinic
and Stemler (1992).

On the other hand, the conclusion that the bound bicarbonate
is not a strict requirement for PS II reaction per se under certain
experimental conditions is certainly feasible because one of the
suggested function of bicarbonate is the transport of protons.
Thus, thylakoids, under éertain specific conditions, can transfer
protons without intervention of bicarbonate, similar to reactions
in photosynthetic bacteria. This is, of course, highly probable

when there are plenty of protons around. However, if true, its
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mechanism remains to be studied and understood. It is incumbent
upon researchers to test the conclusion that there is indeed no CO,
bound when monovalent ions are low or absent. The conclusion of
Jursinic and Stemler (1992) that wunder their experimental
conditions, all anion binding sites are empty is difficult for me
to imagine. However, at present, it is neither possible to exclude,
nor to establish the necessity of bicarbonate as an obligate
cofactor in the Q, reduction.

In this thesis, I have presented data which makes, among
others, three important points:

(1) Several bicarbonate-reversible inhibitors, that act on the
electron acceptor side of PS II, show large inhibition of Q.
reoxidation and an increase of equilibrium [Q,”] after second and
subsequent, but not first, actinic flash; this has been interpreted
to mean that bicarbonate functions to aid in protonation necessary
for the stabilization of Qg .

(2) The active species of several bicarbonate-reversible
inhibitors is COOH, not COO™ group; this suggests that the search
for the binding niche should be expanded beyond the positively
charged amino acids.

(3) The binding niche of Q,-Fe-Q, pocket in the D1/D2 protein
of PS II when probed with halogenated acetates shows a hierarchy in
their ability to inhibit Q,” oxidation and to increase equilibrium
[Q."]. This follows the order: TCA > DCA > MCA > acetic acid, or MBA
> MCA > MFA. On the other hand, bicarbonate reversibility follows

the reverse order. A relationship exists between these effects, the
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nature of the CX, group, the geometry of the inhibitors, and the
hydrophopbicity of the inhibitors.

Future progress in the understanding of the molecular basis of
the "bicarbonate effect" in PS II is expected when a joint effort
involving molecular biology, biochemistry, biophysics and plant

physiology is mounted.
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were sdaptad to grow photosutocrophicaily weder
light. The cottom strsia grew with as stmosphere of ambient
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elevated CO; laveis (S%). Phosssmtotrophy was indicared by the
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shew set CO; fixacion ia 21% O; conditions.

i species have been photoauto-
trophically in liquid medium (reviewed by Horn and Widholm
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present in the medium for strict was

general, the photoautotrophic cuitures
have much higher dark respiration rates than marure levels and
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lower RuBPcase? activity which often leads to RuBPcase to
PEPcase activity ratios near one. These differing characteristics
are not really surprising since photoautowrophic cuitured ceils are
growing and dividing unlike 2 mature leaf. Thus, the cultured
cells should be compared to developing leaves which do have
high respiration rates and a lower ratio of RuBPcase to PEPcase
acdvity (1, 14). Probably because of these characteristics all
photosutotrophic cultures described thus far require elevated
CO, levels, usually 1 to 5%, for growth and have CO: compen-
mulc;n gg:mmummm that of mature leaves (reviewed
mll,

To date, no species with the C, photosynthesis pathway has
been grown photoautotrophically. Photobeterotrophic. grees cul-
tures of the C, species, Gisekia pharnaceoides (25). Portulaca
oleracea (12, 13) and Froefichia gracilis (15) have been initiated
mduadmphomynmmmnhauukumwmmwu
with 2 to0 2.5% sucroes in the culture medium.

Photosutotrephiic cultures can be used for many purposa
including the sclection of mutants resistant to photosynthenc
herbicides, for sqreening for herbicidal activity, and for herbicide
mechanism of action studies. The photoautotrophic cultures may
be valuabie for producing desired compounds if chloroplasts are
involved in the biosynthesis. Studies of chioropiast development
and breakdown can be readily studied during the reversible
transition to and from photoautotrophy as controlled by the
culture medium and conditions. The large numbers of cells and
!herudﬂyeonﬂoﬂableeondmoumypemtmesehma of

studies and rapid medium manipulstion and easy
exwacuon.

In this report we describe the initiation and characterization
of five new photoautotrophic cultures including ™o from C,
species and one which grows on ambient CO; levels.

MATERIALS AND METHODS

Origia of Suspension Caitwres. The photosutotrophic cotton
(Gossypium hirsutumcv Stopeville 825) culture designated COT-
P was initiated as described previously (4). The photosutotrophic
cultures of Datura innaxia (dencted DAT-P) and a Nicoriana
tabacum-Nicotiana :luam fusion hybrid (denoted NTG-P)
were derived from the beterotrophic line of D. innaxia initiated
by Ranch and Giles (22) and the fusion hybrid T3giC (9),

‘Abbmiuioa: RuBPcase, ribuloss 1.5-bisphospbate carboxylase:
MS, Murashige and Skoog (18) basal medium: NAA, saphthaleneacetic
acid; PEP, pbosphoenolpyruvate: PEPcase, phospboenolpyruvate car-
boxylase; RuBP, ribuicss 1.5-bispbosphate.
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CHARACTERIZATION OF NEW PHOTOAUTOTROPHIC SUSPENSION CULTURES

i ic and photoautowophic cultures showed light
,E:V;',',”mm e sudden increases in light intensity killed the cells
ially during the wransition from mixotrophic to photoauto-
with photoautotrophic medium
Mm”mwmmmmmm:qmm
Mmuormmmmnqmmmu
10 a0 increase in incident light of 6 to 7 times as determined by
ight measurements. Self shading, where the cells in 2 dease
culture reduce the effective irradiance per cell by shading esch
other. might also be important as indicated by experiments where
¢mall inoculation densities resulted in no growth, uniess addi.
tional shading was imposed. In addition, we found that the COT-
PA culture would not grow if the usual inverted paper cup which
is sormally placed over the top of the culture flask was replaced
by a small zransparent cap. Despite repeated anempts to adape
the COT-PA ceilsto unshaded conditions, they would sot survive
usless 2 carbon source such as soluble starch was also preseat.
Photoautoerophic Growth, The five newly initiated suspeasion
cultures studied here (COT-PA. APO-P, ACR-P, DAT-P, NTG-
P) had been growing for at least |8 months with 6 week subcul-
wre intervals. The COT-PA cells were grown under ambient
CO: conditions in the culture room (about 600=700 uL CO3 [
but the other strains required higher CO; levels (5% used nor-
mally). The cells were grown in medium lacking sucrose with
minimal levels of organic compounds (0.95 mg/L of a vitami
mixture, ! mg/L NAA, 0.2 mg/L kinetin, 1.2 g/L Hepes, 0.73
mg/L picloram, and 29.2 mg/L EDTA). Even if all of these
organic compounds are meabolized by the cells this should aot
be sufficient to maintain continuous growth. The
of the new strains and that of COT-P (4) which
control, showed that decreasing the usual CO; levels
gromth greatly and that light was absolutely required for
(Table I). This evidence indicates that these suspensions are
indeed photoautotrophic i.e. utilize light energy to fix CO; for

gowth.

The growth rates calculated from a series of growth studies
- give doubling times aear 14 d. The COT-P and APO-P cells did
have doubling times near 8 d in experiments shown in Table [
where a lower than normal quantity of cells was used as inocu-
lum. The ceils generally grew in variable sized clumpe, usually
with fewer than 30 loosely packed cells, with the mean ceil size
bewng in the range from 40 to 70 um in diameter (Fig. 1). The
cells have numerous chioropiasts and no clearty different features
which would distinguish each cell type at least at the light
micrescopic level, Figure | shows COT-PA, COT-P, APO-P, and

tures were studied during two successive cuiture cycles of either
4 or 6 weeks while growth and the parameters listed below were

Table L. Requirement for COy and Light for Growth of
Photoautotrophic Cultures during a 28 d Incubation

Ce{l lnilial. Fresh Net FW incresss
Strain Weight Normal' LowCO® Duik’
F] g
COT-PA 0.16 22 0.80 0
COoT-P - 0.2 23 0.88 0
APO-P 0.26 44 0 0
DAT-P 0.63 30 0.17 0
NTG-P 1.1 38 0.50 -0

*5% CO: blown through flasks excep for COT-PA where flask was
grown under ambient CO; condition with inverted waxed paper cup over
theflaskiop.  * All grown under ambient CO, condition with inverted
" waxed paper cup sealed with Parafiim overthe flask top.  * All gown
under the ‘normal’ conditions in flasks wrapped in aluminum foil to
exclude light

1299

measured at 2 week intervals. Ouly representative dam from one
culture cycle is presented 0 save space. Data was aiso collected
for the previously characterized COT-P strain (4) as a control for
comparative purposes. :

The five new strains contained the following levels of Chl listed
as the ranges found in different growth expenments and at
different times during the culture cycie in ug Chl g™ fresh weight;
COT-PA, 218 to 607; APO-P, 114 to 294; ACR-P, 148 to 231;
DAT-P, 101 t0 226; and NTG-P, 47 to 237. The level measured
in COT-P used as a control, varied from 263 t0 639 ug Chl g™
fresh weight which is similar to the values reported previously
for this strain (4). These Chl levels are similar to most of the
values reported for other photoautotrophic cell lines (reviewed
in 11 and 20). The exceptions would be two different soybean
strains which now contain near 2000 ug Chi g™ fresh weight (23,
24). These soybean strains gradually increased in Chl content so
the strains described here may do likewise,

When CO; exchange was measured with an [R gas apalyzer
under culture medium conditions, all strains showed high dark
respiration at time zero and after 4 weeks of growth (Table II).
The values ranged from 8.8 to 98.0 umol CO; mg™ Chi h™'.
These values are similar to those generally found with photoau-
totraphic cultures inciuding COT-P (4), but are higher than that
usually found in mature leaves. For example, Kisald er a/. (14)
showed that the dari respiration rates of mature leaves of gresn-
house grown tobacco (Nicotiana tabacum) were 8 umol CO;
mg™ Chl h™* ot less. Forrester er al. (7) reported dark respiration
rates for mature soybean leaves from growth chamber plants of
0o more than 14 umol CO; g™ fresh weight h! which would be
;:rthdeD,m"Cuh"mmsmChls“

weight.

Net CO; fixation of from 2.4 to 28.5 umol CO; mg™ Chl h~'
was measyred in all straips in light in a 350 uL. CO; and 2% O
atmosphere. The CO; fixation rate in light decreased greatly in
an atmosphere of 21% O, and in many cases was negative. Only
the COT-PA cells showed net fixation in 21% O, at both times
shown and this also occurred with these cells at other measure-
ment times as well. Previously the COT-P cells did not show et
CO; fixation at either 2% or 21% oxygen conditions with the
low CO; conceatration used (4) while soybean ceils did show net
fixation at most times even with 21% O3 (23).

The decrease in net CO; fixation found with increasing O,
levels is usuaily considered 10 be due to the oxygenase activity of
the C, fixation enzyme, RuBPcase-oxygenase. The increased
oxygea would compete with CO; and directly cause less CO,
fixation and, in addition, stimulste photorespiration through
production of phospbogiycoiste (21). Photorespiration, in turn,
relesses CO; which would additionally decrease the net CO;
fixed. Studies with photoautotrophic
that increzsed O; concentrations decrease net photosynthesis and
growth and that incressed CO; levels can revvrse the inhibition
of photosynthesis but not of growth (17). These results are
consistent with our dats and indicate that photorespiration is
occurring in these cells,

When fixation of '“CO; was messured under both dark and
light conditions under the culture medium pH of 4.5 (Tabie III),
the dark fixation varied from 1.3 10 13.9 smol CO; mg™ Chl
b~ and light fixatioa was from 9.0 to 47.8 umol CO; mg™ Chl
h™\. In general, the dark fixation was less than 24% that in light
except for the NTG-P strain, where the dark values are from 28
to0 33% of the light values. The COT-P values determined here
are similar to those of Blair ¢ al. (4) when a 5 min incubation

The RuBPcase activity was low in all strains with the initial
activity (that measured before in vitro activation with CO; and
MG?*") being from about 6 10 64 umol CO; mg™* Chl b~ (Table
IV). Mature spinach leaves grown in a growth chamber have
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total RuBPcase activity of about 500 gmol CO; mg™ Chl h~'
with about 86% activation (i.e. the initial activity is about 86%
of the total). The activation levels in the photoautotrophic cul-
tures described here ranges from 16 to 64%. which is similar to
other reports where low activation levels were noted in photoau-
totrophic cultures.

