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“In fact, no one who is in the habit of using a prism could suppose for a moment that
the two [biliverdin and chlorophyll] were identical; for an observation which can be made
in a few seconds, which requires no apparatus beyond a small prism, to be used with the
naked eye, and which as a matter of course would be made by any chemist working at the
subject, had the use of the prism made its way into the chemical world, is sufficient to show

that chlorophyll and biliverdin are quite distinct.” [1]]
George Gabriel Stokes, 1864
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Preface

An atom located in the outer layers of a star transitions into an excited state
by collisions with its neighbours. The atom relaxes back to its ground state.
During the relaxation, a quantum of energy is emitted into the void around the
star. In no time whatsoever, the quantum of energy is absorbed by an electron
on a distant planet. This electron is shared among many atoms, bound to-
gether into a molecule which cannot exist in the conditions present on the star.
The quantum of energy journeys around in the soft tissue where the molecule
is located, finally reaching another molecule not far away. The energy is now
used to eject an electron from this molecule, creating a very positive hole.
Another electron is sourced from nearby to plug the hole. Ultimately, a very
small fraction of the original quantum of energy is stored as a new chemi-
cal bond formed not by highly energetic events but in very gentle conditions
within a fragile living cell. Eons pass, but the chemical bond remains in place.
The molecule holding the bond is removed from its long dead maternal cell,
modified, transported to the planet’s interior and out again by powerful forces
acting extremely slowly. The molecule is then released from its underground
resting place, violently reacted with a small diatomic gas and the stored en-
ergy is finally released, used in a device which did not exist at the beginning
of the story, built by short-living creatures which now occupy the planet.

What holds the story together? Where and how was the diatomic gas created? How can
something as weak and intangible as light change the fate of a planet, create rocks, even
continents? How does light power our lives? How do we use light to understand the story?

The official purpose of this text is to “put the results of the author’s work into wider
context”. While this is technically possible, the text has to be put together in short or,
preferably, very short time. Trade-offs abound and decisions have to be made. Some easy
to make, some more difficult. This text concerns itself with the process of photosynthesis,
as it happens in living organisms. Understanding at least a little bit of the photosynthesis
process requires knowledge from biology, chemistry and physics. Some even advocate for
the presence of exotic quantum effects in parts of the photosynthetic process. In wobbly,
slimy, wet, weak, soft, living tissues. Odd. Regardless, even without advanced quantum
physics topics, the breadth of required knowledge is considerable. ‘Wider context’ is com-
plicated to delineate. My personal ‘context’ has always been very wide. Before moving
into biophysics, 1 did a bachelor thesis on plant ecology while writing neural network
code in Pascal during the evenings. Even staying within the photosynthesis and plant sci-
ence/biophysics field, my interests have always been quite diverse. In the end, I’ve planned
the text to provide key important anchor points for my perspective on the topic, without
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being foo wide in scope. The text is personal in topic selection yet tries to be impartial
as much as possible in order to stay within some mildly conservative ideas about similar
texts and their optimal composition. It is my hope that an interesting personal perspective
can be found in the final form of this work.

Many obviously relevant topics are not included here, often because I could not provide
better or newer insights than already available elsewhere. I did not include bioenergetic
and thermodynamic considerations (the Z-scheme!). I'm not particularly well versed in
these but also did not contribute to them at all. I did not include a chapter on pigments.
While plant pigments, not only chlorophylls and carotenoids but also betalains and phyco-
bilins, are one of my passions, I only contributed small bits to the first two and just a few
unpublished experiments to the latter. Doing the pigments justice would double the length
of the text (and quadruple the writing time, I’'m afraid). 1 would have loved to discuss
more of the photosystem mechanisms or many more odd algae groups but I was hard on
myself and kept the text within reason (I hope!). I originally expected to write a bit about
the methods I use, and love (fluorescence!), but in the end decided to omit them. Perhaps a
better opportunity will arise in the future. I have also realized during writing that I’d love
to prepare a version of it in my native Czech. Again, the time might come when it will be
possible. It may not appear such to the reader but I did keep myself strict on side stories
and avoided branching off in tangents as much as possible. Entire chapters could be made
from some of the footnotes (and you haven’t even seen all the deleted ones!).

A tremendous number of people influenced my work and made this text possible. My
two teachers who are no longer with us shall be mentioned foremost. Pavel Siffel was my
supervisor during master studies. An extremely kind and knowledgeable man, I think of
him every time I try to explain chlorophyll triplet state to somebody. In fact, I’ve been
thinking of him daily for more than a decade after he’d left us forever (and still remember
him often even after two decades). Ivan Setlik was the same age as my grandfather yet
one of the funniest and enjoyable scientists I’ve ever met. He knew about everything in
the field of photosynthesis and his attention to detail as well as laser focus on quality were
legendary.

