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ABSTRACT

From a primitive beginning we have come to our present understanding of what is going on in the thylakoid
membranes. We start our overview with the determination of the size of the photosynthetic unit. This unit gave
the concept of light absorbing antenna and the reaction centers, where the primary photochemistry takes place.
We continue with the determination of the maximum quantum yield and the realization that two light reactions
and two photosystems are involved in oxygenic photosynthesis. This is then followed by the discovery of the
“period four oxygen clock” and the structure of the oxygen-evolving center. After a brief mention of the various
protein components in the thylakoid membrane and a comparison of the two photosystem complexes, we provide
here a summary and the evolution of the so-called “Z” scheme for the electron flow from water to the pyridine
nucleotide NADP*, nicotinamide adenine dinucleotide phosphate. We conclude with a picture of the thylakoid
membrane domains in the chloroplast, and the intricate machinery where all the reactions from water to NADP*
reduction takes place. Our chapter is not a review, but a viewpoint that we favour.

Keywords: Electron Transfer Pathway; Emerson Enhancement Effect; Oxygen Clock; Photosynthetic Unit;
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INTRODUCTION

Photosynthesis is a very complicated process, and in particular, this holds for the kind of photosynthesis
carried out by plants, algae and cyanobacteria, i.e., oxygen-producing (oxygenic) photosynthesis
(Rabinowitch and Govindjee 1969; Blankenship 2002). Initially, it was thought that oxygen was released
by the photochemical splitting of carbon dioxide:

CO, + light = C* + O, (the asterisk on C indicates an activated state)
Then the carbon would combine with water to form carbohydrate:
C* + 6H,0 = C4H,,04
This is the origin of the term carbohydrate, still in use, despite the fact that this scheme has been
proven to be wrong. For the description and historical evaluation of this early and erroneous hypothesis,
see Nickelsen (2010). In the following section we shall discuss the ‘photosynthetic unit (i.e., the existence
of a large number of light-harvesting pigment molecules and a very few reaction center molecules where
the primary photochemistry takes place); the minimum quantum requirement, i.e., the minimum number
of photons of light needed for the evolution of one molecule of oxygen (its inverse being the maximum
quantum yield, i.e., the number of oxygen molecules evolved per photon of light absorbed); and the two-
light reaction and two-pigment scheme of photosynthesis. We conclude with a picture of the thylakoid
membrane domains in the chloroplast, the intricate machinery where all the reactions from water to
NADP reduction take place.

We refer the readers to Govindjee (2000) for an earlier overview of the concepts discussed here;
Govindjee and Krogmann (2004) for a timeline of oxygenic photosynthesis; and Orr and Govindjee
(2010) for an entry into all literature on photosynthesis at all levels.

PHOTOSYNTHETIC UNITS

Engelmann (1884) was one of the first to quantitate the relationship between absorption of light and
photosynthesis.The story of how the complex photosynthetic machinery has been dissected and its
components (at least many of them, now well characterized) started with a paper by Blackman (1905),
in which he studied the rate of photosynthesis in different combinations of light intensity and carbon
dioxide concentration. He drew the conclusion that the photosynthetic process could be divided into a
“light reaction” and a “dark reaction”, and that the “dark reaction” limits the rate when the light is strong
enough. (The “dark reaction”, in fact, as it turned out, a series of a great number of reaction steps, had
often been referred to, in the past, by many as the “Blackman reaction”.)

In two very important papers, Emerson and Arnold (1932a, 1932b) conclusively separated and
characterized the photochemical step and the Blackman reaction. They built on earlier observations by
Richard Willstétter (Nobel laureate in Chemistry, 1915) and Otto Warburg (Nobel laureate in Physiology
or Medicine, 1931) in which they had found that if the light driving photosynthesis was divided into short
pulses, the amount of photosynthesis per total time of the experiment was not very much decreased, while
the amount of photosynthesis during the time in light was increased. Taking the technical possibilities
of the time into account, we marvel at the ingenuity of the apparatus that Emerson and Arnold (1932a)
describe (see the historical appreciation by Myers (1994). With their apparatus they could deliver very
short and intense repetitive light flashes, and study how photosynthesis varied when intensity, flash
duration, and flash interval were varied. Using the unicellular green alga, Chlorella, they found that
as the flash intensity increased they approached light saturation, which could not be overcome even
if the flash interval was increased (so that the average amount of light per unit time was decreased).
They drew the conclusion that with strong flashes they would activate all “photosynthetic units”, which
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would then, during the dark interval, use the collected energy to drive the “Blackman reaction” and
complete photosynthesis. By comparing the maximum yield of oxygen per flash with the content of
chlorophyll, they could calculate that one photosynthetic unit contains about 2400 chlorophyll molecules
(Fig. 1.1).
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Fig. 1.1 The Photosynthetic Unit in the green alga Chlorella (1932). With sufficiently strong and short light flashes, and with
appropriate optimal dark periods between repetitive flashes, the amount of oxygen given off (considered equivalent to carbon
dioxide uptake) did not depend on the flash intensity, but only on the amount of chlorophyll in algal suspensions illuminated by
the flashes. The slope of the line (C/m) in the diagram corresponded to 2400 molecules of chlorophyll per molecule of oxygen
evolved. Thus the chlorophyll content of one photosynthetic unit (PSU) was considered to be 2400 per oxygen molecule evolved
(or carbon dioxide taken up). This number should be divided by four, since four electrons must be moved to produce one oxygen
molecule, so the photosynthetic unit in this experiment may be regarded as containing 600 chlorophyll molecules per electron
transferred. However, since we know now that there are two pigment systems and two light reactions, this number would be 300
chlorophylls per electron transferred. Redrawn from Emerson and Arnold (1932b).

Emerson and Arnold (1932b) wrote:

“We need only suppose that for every 2480 molecules of chlorophyll there is present in the cell one
unit capable of reducing one molecule of carbon dioxide each time it is suitably activated by light.”