The PEPcase levels of the photoautotrophic strains ranged
from low levels near 10 umol CO; mg™' Chl h™' for COT-PA,
COT-P. and APO-P to near 20 for ACR-P, to 40 for DAT-P and
near 80 for NTG-P. These values can be compared to levels near
80 zmol mg™' Chl h™' for growth chamber grown spinach leaves
and the COT-P cells measured previously (4). The reason for the
low PEPcase activity measured in COT-P cells in the present
studies is not known. It is possible that the cells might have
changed since the previous assays were run (4). This conclusion
is supported by recent data cbtained with the COT-PA cells and
a coupled enzyme assay which gave PEPcase activity levels near
20 umol CO; mg™' Chi h™! (C Roeske. JM Widholm. unpub-
lished data).’

The fluorescence emission spectra of the photoautotrophic
cells (SB-P. DAT-P. COT-P, and COT-PA) obtained at room
temperature showed a peak at 685 nm (Fig. 2) which has been
suggested to originate in the antenna Chl a molecules of PSII

XU ET AL.

Plant Physiol. Vol. 88. 198%

FiG. 1. Phase contrast microscope pic-
tures of A. COT-PA cells 6 weeks aiter
transfer: B. COT-P cells 4 weeks aiter
transter: C. DAT-P cells 4 weeks after
transfer: D. APO-P cells 6 weeks aiter
transier. The size bar represents |0 um.

(19). At 77 K the fluorescence emission spectra showed three
bands near 685 (F685), 695 (F695). and 740 (F740) nm. Both
the F685 and F695 nm bands originate in the antenna Chld
molecules of PSII, F685 in the so-called CP-43 complex. 2nd
F695 in the so-called CP-47, the antenna that feeds energy 10 th¢
reaction center II complex. F740, that is composed of at Jeas!
two subbands. originates in the antenna Chi a of PSL. The 77 &
spectra. shown here, are similar to those found in green algae (8!
and chioroplasts of higher plants (6). Our resuits with the pho-
toautotrophic cells suggest that their antenna systems are sxmlla".
to those of other green plants. Minor differences in the rafo ol
F685-F695 of different cell lines may be due 1o slightly ditferen!
experimental conditions and/or slightly different ratios of 3%
tenna systems within them.

CONCLUSIONS

The five new photoautotrophic suspension cultures described
here have the usual characteristics of photoautotrophic cultures:
high dark respiration. low RuBPcase activity, low RuB
activation levels. and low Chl levels which would all cause the*
cultures 10 have net photosynthesis rates which are retatively 10
in comparison to mature leaves. The reason for some 0! th
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CHARACTERIZATION OF NEW PHOTOAUTOTROPHIC SUSPENSION CULTURES

Table IL. Net COy Exchange Rates of Photoautotrophic

Suspention
Cultures Measured by IR GaAgdyma Time Zero and After 28d of

am—

CO; Exchange
Cell Time after Do T o
train Transfer .
S 2% Oy %Oy 21% Oy
d . umol COy mg™ Chl k*
COT-PA 0 -37.3 +16.6 +1.53
28 -35.6 +20.4 +4.08
COoT-P 0 -16.3 +9.8 0
23 -48.5 +17.5 -6.62
APO-P 0 -3.3 +1.7 +4.41
28 . =399 +7.7 -6.13
ACR-P 0 =16.6 +2.43 0
28 =336 +10.1 +4.02
DAT-P 0 -56.0 +28.5 NO*
28 -78.8 +258 +10.1
NTG-P 0 =216  +iCo +1.37
28 -50.0 +7.8 -6.88
*Not determined.

Table (L '*CO; Fixation by Photoawotrophic Suspension Cultures
Measured at Time Zero and afier 28 d of Growth

Cell  Timeafter 20 P
ime
Stain  Transfr Dwk2%  Lign Rasdark .,
(Y %0, Rawlign
d umol mg™ Chl k= %
COT-PA 0 3.87 16.1 24
28 3.90 19.4 20
cor-? 0 4l 219 15
. 28 9.1 379 2
APO-P 0 1.76 9.0 20
28 6.1 280 2
ACR-P 0 1.29 13.5 10
28 3.88 38.1 10
DAT-P 0 1.69 279 3
28 5.4 413 i
NTG-P 0 83 316 2
28 13.9 4.7 3

Table [V. PEPcase and RuBPcase Acivities in Photoautotrophic
Suspension Cultures &t Time Zevo and After 28 d of Growth

Enzyms Activity RuBPcass

Cell Timeafter 2ab activation
Stnia  Transfer RuBPcase RuBPease finitial

FEPCI "inicial)  (wonal) (“;;" ‘°°)
d umol mg™ Chi [
COT-PA O s 162 564 64
28 143 294 519 $7
CoT-P 0 84 287 9.6 1]
28 9.7 143 65.0 2
APO-P 0 12.4 8.7 208 42
28 131 331 789 7}
ACR-P 0 20.1 16.7 at.l 4
28 21 %00 98.9 st
DAT-P 0 379 62 356 17
28 43 282 94.1 1]
NTG-P [ 783 64 40.2 16
28 376 642 24 10
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Fluorescence (orbitrory umts)

4
o TR TR %o
Waveiength (nm)
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FiG. 2. Fluorescence emission spectrs from SB-P (1), DAT-P (2).
COT-P (3), acd COT-PA (4) ceils mezsured at room temperature (A)
andat 77 K (B)

differences may be the continuous cell division in the cell cultures
relative to that of the mature leaves (23).

The photoautotrophic cultures initiated from the C, species
APO-P and ACR-P were not appreciably different from the other
photoautotrophic strains from C; species. [n particular, the PEP-
case activities were not higher than the other species studied
here, as they would be in the whole plants. No “CO, fixatioa
product analysis studies were done, however, to determine the
CO; fixation efficiency of the RuBPcase versus the PEPcase
activities in vivo. Previous studies usually show that the 'CO; is
fixed into the products expected for the propertion of RuBPease
and PEPcase measured in vitro,

The unique COT-PA strain which grows on ambient CO;
levels (about 600~700 uL/L in the culture room) does not have
any clearly different characteristics as measured in these studies
except for the reproducibie ability to show net CO; fixation in
21% O (Table II) and a relatively high stable RuBPease activa-
tion leved (about 60% as shown in Table [V).

While it is clear that the carbon fixation enzyme makeup of
these celly is different from that of marure leaves it appears that
the PSII antenna pigment composition is similar to that of leaves
of green plants.

These five strains are continuing to grow with repeated sub-
culturing for a period of at least | year after completion of these
studies, 30 they appear 10 be capable of continuous growth under
these cogditions, During this period we have been able to remove
the Hepes and all of the vitamins except thiamine from the
culture medium and have found that the Chl levels of the COT-
P, COT-PA, DAT-P, and NTG-P had remained constant while
the APO-P and ACR-P levels had increased to 1700 and 875 ug
Chl g~ fresh weight, respectively (C Goldstein, JM Widholm,
unpublished data),

Further studies are needed to determine if different cuiture
conditions might affect the PEPcase levels of the C, species
cultures and to determine why the COT-PA and not the other
cultures can grow on ambient CO; levels,

Acikowledgments==We wish to thaak Clady Goldssia for some cell amples,
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Abstract

We report here the first measurements on chlorophyll (Chl) a fluorescence characteristics of photoautotro-
phic soybean cells (cell lines SB-P and SBI-P). The cell fluorescence is free from severe distortion problems
encountered in higher plant leaves. Chl a fluorescence spectra at 77 K show, after correction for the spectral
sensitivity of the photomultiplier and the emission monochromator, peaks at 688, 696 and 745 nm, represent-
ing antenna systems of photosystem II-CP43 and CP47, and photosystem I. respectively. Calculations, based
on the complementary area over the Chl a fluorescence induction curve, indicated a ratio of 6 of the mobile
plastoquinone (including Qg) to the primary stable electron acceptor, the bound plastoquinone Q, . A ratio
of one between the secondary stable electron acceptor, bound plastoqumone Qg, and its reduced form Qg
was obtained by using a double flash technique. Owing to this ratio, the flash number dependence of the Chl
a fluorescence showed a distinct period of four. implying a close relationship to the ‘S’ state of the oxygen
evolution mechanism. Analysis of the Q7 reoxidation kinetics showed (1) the halftime of each of the major
decay components {~ 300 us fast and ~30ms slow) increases with the increase of diuron and atrazine
concentrations; and (2) the amplitudes of the fast and the slow components change in a complementary
fashion, the fast component disappearing at high concentrations of the inhibitors. This implies that the
inhibitors used are able to totally displace Q. In intact soybean cells, the relative amplitude of the 30 ms
to 300 us component is higher (40:60) than that in spinach chloroplasts (30:70), implying a larger contri-
bution of the centers with unbound Q. SB-P and SBI-P soybean cells display a slightly different sensitivity
of Q3 decay to inhibitors.

Abbreviations: CA -complementary area over fluorescence induction curve, Chil-chlorophyll, diuron:

DCMU - 3-(3,4-dichlorophenyl)-1,1-dimethylurea, F,,-maximum chlorophyll a fluorescence, F;- minimum

chiorophyll a fluorescence, F, = F,-F,. where F, = variable chlorophyll a fluorescence, and

F, = chlorophyll a fluorescence at time ¢. PS II-photosystem II, Q, - primary (plastoquinone) electron

acceptor of PS II, Qg-secondary (plastoquinone) electron acceptor of PS II, t,-the time at which the
; concentration of reduced Q, is 50% of that at its maximum value

Introduction . - plasts of green plants. Since Chl a fluorescence is in

' competition with photochemical reactions and
For several decades, Chlorophyll a (Chl a) fiuor- other processes in chloroplasts, it has been widely
escence has been used as an intrinsic indicator of used to monitor variations in photosynthetic ac-
the photosynthetic reactions of isolated chloro- tivity (see, ¢.g.. Duysens 1986).

156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



94

Light-induced charge separation initiates the
transport of reducing equivalents from the reaction
center of photosystem II (PS II) to the plastoquin-
one (PQ) pool via a specially organized complex of
two bound plastoquinones, Q, and Qg. Q4 is a one
electron acceptor and is tightly bound, whereas Qg
is a two electron acceptor, and is loosely bound in
the Qp and Q™ forms (Crofts and Wraight 1983).
The Chl a fluorescence yield depends upon the
redox state of Q,, being high when the concen-
tration of Qj is high (Duysens and Sweers 1963).
The size of the PQ pool can be measured by using
Chl a fluorescence induction, i.e., fluorescence as a
function of time of illumination. The area above
the fluorescence induction curve (complementary
area, CA) is proportional to the number of elec-
trons accumulated in the light by the electron ac-
ceptor side of PS II and, therefore, is equivalent to
the amount of PQ which has been reduced (Malkin
and Kok 1966, Velthuys and Amesz 1974). Thus
the measurements of CA, before and after the elec-
tron flow inhibition, have allowed estimates of the
ratio of PQ pool size to Q, . One can also measure,
with a weak flach, the changes in the variable Chl
a fluorescence yield correlated with the concen-
tration of Qx . after a strong saturating flash. From
such measurements it is feasible to estimate the
kinetics and equilibrium parameters for the reac-
tion of Q5 with Qz or Qz when one or two elec-
trons have accumulated from the reaction center of
PS I1, and then for the reactions of plastoquinone
(PQ) and plastoquinol (PQH.,) at the Qg binding
site (see, e.g., Robinson and Crofts 1983, 1987,
Taoka et al. 1983).

Up to now, most efforts have been put into the
development of the methodology for Chl a fluor-
escence measurements with isolated chloroplasts
from higher plants. Efforts are being made to use
fluorescence in the study of photosynthetic
phenomena in intact leaves (see Walker 1981, Sivak
and Walker 1983, Walker et al. 1983, 1985). For
example, state transition, energy transfer during
the development of the photosynthetic apparatus,
and the effects of physiological and environmental
factors have been studied in intact leaves through
Chl a fluorescence measurements (see, €.8., reviews
by Briantais et al. 1986, Renger and Schreiber
1986). However, since intact leaves have higher
absorbance and exhibit stronger scattering of

incident light than isolated chloroplasts, their
emission spectra are highly distorted due to reab-
sorption of fluorescence. In addition, kinetics of
fluorescence are also distorted due to the light at-

. -tenuation (Malkin et al. 1981); fluorescence kinetics

from the interior cells are slower due to the lower
light intensities, and, one measures, therefore, an
average kinetics. The complexity of using intact
leaves and the lack of direct biochemical data to
compare with the results of fluorescence measure-
ments make the interpretation of fluorescence in
intact leaves less definitive than in isolated chioro-
plasts. Furthermore, the relationship of Chl a
fluorescence to the mechanism by which plasto-
quinone acceptors work in intact leaves is still un-
resolved.