I have two great mentors who shaped my professional life. FrantiSek Vacha accepted
me as a PhD student after I’d lost my supervisor. His kindness and skill in the lab as
well as in other aspects of science were very inspirational and influential on me. Tom4s
Polivka suggested that [ write this text but, foremost, he is probably the best person I’ve met
in science. Knowledgeable, kind, respected, good manager, hard-working, any positive
characteristic you know, he has it in abundance. I wish I'd provide more satisfaction to the
efforts of these men than I did in my career.

As is obvious from Chapters 2-9, I did not do any of the work presented there alone.
I believe that my best work was produced in collaboration with Miroslava Herbstova,
Zdenko Gardian and David Bina. We were a good team, I think. We were also sup-
ported by our great technicians Ivana Hunalovéd and FrantiSek Matousek. They deserve
more credit than the brief notices in acknowledgements. Without their hands, there would
not be much science done in our lab. Many others contributed to our science work, pub-
lished or not. Some of them are listed as co-authors on papers, others contributed in ways
which are often difficult to quantify or pinpoint. Life has convoluted ways sometimes. |
hope they will forgive me for not mentioning their names here.

I have had the good luck to be always fully supported by my family. My parents and
grandparents loved and love me unconditionally, I only wish I had a good way of paying
the debt back. My dear wife and daughters have to put up with me even when I’'m not at
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my best and I'll be eternally grateful for their kindness and good spirits.

Regarding the following text, hopefully someone will find at least an infinitesimal in-
spiration in it. There are certainly many errors. I admit that I’'m aware of some of them.
Some simplifications even I consider too excessive. Sometimes the text would have to be
too detailed or dry in order to be more accurate. Some (hopefully) smaller errors are left in
the text to tease the reader. However, many errors are unintentional, hopefully they’re not
too extreme or embarrassing. As was the case often in the past, also here have I struggled
with finding a positive approach to speculations, far-going discussions and hypotheses.
I’ve always loved a good dataset and still prefer a nice ‘trivial’ spectrum or chromatogram
to a hundred pages of speculation (‘discussion’). I’d also like to extend my most sincere
apologies to all wise readers for the last few paragraphs of Introduction. You see, I couldn’t
help myself, this is my text after all. I hope that the final text contains sufficient amount of
comparatively solid information and not much of the wild speculation I resent. Some of
the information in the following pages was quite hard to find, enjoy!

In Ceské Budg&jovice, on January 15, 2024, Radek Litvin
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Chapter 1

Introduction

1.1 Photosynthesis

Earth is a unique planet in the solar system, immediately recognized in a picture even
by laymen. The major features of our home planet are the presence of atmosphere with
clouds and the vast oceans covering its surface. Two other key differences from all the other
planets known to humanity are active plate tectonics and the presence of a biosphere. Plate
tectonics is hidden to the untrained eye and until the mid-20th century even to the experts
[2]]. On the other hand, the biosphere is obvious from the distance of space and much more
s0, of course, upon closer inspection. Even from outer space, one can recognize the green
belts of boreal forests, the tropical rainforests of Africa and South America, or the coral
reefs of the tropical Pacific ocean and along the coast of Australia. A careful look also
reveals seasonal massive algae blooms in the polar seas [3]]. In fact, the whole surface of
the planet is covered in living matter, someplace perhaps hidden by its diminutive size,
as in the deserts or polar regions [4], yet in other places prominently displayed, like in
the world’s forests. A substantial part of the planet’s surface layer, crust, is also formed
by biosphere products, effects and remnants, as is the case in many carbonate rocks, coal
or even the iron ore deposits [5]. All of this mineral mass is, or was, formed directly or
indirectly by the biosphere. Most of the organisms forming the biosphere now or in the
past are ultimately driven by energy provided by our only star, the Sun, in the form of
visible light. The process of conversion of light energy, carbon dioxide and water into the
biomass of living organisms is called photosynthesiﬂ

The overall process of photosynthesis can be described by a deceptively simple sum-
mary equation:

6 CO, + 6 HyO 2% 1 H 504 + 6 O,

which does not really do justice to the convoluted process as it actually happens in cells.
Like many other cellular processes, photosynthesis is highly complex. It involves a co-
ordinated effort of tens of enzymes, catalysts which facilitate the otherwise thermody-
namically highly unfavourable chemical reactions. These enzymes and their extremely
important spatial arrangements cannot be easily summarized and written above the arrow
in the summary equation unless one puts the word chloroplast thereﬂ Such attempt is not

'The term photosynthesis is sometimes used in a general meaning of “synthesis driven by light” or even
“mixing of light (colours)”. Only the sensu stricto biological meaning will be used here.