Itis obvious to us that although Emerson & Arnold had measured oxygen, they talked about CO, since
they were still using, for description, the early ideas of oxygen coming from activated CO,. However, it
was in this experiment that the concept of what we now call the antenna and the reaction center was born.
The unit could very well be what was called the ‘photoenzyme’, and in today’s language, we may equate
it to the ‘reaction center’ with the caveat that the ~2400 chlorophyll molecules be divided by at least 8, the
minimum number of photons needed to evolve one oxygen molecule. Soon thereafter, Arnold and Kohn
(1934) called this unit “chlorophyll unit”. On the other hand, Kohn (1936) suggested that the absorbing
unit was ~500 Chls, since he assumed that 4 photons were needed for the evolution of one molecule of
oxygen. However, Gaffron and Wohl (1936) really understood these experiments and calculated that in a
Chlorella suspension that Emerson and Arnold (1932a, 1932b) had used, where oxygen evolution begins
immediately upon exposing the samples to low light, it would have taken an average of an hour or more
to collect several photons (4-12) on the same chlorophyll molecule necessary for evolving one molecule
of oxygen. Gaffron and Wohl (1936) explained this paradox by suggesting that there must be ‘funneling’
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of quanta absorbed by different molecules on to one common ‘center’ where the chemistry would begin.
We now know that it is not the photons that are being transferred but the “excitation energy”, or the
excitons (see Clegg et al. 2010). We also know that 2400 is not a magic number in all photosynthetic
organisms. Schmid and Gaffron (1968) showed that in several algae, cyanobacteria and higher plants,
the number of chlorophyll molecules evolved per oxygen, under different physiological conditions, was
in multiples of approximately 300: ~300, ~600, ~1200, ~1800, ~2400 and ~4800.

The method of dividing light into flashes in order to characterize light-driven processes introduced
by Emerson and Arnold (1932a, 1932 b) has been used by others. For example, Bjorn (1965) used it to
characterize steps in the differentiation of plastids, and Sundqvist (1969) used it to study steps in the
formation of chlorophyll. But more importantly, it was used in a more elaborate form, as single flashes,
with appropriate dark times, by Joliot ef al. (1969) and Kok et al. (1970) to further characterize the
oxygen evolution steps of photosynthesis. We shall return to this later.

QUANTUM YIELDS AND ACTION SPECTRA OF
OXYGENIC PHOTOSYNTHESIS

Transformation of two water molecules, plus one molecule of carbon dioxide, to one molecule of oxygen
and a one-carbon equivalent of carbohydrate, involves the transfer of 4 electrons (2 electrons per oxygen
atom). The Stark-Einstein equivalence law (Stark 1908, Einstein 1912) states that one photon reacts
with one molecule, so splitting the carbon dioxide to C* and O,, according to the old and naive theory
mentioned earlier, would need only one photon, provided it had sufficient energy. However, Cornelis
B. van Niel (see e.g., van Niel 1941) had, by comparison of non-oxygenic (referred to as ‘anoxygenic’)
bacterial photosynthesis with the oxygenic plant, algal and cyanobacterial photosynthesis, come to the
conclusion that both could be summarized with one formula:

2 H,A + CO, + light = 2A + CH,0 + H,0

where, in the case of anoxygenic photosynthesis, A stands for, e.g., S, and in the case of oxygenic
photosynthesis for O (or Y2 O,), implying that the oxygen released comes from water and not from
carbon dioxide. This makes it likely that one photon moves one electron, so that 4 photons would be
required for the release of one molecule of oxygen and assimilation of one molecule of carbon dioxide.

Otto Warburg and coworkers reported that this, so-called, minimum quantum requirement of
photosynthesis (the ratio of minimum number of photons required per oxygen evolved) was 4, or in later
publications, under certain conditions even a little less (see e.g., Warburg er al. 1950). Warburg wanted
to harmonize the thermodynamic requirement of at least 3 red photons with the Stark-Einstein one-to-
one relation between photons and molecules. He worked out a theory by which three photons produced
three oxygen molecules with the help of extra energy; this extra energy was obtained by reoxidation of
assimilate, using up two of the oxygen molecules produced (see e.g., Damaschke et al. 1953, Warburg
1958). In contrast to Warburg’s minimum values of 3-4 photons per oxygen, many investigators obtained
values that were in the range of 8-12 (see e.g., Arnold 1935, 1949; Magee et al. 1939). Emerson and
Lewis (1941) discovered that one of the reasons for Warburg’s low minimum quantum requirement
(inversely high maximum quantum yield) was the CO, burst in the first minutes of illumination that
Warburg had counted as oxygen. Emerson and Chalmers (1955) substantiated this error in Warburg’s
work in a long and a thorough paper. Emerson and Lewis (1943), using the green alga Chlorella as
Warburg had used, determined the minimum number of photons to be ~11 per oxygen evolved, and the
same result was obtained later for the diatom Navicula by Tanada (1951) and the red alga Porphyridium
by Brody and Emerson (1959). (See Emerson, 1958, for a review.) Emerson died in a plane crash
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on February 4, 1959 (see Rabinowitch 1961), and Warburg continued to publish low values of 3-4.
Rajni Govindjee et al. (1968) showed that the minimum quantum number for oxygen evolution was §-12
even in young synchronous cultures of Chlorella and that too under conditions specified by Warburg to
give much lower values. In his final paper, before his death in 1970, Warburg et al. (1969) experimentally
obtained a minimum value of 12 photons per oxygen evolved, but, by an unusual ‘photolyte theory’,
he calculated the number to be 3-4 (see Govindjee 1999a) for the description and explanation of these
results). An overview of many measurements of photosynthetic quantum yields in various plants has
been published by Skillman (2008). Further, Kérin Nickelsen and Govindjee (personal communication
2010; in preparation) deal with the history of the quantum yield controversy between Otto Warburg and
his doctoral student Robert Emerson. Robert Emerson and his coworkers should have faced the same
dilemma, which had misled Warburg: Why would a photon move less than one electron? Stated in other
words, why should one need 2 or more photons to move one electron from water to CO,? A curious
observation that Emerson and Lewis (1943) made in Chlorella began to unfold the explanation. The
quantum yield was not the same for all wavelengths; there was a dip at about 500 nm (clearly due to
shielding by yellow pigments that were not active as antenna pigments, as well as due to low efficiency
of excitation energy transfer from carotenoids to chlorophyll a (see Govindjee 1999b) and a smaller one
at 660 nm; but most significantly, the quantum yield dropped abruptly at wavelengths above 682 nm.
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Fig. 1.2 The Red Drop in Photosynthesis in the green alga Chlorella (1943). By dividing the number of oxygen molecules formed
in weak light by the number of photons absorbed, Emerson and Lewis (1943) determined the maximum quantum yield for the
green alga Chlorella. It was highest (0.09; corresponding to a minimum of ~ 11 photons per oxygen) in the wavelength range 580
to 680 nm, with a little dip around 660 nm. The lower yield in the violet-green range can be ascribed to carotenoids that do not
efficiently transfer absorbed energy to chlorophyll a. For wavelengths above ~682 nm, the quantum yield drops steeply, despite
the fact that the only substance absorbing this radiation is chlorophyll a. This steep decline is called the “Red Drop”. It is now
known to be due to only Photosystem I absorbing energy; photosynthesis requires another Photosystem (II) as well. Modified
from Emerson and Lewis (1943).
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In other words, the quantum yield action spectrum declined more with increasing wavelength than the
absorption spectrum did. This was the discovery of “Red Drop” in oxygenic photosynthesis (Fig. 1.2).
Although chlorophyll a still absorbed light beyond 680 nm, the quantum yield of photosynthesis declined
(cf. Levring 1947). Emerson and Lewis (1943) discussed many possibilities, but none seemed to make
much sense. Perhaps, there existed two forms of chlorophyll a: an active (that absorbed up to 680 nm)
and an inactive chlorophyll a (that absorbed beyond 680 nm)! The concept of active chlorophyll a (to
later become chlorophyll a of Photosystem II, PSII) and inactive chlorophyll a (to later become active
chlorophyll a of Photosystem I, PSI) was clearly described in the doctoral thesis of Duysens (1952)
when he observed that absorption in phycobilins, but not in chlorophyll a, led efficiently to chlorophyll a
fluorescence. Duysens (1952) suggested that in red algae, chlorophyll a existed in two forms, one was
fluorescent (to later become chlorophyll a of PSII), and another non-or weakly fluorescent (to later
become chlorophyll a of PSI).