Recently, higher plant tissue culture techniques
have been increasingly used for research in the
areas of plant physiology, genetics and develop-
ment. Now, rapidly growing photoautotrophic sus-
pension cultures have become available for use in
photosynthesis research using intact higher plant
cells (Rogers et al. 1987, Xu et al. 1988). Thus Chl
a fluorescence measurements can be used to study
photosynthetic phenomena in higher plants by
using suspensions of small cell clumps. Such cells
are better suited for Chl a fluorescence measure-
ments in vivo for higher plants because they can be
used in dilute samples and, thus, will be relatively
free of distortions encountered in leaf samples.
Furthermore. it will be possible to compare their
data with those from cyanobacteria, and lower
plants such as red and green algae (Fork and Moh-
anty 1986, Govindjee and Satoh 1986).

In this paper, we present the first systematic Chl
a fluorescence measurements of photoautotrophic
soybean cells. We show that soybean cells possess
a similar antenna system as that in chloroplasts of
other higher plants. Furthermore, the ratio of the
plastoquinone pool (including Q) to Q, is 6 and
the ratio between Qg and Qg after dark adaptation
is one. Analyses of the kinetics of Q; reoxidation
suggests that the Qg binding sites can be totally
occupied by the electron transport inhibitors used.
The detailed fluorescence study of soybean cells,
presented here, suggests that it may be of use for
the general application of fluorescence in plant
physiology.
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Materials and methods -

The intact soybean (Glycine max Merr.) cell lines
SB-P (Corsoy) and SBI-P (PI-437 833) were esta-
blished by Horn et al. (1983) and Rogers and Wid-
holim (1988), respectively. The cells were cultured in
a KN° medium (Rogers et al. 1987), which con-
tained in addition to inorganic salts (Murashige
and Skoog 1962), Thiamine-HCI, kinetin and na-
phthalene acetic acid as the sole organic com-
ponents (see Rogers and Widholm 1988). The cells
were photoautotrophically cuitured for 14 days at
28°C in a 5% CO, atmosphere under continuous
light of 300 umol photonm™3s~', and were shaken

at 130rpm on a gyratory shaker. The pH of the

KN® medium before cell growth was about 5.2 (or-

7.0 with 5SmM Hepes buffer), but within 48 h the
medium pH dropped to around 4.2, and then rose
to 5.0 after 14 days (Horn et al. 1983).

After growth for three weeks under the illumi-
nation of a metal-halide lamp for 16 hours every
day, the mature soybean (Corsoy) leaves were col-
lected from the green house for fluorescence meas-
urement. .

The isolation of spinach (Spinacia oleracia)
chloroplasts were performed as previously de-
scribed by Eaton-Rye and Govindjee (1988).

Chlorophyll was extracted in 80% acetone (v/v)
and its concentration was determined spectro-
photometrically using the method of Arnon (1949).
The cells were diluted in KN° medium to give a
chlorophyli concentration of about 10 ug/ml in the
double flash fluorescence experiment, and about
40 ug/mi in the fluorescence transient experiment.
~ Chlorophyll a fluorescence spectra and fluor-

escence transient measurements were made using a
laboratory-built spectrofiuorometer. The exciting
light was provided by a Kodak 4200 projector with
the light filtered by two Corning blue filters (CS
4-71, and CS 5-56). Fluorescence emission was
detected, with a slitwidth of 3.3nm, by a S-20
photomultiplier (EMI 9558B) through a Bausch
and Lomb monochromator, protected from the
exciting light by a red Corning filter (CS 2-61).
Signals were stored and analyzed by Biomation 805
waveform recorder and a LSI-11 computer (see
Blubaugh 1987). Other details are in the legend of
Fig. 1.

Chlorophyll a fluorescence kinetics after single
flashes of light were measured by an instrument
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Fig. 1. Fluorescence emission spectra (from 600 to 800nm) of
SB-P cells (subfig. a) and soybean leaves (subfig. b) at (A) room
temperature and (B) 77 K. Monochromator, Bausch and Lomb
(focal length, 500 nm. f/5, grating size. 100 x 100 mm, blazed at
750 nm, linear dispersion, 3.3 nmjmm); photomultiplier, S-20,
EMI 9558B. Spectra were normalized at 724nm. Spectra,
presented here, are not corrected for the spectral response of the
monochromator and the photomultiplier. Wavelengths shown
on the graph are for the peaks of emission.

o}
600 800

described by Eaton-Rye (1987). Fresh soybean cell
suspensions were diluted in a dark reaction vessel
and dark-adapted at room temperature for 10 min.
A flow cuvette was filled from this vat. Because the
size of cells is larger than that of thylakoid
membrane fragments, the gas pressure in the flow
system had to be changed from that used for thyla-
koids (see Eaton-Rye 1987). The illumination
volume of the sample was 0.6 ml. At the end of each
measurement, the cuvette was emptied by reversing
the pressure. Using a weak measuring flash, the
level of Chl a fluorescence yield of the soybean cells
was measured at 685nm (10 nm bandwidth) by a
EMI 9558A photomultiplier tube. An FX-124 flash
lamp (EG and G, 2.5 us duration at half-maximal
peak height) was used as the saturating flash, where
the measuring flash (2.5 us duration, CS 4-96 filter)
was provided by the 1539A Stroboslave (General
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Radio) flash system. After a. series of saturating
flashes, the measuring flash could be fired at
variable times under computer control. For further
details. see Eaton-Rye (1987) and Eaton-Rye and
Govindjee (1988).

The concentration of reduced Q, was estimated
from the above Chl a fluorescence data by using the
following equation (Joliot and Joliot 1964; see
Mathis and Paillotin 1981):

F) - F _ (1=pJ
Fmax—}'.o ]—pq

where F{(?) is the Chl a fluorescence yield at time ¢,
F, is the fluorescence yield when all Q, is in the
oxidized state, F,,, is the maximum fluorescence
yield when all Q, is in the reduced state, p is the
connection parameter or the probability of the in-
tersystem energy transfer and g is the fraction of the
closed reaction centers (i.., ¢ = 1, when Qy is
maximum). Here p was taken as 0.5 (Joliot and
Joliot 1964) for calculations in our paper.
Therefore. g can be represented by the following
formula: .

M

_ R - F,
1= G- Fy - 0sFm =] @

Apparent halftimes of [Q5] decay, labeled as 1.,

are times at which [Qx]is 50% of maximum [Q7]

(atz = 0), whereas all other 1,5, given together with
their amplitudes, are obtained from plots of log of
[Qx] as a function of time after evaluation into a
fast and a slow component.

Results and discussion
Fluorescence spectra

Fluorescence spectroscopy is a powerful means to
analyze the components of light harvesting systems
as well as the energy transfer between them in
higher plants and algae (see, ¢.g., Briantais et al.
1986, Fork and Mohanty 1986, Govindjee and
Satoh 1986). In order to minimize the influence of
scattering and reabsorption .of fluorescence in
clumps of soybean cells, the cell suspension was
filtered with cheese cloth to remove all the larger
clumps. Figure 1 displays the fluorescence emission
spectra of SB-P soybean cells at room temperature
(A) and 77K (B). At room temperature, reabsorp-
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tion of fluorescence at 687nm is dramatically re-
duced here (curve a) as compared to the soybean
leaf (curve b). This is evident from the relatively
high ratio (5.5) of fluorescence at 687 nm to that at
740 nm in cell suspensions in comparison to a low
ratio (1.7) in leaves. At 77K, the ratio of fluor-
escence at 688 nm to that at 740 nm changed from
a value of 1.0 in the cell suspension to 0.3 in leaves.
Furthermore. the separation of the emission bands
at 688 and 696 nm was obliterated in the leaves at
the 3.3 nm slitwidths used here. The 688 nm band is
reabsorbed more than the 696 nm band. A single
band at 693 nm was observed. -

The fluorescence emission spectra. shown in Fig.
1, have not been corrected for the spectral sensi-
tivity of the photomultiplier and the monochroma-
tor. This fluorescence emission spectrum of the
SB-P cells obtained at room temperature has, how-
ever, the usual peak at 687 nm (F686), because the
instrumental spectral response is almost flat in this
region. F686 is universally found in all oxygenic
photosynthetic samples (Murata and Satoh 1986);
and, it has been suggested to originate in the an-
tenna Chl a molecules of PS II. At the lower tem-
perature (77K). the uncorrected fluorescence

emission spectrum of the SB-P cells showed three

. bands near 688 (F686), 696 (F695) and 739

(F740)nm. Corrections for the instrumental spec-
tral response gave almost the same locations for
these three peaks: at 688, 698 and 745nm. Both
F686 and F695 bands originate in the antenna Chl
a molecules of PS II, the former in the so-called
CP-43 (Chl a-protein complex of 43 kilodalton
mass), and the latter in the so-called CP-47 (Chl
a-protein complex of 47 kilodalton mass), the
antenna complexes that feed energy to the reaction
center II complex (Murata and Satoh 1986; for a
review on pigment-protein complexes, see Green
1988). It is now generally agreed that F740 at 77K
belongs to photosystem I (PS I) complexes. The
emission spectrum obtained for soybean cells is
very similar to that found in chloroplasts from
higher plants (Govindjee and Yang 1966). In green
algae, the F740 band has two maxima at 717 and
725nm (Cho and Govindjee 1970); soybean cells
also show a double band (see Fig. 1B), but the
bands are shifted to higher wavelengths, as expec-
ted for higher plants. This complex long-
wavelength band is at still shorter wavelengths

(712-720 nm) in cyanobacteria and red algae (Fork o
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and Mohanty 1986). The above result with the

photoautotrophic soybean cells suggests that its
antenna system is similar, as expected, to those of
chloroplasts from other higher plants. Similar re-
sults have now been found by the authors in other
photoautotrophic cell lines from intact tobacco,
Datura and cotton cells (see Xu et al. 1988).

Fluorescence induction

The characteristics of PS II and of the plastoquin-
one electron acceptors have been studied in higher
plants and algae by monitoring Chl a fluorescence
induction curves (see, e.g., Govindjee and Papa-
georgiou 1971, Papageorgiou 1975). The initial
(‘origine’) fluorescence (O level) is thought to be
emitted from the antenna Chl g molecules prior to
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Fig. 2. Chlorophyll a fluorescence induction curves of SB-P cells
in the presence (A) or absence (B) of 1 M DCMU. ‘O’ level is
the initial level, and *P" level is the maximal fluorescence level. At
‘P level all Q, is reduced and at ‘O’ level all Q, is in the oxidized
form. (For I and D, see text.)

Table 1. The ratio between the Chl @ fluorescence at F,,, and F;
levels, the complementary area. derived from the Chl a fluor-
escence induction curve of the SB-P soybean cells with or with-
out DCMU in Fig. 1, and the approximate halftime for the F,
to £, rise

Fp,  Complementary area

—_— : : Approximate
Fy (relative units) half-time for
Fyto Fpy,
rise, ms
-DCMU 5.1 49.3 390
+DCMU 48 3.8 13
(1uM)
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photochemistry and is, thus, independent of
photochemical reaction. The true quantum yield of
F, (fluorescence at the ‘O’ level) can be measured
when the first plastoquinone electron acceptor of
PS II, Q,, is fully oxidized before the onset of
illumination (see, e.g., Govindjee and Papageor-
giou 1971, Govindjee and Satoh 1986). The fluor-
escence rise. following the ‘O’ level, is generally
considered to reflect the reduction of Q, . Therefore
the rapid transient at 685nm depends mainly on
the rate of the reduction of Q, by PS II and the
redox state of the PQ pool. At the end of the rapid
transient (OIDP, where ‘I’ stands for an inter-
mediate peak, D, a plateau and P, a peak), the
fluorescence intensity reaches the maximum (F,,,).
Figure 2 (curve B) shows the Chl a fluorescence
induction curve of SB-P soybean cells which had
been dark-adapted for five minutes before the
measurement. The ratio between the fluorescence
of the ‘P’ (F,..,) and the ‘O’ level (F,) is 4.4, which
is quite close to the value reported in spinach
chloroplasts and some algal cells (see, e.g., Ya-
magishi et al. 1978, Briantais et al. 1986). In some
experiments with soybean cells, we were able to
even reach a value of 5.0 for the ratio of ‘P’ to the
‘O’ level (Table 1). At the light intensity used, the
approximate half time for the O-P rise is about
390 ms in the absence of any herbicide and 13 ms in
the presence of 1 uM diuron (DCMU,3-(3.4)-dich-
loro-1,1-dimethyl urea; curve A; see Table 1).
Diuron accelerates the Chl a fluorescence rise by
occupying the Qg binding site and, thus, preventing

- the reoxidation of Q7 (see, e.g., Velthuys 1981).