2This would also be a simplification because photosynthesis runs also in cyanobacterial cells which do
not have chloroplasts.
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very useful because it does not really help the reader to understand what is going on in
the reaction. However, it is the experience of the author that providing good, short and
insightful explanations of what really is photosynthesis to the unitiated public or even to
fellow researchers from other fields is difficult. Thus, the equation above needs to be ac-
companied by at least a textbook chapter to provide detailed explanation of what it actually
means [

Traditional descriptions of photosynthesis usually cover the process from absorption of
light quanta in the cell to the production of stable six-carbon carbohydrate products. Pho-
tosynthesis is then further delineated into two stages. The first stage, which is powered
directly by light energy and takes place in or around a membrane, is called light reactions.
The second stage of the process is then powered by the products of the light reactions and
includes the biochemical modifications needed to produce the abovementioned carbohy-
drates. This second stage of photosynthesis used to be called the dark reactions ]I
However, it is now well established that the dark reactions actually depend on light as well
and it is therefore more accurate to use some other name like carbon reactions [12]). Dis-
secting the summary equation, the light reactions deal with water on the reactant side and
molecular oxygen on the product side and the carbon reactions deal with carbon dioxide
on the reactant side and with carbohydrates on the product side (Fig[I.T)). This text deals
in detail with some of the processes directly involved with utilization of light energy, i.e.
the light reactions.

=EE R Carbon reactions

(Stroma)

(Thylakoid
membrane)

Figure 1.1: Reactants and products of the light and carbon reactions of photosynthesis. Inspired

by @]

Absorption of light quanta for photosynthesis and utilization or dissipation of their
energy always happens in or near a biological membrane, a lipid-water interface often
called a photosynthetic membrane. The nonpolar environment within the photosynthetic
membrane hosts a number of protein supercomplexes of which two are the key energy-
processing enzymes called photosystems. It is these enzymes which carry out the conver-
sion of light energy into electrochemical potentials. The photosystems are large assem-
blies of different protein building blocks supplemented with a number of cofactors. Light-
absorbing pigment molecules are the most prominent of these cofactors. The green colour
of plant leaves is given by the pigment cofactors present in the photosystems. In oxygenic

30f many sources for this text, these influenced me perhaps the most: |ﬁ gl
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photosynthesis, two photosystem types are present—photosystem I (PSI) and photosystem
IT (PSII) [13]]. Photosystem I produces reduced electron carrier ferredoxin and, in exten-
sion, NADPH+H and can be described in enzymology terms as a plastocyanin-ferredoxin
oxidoreductase. Photosystem Il transfers electrons from water to plastoquinone and can be
therefore denoted as water-plastoquinone oxidoreductase. Many other proteins are needed
to complete the photosynthetic engine, some of which will be covered briefly later in this
text. Even laymen usually know that photosynthesis produces molecular oxygen which
is necessary for animals to breathe. Molecular oxygen is a byproduct of water oxidation
[14] in PSII and, in terms of the light reactions of photosynthesis, it is not of particular
interest, being just what remains after electrons have been liberated from water. Due to
its relatively high reactivity, oxygen is otherwise an extremely important molecule in the
discussion of photoprotective processes.

Light is a highly variable energy source. The intensity of incoming sunlight changes
daily by at least two orders of magnitude. A major source of this variability is of course the
daily movement of the Sun in the sky but weather also plays an important rol Photosyn-
thetic organisms therefore need to solve two key trade-offs in production and maintenance
of the photosynthetic apparatus. First, sufficient amount of energy has to be harvested at
minimum cost. Second, the collection of light energy has to be limited when there is no
useful way of utilizing it (or the harvested energy has to be safely discarded). A solution to
the first problem is to prepare only so many of the light-harvesting molecules that they’re
utilized most of the time at close to full capacity. The building cost of such molecules
should also be minimized. In terms of cell economy, the amount of ATP, NAD(P)H, car-
bon and other elements needed to assemble the molecules is minimized. Research of the
mechanisms of light harvesting is a very active part of the photosynthesis field of study
and also a significant part of this work. The second problem then arises when more than
the optimum amount of light is hitting the photosynthetic membrane. Most photosynthetic
organisms, being fixed to the ground or having limited mobility, cannot move and hide in
the shade if sunshine is at its maximum. The pigments of the photosynthetic membrane
also cannot be shut down or choose not to absorb incoming light energy. An extremely
important part of the photosynthetic machinery is therefore concerned with excess energy
dissipation rather than utilization. One of the key mechanisms of energy dissipation is
called nonphotochemical quenching (NPQ) [16-18]]. This perhaps a bit confusing name
is based on the fact that an excited pigment molecule can be de-excited or quenched either
by a primary photochemical process, what we usually mean by ‘photo-synthesis’, or by
some other and therefore ‘non-photochemical’ process.