In the first volume of his monumental work on photosynthesis, Rabinowitch (1945) devised a number
of reaction schemes compatible with either a 4 quanta or 8 quanta requirement per CO, uptake or O,
released. One of his 8 quanta reaction schemes was based on some of the ideas of Franck and Herzfeld
(1941), but presented in a refined and clear manner in scheme #7.V on p. 162 p.162 in Rabinowitch
(1945); see Fig. 1.3 below).

4CO, 4 H,0

E‘ | PSII 1
4 {Cﬂz} 4H 4 {Hz0}
4hy Ec OEC

4 HZ + {02} +2 H,0

Eol
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Calvin—Benson Cycle E'B

{CH20} + H20 + 3CO3

Fig. 1.3 One of the Rabinowitch’s Schemes of Photosynthesis (1945) with additions, in color, by the authors. In his 1945
monograph on photosynthesis, Rabinowitch explained the minimum quantum requirement of 8-10 per oxygen evolved by
postulating that photosynthesis is driven by two different photochemical redox reactions: 4Y + 4HZ + light = 4HY + 4Z
followed by 4X + 4HY + light = 4HX + 4Y. In this scheme X, Y, and Z were hypothetical substances; the chemical nature of these
intermediates has subsequently been revealed. This scheme was based on the ideas of J. Franck and G. Herzfeld (1941). On the
left corner of the diagram, we show a photograph of Eugene Rabinowitch. We show in the diagram the reactions that we now
call Calvin-Benson cycle; Photosystem I (PS I), and Photosystem II (PS II). OEC stands for ‘Oxygen Evolving Complex. Modified
from Rabinowitch (1945).

In equation form (retaining Rabinowitch’s original numbers), it is as follows:

(7.11a) 4Y +4 HZ + 4 photons >4 HY +4 Z
(7.11d) 47 +4 {H,0} +4photons = 4 HZ + O, + 2H,0
(7.11b) 4HY+4::j4HX+4Y

(7.11c) 4 {CO,} +4 HX = {CH,0} +3CO, + H,0 +4 X
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Add "+ 4 photons" in (7.11b) and move (7.11d) equation to go after "(7.11c)
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The first three reactions in this scheme are, in principle, in agreement with the present-day view, if
we replace 4 HY with 2 PQH, and 4 HX with 2 NADPH. The scheme correctly assumes two different
light reactions, of which the first one (7.11a, equivalent to today’s PSII) generates a reductant that is
used to deliver reduction equivalents (electrons) to the second one (7.11b, equivalent to today’s PSI),
and also an oxidant powerful enough to oxidize water (7.11d; equivalent to OEC, oxygen evolving
complex). The fourth equation (7.11c; equivalent to Calvin-Benson cycle) is too simple since there are
many intermediates in between, and more importantly, the essential role of high-energy phosphate was
not included in this scheme.

Action spectra of photosynthesis, per incident light intensity, instead of per absorbed light intensity,
and using polarography, instead of manometry, were measured by Francis Haxo and Lawrence Blinks.
Following a preliminary congress communication (Haxo and Blinks, 1946), Haxo and Blinks (1950)
published very detailed action spectra for photosynthesis of the green alga Ulva taeniata, the brown
algae Laminaria sp. and Coilodesme californica, and for many species of red algae, including several
species of the genus Porphyra, and compared them to the absorption spectra of the same organisms. In
all cases the action spectra, measured per incident light intensity, dropped at wavelengths shorter than the
absorption spectra did. Even more surprising, in the red algae the green region of the spectrum, absorbed
mainly by phycoerythrin, was much more effective than the blue and red lights, even at the chlorophyll a
absorption peaks. Chlorophyll a, when directly absorbed, was less active in photosynthesis than when it
was excited via the phycobilins, suggesting the presence of inactive and active forms of chlorophyll a.
Haxo and Blinks (1950) ruled out any artifacts in their results, but concluded their discussion in an air of
bewilderment.

After studying all the available experiments on the oxidation-reduction of cytochromes, including
that of Louis N.M. Duysens, Rabinowitch (1956; p. 1862, para 2, lines 15-19) made one of the most
significant statements on the possibility of two-light reactions in oxygenic photosynthesis before the
two-light effect was experimentally discovered:

“....two quanta will be needed to transfer each of the four required H atoms (or electrons), first from
water to the cytochrome, and then from the cytochrome to the final acceptor.”

What a prophecy, it was! Clearly, it explained the question we posed above “Why should one need
2 or more photons to move one electron from water to CO,?” The answer is that electrons from water do
not go directly to CO,, and thus, Einstein’s law of photochemical equivalency would require a minimum
of 8 photons to evolve one molecule of oxygen. In hindsight, if Otto Warburg had thought of this,
perhaps, we would not have had the long-drawn controversy between Warburg and the others, especially
his own student Robert Emerson.