The complementary area above the fluorescence
transient curve is proportional to the number of
electrons accumulated on the electron acceptor side
of PS IT (Malkin and Kok 1966, Velthuys and
Amesz 1974). In the absence of any inhibitor, it is
proportional to the number of election equivalents
on the plastoquinone (PQ) pool, Q, and Qg, whichk
have been reduced during illumination. However,
in the presence of saturating concentration of di-
uron, the area is solely proportional to the number
of electron equivalents on Q,. In our experiment,
the ratio of the complementary area without and
with 1 uM diuron is about 13. Since PQ accumu-
lates two electrons to be reduced to plastoquinol,
this shows that the ratio of the plastoquinone pool
(including Qg) to Q, is 6 in SB-P soybean cells. This
value is of the same order of magnitude as reported
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for isolated spinach chloroplasts (Malkin and Kok
1966, Robinson and Crofts 1983).

As noted earlier, the pH of the growth medium
(pH 7.0) decreased rapidly to near 4.2 and gradu-
ally rose to near 5.0 by day 14 after inoculation. In
order to correlate the photosystem IT activity of the
cell with the medium pH, the Chil a fluorescence
transient was measured in different pH media. The
cell suspensions were incubated in different pHs
for, at least, 10 minutes before measurement. Vary-
ing the pH from 4.0 to 8.0 led to no significant
changes in the kinetic characteristic of the fluor-
escence induction curve and in the intensities of
fluorescence levels at ‘O’ and at ‘P’ (data not
shown). The insensitivity of fluorescence of soy-
bean cells to the medium pH may indicate that the
chloroplast pH remains unchanged, since strong
effects of pH have been reported on the ‘P’ level
fluorescence of the oxygen evolving PS II enriched
preparations (see Hodges and Barber 1986).

Decay of Chl a fluorescence yield or [Q7 ] after

light flash 1 or 2

Using a double flash technique for Chl a fluor-
escence measurement, the kinetics of Qz oxidation
by Qg and Qg have been measured and the equili-
brium binding constant for plastoquinone at Qg
site has been estimated in chloroplasts (see, ¢€.g.,
Robinson and Crofts 1983, Taoka et al. 1983).
Figure 3 shows the decay of chlorophyll a fluor-
escence yield measured by this technique in soy-
bean cells and the effect of 1 yM DCMU (diuron)
on it; 10 M atrazine had a similar influence. A
fluorescence rise component (in 250 us range) is
explained to be due to a slow re-reduction of P-
680" on the donor side of PS II, as already sugges-
ted for isolated chloroplasts (Robinson and Crofts
1987). The quencher P680~* is reduced to P680 by
the electron donor Z (see Butler 1973, for the idea
that P680™ is a quencher of Chl a fluorescence and
Jursinic and Govindjee 1977, for the electron don-
ation by Z in the us range). The Chl a fluorescence
decay in the micro- to millisecond range represents
electron flow from the reduced Q,, Qx, to Qy;
diuron, however, blocks the decay by competing
with plastoquinone and plastoquinol for the Qg
binding side (Velthuys 1981). '

In isolated chloroplasts, the decay of Qx to Q, is
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Fig. 3. The effect of electron transport inhibitor (DCMU) on the
decay of Chl a fluorescence yield after the first actinic flash in
SB-P cells. 8 and @ were without or with | uM DCMU. Fis for
fluorescence yield at time ¢ after the flash and £, is the fiuore-
scence vield before the actinic flash. i.e., when [Q, ] is maximum.
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faster after the first flash than after the second flash,
because the electron transfer from Q; to Qg is
faster than to Qg and there is a preponderance of
Qg in dark adapted chloroplasts (see, e.g., Wollman
1978. Robinson and Crofts, 1983). In intact
soybean cells. the time course of Chi a fluorescence
emission after the first or the second flash was
virtually identical. implying a ratio of one between
Qs and Qjp in dark-adapted cells (Fig. 4A). This is
consistent with the result in spinach leaves,
obtained by the thermoluminescence method
(Rutherford et al. 1984). After the first flash, the
initial 50% Qj is reduced to 50% Qg form and the .
initial 50% Qg becomes 50% Qj~, which then
exchanges with the plastoquinone (PQ) pool to
become 50% Q. Thus, the ratio of Qg to Qg is
maintained as one, and the kinetics of Chl a fluor-
escence decay after the second flash is the same as
after the first flash. A replot of Chl a fluorescence
change on a log scale, as a function of time, shows
two decaying components, a fast and a slow one
(see Fig. 4B): both components have about the
same kinetics and are of about the same magnitude
after flash 1 and 2. This confirms the conclusion
made above that [Qgz] = [Qz] in dark-adapted. -
cells.

' Using equations (1) and (2), Ch! a fluorescence
yield was converted into the relative concentration
of reduced Q,. In SB-P and SBI-P soybean cells,
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Fig. 4. (A) Decay of variable Chl a fluorescence [(F — F,)/F,]
after first (®) and second (Q) actinic flashes, spaced 1 second
apart, in SB-P cells. (B) same data, plotted ona semilogarithmic
scale. Fy is the fluorescence yield taken with the measuring light
when Q, is oxidized and £ (F{¢) in equations (1) and (2)) is the
fluorescence yieid after the actinic flash. From these dara, a fast
and a slow component can be separated. The amplitudes and the
haiftimes of these components can be obtained from the inter-
sections of the best-fit lines with the ordinate.

the F,, is often lower than that in isolated spinach
thylakoid fragments. As mentioned under
Methods, the value of p. the connection parameter,
was taken as 0.5. Figure 5A shows the relative
concentration of reduced Q,, [Qx1/[Quwm](equiv-
alent to g in equations 1 and 2) as a function of
time, whereas Fig. 5B shows a log plot of [Qx)/
{Quu] as a function of time. Two distinct com-
ponents (fast and slow) were clearly observed in
this semi-logarithmic plot. In Fig. 5B, line 1 mainly
represents the decay of the slow component, line 2
displays effects of both the fast and the slow com-
ponents. By subtracting line 1 from line 2, line 3,
indicating the decay of the fast component, is
obtained. Both the amplitude and the half times of
decay for each component can be extracted from
this plot.

Figure 6 shows the plot for ¢, the time at which
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Fig. 5. (A) normal and (B) semi-logarithmic piots of the decay
of ¢ (=[Qx }/Qiew] 2fter a single actinic Alash from Chi a fluore-
scence decays in SB-P cells. W, obtained in the absence of
DCMU, while, ® was in the presence of 0.8 uM DCMU. For
details of curves 1, 2 and 3, see text, '

[Qx]is 50% of that at time zero, against the con-
centrations of diuron (DCMU) and atrazine in
soybean cells. Since the inhibitory effect of diuron
is stronger than that of atrazine at the same con-
centration, the curve in Fig. 6A shows a shift to the
lower side of the concentration range. Thus the
midpoint of the #5, vaiue in the presence of atrazine
is at a2 much higher concentration than that in the
presence of diuron.

Both the amplitudes and the halftimes of the
slow and the fast components of [Qx] decay were
obtained as shown in Fig. 5(B). From the semi-
logarithmic plot, two different exponential
decaying components are separated, the two best fit
straight lines drawn, the half-times of the decaying
components calculated and the amplitudes of the
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Fig. 6. Plots of 1. i.c.. time at which [Q7] is 50% of that at F,,. versus concentration of (A) DCMU and (B) atrazine in SB-P cells.

different components obtained from the intersec-
tions of the two decay components on the ordinate.
The amplitudes of both the fast and the slow decay
components of [Qx ] as a function of [DCMU] and
[atrazine] are piotted, respectively, in the left or
right panels of Fig. 7. Results obtained with the
cells (curves A-D) can be compared with those on
isolated chloroplasts (curves E and F). The oxid-
ation of Q3. after one flash. is biphasic and it has
been suggested (see Robinson and Crofts 1983) that
the amplitude of the fast component is related to
centers that have Qg bound before the actinic flash,
whereas, the slow component represents a second
order process involving the binding of Qg from the
PQ pool. Electron transport inhibitors such as
DCMU or atrazine induce an enhancement of Chl
a fluorescence since they displace Qg from its
binding site and shift the equilibrium of the
reaction Qi + Qs =Qz + Q. to the left
(Velthuys 1981). We expect that an increase in the
concentration of these inhibitors would decrease
the amount of Qg bound. and thus the amplitude of
the fast component is expected to decrease. Indeed,
we found the amplitude to decrease from a value of
70% to near zero (see Fig. 7). If the above expec-
tation is correct, the results of Fig. 7 would imply
that diuron and atrazine can totally displace Q. It
appears from the data on halftimes of the decay of
fast (Fig. 8) and slow (Fig. 9) components that high
concentrations of inhibitors cause a slowing down
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of both the components. We interpret these results
to mean that the electron flow inhibitors induce the
decrease of Qg binding as well as the decrease of the
exchange of PQ pool at the Q; binding site.

A further comparison between the intact
soybean cells and spinach chloroplasts was made
from the data listed in Table 2. The halftime of the
fast component is approximately 300 us and that of
the slow component is approximately 30ms. In
spinach chloroplasts. the percent of the amplitude
of the slow component usually is near 30. This
value is almost the same as reported elsewhere
(Eaton-Rye and Govindjee 1988). In intact
soybean cells, the percent of the amplitude of the
slow component, however, reaches 40, implying
that the contribution of the centers with unbound
Qg is larger in these cells than in the spinach chloro-
plasts. As for the physiological meaning, it deserves
further study. Although inhibitors increase the
halftimes of both components, atrazine is less effec-
tive than diuron in the same concentration range.
0.5 uM DCMU is much more effective at increasing
the halftime of both components in spinach chloro-
plasts than in SB-P and SBI-P cells, but atrazine
does not show a significant difference between each
system. Data in Table 2 also show differences in the
responses to the electron transport inhibitors
between these two soybean cell lines. At a certain
concentration (0.5uM DCMU or 5uM atrazine),
each inhibitor produces a larger increase in the
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Fig. 7. The inhibitor concentration dependence of the amplitude of the fast and slow [Qx ] decay components in SB-P (A. B) and SBI-P
(C. D) cells, and in spinach chioroplasts (E. F). Left panels: DCMU; right panels: atrazine. Symbols at the ordinate are control values.
Different symbols represent different experiments. ®. © and a represent data for the siow component, and W, O and a for the fast

component.

halftimes of both the components of Q3 decay in
SB-P cells than in SBI-P cells. Thus, this method
may be successfully used in selecting herbicide re-

sistance and other mutation among the various cell
lines.

Oscillations in flash dependence of Chl a
Sfluorescence

Delsome (1971) discovered a period-of-four oscil-
lation in Chl 2 fluorescence emission in the green
alga Chlorella and spinach chloroplasts, with maxi-
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ma at flash 1, 5 and 9, and minima at flash 3, 7 and
11. By comparing the fluorescence yield with the
sum of the concentrations of S, and S; states, cal-
culated from oxygen evolution in spinach chloro-
plasts, he ascribed this oscillation to the cycling of
these states associated with the water oxidation
process. The reduction of Z* (Z being the electron
donor to P680*) by different S-states proceeds at
different rates and different equilibria are involved
(Babcock et al. 1976). In turn, this affects the re-
reduction rate of P680* by Z after an actinic flash
and the associated equilibria between these two
species (Robinson and Crofts 1987). The resulting
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Fig. 8. The inhibitor concentration dependence of the half time of the fast [Q; ] decay component in SB-P cells (A. B), SBI-P cells (C,
D) and spinach chloroplasts (E, F) obtained in the presence of DCMU (left panels) and atrazine (right panels). Symbols at the ordinate
are control values. Different symbols represent different normalized experiments.

changes in the P680* population produce the
period-of-four oscillation (see Sonneveld et al.
1979). Maxima are at flashes 1 and 5 because elec-
tron donation to P680* is fastest and most efficient
when the system starts in the S, state (see, e.g., Witt
et al. 1986). Superimposed upon this oscillation,
and seen at 70 us after the actinic flash, is a binary
oscillation arising from the differential rates of Q5
oxidation by either Qg after an odd number or Qg
after an even number of flashes (Robinson and
Crofts 1983).

Since in intact soybean cells, the ratio of Q; to
Qg is one (see Fig. 4), the influence of the binary
oscillation is absent; therefore, the period-of-four
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oscillation pattern predominates (Fig. 10A). This is
most clearly observed in fluorescence 70 us after the
flash. With increasing time (> 500 us) after the flash
(Fig. 10A) and after the addition of DCMU
(0.8 uM)(Fig. 10B), this oscillation disappears and
a drastically altered flash pattern is observed. At
increasing times (> 500 us) after the flash, the in-
fluence of the donation of electrons by S-states is
over; thus, a clear oscillation cannot be distin-
guished. Since the inhibitors, such as DCMU, in-
hibit PS II photoreaction by competing with the
plastoquinone at the secondary quinone electron
acceptor (Qg) site, the oscillation is abolished as the
system is blocked in the S,Qj state, and is indepen-
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Fig. 9. The inhibitor concentration dependence of the half time of the siow [Qx } decay components in SB-P cells (A, B), SBI-P (C, D)
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symbols represent different normalized experiments.