The origin of oxygenic photosynthesis is hidden in very distant geological past and rep-
resents one of the big mysteries of biology [19-21]. There are no known unambiguously
primarily primitive forms of photosynthesis on Earth today. It appears that all present
photosynthetic organisms share the same oxygenic photosynthesis apparatus which can
be traced back to the cyanobacterial form. Eukaryotic cells likely acquired photosynthe-
sis via the process of endosymbiosis [22]]. Endosymbiosis—in effect a domestication of
cyanobacteria by eukaryotic cells—is a beautifully elegant hypothesis [23}24]. Yetit again
hides the true difficulty of permanent incorporation of one free-living organism into an-
other organism and all its complexity. Putting a wild wolf into your living room will not
produce a friendly retriever pet dog—a rather complicated and prolonged process is needed

4The stated range of two orders of magnitude is the difference between light of sufficient intensity to
support low light-demanding plants and full sunshine. About one order of magnitude is the potential effect
of clouds and approximately the same is true for the effect of solar elevation for most of the day.[[15]
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inbetween. Likewise, the differences between extant cyanobacteria and the chloroplast in
the cells of wheat or oak tree leaves are massive [25]] and therefore the process of taming
of wild cyanobacterium by a proto-alga is difficult to comprehend. Surprisingly, it is now
even believed that the process likely happened several times during evolution in a way
described as serial endosymbiosis [26]. Eukaryotic organisms build the photosynthetic
machinery by using genetic information located both in the chloroplast and in the cell nu-
cleus. The presumed serial endosymbiotic events leading to some algae classes therefore
make for a very complex and in essence a chimeric system where components originat-
ing from different organisms work together and produce a well-functioning photosynthetic
apparatus. These processes provide the basis for the present diversity of photosynthetic
processes in a very wide sampling of organisms as well as the major motivation for study-
ing photosynthesis in non-model organisms as presented in the following chapters of this
text.

1.2 The process of oxygenic photosynthesis

Photosynthesis provides organic carbon and energy for life in the form of glucose, a six-
carbon carbohydrate. Glucose has multiple uses in the metabolism. It can be decomposed
back to CO, and water via glycolysis and aerobic respiration, producing ATP and NADH,
to be used in further energy-demanding cellular processes. In addition to this bioener-
getic use, glucose can be used to build key structural polymer cellulose. Several other
structural polymers such as hemicellulose, pectin, or agarose, are also made from carbo-
hydrates. Pyruvate, the product of glycolysis, is the starting point for the synthesis of lipids
and amino acids. Lipids most importantly form cellular membranes, but also serve other
structural and energy storage roles. Amino acids are needed for the synthesis of proteins
that are used either as enzymes or as building blocks for cell- and organism-level struc-
tures. Glucose can also be converted by the pentose phosphate pathway to a five-carbon
carbohydrate ribose. Ribose is the key element of nucleic acids DNA and RNA, which
store and process genetic information in cells. Thus, all known structures of life are linked
to a single point of origin—glucose generated in the photosynthetic process.

Photosynthetic processes run in the cells of photosynthetic cyanobacteria and in the
organelles of eukaryotic cells called chloroplasts. The two reactions of photosynthesis are
running spatially close together. The light reactions are localized in a photosynthetic mem-
brane that is separate from the outer membrane of cyanobacteria or the outer membrane
of the chloroplast. Carbon reactions take place in the water phase near the photosynthetic
membranes, either in cyanobacterial cells or in the inside space of the chloroplastE] The
photosynthetic membrane is usually folded to a significant degree in order to substantially
increase the area of the membrane and enable its packing in a small volume. The folded
membrane forms a labyrinth of interconnected vesicles called thylakoids [28]. The proteins
embedded in the thylakoid membranes are oriented in a specific way, and two terms are
used to describe the spatial orientation in descriptions of photosynthesis. The inner space
of the thylakoids is called the thylakoid lumen. The opposite—outside—space, which is
connected to the cytoplasm in cyanobacteria, is called the stroma.

3In the words of Wilhelm Menke, who introduced the term ‘thylakoid’ in 1961: “It follows from the
investigations of Arnon and collaborators on the photosynthesis of isolated chloroplasts that the enzymes
and coenzymes involved in the light phase of photosynthesis are contained in the lipoprotein complex. The
enzymes of the dark phase can be extracted with aqueous solvents.” 27|
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The light reactions of photosynthesis couple the transport of electrons through a chain
of electron transport molecules with the transport of protons across the thylakoid mem-
brane. Protons are transported to the lumenal side of the thylakoid membrane, resulting
in different proton concentrations on each side of the membrane. Such created proton
motive force between the two sides of the thylakoid membrane is used to power the syn-
thesis of ATPE-] This process of ATP production by the use of light energy is often called
photophosphorylation or photosynthetic photophosphorylation [29]]. To produce reduced
electron carrier NADPH, an electron source is needed. In oxygenic photosynthesis, the
electron source is water.