THE EMERSON ENHANCEMENT EFFECT, AND THE BLINKS’S
CHROMATIC TRANSIENT EFFECT; CHLOROPHYLL aIN BOTH
PHOTOSYSTEMS

Emerson et al. (1957) discovered that the low quantum yield of photosynthesis in the long-wavelength
light could be improved by adding supplementary light of shorter wavelengths. In other words, the effect
of both lights exceeds the sum of the effect of each light separately. This phenomenon was then called
the “Second Emerson effect”, because the CO, burst, mentioned earlier, had already been labelled as
the “Emerson Effect”. However, today, the enhancement effect, discovered in 1957, is simply known
as the Emerson Enhancement Effect. Emerson and Chalmers (1958) and Emerson and Rabinowitch
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(1960) reported that the action spectrum of this Emerson Effect follows the percent absorption spectrum
of various accessory pigments (e.g., chlorophyll b in green algae). Thus, it was assumed that one light
reaction was sensitized by chlorophyll a and the other by chlorophyll b, or other accessory pigments
(Fig. 1.4) (Emerson and Chalmers 1958; Myers and French 1960). However, Govindjee and Rabinowitch
(1960) and R. Govindjee et al. (1960) showed that a short wavelength absorbing form of chlorophyll a
was present in the same system that used chlorophyll b (or other accessory pigments) (Figs. 1.5 and 1.6).
This agreed with the earlier observations of Duysens (1952) that all energy absorbed by chlorophyll
b is transferred to chlorophyll a. Further, Govindjee et al. (1960) discovered a corresponding effect
on chlorophyll a fluorescence from Chlorella cells: light absorbed in the “red drop” region quenched
chlorophyll a fluorescence excited by high intensity short wavelength light. This phenomenon was
thoroughly explored by Duysens and Sweers (1963) leading to an establishment of the relationship
of two light reactions and two pigment systems with chlorophyll fluorescence (Govindjee 2004a). It
is important to state that the Emerson Enhancement Effect is not in respiration, but in photosynthesis,
since it was observed in the Hill Reaction (e.g., R. Govindjee et al. 1960, 1962, 1964; and Govindjee and
Bazzaz 1967) and shown by 0 experiments by mass spectroscopy (e.g., Govindjee et al. 1963). For
further information on Emerson Enhancement Effect, see Govindjee and Govindjee (1965) and a review
by Myers (1971).
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Fig. 1.4 The Emerson Enhancement Effect and the Blinks’s Chromatic Transient Effect in Chlorella (1960). (Top): Action spectra
of the Enhancement in the rate of photosynthesis (oxygen evolution) by different wavelengths of light added to far-red light
(Emerson Effect). (Bottom): Action spectra of the chromatic transient (Blinks effect) in oxygen exchange when 700 nm light was
changed to different wavelengths of light (see abscissa). Myers and French suggested that chlorophyll b was involved in one of
the reactions as Robert Emerson had suggested earlier. Redrawn from Myers and French (1960).
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Fig. 1.5 Action Spectra of the Emerson Enhancement Effect in the green alga Chlorella (left) and the diatom Navicula (1960).
Chl b stands for chlorophyll b peak around 650 nm; Chl a 670 stands for a short wavelength absorbing form of chlorophyll a; Chl ¢
stands for chlorophyll c. This experiment was the first one to show that the two light reactions of photosynthesis were sensitized
by different spectral forms of Chl a, not Chl b and Chl a. Redrawn from Govindjee and Rabinowitch (1960).
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Fig. 1.6 Action Spectrum of the Emerson Enhancement in the Hill Reaction with Quinone as an oxidant in Chlorella (1960).
This experiment not only confirmed the role of Chl a 670 in the same system as Chl b, but also showed clearly that the two-light
effect is not in respiration. Redrawn from Rajni Govindjee et al. (1960).

At about the time of the discovery of Emerson Enhancement Effect, Blinks (1957, 1959) described
another puzzling phenomenon that he named chromatic transients. He adjusted two lights of different
wavelength so that they resulted in the same photosynthetic rates. When he switched from one kind of
light to the other, the expectation was that photosynthesis would continue at a steady rate, but he found
that this was not the case. In green algae, he found that in going from red light (absorbed mainly in
chlorophyll b) to far-red light (absorbed mainly in chlorophyll @), photosynthesis rate first decreased
rapidly, and then went back to the steady state. However, if the red light was given after the far-red light,
the rate of photosynthesis increased before falling back to the steady state. Blinks was unable to explain
these results, and interpreted this phenomenon, later known as the Blinks effect, to be in respiration
(see Thorhaug and Berlyn, 2009, for a tribute to Blinks). Experiments of R. Govindjee et al. (1960)
showed that the Emerson Effect was not in respiration. Myers and French (1960) showed that the action
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spectra of the Blinks effect and the Emerson Enhancement effect were identical, thus connecting the two
phenomena to the emerging two-photosystem two-light reaction concept that was now in the air in many
laboratories (Fig. 1.4).

THE TWO PHOTOSYSTEMS

In addition to the discovery of the Emerson Enhancement, and the far-sighted ideas at Urbana, Illinois,
which clearly led to the concept of the two light reactions and two photosystems, the 1959 work of
Bessel Kok and soon thereafter that of Louis N.M. Duysens deserves a special mention. Kok (1959), in
the Robert Emerson Memorial issue of Plant Physiology, showed a two-light effect in a cyanobacterium
Anacystis nidulans, on the redox state of the reaction centre chlorophyll “P700” (Kok 1956, 1957).
He showed that a long wavelength light (far-red) oxidized “P700”, and when a short wavelength light
(orange-red) was added, the oxidized P700 became reduced. In this paper, Kok related these findings
to the Emerson Enhancement Effect and two pigment system concept (Fig. 1.7). This was presented in
details in March, 1960, at John Hopkins University (see Kok and Hoch 1961).
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Fig. 1.7 Antagonistic Effect of Two Light Beams of Two Different Colors on the the Reaction Center P700 in a cyanobacterium
(1959). Reversible absorbance changes in Anacystis caused by orange-red light (referred to as red light) and darker red light
(referred to as far-red light). Far-red light oxidized (bleached), whereas orange red light reduced (restored) what we now call the
Photosystem I reaction center pigment P700. From Kok (1959).

Duysens (1989) has presented his own story about his discoveries. After the discovery of the
Emerson Enhancement Effect, Duysens examined the action spectra for cytochrome oxidation and
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NADP" reduction in different wavelengths of light. Duysens (in August1960) presented his results at
the 3rd International Congress on Photobiology at Copenhagen, Denmark, which showed that in red
alga Porphyridium, green light, absorbed by phycoerythrin, gave a low yield of cytochrome oxidation
when photosynthetic yield was high, but a high yield of cytochrome oxidation in red light, absorbed by
chlorophyll a, where photosynthetic yield was low. Duysens (1989), who was unaware of the paper of
Hill and Bendall (1960) at that time, wrote about his presentation in 1960:

“I postulated the existence of two major photosystems 1 and 2. System 1 contained the weakly
fluorescent chlorophyll a, formerly said to be inactive, and oxidized cytochrome; system 2 contained
the fluorescent chlorophyll a. An interaction between the two systems was shown by the different
kinetics of cytochrome oxidation at different actinic wavelengths.”

On the other hand, in March, 1960, Rabinowitch and Govindjee stated (see Rabinowitch and
Govindjee, 1961)

“.the primary photochemical process in photosynthesis might consist of two steps: whereas one type
of chlorophyll a was able to bring about both, the other type was restricted to one of these steps.”