Table 2. The amplitude (2) and the halftime (r) of the fast (f) and slow (s) Qa decay components, after the first flash, in SB-P and SBI-P cells (pH 5.5)
and in spinach chiloroplasts (pH 7.8)*

SB-P cells SBI-P cells Spinach chloroplasts
bt 2, Tt % a a T T & a T T
% % % % % %

us ms Hs Hs ms
Control 60£10 4010 297+24 34+9 $9+2 41+2 286+10 23+4 73£3 27+£3 368 & SS 33+5

ms ms ms ms ms ms
+05uM 6+4 9444 21 19+29 S+£1 951 2+1 108+9 § 95 12 1200
DCMU

ms ms ms ms ms ms
+5uM 14+£8 8 +8 S+3 195+32 § 95 3 96 8£1 924+£1 31 264 + 74
Atrazine

* All values presented here should be rounded to the nearest whole number.
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Fig. 10. Chlorophyll a fluorescence, (F — F,)/F,. measured at
different times after an actinic flash as a function of flash num-
ber. The times indicated inside B are when the measuring flash
was fired. A and B represent results with control and with
0.8 uM DCMU treated SB-P celis.

dent of the flash number. In soybean cells, the Chl
a fluorescence intensity at 70 gs after the first flash
is higher than that after the second flash. This is
different from that in isolated spinach chioroplasts,
indicating a somewhat higher percentage of Qz
existing in the intact soybean cells than in the
isolated chloroplasts. We have already indicated on
the basis of almost similar decay of Q; after flash
I and 2, that Qp:Qp ratio is 1.0 in soybean cells as
opposed to 0.7:0.3 in isolated spinach chloroplasts
(Wollman 1978). At early times (70 us), the de-
crease of the reoxidation rate of Q. enhances the
fluorescence intensity after the first flash. It appears
that the minimum is after the third flash from 70 us
to 500 us after the actinic flash, and after 1 ms, this

minimum shifts to flash 4. Detailed analysis of this
data requires further study.

Concluding remarks

During the past decade, interest has been growing
in the practical application of Chl a fluorescence
measurements as a rapid, sensitive, and nonde-
structive method for the determination of
photosynthetic activity in higher plants. But in the
practical use of Chl g fluorescence, many real prob-
lems have hampered the growth of this study
(Briantais et al. 1986, Renger and Schreiber 1986).

" A photoautotrophic higher plant cell suspension is

an easily manipulated system, not only for studying
physiological and biochemical aspects of photosyn-
thesis but also for studying the primary process of
photosynthesis. Such cell lines have only been
recently established (Rogers et al. 1987, Xu et al.
1988). Since problems such as reabsorption of
fluorescence can be much more easily minimized in
cells than in leaves (see Fig. 1), these cells can be
used as reliable models for investigations on higher
plant leaves.

We have shown here measurements on the
fluorescence spectra of soybean cells (cell lines SB-P
and SBI-P) at room temperature and 77K; we
found that these intact higher plant cells have id-

. entical antenna system as that of chloroplasts from

other higher plants. Here, the long wavelength

. fluorescence band occurs at approximately 740 nm
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(F740). However, this band is shifted to about
725nm in green algae and to still shorter
wavelengths (e.g., 712-718nm) in red and blue-
green algae (Govindjee and Satoh 1986, Fork and
Mohanty 1986). From the fluorescence induction
curves. a ratio of the PQ pool (including Q) to Q,
was calculated to be 6 (Fig. 2: Table 1). By using the
double flash technique of Chl a fluorescence meas-
urement. the decay kinetics after the first flash was
found to be identical to that after the second flash.
suggesting that the ratio of Qg to Qjf is 1 (Fig. 4).
The flash-dependence pattern also confirms this
relation, indicating a higher relative concentration
of bound Q; in physiological conditions than in’
isolated thylakoids (Fig. 10).

Using equations (1) and (2), the concentration of
Qx was evaluated and then its decay. The decay of
Qj can be divided into two components (generally
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represented in the us and the ms time range, Fig. 5).
The half times of these components in soybean celis
were found to be similar to those in spinach chloro-
plasts in the range of 300 us or 30 ms. The relative
proportion of the fast and slow component was
‘approximately 60 to 40 in cells as opposed to 70 to
30 in chloroplasts, but the reason for these differ-
ences need to be studied further.

It is well known that the mechanism of diuron
and atrazine action is to displace Qg at its binding
site. We show here that they not only influence the
fast decay components of Qx reoxidation but also
the slow components. This implies that they affect
not only the electron flow from Q; to Qj, but also
the exchange between Qg and the PQ pool (Table
2). Since the fast component, that is believed to be
due to the bound Qj, was totally replaced by the
slow component upon inhibitor treatment (Fig. 7),
we suggest that the inhibitors can fully replace Q,
at the Qg binding site.

In this paper we have found that the two different
lines of soybean cells display rather different sen-
sitivities to the inhibitors. Although inhibitors used
(DCMU and atrazine) replace Qg at its binding site,
the increases of the halftime of both components
are not the same in different cell lines (Table 2).
Thus, this method can be used as a means to screen
inhibitor resistance cell lines. )

Since the physiological condition of the intact
(soybean) cells is different from that of the isolated
(spinach) thylakoids, the diffusion of inhibitors
across the membrane is expected to be different. In
the plots showing the inhibitor concentration de-
pendence of 15, of Q3 in intact cells (Fig. 6), the
range covering the change in decay time over in-
hibitor concentration is broader than that obtained
from chloroplasts (data not shown). The con-
centration of electron transfer inhibitors (such as
DCMU and atrazine) needed to give the same effect
is higher for cells than that observed for isolated
chloroplasts (data not shown) simply because the
data are plotted in terms of the concentration of the
inhibitors in the outside medium, and that their
actual concentration in the chloroplast in vivo may
be smaller than that in isolated chloroplasts. Such
problems deserve further study.

105
Acknowledgements

We are grateful to Drs J. J. Eaton-Rye and D. J.
Blubaugh for their help. This work was supported
by the funds from the McKnight Interdisciplinary
Photosynthesis Research Program.

References

Amon D I (1949) Copper enzyme in isolated chloroplasts.
Polyphenoloxidase in Beta vulgaris. Plant Physiol 24: 1~15
Babcock G T, Blankenship R E and Sauer K (1976) Reaction

kinetics for positive charge accumulation on the water side of
chloroplast Photosystem II. FEBS Lett 61: 286-289
Blubaugh D J (1987) The mechanism of bicarbonate activatios:
. of plastoquinone reduction in Photosystem II of photosyn-
thesis. PhD Thesis, Biology, University of Illinois at Urbana-
Champaign
Briantais J, Vernotte C, Krause G H and Weis E (1986)
Chlorophyll a fluorescence of higher plants: chloroplasts and
leaves. In Govindjee, Amesz J and Fork D C (eds) Light
Emission by Plants and Bacteria, pp 539~583. Orlando: Ac-
ademic Press
Butler W L (1972) Primary photochemistry of Photosystem II of
photosynthesis. Accnts Chem Res 6: 177-184
Crofts A R and Wraight C A (1983) The electrochemical do-
main of photosynthesis. Biochim Biophys Acta 726: 149-185
Delosme R (1971) New results about chlorophyll fiuorescence
*in vivo™. In Forti G, Avron M and Melandri A (eds) 2nd Int
Congr Photosyathesis Res, pp 187-195. The Hague: Dr W
Junk Publishers
Duysens L N M (1986) Introduction to (bacterio) chlorophyll
+ emission: a historical perspective. In Govindjee, Amesz J and
Ford D C (eds) Light Emission by Plants and Bacteria, pp
4-28. Orlando: Academic Press
Duysens L N M and Sweers H E (1963) Mechanism of two
photochemical reactions in algae as studied by means of
fluorescence. In Japanese Society of Plant Physiologists (eds)
Studies of Microalgae and Photosynthetic Bacteria, pp 353~
372. Tokyo: University of Tokyo Press
Eaton-Rye J J (1987) Bicarbonate reversible anionic inhibition
of the quinone reductase in Photosystem II. PhD Thesis,
Biology, University of Illinois at Urbana-Champaign
Eaton-Rye J J and Govindjee (1988) Electron transfer through
the quinone acceptor complex of Photosystem II in bicar-
bonate depleted spinach thylakoid membranes as a function
of actinic flash number and frequency. Biochim Biophys Acta,
935: 237-247
Fork D C and Mohanty P (1986) Fluorescence and other
characteristics of bluegreen algae (cyanobacteria), red algae,
and cryptomonads. In Govindjee, Amesz J and Fork D C
(eds) Light Emission by Plants and Bacteria, pp 451-496.
Orlando: Academic Press -

168

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

Govindjee and Papageorgiou G C (1971) Chlorophyll fluor-
escence and photosynthesis: fluorescence transient. In Giese A
C (ed) Photophysiology 6: 1-46. New York: Academic Press

Givindjee and Satoh K (1986) Fluorescence properties of
chlorophyll b and chlorophyll c-containing algae. In Govind-
jee. Amesz J and Fork D C (eds) Light Emission by Plantsand
Bacteria, pp 497-538. Orlando: Academic Press

Green B (1988) The chlorophyll-protein complexes of higher
plant photosynthetic membranes or just what green band is
that? Photosynthesis Research 15: 3-32

Hodges M and Barber J (1986) Analysis of chlorophyll fluor-
escence induction kinetics exhibited by DCMU-inhibited thy-
lakoids and the origin of alpha and beta centers. Biochim
Biophys Acta 828: 239-246

Horn M E. Sherrard J H and Widhoim J M (1983) Photoauto-
trophic growth of soybean cells in suspension culture. Plant
Phuysiol 72: 426429

Joliot A and Joliot P (1964) Etude cinetique de la reaction
photochimique liberant I'oxygene au cour de la photosyn-
thése. CR Acad Sc Paris t258: 46224625

Jursinic P and Govindjee (1977) The rise in chlorophyll a fluor-
escence yield and decay in delayed light emission in tris-wash-
ed chloroplasts in the 6-100 us time range after an excitation
flash. Biochim Biophys Acta 461: 253-267

Malkin S and Kok B (1966) Fluorescence induction studies in
isolated chloroplasts. I. Number of components involved in
the reaction and quantum yield. Biochim Biophys Acta 126:
413-432

Malkin S, Armond P A. Mooney H A and Fork D C (1981)
Photosystem II photosynthetic unit sizes from fiuorescence
induction in leaves. Plant Physiol 67: 570-579

Mathis P and Paillotin G (1981) Primary processes of photosyn-
thesis. In Hatch M D and Boardman N K, eds. The Bioche-
mistry of Plants: Photosynthesis, Vol 8; pp 97-161. Sidney:
Academic Press o

Murashige T and Skoog F (1962) A revised medium for rapid
growth and bioassays with tobacco tissue cultures. Physiol
Plant 15: 473497

Murata N and Satoh K (1986) Absorption and fluorescence
emission by intact celis, chloroplasts, and chlorophyll-protein
complexes. In Govindjee, Amesz J and Fork D C (eds) Light
Emission by Plants and Bacteria, pp 137-159. Orlando: Ac-
ademic Press

Papageorgiou G C (1975) Chlorophyl! fluorescence: an intrinsic
probe of photosynthesis. In Govindjee (ed) Bioenergetics of
Photosynthesis. pp 319-371. New York: Academic Press

Renger G and Schreiber U (1986) Practical applications of
fluorometric methods to algae and higher plant research. In
Govindjee, Amesz J and Fork D C (eds) Light Emission by
Plants and Bacteria, pp 587-619. Orlando: Academic Press

Robinson H H and Crofts A R (1983) Kinetics of the changes
in oxidation-reduction reactions of the Photosystem II quin-
one acceptor complex, and the pathway for deactivation.
FEBS Lett 153: 221-226

Robinson H H and Crofts A R (1987) Kinetics of the changes
in oxidation-reduction states of the acceptors and donors of
Photosystem II in pea thylakoids measured by flash fluor-
escence. In Biggins J (ed) Proceedings of the 7th International
Congress of Photosynthesis. Vol 2: pp 429-432. Dordrecht:
Martinus Nijhoff Publishers

169

Rogers S M D and Widholm J M (1986) Photosynthetic charac-
teristics of photoautotrophic cell suspensions of soybean.
Plant Physio! 80: S-46

Rogers S M D and Widholm J M (1988) Comparison of
photosynthetic characteristics of two photoautotrophic cell
suspension cultures of soybean. Plant Science 56: 69-74

"Rogers S M D. Ogren W L and Widholm J M (1987) Photosyn-

thetic characteristics of a photoautotropic cell suspension
culture of soybean. Plant Physiol 84: 1451-1456

Rutherford A W, Govindjee and Inoue Y (1984) Charge ac-
cumulation and photochemistry in leaves studied by ther-
moluminescence and delayed light emission. Proc Natl Acad
Sci USA 81: 1107-1111