Although the two photosystems can be considered key in the light-powered machinery
of the photosynthetic membrane, other protein complexes are needed to complete the en-
ergy conversion engine. The electron transport chain of the photosynthetic light reactions
thus starts on the lumenal side of the photosystem II where electrons are extracted from
water molecules. After passing through a series of PSII cofactors, the electron is handed
over to an intramembrane carrier plastoquinon which carries it in the membrane to an-
other supercomplex, cytochrome bgf. Cytochrome bsf oxidizes the reduced plastoquinone
and reduces another mobile electron carrier, plastocyanin. Unlike plastoquinone, which
is a small hydrophobic molecule located in the membrane, plastocyanin is a water-soluble
protein and carries electrons alongside the lumenal side of the embrane to the second pho-
tosystem, photosystem I. Photosystem I hands the electron over to the water-soluble elec-
tron carrier ferredoxin, located in the stroma, and ultimately the last enzyme of the electron
transport chain, water-soluble ferredoxin-NADP oxidoreductase. Protons are translocated
in two sites of the chain: PSII and cytochrome bgf. In PSII, every electron liberated from
water causes one proton to be added to the thylakoid lumen and one proton to be removed
from the stroma (to protonate the reduced plastoquinone). Oxidation of plastoquinone in
cytochrome bgf is also accompanied by the release of protons into the lumen. Due to the
so-called Q-cycle, two protons are transported across the membrane for every electron
passing through the bef complex to plastocyanin. Overall, three protons are transported
from the stroma to the lumen per each electron passing all the way from water to NADP*.
Such a path is called linear electron transport and requires two quanta of adequate energy
to power the process. This linear electron transport is supplemented by another, cyclic,
electron transport pathway in which electrons cycle from PSI back to cytochrome bgf via
additional protein complexes. The cyclic electron pathway is thus powered only by PSI
and produces additional translocated protons but no NADPH.

1.2.1 Photosystem II

Photosystem Il is a very large membrane-embedded protein complex present in all oxygen-
evolving photosynthetic organisms. Structurally and functionally related complexes of
anoxygenic bacteria, that do not produce molecular oxygen, are called type-II photosys-
tems. The cannonical plant PSII complex has a molecular mass of about 1500 kD and

Proton concentration is described by pH so often instead of proton concentration difference one speaks
of difference of pH or ApH. Often one can also see the use of term “proton gradient” but it is difficult to
visualize a smooth gradient as there is a membrane between the lumen and stroma, forming a well-defined
barrier between the two compartments.

"Plastoquinone is a two-electron carrier. Upon reduction it becomes plastoquinol — the two keto groups
of plastoquinone become hydroxy groups. For simplicity, the text does not distinguish between the two
molecules.

8 About a third of the mass of the eukaryotic ribosome [30].
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a size of about 28 nnﬂ (Fig. . The complex is a homodimer where each
monomer consists in total of 29 protein subunits with ~200 pigment cofactors as well as
other molecules. The electron transfer machinery is housed in the center of the complex
formed predominantly by a heterodimer of D1/D2 proteins and called the reaction center
(RC). The RC is surrounded by associated inner and outer light-harvesting antenna com-
plexes. The electron transport chain components in the RC include in total 10 pigment
molecules (six chlorophylls a, two pheophytins a (Pheo), and two (3-carotenes) as well as
other cofactors — two plastoquinones, one haem, one atom of each iron and calcium, and
four atoms of manganese 35]]. The complex of inner antennas and RC of plant PSII is
very similar to the same structure of cyanobacteria and is called the PSII core [36]. Over-
all, the PSII core consists of four major membrane-embedded proteins denoted D1, D2,
CP43 and CP47|H four extrinsic (water-soluble) proteins on the lumenal side — PsbO,
PsbP, PsbQ and PstrE|— and 12 smaller proteins surrounding the RC. The very center
of PSII RC is a heterodimer of D1/D2 proteins which houses most of the electron transport
cofactors. The extrinsic part of the RC contains a so-called oxygen-evolving complex with
a cluster of atoms in Mn,CaOs stoichiometry [40]. The two ‘CP’ proteins form the inner
light-harvesting antenna of the PSII core, together binding 29 Chls a and seven [3-carotenes

(p-car).

S-LHCIl g

Figure 1.2: Arrangement of the PSII supercomplex, as viewed from the stromal side of the mem-
brane. The DI and D2 proteins of the RC are in dark blue. Core antenna proteins CP43 and CP47
are in light blue. Monomeric Lhc antenna proteins are in red (CP24), orange (CP29) and yellow
(CP26). Trimeric LHCII complexes are in green hues and labeled in the figure. Minor subunits of
the supercomplex are rendered gray. Image was created from the cryo-EM structure of Arabidopsis
PSIlin PDB ID: 70U1 []3_Z|]

% Approximately the size of a small virus like e.g. hepatitis A virus .

10The ‘D’ letters of D1 and D2 come from ‘diffuse’ (band in protein analysis) while ‘CP’ is an
abbreviation of ‘chlorophyll-protein’ .