The key experiment for the two light reactions was published by Duysens et al. (1961) (also see
Duysens and Amesz, 1962): System 1 light oxidized a cytochrome, and system 2 light reduced it (Fig. 1.8).
This was the discovery of the antagonistic effect of light 1 and 2 on an intermediate that was predicted by
Rabinowitch (1956) and is still the best experimental evidence for the series scheme of photosynthesis.
Further, Duysens et al. (1961) showed that in the presence of diuron (DCMU), cytochrome can be
oxidized, but not reduced.
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Fig. 1.8 Antagonistic Effect of Light 1 and 2 on the redox state of a cytochrome in a red alga (1961). Red light (680 nm;
light 1, absorbed in chlorophyll a in Photosystem I) decreased absorbance at 420 nm (oxidation of cytochrome f) in the red alga
Porphyridium cruentum; superimposition of green light (562 nm, absorbed in phycoerythrin in Photosystem II') caused reversal of
absorbance decrease (reduction of cytochrome f). This is the best proof for the current series scheme of photosynthesis. Redrawn
after Duysens et al. (1961).

The paper of Hill and Bendall (1960) is a landmark in the field of ‘light reactions of photosynthesis’,
or let us say, the “Hill reaction” (see Walker 2002). They proposed the so-called “Z-scheme” on a totally
theoretical ground. Cytochromes had been found in chloroplasts earlier, and the possibility that they
could link the two photosystems (two light reactions) and provide energy for the formation of ATP
through a downhill step between the two cytochromes was clearly a novel concept in the Robert (Robin)
Hill and Fay Bendall scheme; the idea that there are two light reactions and two pigment systems was
already there, although Hill and Bendall missed, unintentionally, we believe, citing the pioneering work
of Robert Emerson. Instead of presenting the various versions of the Z-Scheme over the years (see e.g.,
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earlier schemes by one of us (G) in Govindjee and R. Govindjee (1975), and in Demeter and Govindjee
1989), we show here one of the current versions of the Z-scheme (cf. Allen 2003; Govindjee et al. 2010;
Fig. 1.9 and its detailed legend).
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Fig. 1.9 One of the Versions of the Z-Scheme for Electron Transport from Water to the Pyridine Nucleotide, NADP* (2004). There
are two Photosystems --I (PS I) and II (PSII)--connected in series, with a cytochrome b6 f complex in between; a cyclic electron
transport around PSI also occurs (see below). In PSII, there is a tetranuclear manganese-oxygen—-calcium cluster (Mn,0,Ca,
represented by 4Mn in the diagram; see Fig. 1.12 for further information, x implies unknown number); Yz, tyrosine-161 on the D1
protein; P680, primary electron donor of photosystem II; P680*, excited electronic state of P680; Pheo, pheophytin; Q,, a tightly
bound plastoquinone; Qg, a plastoquinone that binds and unbinds from photosystem II; PQ, a pool of mobile plastoquinone
molecules; Cyt bg, cytochrome by; FeS, an iron-sulfur protein known as Rieske FeS protein, Cyt f, cytochrome f; PC, plastocyanin
(cyanobacteria often employ Cytc6 instead); P700, primary electron donor of photosystem I; P700*, excited electronic state of
P700; A, a special chlorophyll a molecule; A;, vitamin K1; Fy, Fy, Fg, iron-sulfur centers ; F4, ferredoxin; FNR, ferredoxin-NADP
reductase; NADP*, nicotinamide- adenine dinucleotide phosphate. The cyclic electron flow, that is usually a small fraction of non-
cyclic electron flow, begins at the iron sulfur centers, not at FNR. In this diagram, light-harvesting complexes of photosystems
I and II, and the ATP synthase are not shown. Estimated (or measured) times for electron transport between intermediates are
also shown. A unique role of bicarbonate/carbonate (labeled as Bicarb) in PSII is to play a role in protonation at the Qg site
(see e.g., a review in Van Rensen et al., 1999; McConnell et al., 2010); another role of bicarbonate has been suggested to act on
the electron donor side of PSII (not shown in this diagram). Also not shown in the diagram is chloride that plays an important
role on the electron donor side of PSII (see e.g., Coleman and Goovindjee, 1987; and Homann, 2005). Modified from Govindjee
(2004a; color version was reproduced earlier in Satoh et al., 2005)

Witt et al. (1961) provided the most detailed biophysical measurements on the two-light reaction
scheme. By 1963, the major concepts and experiments on the two light reaction and two pigment scheme
had been settled (see Kok and Jagendorf 1963). The research group of Horst T. Witt provided new
information on the participation of plastoquinone in the “Z-Scheme”, detailed information on the kinetics
of most of the reaction steps, and they discovered in 1969, the second reaction center “P680” of what we
now call “Photosystem II”’, “P700” being the reaction center chlorophyll a of Photosystem I (see a review
in Witt 2004, and references cited therein). Losada et al. (1961) from Daniel Arnon’s research group
provided one of the first biochemical measurements supporting the “Z-Scheme”. However, Daniel Arnon
soon abandoned this scheme in favor of a 3-light reaction scheme, or a 2-light light scheme, both run by
two types of Photosystem II and even a one light reaction scheme. We shall not discuss them here.

The two-light reaction two-pigment system scheme was soon supported by the physical separation
of two photosystems (see e.g., Boardman and Anderson 1964; Anderson 2005), chemical surgery of the
entire scheme and by the use of specific inhibitors, artificial donors and acceptors of partial reactions (see
e.g., reviews by Vernon and Avron (1965) and Trebst (1974), and through the use of mutants that lacked
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specific intermediates in the electron transport chain (see e.g., Gorman and Levine 1966; see Levine
1969, for a review). The best evidence for the existence and operation of the two-light reactions and two-
pigment systems is the isolation, characterization, and crystallization of the reaction center complexes I
(see e.g., Jordan et al. 2001; Ben-Shem et al. 2003; for a complete review of PSI, see chapters in Golbeck
2006) and PSII (see e.g., Zouni et al. 2001; Ferreira et al. 2004; Loll et al., 2005; Guskov et al. 2009; for
a complete review of PS II, see chapters in Wydrzynski and Satoh 2005, and for a basic review of PSII,
see Govindjee et al. 2010). We expect to see changes in the future in our detailed description of PSII
because J-R. Shen (from Japan) has now obtained a 1.9 angstrom resolution structure (paper presented
in 2010 at the 15th International Photosynthesis Congress, held in Beijing, China).

We do not discuss here the details concerning the primary photochemistry of PSI and PSII, but rather
refer the readers to a review by Renger (2010), a book by Ke (2001) and an edited book by Renger
(2008). However, for the story of the personal participation of one of us (G), with Michael Wasielewski,
in PSII photochemistry, see Govindjee and Seibert (2010). Further, we have not discussed in this chapter
the role of bicarbonate in PSII, a topic very dear to one of us (G) (see e.g., Van Rensen ef al. 1999;
McConnell et al. 2011).