Sivak M N and Walker D A (1983) Some effects of CO, con-
centration and decreased O, concentration on induction of
fluorescence in leaves. Proc Roy Soc London B 217: 377-392

Sivak M N, Dirtz K. Heber U and Walker D A (1985) The
relationship between light scattering and chlorophyll a fluor-
escence during oscillations in photosynthetic carbon assimila-
tion. Arch Biochem Biophys 237: 513-519

Sonncveld A. Rademaker H and Duvsens L N M (1979)
Chlorophyll a fluorescence as 2 monitor of nanosecond reduc-
tion of the photooxidized primary donor P-680" of Photosys-
tem II. Biochim Biophys Acta 548: 536-551

Taoka S, Robinson H H and Crofts A R (1983) Kinetics of the
reaction of the two-electron gate of Photosystem II: studies of
the competition between plastoquinone and inhibitors. In
Inoue Y. Crofts A R. Govindjee, Murata N, Renger G and
Satoh K (eds) The Oxygen Evolving System of Plant
Photosynthesis. pp 369-381. Tokyo: Academic Press

Velthuys B R (1981) Electron-dependent competition between
plastoquinone and inhibitors for binding to Photosystem II.
FEBS Lett 126: 277-281 o

Velthuys B R and Amesz J (1974) Charge accumulation at the
reducing side of system Il of photosynthesis. Biochim Biophys
Acta 333: 85-94

Walker D A (1981) Secondary kinetics of spinach leaves in
relation to the onset of photosynthetic carbon assimilation.
Planta 153: 273-278

Walker D A. Sivak M N, Prinsley R T and Cheesbrough J K
(1983) Simultancous measurement of oscillations in oxygen
evolution and chiorophyll a fluorescence in leaf pieces. Plant
Physiol 73: 532-549

Witt H T. Schlodder E, Brettel K and Saygin O (1986) Reaction
sequences from light absorption to the cleavage of water in
photosynthesis — routes, rates and intermediates. Photosynth
Res 10: 453-471

Wollman F A (1978) Determination and modification of the
redox state of the secondary acceptor of Photosystem 1l in the
dark. Biochim Biophys Acta 503: 263-273

Xu C, Blair L C, Rogers S M D. Govindjee and Widholm J M
(1988) Characteristics of five new photoautotrophic suspen-
sion cultures including two Amaranthus species and a Cotton
strain growing on ambient CO, levels, Plant Physiol, in press

Yamagishi A, Satoh K and Katoh S (1978) Fluorescence induc-
tion in chloroplasts isolated from the green alga Bryopsis
maxima III. A fluorescence transient indicating proton gra-
dient across the thylakoid membrane. Plant and Cell Physiol
19: 17-25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



¢ 1990 Wiley-Liss. Inc.

Crviometry L1349 =035 (vun)

Chlorophyll a Fluorescence Measurements of Isolated
Spinach Thylakoids Obtained by Using
Single-Laser-Based Flow Cytometry*

Chunhe Xu, Julie Auger, and Govindjee

Departments of Physiology and Biophysics and Plant Biology :C.X., G.) and Cell Science Center. Biotechnology
Center tJ.A.), University of Illinois at Urbana-Champaign, Urbana Illinois 61801

Received for publication May 30. 1989: accepted October 20. 1989

Flow cytometry data of spinach thyla-
koid membrane preparations indicate
the presence of a homogeneous thylakoid
population. Fluorescence data from a
flow cytometer and comparison with
data from two other fluorometers show
that chlorophyll ¢ fluorescence detected
with a flow cytometer has the character
of maximum fluorescence (F,,,), not of
the constant component (F,). This conclu-
sion is important since F, measures fluo-
rescence that is affected mostly by
changes in excitation energy transfer
and F..-F, (the variable fluorescence)
by changes in photochemistry. This was
demonstrated by: 1) The light intensity as
well as diffusion rate dependence of the
quenching effect of various quinones
(p-benzoquinone, phenyl-benzoquinone,
and 2,5-dibromo-3-methyl-6-isopropyl-p-
benzoquinone, DBMIB) on fluorescence
yield; quenching for the same concentra-
tion of these quinones was lower at the

higher than at the lower light intensities.
2) Temperature dependence of the fluo-
rescence yield; increasing the tempera-
ture from 20 to 70°C did not show an in-
crease in fluorescence yield using a flow
cytometer in contrast to measurements
with weak excitation light, but similar to
those obtained for F,,,. 3) Addition of an
inhibitor diuron up to 100 pM did not
change the fluorescence intensity. A com-
parison of quenching of fluorescence by
various quinones obtained by flow cy-
tometry with those by other fluorometers
suggests that the high intensity used in
the cytometry produces unique results:
the rate of reduction of quinones ik much 35 /
larger than the rate of equilibration with
the bulk quincnes.

Key terms: Constant fluorescence F,,
maximum fluorescence F_.,, photosyn-
thesis, quenching of fluorescence, qui-
nones, diuron, ferricyanide (spinach)

Laser-activated flow cytometry has become an im-
portant experimental tool in various areas of animal
cell physiology and microbiology. Important advan-
tages of this technique are the capacity for rapid iden-
tification, quantification, and resolution of discrete
subpopulations in heterogeneous cell samples on the
basis of expression of cell surface marker or internal
metabolic capabilities (9,23,26,31). Although chioro-
phyll (ChD) g fluorescence and light-scattering signals
from higher plant and algal cells can be easily detected
by this sophisticated technique, reports on the applica-
tion of flow cytometry to marine biology and plant bi-
ology, particularly photosynthesis, are scarce (3).

In order for the readers to appreciate the significance
of Chl a fluorescence in photosynthesis research, a
brief background is provided (see the diagram). Photo-
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synthesis is driven by two photosystems, I and II, lead-
ing to the oxidation of H,O to molecular O,, to the
reduction of a pyridine nucleotide, and to the produc-
tion of ATP (7). Chlorophyll a fluorescence is particu-

“This work was supported by funds from the McKnight Interdisci-
plinary Photosynthesis Research Program, and in part by Biomedical
Shared Instrument Grant #S10 RR02277 from National Institute of
Health, which provided a flow eytometerscell sorter to the Cell Sci-
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Diagram 1. A diagram showing the primary photochemical reac-
tions and electron flow pathway in photosynthesis. Dashed lines en-
circle the components of the two multiprotein reaction center com-
plexes, located in the thylakoid membrane. Electron flow is initiated
when photons thv! excite the reaction center chiorophyll a P680 (in
photosystem II, PS II) and P700 (in PS ) and/or when excitons from
the antenna pigments reach these centers. P680* and P700* indicate
the first singlet excited states of P680 and P700. The first reaction of
P680* is the conversion of excitonic energy into chemical energy
icharge separation). This involves the formation of the cation P680
and the anion pheophytin~ (Pheo) within 3 ps. The P680° recovers
its lost electron from Z (tyrosine-160 of the D, polypeptide of PS II).
The positive charge on Z is then transferred to an Mn-complex located
on the lumenal portions of the D, and D, polypeptides of PS II. The
Pheo ~ delivers the extra electron to a bound plastoquinone electron

larly sensitive to the functioning of photosystem II
(PSID). In PS II, the water-plastoquinone oxido-reduc-
tase, light absorption leads to charge separation at the
reaction center within 3 ps: the reaction center Chl a
P680 is oxidized and the reaction center pheophytin
(Pheo) is reduced (12). This is followed by electron flow
from the reduced pheo to a tightly bound plastoquinone
Q. within 200 ps, and then from reduced Q, to a
loosely bound plastoquinone Qg within 200 p.s. The ox-
idized P680 is reduced by a manganese complex vizZ (a
tyrosine residue). After two turnovers of the reaction
center, Qp is double reduced and forms a plastoquinol
molecule, and after four turnovers of the reaction cen-
ter, H,O is oxidized to molecular O, (12). The PS Il is
located on the thylakoid membrane and is composed of
a reaction center protein complex (D1/D2/cytochrome
5559 complex), several pigment-protein complexes that
serve as antenna complexes (LHC.II, CP-29, CP-43, .
and CP-47), and non-pigmented protein complexes that
are involved in electron flow. Most of the chlorophyll a

acceptor Q.. The reduced Q, transfers its electron to another plas-
toquinone electron acceptor Qg, strongly bound only in its semiqui-
none form Qg ~. After two turnovers of the reaction center P680, QzH.
exchanges with the plastoquinone (PQ) pool. After four turnovers of
the reaction center P680, the Mn complex accumulates four positive
charges and oxidizes H,O to molecular O, and releases 4 H"s. Plas.
toquinol formed in PS II reduces oxidized P700 (P700 ). formed in PS
I RC (reaction center), via several intermediates. The names and de-
taiis of only PS II inot PS ) intermediates are included here since
most of chlorophyll g (Chl g} flucrescence at room temperature orig-
inates in PS [I. Furthermore, under normal conditions. only Chl a
fluorescence of PS II varies with changes in photochemistry. CP-47,
CP-43, LHC.II, and CP-29 stand for pigment-protein antenna com-
plexes of PS II. The role of cytochrome 5559 (Cyt 6559) is unknown.

fluorescence at room temperature originates in the an-
tenna complexes of PS II, primarily in CP-43 and CP-
47 (11,25). Chlorophyll a fluorescence is high when Q4
in the reaction center is in the reduced state and low
when Q, is in the oxidized state (8). When present,
P680* and Pheo™ may act as quenchers of Chl a fluo-
rescence. This Chl a fluorescence emission is in com-
petition with many other processes in chloroplasts
(7,8,11). It is expected that many analytical and sepa-
ration techniques (e.g., selection of herbicide-resistant
strains) may be useful in photosynthesis research
based upon the analysis of Chl @ fluorescence by flow
cytometry. )

Ashcroft et al. (3) reported the first flow cytometric
measurements in intact chioroplasts and thylakoid
membrane preparations from spinach and maize. In-
tact chloroplast preparations could be subdivided into
at least two subgroups based on their light scatter and
fluorescence characteristics. Ashcroft et al. (3) con-
cluded that single-laser-based flow cytometry mea-
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sures the constant component of Chl a fluorescence. F.,.
This is. obviously. possible in a flowing system if the
time of exposure is short 120). But. there was no evi-
dence for this conclusion; furthermore. the observed
dependence of Chl a fluorescence on the concentration
of ferricyanide. an electron acceptor. questions the con-
clusion about the F, nature of fluorescence. A thorough
study and a clear explanation for flow cytometry Chla
fluorescence data are necessary before this technique
can be applied for measurements on photosynthetic
samples on a wider scale. F, is a measure of the mini-
mum Chl a fluorescence level when photochemical re-
action rate is maximum and reaction centers of PS II
are assumed to be open (see, e.g.. ref. 11).

The relative quantum yield of Chl a fluorescence
{dg), in the absence of a barrier to exciton migration. is
best expressed (29) by the following equation:

fr = kel thy = ke = by - QD Sty

where kg, k., and ky, are the rate constants for fluores-
cence, excitation energy transfer, and heat loss, and
k{Q] is the term representing the quenching process by
intrinsic or extrinsic quencher. When only intrinsic
quencher exists, this term is written as k{Q,}. In the
absence of electron flow inhibitors and in weak light,
all Q, exists in the oxidized form. Thus k[Q,] becomes
maximum and a minimum fluorescence quantum yield
level, F,, is reached. This fluorescence level is affected
mosiiy by changes in excitation energy transfer.

At high light intensities, when all Q, molecules are
Qa ", k[Q.) approaches zero and ¢, approaches a max-
imum value (F,,). Furthermore, addition of electron
transport inhibitors, which inhibit beyond Q,, moves
the equilibrium to favor the formation of Q,~. Then
k{Q,} decreases and the quantum yield of Chl a fluo-
rescence (F) increases. In the presence of a saturating
concentration of an inhibitor diuron, the maximum flu-
orescence quantum yield, F,,, is reached; here also,
k{Q] in equation (1) approaches zero. The variable flu-
orescence, i.e., the difference between F (or F,,,) and
F,, is affected mostly by changes in photochemistry.

Since fluorescence intensity is one of the major pa-
rameters measured by a flow cytometer, it is necessary
to reexamine the question of whether the instrument
measures F, in photosynthetic samples. We show in
this paper that the Chl a fluorescence being monitored
by the single-laser-based flow cytometer is the maxi-
mum fluorescence when the PS II reaction centers are
locked in the Q4 state. In addition, comparison of
measurements on the quenching of Chl ¢ fluorescence
by various quinones (p-benzoquinone, phenyl-benz-
oquinone, and 2,5-dibromo-3-methyl-6-isopropyl-benz-
oquinone, DBMIB) with those obtained by Karukstis et
al. (15-17), using conventional methods, suggests that
flow cytometry gives different and unique results due
to the high intensity used; it is suggested here that this
is due to higher rate of reduction of quinones than
equilibration with the bulk quinones.
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MATERIALS AND METHODS

Spinach 'Spinacia oleracear thylakoids were pre-
pared as previously described by Eaton-Rye and Govin-
djee 110! Thylakoids were stored in liquid nitrogen and
thawed immediately prior to experiments. Chlorophyl!
@ concentrations were determined according to ref. 2.
The chlorophyll concentration for fluorescence mea-
surements was about 20 pM in flow cytometry. 10 uM
in the double flash fluorescence instrument 'which
measures the decay of Q. to Q4. and 40 uM in the
fluorescence transient experiments iwhich measure F,
and F,.).