'1Psb* - photosystem II proteins; proteins of photosystem I use the prefix Psa*.
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The PSII core is surrounded by the outer antenna proteins. The outer antenna proteins
have different pigment cofactors than the core complex and bind, in addition to Chl g,
also Chl b molecules and carotenoids other than (-car (in plants there are neoxanthin,
violaxanthin and lutein). Three monomeric antenna proteins, CP24, CP26, and CPZq]ZI,
are in direct contact with the core. The monomeric antenna proteins are supplemented
by trimeric LHCII (Light-Harvesting Complex of PSII, LHCII as well as the monomeric
antennas are formed by Lhcb proteins) complexes [41, 42]]. One LHCII complex is rela-
tively strongly bound to PSII and is in contact with CP43 and CP26 proteins, this complex
is thus denoted as S-LHCII (S’ for ‘strongly bound’ [43]). A second LHCII complex is
only connected to the core via the CP24 and CP29 proteins and is less strongly bound
and therefore denoted M-LHCII (‘moderately bound’ [43]]). More trimers of LHCII such
as the ‘loosely’ bound L-LHCII [44] can be attached to the PSII if acclimation to low
light intensities is needed [45]]. The proteins of the PSII core are generally encoded in the
chloroplast genome. Extrinsic PSII proteins (PsbO, PsbP, PsbQ and PsbTn) as well as the
proteins forming the outer antenna (CP24, CP26, CP29 and LHCII) are encoded in the
cell nucleus.

Electron transport starts in the PSII RC by one of the central chlorophyll molecules
accepting an exciton from the light-harvesting complexes (Fig. E] In order to be able
to extract electrons from water, a very large positive potential has to be created [46]. The
heart of PSII, and the reason it is able to oxidize water, is the so-called primary electron
donor. The primary donor is a pair of Chl @ molecules in close proximity, often called a
special pair. Due to its characteristic absorption maximum at 680 nm, the primary donor
is denoted P680E] The counterpart to the primary donor is a primary acceptor, formed
by one of the pheophytins a (the one in the D1 protein, PheoD1El). Following the initial
excitation, a radical pair with oxidized P680 and reduced Pheop, (P680*Pheop, ") is formed
within tens of picoseconds [52]]. This charge separation is then stabilized by an electron
transfer to one of the quinone cofactors (Q,) in ~ 400 ps. The oxidized P680 extracts
an electron from a side chain of a tyrosine from the D1 protein (TyrZ or Tyr160) in ~
50 ns. TyrZ, in turn, oxidizes the Mn,CaOs cluster in 55 ps — 1 ms (the rate depends on
the oxidation state of the cluster [54]]). Meanwhile, on the opposite side of the RC, the
electron is transferred between the two quinones from Q4 to Qg in ~ 0.3 ms (or ~ 0.8 ms
in the case that Qg is already in Qg™ state [55]]). Upon double reduction, the plastoquinone
from the Qg pocket diffuses out of the protein complex (in the form of QH,) and is replaced
by another plastoquinone from the surrounding membrane. The Mn4CaOs cluster binds
two water molecules. Electrons are extracted from the cluster with a periodicity of four
in a so-called Kok cycle [56, 57]], starting from a fully reduced (dark-adapted) S, state
via S¢, S», S; and S4 and back to SOEI The manganese cluster releases one molecule of

12The numbers 24°, 26’ and 29’ are apparent molecular masses from the first detailed analyses of PSII
where these proteins were detected [38].

13The central chlorophylls can of course be also excited directly by absorption of a photon but, consid-
ering the thylakoid membrane and PSII composition and typical light intensities, these events are quite rare
in vivo.

14P680 comes from ‘pigment’ and characteristic absorption change observed upon oxidation of the pri-
mary donor [47H50].

SDespite the apparent symmetry of the cofactor arrangement in D1 and D2 proteins, only one path
is active. It is not clear why is the other path via Pheop, inactive. It appears to be a rudiment of early
evolutionary stages of PSII and perhaps suitable for protection of the system in case of a blockade of linear
electron flow [51H53]).

16<S* stands for State. Besides indicating the order of steps, the numbers also indicate the number of
extracted electrons or accumulated positive charges [57].
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molecular oxygen per four accumulated positive charges and, therefore, per four excitons
reaching the primary donor. The electron extraction becomes progressively slower as the
cycle proceeds, starting from about 0.04 ms for the Sy — S; step up to 1.6 ms for the S; —
Sy step [54, 58]. Accumulation of an excessively strong positive charge of four protons is
prevented by the release of protons from the Mn,CaOs cluster after each electron donation
step [59]]. Thus, as a rule of thumb, it takes on average about 1 ms for delivery of one
electron by PSII, powered by one photon.

A

Figure 1.3: Electron transfer chain cofactors of Photosystem I reaction center viewed within the
membrane plane with stroma to the top. Chlorophylls a are in green, Pheophytins a in blue, (-
carotenes in orange, tyrosine side-chains in light blue, plastoquinone heads in gray, heme molecule
is in red. Atoms of the non-heme iron and of the Mn4sCaOs cluster are shown as space-filling
volumes. Phytyl tails of the chlorophylls and pheophytins as well as the central magnesium atoms of
chlorophyll were omitted for clarity. Image was created from the crystal structure of cyanobacterial
PSIlin PDB ID: 3WU2 [35]].