THE OXYGEN CLOCK AND THE OXYGEN-EVOLVING CENTER

Pierre Joliot (1956) developed a highly sensitive technique in which he used a bare platinum electrode to
measure the oxygen produced by Chlorella cells or spinach chloroplasts in response to short, saturating
flashes (see further development in Joliot 1960, 1965a,b, 1968; Joliot et al., 1969). Surprisingly, Joliot
et al. (1969) found that if the flashes were short enough, no oxygen at all was observed after the first
flash, no matter how strong the flash was. A little oxygen came out after the second flash, but the
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Fig. 1.10 Flash Number Dependence of Oxygen Release (1969). Amount of oxygen produced by spinach chloroplasts in response
to short, single and intense flashes, was plotted against flash number. This diagram has been redrawn from Joliot et al. (1969).
The periodicity of 4 in this plot led Bessel Kok and coworkers (Kok et al., 1970) to propose their famous “S-states” scheme, in
which the evolution of oxygen from water required four steps (see Mar and Govindjee, 1972, for all the schemes debated at that
time): Sy to S;; S, to S, to S5 and finally S; to S, where oxygen is evolved. Since the first maximum in the data was on the third
flash, Kok suggested that the system started mostly in the S, state in darkness. The damping in the flash pattern was explained
to be due to what was called “misses” and “double-hits".
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third flash produced a maximum amount, and the fourth flash less again (Fig. 1.10). This “4-stroke”
oscillatory pattern was repeated during the following flashes, but with decreasing amplitudes, until a
steady level was reached.

Kok et al. (1970) repeated the measurements of Joliot ez al. (1969) with various variations. This was a
landmark paper, as it was here that the four-step charge accumulation model of oxygen evolution was first
presented. The system works like a clock (see Govindjee and Coleman (1990) for a general description).
According to this model, photochemical process progresses through a series of states of the oxygen-
evolving complex, called the S states, one step for each quantum absorbed by the system (Fig. 1.11).
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Fig. 1.11 A current view of the Oxygen Clock of Photosynthesis (2010). It shows Kok's S-state cycle, the oxidation states of
the 4 manganese atoms in the oxygen evolving complex as well as where the oxygen molecule, the protons and the electrons
come out. Except for the transition from S, to S,, in which the water is oxidized, and the oxygen molecule is released, the other
S-state transitions are driven by positive charges arriving from the oxidized tyrosine (Yz) that receives its positive charge from
the oxidized P680, which is formed in a light reaction in PSIL. The redox states of the 4 Mn atoms in Sy, S; and S, are generally
agreed upon by most investigators. However for S; it may be either a manganese cluster with all Mn atoms in oxidation state IV,
or one where there are 3 Mn™, one Mn™ and an oxygen radical. The configuration indicated for S, is hypothetical and is based
on theoretical considerations. The figure is based on research of many researchers (see Govindjee et al., 2010; Sproviero et al.,
2008a, b; Siegbahn, 2008, 2009; Dau and Haumann, 2008; Haumann et al., 2005, among others). For a further detailed view on
the release of protons, see Suzuki et al., 2009. We are thankful to Gary Brudvig, Holgar Dau, Johannes Messinger, Gernot Renger
and Junko Yano for discussions. The figure has been drawn for the authors by Dimitry Shevala in Johannes Messinger’s group in
Sweden.

The photochemical reaction, the primary charge separation, occurs at the reaction center chlorophyll
complex, the P680. The negative charge (the electron) moves ultimately towards Photosystem I, whereas
it is the positive charge that moves towards the oxygen-evolving complex via a tyrosine, labeled as Yz. In
each step, the system gains a positive charge, or, in other words, it is oxidized. As a consequence of four
photochemical steps, in series, S, becomes S;; S; becomes S,; S, becomes S;; and finally S; becomes
S, and the 2 molecules of water are oxidized by the four positive charges on S, releasing an oxygen
molecule. It was apparent from the very beginning that after a prolonged dark period, an equilibrium
between S, and S, states is established: 25% S, and 75% S,. To get an agreement with the experimental
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results, one must also assume a certain frequency of “double hits”, i.e., a certain percentage of the
photosynthetic units advance two steps during one flash, and a certain number of “misses” i.e., some
units do not advance (for earlier reviews, see Mar and Govindjee, 1972; Joliot and Kok, 1975).
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Fig. 1.12 A Representation of the water oxidizing complex of photosystem II (PSII) (2010). This figure is based on the work
of Yano et al. (2006), Siegbahn (2008), and Guskov et al. (2009), and was drawn by Johannes Messinger (see Govindjee et al.,
2010). Here, the amino acids are shown with their 3-letter codes. (a: top figure) Structural model for the metal ions and amino
acid ligands of the Mn,0,Ca cluster (x implies unknown number), the redox active tyrosine Yz (Tyr161) and the chlorophyll PD1(a
component ofthe reaction center complex of Photosystem II), as derived from the 2.9 A resolution crystal structure (Guskov
et al., 2009); the view is along the membrane with lumen at the bottom and cytoplasm at the top. The protein surrounding is
shown in cartoon mode in light yellow (D1), orange (D2) and magenta (CP43). Mn (purple), Ca®*(orange) and Cl (green) ions are
shown as spheres, ligating amino acids as sticks. The nitrogen and oxygen atoms of the amino acid ligands are colored in blue
and red, respectively; the carbon atoms are colored depending on the subunit the amino acid belongs to: yellow for D1, orange
for D2 and magenta for CP43. (b: bottom left) Model for the Mn,0,Ca cluster in the dark stable S, state of the water oxidizing
complex, obtained from orientation dependent X-ray spectroscopy on PSII single crystals (Yano et al., 2006) embedded in the
ligand environment derived from the crystal structure. The coloring and the view direction is as in panel (a), bridging oxygens
are shown as small red spheres. (c: bottom right) Theoretical model for the Mn,0,Ca cluster and its first ligand sphere in the S;
state were derived from density functional calculations (Siegbahn, 2008); the coloring and the view direction is as in panel (a);
the bridging oxygens are shown as small red spheres. This model also includes some water/hydroxide groups (hydrogens shown
in grey) as ligands to the manganese and calcium ions. [Unfortunately, chloride that is known to be involved in these reactions
was not modeled; see Coleman and Govindjee (1987) and Homann et al., (2005) .]This figure is a courtesy of Johannes Messinger
of Sweden.