A Coulter EPICS™ 751 single-laser-based flow cy-
tometer was used in this work. This system is composed
of the EPICS™ V Multiparameter Sensor and the
MDADS (Multiparameter Data Acquisition and Dis-
play System). The sensor unit consists of hardware as-
sociated with sample flow, laser excitation, and fluo-
rescence detection of the single-subpopulation
suspensions. The single-laser excitation was achieved
with a 5 W -argon ion laser (Coherent. Palo Alto. CA»
tuned to 488 nm with power output at 100 mW. Right-
angle fluorescence, passed through a red cutoff Corn-
ing glass CS 2-38, was collected by an RCA 4526 pho-
tomultiplier tube. Forward and 90° light-scattering
signals were collected by a photodiode and a Hama-
matsu 72271-01 photomultiplier, respectively. Fluores-
cence pulse signals from each particle were integrated
and processed through either a linear amplifier ({IRFL,
or a logarithmic amplifier (LIRFL) and then passed to
the computer for digitization, display and storage. The
relevant 256 channel frequency distribution histogram
spans a three decade log scale when the log amplifier is
used. Alignment and calibration were achieved by us-
ing fluorescent microspheres. The light intensity of the
laser beam was calculated to be 4x 10’ W m~2 with a
Coherent radiometer. The number of absorbed photons
in the sample was about 10° and the light was polar-
ized. The flow rate for the sample was 10 m/s.

The Chl a fluorescence of the sample was also mea-
sured, after a weak xenon flash, by a conventional dou-
ble-flash fluorometer (10). Chl a fluorescence tran-
sients, i.e., changes in Chl & fluorescence from F, to the
Frmax in continuous light, were measured by using a
laboratory-built spectrofluorometer (5). The exciting
light was provided by a Kodak 4200 projector with the
light filtered by two Corning blue filters (CS 4-71 and
CS 5-56). Fluorescence emission was detected by a S-20
photomultiplier (EMI 9558B) through a Bausch and
Lomb monochromator and a Corning red filter CS 2-61.
The light intensity of the exciting light, measured with
a YSI-Kettering Model 65 Radiometer ( Yellow Springs,
Ohio), was 2x10° W m~2.

RESULTS
Scattering and Fluorescence Measiurements

Figure 1 displays the typical flow cytometry data
obtained from measurements of spinach thylakoids.
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F1G. 1. Two-dimensional contour frequency distributions (histo-
grams) for spinach thylakoids. Panel A: Logarithmic integrated Chl
a fluorescence as a function of forward oblique scatter (reiated to the
size of the object). Panel B: Forward oblique scatter as a function of
iogarithmic orthogonal scatter (related to internal structure of the

Data were plotted as two-dimensional frequency distri-
butions (histograms). Panel A shows logarithmic inte-
grated fluorescence as a function of forward oblique
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object). Panels C and D: Subpopulation frequency as a function of
logarithmic integrated fluorescence and integrated fluorescence, re-
spectively. Histograms show only one major population for spinach
thylakoid membrane preparations.

scatter, Forward scatter measurements are somewhat
related to the size and the refractive index of the or-
ganelle. Panel B shows the forward oblique scatter as a
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function of logarithmic orthogonal scatter. Orthogonal
scatter is related to the internal structure of the or-
ganelle. Panels C and D display the population fre-
quency data as functions of logarithmic integrated flu-
orescence and integrated fluorescence. respectively.
Only one major population was shown on these histo-
grams for spinach thylakoid membrane preparations.
These data are consistent with those of Ashcrott et al.
13

Fluorescence is linearly related to the concentration
of the chromophore in fluorescence measurements 122).
In the flow cytometer, the same level of fluorescence
vield was maintained when the thylakoid concentra-
tion, in terms of Chl a concentration (5 to 500 wg/ml),
was changed. This was as expected since by design the
flow cytometry measurements indicate the fluores-

cence signal emitted by each particle, and the final -

fluorescence histogram represents a distribution plot
from all the particles analyzed. Thus, this value is in-
dependent of thylakoid concentration with™limits, as
observed. ”

Source of fluorescence. The argon ion laser, used
in flow cytometry experiments as the exciting source,
was tuned to 488 nm. To ensure that there was no
interference of scattered laser light, a 475 nm-long
wavelength pass filter and a 530 nm short wavelength
pass filter were placed in the front of the photomulti-
plier. If there was any excitation light scattered off the
thylakoid suspension into the photomultiplier, a signal
was expected. Since no signal was detected, this im-
plied that scattering of the laser beam from the sample
would not contribute to our measurements. Experi-
ments were performed to determine whether the source
of measured fluorescence was indeed Chl a. First, a
partially bleached chloroplast suspension was prepared
for comparison. In thylakoids in which 75-80% of the
chlorophyll was extracted by 80% acetone, the fluores-
cence signal was one fourth of that of the control, show-
ing a qualitative relationship between the chlorophyll
content and the fluorescence signal. This indicates that
the measured fluorescence signal in flow cytometry is
chlorophyll fluorescence. Second, a red filter (Corning
CS 2.58) was placed in front of the photomultiplier to
cut off all the spectral signals shorter than 640 nm.
Chiorophyll e fluorescence in vivo peaks at 685 nm
(see, e.g., ref. 11,25). The observed signal with and
without CS 2-58 was of the same amplitude, showing
consistency with it being Chl ¢ fluorescence. In all fur-
ther experiments, the CS 2.-58 filter was used.

Effects of heat treatment. Heat treatment influ-
ences the initial fluorescence F; and the maximum flu-
orescence F,,, of Chl a differently (28). Lavore! (20)
had earlier discovered the heat-induced rise in initial
Chl g fluorescence with a fluorometer. This heat-in-
duced fluorescence increase was explained to reflect
changes at the pigment level. Schreiber and Armond
(28), who had also used a conventional fluorometer,
showed that increasing the incubating temperature
from 25 to 55°C (time, 5 min) produced a threefold in-

)

Relative Chil o Fluorescence Yield

I L 1 1

P 1

20 30 40 S0

Temperature (*C)

60

~

FIG. 2. Temperature dependence of Chl a fluorescence of spinach
thylakoids. Curve a: Measured at low light intensity 1sampling 1% of
the centers) for initial Chl ¢ fluorescence (F,) by a double-flash fluo-
rometer. Curve b: Measured by Coulter EPICS™ 751 single-laser-
based flow cytometer. Curve c: Measured by Schreiber and Armond
128) for F,,. excited at 480 nm. All fluorescence data have been
;ormalizeg to 100 at 20°C. Flow cytometer data are similar to those of

'maxs 0Ot F.

crease in the initial Chl a fluorescence yield (F;). Above
60°C, fluorescence decreased below the level seen at
room temperature. The increase in fluorescence was
explained (28) by a block of excitation energy migra-
tion in the pathway from the antenna pigments to the
PS II reaction centers, i.e., a decrease in k. in equation
(1). This block was suggested to be related to a heat-
induced structural change of pigments and thylakoid
organization. On the other hand, a decrease in fluores-
cence was explained by Sane et al. (27) to be due to a
change from the fluorescent state I to a weakly fluo-
rescent state IT. Recently, J. Cao and Govindjee (6) have
suggested that most of the heat-induced fluorescence
rise is not at the true F, level but at a fluorescence
level above F,, perhaps at the so-called “I” level, the
intermediate level of Chl a fluorescence (Fy) (11). The
increase of flucrescence found at 55°C was suggested to
be due to an increase in the concentration of “inactive”
PS T centers where reoxidation of Q. is slowed. In
contrast to results on F;, heat treatment caused only a
decrease in fluorescence intensity on F,. (28) (see
trace ¢ in Fig. 2). When we measured Chl a fluores-
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FIG. 3. Chl a fluorescence intensity of spinach thvliakoids. mea-
sured by flow cytometry. as a function of DCMU concentration. Cy-
tometry Chl a fluorescence data show that it is independent of DCMU
concentration up to 100 uM.

cence yield in heat-incubated chloroplasts by using sin-
gle-laser-based flow cytometry, the fluorescence re-
mained unchanged until 60°C and then decreased
(trace b in Fig. 2). However, when the initial Chl'a
fluorescence (F,) of heat-treated chloroplasts was mea-
sured by weak light in the double-flash instrument,
the rise was found in the 40 to 55°C range (trace a in
Fig. 2). The temperature dependence of the flow cytom-
etry result (trace b) is totally different from that for the
ininial fluorescence (trace a), but similar to that for
Frmax (trace ¢). Thus, the flow-cytometer-induced Chl @
fluorescence is consistent with it being F .. The quan-
titative difference between our observed results (trace
b) and that of Schreiber and Armond (trace ¢) may be
due to differences in samples used as well as to differ-
ences in light intensity, the latter being much higher
for trace b.

Effect of diuron concentration. DCMU (3-(3,4)-
dichlorophenyi-1,1, dimethyl urea), or diuron, inhibits
photosynthetic electron transport by occupying the
binding site of Qg. Since Qg is the secondary quinone
electron acceptor of PS II, the reoxidation of Q," is
prevented (33). If the measuring light is very weak, the
addition of herbicide should not influence the fluores-
cence yield at true F,,. Similarly, in bright actinic light,
when fluorescence reaches F,,. due to the blockage in
reoxidation of Q, ~, the addition of herbicide should not
influence the fluorescence yield either (see equation 1;
of. ref. 8). However, at weak to moderate light intensi-
ties an increase of [DCMU] from 1 to 10 uM shouid lead
to a severalfold increase in Chl a fluorescence inten-
sity. Since in our flow cytometric Chl a fluorescence
experiment, the light intensity is not weak and since
the addition of 1 to 100 xM DCMU induced no change
in Chl a fluorescence (Fig. 3), the single-laser-based
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FIG. 4. DBMIB titration graphs of Chl a fluorescence intensity
under different conditions for spinach thylakoids. The curve in panel
A was measured with {low cytometer (light intensity 4 x 10’ W m "%,
Curves 1 in panel B (initial Chl a fluorescence, close to F,) and in
panei C (Chl a fluorescencs measured at 17 sec, close to F,,,,» were
measured with 2 x 10° W m~2 light intensity; and curves 2 were mea-
sured with 12 W m~2, Note the difference in the abscissa scale be-
tween panel A and the other two.

flow cytometer must measure F_,,, not a fluorescence
level elicited by weak-to-moderate light.

Quenching by Extrinsic Quenchers

Fluorescence quenching is a general property of ox-
idized quinones (1). In the present study, three differ-
ent fluorescence quenchers, 2,5-dibromo-3-methyl-6-
isopropyl-p-benzoquinone (DBMIB), p-benzoquinone,
and phenyl-benzoquinone, were selected to further
characterize the properties of Chl a fluorescence mea-
sured by flow cytometry. DBMIB is an inhibitor that
usually acts at the cytochrome bg/f complex in a pho-
tosynthetic electron pathway (32). The oxidized form of
DBMIB is more effective in fluorescence quenching
than that of the other two quinones. A DBMIB titration
graph obtained from flow cytometry Chl a fluorescence
measurements is shown in Figure 4A; this can be com-
pared with Kitajima and Butler's data (14) on F, and
F.x Obtained by conventional fluorometry. Although
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DBMIB displayed quenching in our flow cytometry
measurements. the quenching effect of the same con-
centration of DBMIB was weaker than or absent rela-
twe to that observed by Kitajima and Butler for F, and

F may- DBMIB concentratlona for 50¢% quenching of Chl
a fluorescence are 2 < 10™* M for flow cytometry (this

paper:. 2.<107% for F,. and 1.1<107% M for F,, 114).