1.2.2 Cytochrome bgf

Doubly reduced plastoquinones QH, produced by PSII diffuse within the membrane space
and are subsequently processed by cytochrome bgf (Cyt bef) [60-63]]. Native Cyt bef is
dimeric, with each monomer assembled from eight protein subunits and a number of co-
factors. The total mass of the dimeric complex is about 230 kDa, with a size of 12 nm along
the longest axis [64-66]. The major subunits include, as the name suggests, cytochrome f
(PetA), cytochrome bg (PetB) and the PetC protein, which contains an iron-sulphur cluster
(also called the ‘Rieske’ protein [61, 67]). Substantial part of the complex, specifically
most of the cytochrome f and PetC proteins, extend out of the membrane into the thy-
lakoid lumen. In terms of electron transport cofactors, each Cyt bgf monomer contains
four hemes and one [2Fe-2S] cluster as well as at least two plastoquinone-binding sites
(Fig. [T.4) [68]. On a path through the complex cut approximately perpendicular to the
membrane plane from the stroma to the lumen, one of the two quinone-binding sites, Q;,
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is close to two hemes denoted heme by and heme ci Further towards the lumen, next
to the second quinone-binding site, Q,, is another heme — heme b;. From heme b, out
towards the lumenal part of the complex is the [2Fe-2S] cluster and finally heme f (which
is a type-c heme), located in the water-soluble part of the cytochrome f proteinE] Of the
eight Cyt bef proteins, two (PetC and small subunit PetM) are encoded in the cell nucleus,
the other six proteins are encoded in the chloroplast genome.

Figure 1.4: Electron transfer chain cofactors of Cytochrome bgf complex viewed in the membrane
plane with stroma to the top and lumen to the bottom. Hemes c are in orange, hemes b in red,
plastoquinone heads in gray, chlorophyll in green and -carotene in yellow. Atoms of the [2Fe-2S]

cluster are shown as space-filling volumes. Image was created from cryo-EM structure of spinach
Cyt bgf in PDB ID: 6RQF [68]].

During electron transport, reduced plastoquinone QH, is docked in the Q, pocket and
one of its electrons is carried away via the heme by, and the [2Fe-2S] cluster to the heme f.
This transport possibly requires considerable conformational change of either PetC or cy-
tochrome f protein [75-77]. Cytochrome f ultimately hands the electron over to water
soluble electron carrier plastocyanin, which carries it to PSI. At the same time, two pro-
tons formerly associated with QH, are released into the lumen. The second QH; electron is
transported towards the stromal side of the membrane to the hemes by and c¢; and finally to
another plastoquinone docked nearby in the Q; pocket [[77,/8]. After another such cycle,
two electrons have been sent by plastocyanin towards PSI, and two electrons were used to

17The literature on Cyt bsf uses at least two parallel signing conventions [69]]. Here the convention from
crystal structure of Stroebel et al. [66,|70] is used. The other convention [63]|65]] uses the following labels:
heme by is heme by, heme ¢; is heme ¢, heme by is heme by, site Q, is Q, whereas Q; is Q,. Indices p and n
come from ‘positive’ (lumen) and ‘negative’ (stroma) side of the membrane whereas ‘0’ and ‘i’ come from
‘outer’ (also ‘oxidizing’) and ‘inner’ (side of the mitochondrial energy conversion membrane) [[71f]. Indices
‘H” and ‘L’ come from ‘high’ and ‘low’ electron potential in such denoted sites.

"®Hemes b and ¢ most importantly differ by the method of attachment to proteins. The most common
heme type is heme ¢, bound to proteins via two covalent thioether bonds (but heme c; is apparently bound
by only one thioether bond [66]). In contrast, hemes b are bound to protein by coordination to the central
iron atom. The third basic heme type is heme a, which is derived from heme b by replacement of one methyl
side chain by a formyl group and by the addition of a nonpolar 16-carbon alkyl chain in place of one of the
vinyl side chains. [72-74].
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reduce a plastoquinone molecule in the Q; pocket. This reduction is accompanied by an
uptake of two protons from the stroma to complete the formation of QH,, which is then
released from the Q; binding site and can be later oxidized at the Q, site. This mecha-
nism, called the Q-cycle (Q for quinone), is similar to the process with the same name,
operating in the mitochondrial cytochrome bc; complex (also called complex III), which
shares homology with the chloroplast Cyt bgf [63,79-81]. Due to the Q-cycle, every elec-
tron passing from QH, to plastocyanin is accompanied by the translocation of two protons
from the stroma to the lumen.