For the current detailed view of the oxygen clock cycle, including the suggested redox states of the
4 Mn, see Fig. 1.11 and its legend (that includes references). Mn is successively oxidized in going from
Sy to S; and from S, to S,; however, in S; and S,, oxyl radicals may be involved; no experimental data
is available for the S, state, but theoretical consideration is included in the scheme shown (cf. Dau and
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Haumann 2008; Haumann et al. 2005; Sproviero et al. 2008a, 2008b; Siegbahn, 2008, 2009; among
others; see Govindjee et al. 2010 for a review). A consensus view is that in the S, state three of the Mn
atoms are in the trivalent and one in tetravalent state; in S, state two of the Mn are in the trivalent and
two in tetravalent state; in the S, state one is in the trivalent state and three are in the tetravalent state.
A progressive oxidation of Mn cluster is suggested. However, the Mn oxidation levels in the S; and S,
states are less certain (see Fig. 1.11). The oxygen release pattern is suggested to be 1, 0, 1, 1, 1 during the
S-state conversions; for a detailed view on the release of protons, see Suzuki et al. (2009).

Manganese has long been known to be an essential nutrient for plants. Pirson (1937) suspected a role
for Mn in oxygen evolution. Spencer and Possingham (1961) found that manganese deficiency in spinach
impairs oxygen evolution by chloroplasts prepared from it. The role of manganese in oxygen evolution
was later studied in a long series of investigations (see e.g., Cheniae and Martin 1967). Gradually, the
connection between the S states and oxidation states of manganese became established (see chapters in
Wydrzynski and Satoh 2005).

A view of manganese, as part of the water oxidizing enzyme connected to specific amino acids
on the PSII, is described in its essentials (and in details) in Fig. 1.12 (Johannes Messinger, personal
communication). It is based on the extensive work of Yano ef al. (2006), Siegbahn (2008) and Guskov
et al. (2009).

The progression through the S states, and changes of redox states of the chemical components of
the system, has been monitored by means other than by recording the bursts of oxygen. Thus oxidation
changes of manganese can be monitored by absorption at 292 nm (Fig. 1.13, Sugiura et al. 2009), EPR,
infrared spectroscopy or X-ray spectroscopy (Ono et al. 1992). Further, chlorophyll fluorescence from
PSII (Shinkarev et al. 1997, Srivastava et al. 1999; for historical reviews, see Delosme and Joliot (2002),
and Govindjee 2004a) exhibit corresponding oscillating patterns in response to short flashes.
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Fig. 1.13 Absorption changes in manganese ions in photosystem II from Thermosynechococcus elongatus (2009). Absorption
changes at 292 nm as a function of flash number shows a periodicity of 4 with maxima at flash 1 and 5 supporting the relationship
between redox changes in Mn with the S-states. Mutant studies revealed that D1His-252 is more involved with S; than with the
S,, supporting the concept of conformational changes in the process. Redrawn from Sugiura et al. (2009).

We estimate that in full sunlight a molecule of chlorophyll a which is not screened by other pigments,
will absorb, on an average, ~2 photons per second. With an antenna size of 300 chlorophyll a molecules,
we will have 600 excitations per second in the reaction center. In other words, the reaction center must
transfer the energy within 2 ms. The rate-limiting step on the oxidizing side of PSII is thought to be due
to the reduction of oxidized tyrosine residue Yz* by manganese in the oxygen evolving center, precisely
during the steps from the S, to S; and S; via S, to S, states (Shinkarev and Wraight 1993; Grabolle and
Dau 2005), while the Sy to S, and S, to S, steps seem to proceed faster. It takes even more time for the
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plastoquinone to deliver charges from PSII to PSI. In fact, this is the bottle-neck reaction of electron
transport in photosynthesis (see Discussion in Ke 2001).

We have not discussed in this chapter the role of chloride on the electron donor side of PSII (see
Coleman and Govindjee 1987; and Homann 2005).

PHOTOPHOSPHORYLATION

The first person to suggest that phosphorylation steps may be involved in photosynthesis was Ruben
(1943). He realized that the reaction RH + CO, = RCOOH is energetically unfavorable, and instead
proposed the following enzymatically catalyzed reaction sequence:

(1) energy rich phosphate donor + RH = “free donor” + phosphorylated RH
(2) phosphorylated RH + CO, = RCOOH + inorganic phosphate.

Further, Emerson et al. (1944) asked if photosynthetic organisms might use energy from ATP
[hydrolysis] for the endergonic process of CO, reduction. However, Rabinowitch (1945) wrote:

“Until more positive evidence is provided, we are inclined to consider as more convincing a general
argument against this hypothesis, which can be derived from energy considerations. Photosynthesis
is eminently a problem of energy accumulation. What good can be served, then, by converting light
quanta (even those of red light which amount to about 43 kcal per einstein) into “phosphate quanta”
of only 10 kcal per mole?”.

We now know that light quanta are not only used for making ATP, but also for oxidizing water to
oxygen and reducing NADP. ATP is produced due to energy drop between PS II and PS I, as Hill and
Bendall suggested, but also due to a cyclic electron flow around PSI. Thus, Rabinowitch’s concern
is well taken. In an early scheme of the path of carbon in photosynthesis, Calvin and Benson (1948)
had assigned an essential role to phosphorylated intermediates. But it took several years more before
photosynthetic phosphorylation could be experimentally demonstrated. Strehler (1952, 1953) presented,
using the luciferin-luciferase assay, the very first evidence for ATP formation upon illumination of plants,
and that this took place in the chloroplast. However, photophosphorylation was clearly demonstrated by
Frenkel (1954) in isolated bacterial chromatophores, and by Arnon et al. (1954a, 1954 b) in isolated
spinach chloroplast fragments. The use of isolated photosynthetic membranes rather than the whole cells
was important for proving that high-energy phosphate generated in respiration was not involved. (To
make sure that no oxidative phosphorylation could take place, sodium chloride instead of sugar was used
as osmoticum in the medium for chloroplast isolation.)