The DBMIB concentration at 50% quenching differs
between the two types of experiments by more than one
order of magnitude. We repeated these experiment
with a double-flash fluorometer (10); our results 1data
not shown) were similar to that obtained in ref. 14. One
possxble explanation for the apparently contradictory
data is the extremely high incident intensity 14 x 10° W

m~% of the laser beam, which is five orders of magni-
tude stronger than that of the lamp used in the con-
ventional fluorometer (2 x 10° W m~?). In strong light,
the photoreduction rate of DBMIB must be much larger
than the rate of equilibration between the few reduced
molecules of DBMIB and the large number of oxidized
DBMIB molecules in the medium. Thus the effective
amount of oxidized DBMIB in the vicinity of Chl a
molecules becomes less in the laser beam of the cytom-
etry instrument than in the conventional fluorometers.
The decrease in the amount of DBMIB. however, must
be a local effect within the thylakoid since plenty of
DBMIB is present in the suspension medium. The de-
crease in the effective amount of localized oxidized
form of quinone analogues in bright light induces the
shift of its titration graph. Experiments on Chl a flu-
orescence transient were done to test the light-inten-
sity dependence idea. By measuring Chl a fluorescence
transient, the initial fluorescence, (F', Fig. 4B), and the
Chl a fluorescence at 17 s after the commencement of
illumination, F,,,, close to F.,. (Fig. 4C), were ob-
tained. DBMIB titration graphs were plotted at two
different light intensities (traces 1 at 2x 102 W m™2
and 2 at 12 W m™?, respectively). By decreasing the
intensity of illuminating light, a shift of the DBMIB
titration graph towards the low concentration side was
found for F',, (Fig. 4C). In contrast, the titration graph
for F; did not show any light-intensity-dependent shift
(Fig. 4B). This indicates that the light-intensity depen-
dence of the quinone quenching is related to the prop-
erty of F ..., not F;. This supports our conclusion that
the fluorescence we measure with cytometry is likely
to have F .. character, but not that of initial fluores-
cence. Although the explanation of the difference in the
fluorescence intensity between the samples excited by
high and low intensity (curves 1 and 2 in Fig. 4B) re-
quires further study, it may be due to a greater reduc-
tion rate of Q4 to Q,~ in curve 1.

Figure 5 displays the p-benzoquinone titration
graphs of the Chl a fluorescence measured by flow cy-
tometry (panel A), by another fluorometer for fluores-
cence close to F, (panel B), and for F,,, (panel C) re-
spectively. Similar titration graphs are displayed in
Figure 6 for phenyl-benzoquinone. When the mtensxty
of the illuminating light was reduced from 4x 10’
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FIG. 5. Para-benzoquinone titration graphs of Chl a fluorescence
intensity under different conditions for spinach thylakoids. Curves 1
and 2 in panel A (flow cytometry) were measured with incident light
intensity of 4 x 107 or 4 x 10®* W m ~2, respectively. Curves 1 in panels
B (initial Chi a fluorescence, close to F,) and ¢ (Chl a fluorescence
measured at 17 s, close w F,.,} were measured with 2x 10° W m "¢
light intensity. but curves 2 were measured with 12 W m~?%, Note the
difference in the abscisss scale between panel A and the other two.

(trace 1) to 4 x 10° W m "2 (trace 2) in panels A and from
2x 102 (trace 1) to 12 W m ™~ (trace 2) in panels B and
C, the quenching by the same concentration of quinone
on the Chl a fluorescence increased (see panels A and
C). These changes brought about shifts in the quencher
titration graphs. In agreement with data in Figure 4B,
no shift was found for the titration graphs for the ini-
tial fluorescence (F;) in panel B (Fig. 6). The above
results also support the conclusion that the fluores-
cence measured with the flow cytometer is likely to
have F,, character. The opposite result on the inten-
sity dependence on F; in Flgure 5B remains unex-
plamed. Trace 3 in Fxgure 6A is plotted from Ashcroft
et al’s data for phenylbenzoquinone. The light mten-
sity used in that experiment was 10 m mol m~%"!, at
476 nm.

To confirm the existence of the diffusion equilibrium
(29) between the oxidized and the reduced forms of qui-
none molecules in our experimental system, an exper-
iment changing the viscosity of the suspension medium

' was designed. Figure 7 displays the p-benzoquinone
titration graphs of Chl a fluorescence measured with
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FIG. 6. Phenyl-benzoquinone titration graphs of Chl a fiuorescence
intensity under different conditions for spinach thylakoids. Experi-
mental details are as in Figure 5. Nots the difference in the abscissa
scale between panel A and the other two. For convenience of com-
parison with Figure 5, insets in B and C have the same concentration
scale as the scales in Figure 5B and 5C.

conventional fluorometry when the viscosity was
changed. Panel A is for F; and panel B is for F,,,. In-
creasing the viscosity of the suspension medium (re-
placing 50% of the suspension medium by glycerol,
traces 2) did not affect the trace for F; but decreased the
quenching activity of the same concentration of the
quinone on F,5,. This implies that F,, may be influ-
enced by the diffusion rate of quinones across the thy-
lakoid membranes.

DISCUSSION

In conventional fluorescence measurements (21) de-
creasing the illumination time (t) instead of decreasing
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FIG. 7. Effect of changing viscosity on p-benzoquinome titration
graphs for Chl a fluorescence from spinach thylakoids. measured with
conventional fluorometry. Traces 1: control: traces 2: viscosity was
increased by the addition of 50% glycerol. Panel A is for {luorescence
close to F, and panel B is for F,;,. The fluorescence vield has been
normalized to 100 when the quinone concentration is zero.

light intensity in the flowing suspension system re-

"duces the photochemical activation in the reaction cen-

ter. Thus, when the flow is fast and the illumination
time short, one measures F, in the flow system. Stop-
ping the flow, that is, increasing the time t, allows one
to measure F_,.. Since the flow cytometer is a flowing
system, it is reasonable to expect that the Chl a fluor-
escence measured by flow cytometer may be F,. Mau-
zerall (24) reported that, in a dark-adapated sample,
the fluorescence rise time is 25 ns. This rise was ex-
plained later to be due to the reduction of the oxidized
form of the reaction center Chl a of PS II. Pgg,~, an-
other Chl a fluorescence quencher of PS II (see, e.g.,
ref. 30). This rise time is, however, increased to approx-
imately 0.3 us after a second illumination (30). The
current picture is that this fast fluorescence rise mea-
sures electron flow from the electron donor Z to Pggp ™.
In our flow cytometer, the time for a 1um particle to
cross a length of the laser spot (16 um) is 1.7 us, which
is much longer than 20 ns to 0.3 us for the reduction of
Pggo” and for the reduction of Q, to Q,~ (510 ps)
(12,13). Thus, it is reasonable to expect that in a flow
cytometer, we will be measuring F,,., not F,, espe-
cially because the laser light intensity is strong. Esti-
mates based on several assumptions and consider-
ations of energy losses lead us to conclude that about
10° photons were absorbed per 10’-10° chlorophyli
molecules present, i.e., about one photon per 10-100
chlorophyll molecules present. Thus, all reaction cen-
ters must undergo at least one turnover and the system
must reach the F,,,, state.
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At very high intensities. however, multiple hits in a
single photosystem unit are commonly observed (see,
e.g.. ref. 18), leading to exciton-exciton annihilation.
Therefore. increasing the intensity of the light source
will decrease the relative quantum efficiency for sam-
ple fluorescence. Although high light intensity was ap-
plied in flow cytometry experiments. our data on light-
intensity dependence tFigs. 5A. 6A) display an increase
in Chl a fluorescence quantum yield when the laser
light intensity is increased from 4x10° to 4x10' W
m ™, implying the absence of exciton-exciton annihila-
tion process in spinach thylakoids flowing in the cy-
tometer under our experimental conditions. Further-
more, the same experiment implies the absence of
photoinhibitory phenomenon since photoinhibition 1)
leads to reduction of variable Chl ¢ fluorescence with
increasing light intensity and 2) involves long-term
tnot 2.5 ps exposure) chemical and physical changes
(see, e.g.. a review by Kyle and Ohad (19)).

The conclusion of Ashcroft et al. (3) that the flow
cytometry Chl g fluorescence is F, was not supported.
In hypotonically shocked chloroplasts, ferricyanide de-
creased (3) Chl a fluorescence significantly (by 50 to
75%); at F,, all Q4 should have been in the oxidized
form and ferricyanide could not have further increased
the concentration of Q, and, thus, decreased the quan-
tum yield of Chl a fluorescence. The absence of the
effect of varying [DCMU] on fluorescence intensity
cannot prove its F, character either (Fig. 3) (3). An
independence of the effect of [DCMU] on fluorescence
is also expected for F ... Only when Chi a fluorescence
is between F, and F,,, should increasing [DCMU]
cause an increase in its yield. High light intensity used
in this flow cytometer is not expected to keep the flu-
orescence at the F, level. Thus, the independence of
fluorescence yield on {DCMU] is considered consistent
with the F,,, character of fluorescence. Chl ¢ fluores-
cence in weak light increases with temperature up to
55°C and then decreases (Fig. 2). This character was
not observed in the Chl a fluorescence with a flow cy-
tometer. Furthermore, a comparison of flow cytometry
data with those obtained on F,, showed a similarity
between the latter two, suggesting that the flow cy-
tometer measures F,,, and not some level close to F,
(Fig. 2).

All other experimental results can also be explained
by the hypothesis that fiow cytometry measures F,,,.
In our experimental system, there were two sources to
quench Chl a fluorescence: 1) the oxidized form of Q,
and 2) the oxidized form of externally added quinone,
which may come close to Chl @ molecules. Due to the
high light intensity used in flow cytometry, the rate
constants of Q, reduction and even that of the reduc-
tion of extrinsic quinones increase. High concentra-
tions of Q, ~ and even reduced quinone analogues must
have been created in samples illuminated with such a
high-intensity beam. The equilibrium between Q, and
Q" is determined by the [Qg] and the equilibrium
between the local oxidized form of quinone and the

Table 1
Quinone Concentrations Causing 50% Quenching of Chi a
Fluorescence. in Spinach Thylokmds*

Cytometry Fis Fye.

fluorescence 1% 1%
p-benzoquinone >>5mM 037mM  60uM
Phenyl-benzoquinone >5mM T2uM JluM
DBMIB 0.24mM SuM SuM

*Data were obtained by flow cvtometry flight intensity
410 w m ") and by a home-built fluorometer 151 F,;, at
2x10°Wm =l and F;, at 12 W m 21l

bulk quinone. The viscosity experiment in Figure 7
confirmed that the diffusion rate of the quinone mole-
cules has a significant effect on the fluorescence vield
Compared to the reduction rate of Q4 and quinone
strong light, the exchange rate of the reduced quinone=
with bulk quinone is expected to be rather slow. There-
fore, in the flow cytometer used. almost all the Q, and
the “local” externally added quinone can be considered
to exist in the reduced form. Thus. Chl a fluorescence
yield reaches maximum even at high concentrations of
externally added quinone quenchers when measured
with a flow cytometer. However, when conventional
fluorometers with lower light intensity were used. the
equilibration of reduced quinones with bulk quinones
allows more oxidized quinones to exist in the vicinity of
Chl e and to quench fluorescence. Qur results. in which
decreasing light intensity increases the quenching ef-
fect of the same concentration of quinones in flow
cytometry (Figs. 5A, 6A) and in conventional fluorom-
eters (Figs. 4C, 5C, and 6C), confirm the above hypoth-
esis. This change only occurs in the fluorescence close
to Fpa, Therefore, in our cytometry experiment the
fluorescence measures F,,,,, but not F, character.
There are two modes of action proposed to describe
the quinone-induced fluorescence quenching. One
(1,4,15) suggests that the added quinones function to
dissipate excitation energy by interaction with either
PS II light-harvesting chlorophyll-protein complexes or
the PS O reaction center chlorophyll. An alternative
mechanism (see, e.g., ref. 17) suggests that the added
quinones compete with the intrinsic plastoquinone
electron acceptor, Qg, for the same or overlapping bind-
ing sites in a common binding domain on the D-1 pro-
tein, since many substituted quinones act as Qg ana-
logs. Data in Table 1 show the quenching capabilities
of three quinones. In three different experiments,
DBMIB quenched more Chl ¢ fluorescence than the
other two quinones at the same concentration (data not
shown). The concentration of DBMIB, at which 50%
quenching of Chl a fluorescence occurs, is much lower
than that of the other two in all three cases (Tabie 1),
implying that DBMIB is more accessible to Chl a or Qg
than the other two. Although qualitatively similar,
quantitatively different results were obtained by
Karukstis et al. (15;. These differences are due to the
unique conditions of flow cytometer data discussed ear-
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lier: a larger rate of reduction of quinones as compared
to the rate of exchange of these quinones with the bulk
quinones.

The flow cytometry experiments are useful for pho-
tosynthesis research. Progress in this area potentially
depends on the correct analysis of intrinsic Chl a flu-
orescence. Therefore. information in this paper is valu-
able for further flow cyvtometry studies on photosyn-
thetic samples related to plant biology or marine
biology research. Dual-laser-based flow cytometry may
also be useful (see ref. 3 for preliminary observation)
since one can change the time interval between two
flashes (actinic and measuring) and then measure
changes in the fluorescence yield with time, thereby
providing information on the time-dependent changes
in the photochemical events of photosystem II.
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