Peter Mitchell (1961a, 1961b) published his chemiosmotic theory, according to which there is no
fixed stoichometric relation between the electron flow and phosphorylation. According to this theory,
the electron flow (in the case of chloroplasts) drives a flow of protons into the thylakoid, and this
concentration gradient (electrochemical gradient) is converted to phosphate energy when the protons
flow back through the ATP-synthase complex (Fig. 1.14, top). Mitchell received the 1978 Nobel Prize in
Chemistry for this theory. It was not until 1997 that Paul Boyer and John Walker shared a Nobel Prize,
again in Chemistry, to show how precisely the enzyme ATP synthase makes ATP from the proton and
membrane potential gradient. Fig. 1.14 (bottom) shows the current concepts as presented by Wolfgang
Junge. The electrochemical gradient drives ATPase’s Fo, which is the rotary nanomotor of the enzyme.
This then drives F;, the chemical nanomotor by ‘elastic mechanical-power’ transmission, as Junge et al.
(2009) have explained. This then produces ATP, the energy currency of life (for the earlier pioneering
ideas of how ATP-synthase functions, see Boyer et al. 1973 and Abrahams et al. 1994).
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Fig. 1.14 (Top) A Cartoon of a thylakoid membrane that produces electrochemical potential difference of protons (redrawn
from Govindjee, 2000). (Bottom) The ATP synthase that uses this power to make ATP (source: W. Junge, personal communication;
see Junge et al., 2009 for details). (Top): By a non-cyclic electron flow from water, via Photosystems II (PSII) and I (PSI) (with
the Cyt bf, cytochrome b¢f complex in between) to nicotinamide adenine dinucleotide phosphate (NADP*), protons are pumped
into the thylakoid lumen. It is during water oxidation (on the lumen side of PS II) and when plastoquinol (PQH2) delivers its
electrons to Cyt b6f complex (on the lumen side of Cyt bgf), protons are translocated from the outer side of the membrane to
the lumen. When protons flow out through the ATP synthase, ATP is generated from ADP and inorganic phosphate. Electrons can
also circulate through PS I, and the Cyt bf complex, pumping protons without the involvement of PS II, driving a cyclic reaction
producing more protons. This electrochemical potential difference of protons drives ATP synthesis (Mitchell, 1961a, b). (Bottom):
A is the spacefilling model; and B is the ribbon model; nuc= nucleotide; transloc=translocator): Adenosine triphosphate (ATP)
is synthesized from adenosine diphosphate (ADP) and inorganic phosphate (Pi) by ‘ATP synthase’ (FOF1-ATPase) as depicted by
Junge et al. (2009). The electrochemical gradient drives ATPase’s Fo, which is the rotary nanomotor of the enzyme. This then
drives F1, the chemical nanomotor by ‘elastic mechanicalpower’ transmission, as Junge et al. (2009) have explained. This then
produces ATP, the energy currency of life (for the earlier pioneering ideas of how ATP synthase functions, see Boyer et al. 1973
and Abrahams et al. 1994).

THYLAKOID MEMBRANE

In parallel with the above-mentioned biophysical investigations there has been enormous development
on the biochemical side. The first ones to have been able to separate fractions exhibiting mainly PSI or
PSII activity were Boardman and Anderson (1964); further, the phase partition method pioneered by
Per-Ake Albertsson’sgroup (Akerlund ef al. (1976) merits special mention (see Anderson 2005 for an
overview). There are four main protein complexes in the thylakoid membrane: PSI, cytochrome bgf, PSII,
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and the ATP synthase (see Fig. 1.14). Each one of these consists of many polypeptides, and in addition
there are proteins that can move around by themselves and associate with one or two of these large
complexes, such as ferredoxin, ferredoxin NADPH-oxidoreductase (FNR), plastocyanin, and several
pigment-carrying proteins. These protein complexes have been isolated in higher and higher purity,
and after some obstacles, due to their hydrophobic character, had been overcome, they could also be
crystallized and their three-dimensional structures determined. We shall not be discussing this aspect in
this chapter any further. However, readers can refer to Fig. 1.15 for a cartoon of the thylakoid membrane
(Jon Nield’s cartoon, available free at: http://www.queenmaryphotosynthesis.org/nield/psllimages/
oxygenicphotosynthmodel.ht ml).
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Fig. 1.15 A detailed cartoon model of the thylakoid membrane by Jon Nield (2010). It includes structural information on
the organization of the protein complexes involved in electron (e7) and proton (H*) transport within the thylakoid membrane
of plants and green algae. Relevant 3D information has been represented in 2D as reasonably as possible i.e., subunit-subunit
positioning, relative spatial positioning of cofactors. (For simplicity, only the major symbols in the diagram are defined here.)
Structural information is from e.g., Guskov et al. (2009) for Photosystem II, PSII; Stroebel et al. (2003) and Zhang et al. (2003)
for cytochrome b6f, Cyt b6f; Jordan et al. (2001) for Photosystem I, PSI; Amunts et al. (2007) for Light Harvesting Complex I
(LHC I). Lhca/b proteins: Light (hv) is captured and the energy channeled to the P680 reaction center complex of PSII, or the
P700 reaction center of PSI. PSII: In caps are psb gene products; P680, primary electron donor; Phe, pheophytin, primary electron
acceptor; Q,, primary plastoquinone electron acceptor; Qg, secondary plastoquinone acceptor; PQ, plastoquinone. Cyt bgf: In
caps are pet gene products; Cyt bH, high potential cytochrome b; Cyt bL, low potential cytochrome; ISP, a ‘mobile’ Rieske Iron-
Sulfur binding protein, able to share its intrinsic/extrinsic domains across each monomer in the dimer, hence ISPa/b; Note: there
are a total of 4 haem centers per monomer (Fe), including a new ‘haem ci’, a possible link for cyclic e- transport; Q, quinone, Car,
carotenoid, Chl a, Chlorophyll @ molecule. PSI: In caps are psa gene products; P700, primary electron donor; PC, plastocyanin; AO
(primary electron acceptor Chla), A; (vitamin K;, a phylloquinone, secondary electron acceptor); F,, Fz and Fy, bound FeS centers;
Fd, ferredoxin. Accessory Chls are not shown. ATP synthase: oscp (oligomycin sensitivity conferring polypeptide). Courtesy of Jon
Nield, Queen Mary, University of London, UK; freely available at: http://www.queenmaryphotosynthesis.org/nield/psIlimages/
oxygenicphotosynthmodel.html

The model for thylakoid domain organization, based on the work of several authors, as summarized by
Dekker and Boekema (2005), is shown in Fig. 1.16. In higher plants, having grana in their chloroplasts,
the different parts of the thylakoid membrane do not contain the same proteins, nor do they have the same
function. Most of the PSII is separated from PS 1.
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Fig. 1.16 Domain organization of thylakoid membranes in a higher plant (2005). Grana lamellae are shown in the left part of
the diagram, and stroma lamellae are on the right. Cyclic electron transport, usually a small fraction of electron flow, which is
accompanied by phosphorylation, takes place in the stroma region. Non-cyclic electron transport takes place in the grana region.
PS II, Photosystem II; PS I, Photosystem I; Cyt b6f, cytochrome b6f; LHCII, Light harvesting complex II. We thank John Allen
and Jan Anderson for discussions (see Allen and Forsberg, 2001, and Albertsson, 1995, 2001, for further information). Redrawn
from Dekker and Boekema (2005).

CONCLUDING REMARKS

We have given a brief outline of what is known. The question we ask today is: Where do we go from
here? The world is facing a shortage of energy to support its population. Photosynthesis provides hope
for the future provided we learn, in depth, the intricate physics and chemistry of the process, its regulation
mechanisms, and channel our energies to improve the yield of the overall process in plants, algae as well
cyanobacteria. We know that each system has its niche and we must exploit all the systems, not one or
the other.
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