In terms of the electron transfer rate, the diffusion of plastoquinone from PSII to Cyt bgf
depends on the specific arrangement of the supercomplexes (see below), but generally
takes units of milliseconds [82]. The donation of the electrons by QH, at the Q, site
takes about 10-20 ms and is considered to be the slowest step of the whole photosynthetic
electron transport chain 63,77, 83]. Cytochrome f is then reduced in about 4 ms [76]@]

In addition to the above-described structural features and mechanics, Cyt bef also binds
one chlorophyll @ and one S-carotene molecule. These pigments are most likely not used
as light-harvesting agents or as redox-active components, but rather as structural and regu-
latory elements. Structural information indicates that the nonpolar tail of the Chl a acts as
a gatekeeper for the Q, site and prevents partially oxidized plastoquinone from escaping
the pocket [65} |66, 68]. The single S-car molecule is not close enough to the Chl a to
provide photoprotective function and it was suggested that it has a role in the assembly or
stabilization of a proposed Cyt bsf-PSI supercomplex [63]@]

1.2.3 Plastocyanin and cytochrome cg

Electron transfer from Cyt bef to PSI is mediated by the mobile electron carrier plas-
tocyanin [89, [90]]. Plastocyanin is a small (4 nm along the longest axis, 10 kDa mass)
water-soluble protein localized in the thylakoid lumen. The electron-carrying capacity is
provided by a single copper atom coordinated by four ligands in an asymmetric position,
less than 1 nm from the nearest protein surface [91]. The copper atom is in the Cu" state
in an oxidized plastocyaninEr] The protein is overall net negatively charged at neutral pH,
but its surface shows significant charge anisotropy to enable the specific binding of the ox-
idized plastocyanin to Cyt bef and of the reduced plastocyanin to PSI. Part of the protein
surface is also hydrophobic. Interaction with Cyt bef likely involves an electrostatic inter-
action between negative charges on plastocyanin and positive charges on the cytochrome f
[94]]. Likewise, the interaction with PSI is guided by similar principles and aided by the
hydrophobic patch as well [95] 96]. The electron transfer rate from the cytochrome f to
plastocyanin is on the order of 200-500 s [97] while electron donation from plastocyanin
to the oxidized primary donor of PSI (see below) is much faster at about 12 us [98, |99].
Plastocyanin diffusion time between the two membrane-bound complexes depends on the
membrane architecture and supercomplex distribution, but is comparable to its reduction
time, i.e. ~300 ws [100, [101].

19Unlike the situation in e.g. PSII, detailed up-to-date kinetic information on Cyt bsffunction seems hard
to come by.

201t appears that many aspects of Cyt bef function are not fully understood. For example, there are
conflicting reports of energy transfer from the S-car to Chl a and back [84-86] as well as lack of such
processes, in some species at least [87} 88].

2IPlastocyanin is a member of a large family of “blue copper proteins”. Other members include for
example azurin, stellacyanin or umecyanin [92} 93]
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Plastocyanin is generally found in cyanobacteria and in land plants. The protein has
been lost in the red algae and is missing in most of the organisms that inherited photo-
synthesis from them as well [102, |103]. When plastocyanin is missing, it is replaced by
another, functionally very similar, electron transporter cytochrome cg [95, |104]. As the
name suggests, the electron-carrying cofactor of cytochrome c¢ is a single heme. It is
known that organisms carrying genes for both electron carriers can preferably use one or
the other carrier according to the availability of iron and copper [105]. Therefore, it has
been hypothesized that the original electron carrier was an iron-containing cyt C(EZI that was
replaced by copper-binding plastocyanin when iron became rare following the Great Oxi-
dation Event [[106]. Both plastocyanin and cytochrome c¢ are encoded by nuclear genes.

1.2.4 Photosystem I

Like PSII, Photosystem I is also a very large multi-subunit protein supercomplex, giving
name to related ‘type-I’ photosystems of anoxygenic bacteria. Most of the PSI is hosted
within the thylakoid membrane space, with a small part extending to the stromal space and
the plastocyanin docking area exposed in the luminal space. The plant PSI supercomplex is
monomeric, about 17 nm along the longest axis with a molecular weight of about 600 kDa
[107—109]@ The supercomplex contains about 16 protein subunits with ~ 200 pigment
cofactors. The heart of the supercomplex is a heterodimer of PsaA and PsaB subunit@
The PsaA and PsaB proteins include elements of RC and of the inner light-harvesting
antenna. Thus, instead of the four key subunits of the PSII core (D1, D2, CP43 and CP47)
there are only two major subunits of the PSI coreE] Besides the PsaA/PsaB dimer, the PSI
core is formed by 10 additional protein subunits, the most interesting of which are PsaC,
PsaD, PsaE, and PsaF proteins. Subunits PsaC, PsaD, and PsaE form a ridge exposed to
the stroma and provide a docking site for ferredoxin. Subunit PsaF, on the other hand,
is exposed to the lumen and provides a key part of the plastocyanin docking site [[117,
118]]. The PSI core is supplemented by an outer light-harvesting antenna, formed by four
LHCI proteins (Lhcal-4), which are assembled in a crescent shape on one side of the
complex (Figure [I.5p). If required, additional light-harvesting capacity is provided by
attachment of LHCII trimers [119,|120]. The latest plant PSI structure shows in total 192
pigment cofactors: 156 chlorophylls and 36 carotenoids [[121]. Of these pigments, the
outer LHCI antenna itself contributes 56 chlorophylls, which include all 13 Chls b present
in the complex, and 13 carotenoids. In contrast to PSII, only five PSI proteins are encoded
in the chloroplast genome (PsaA, PsaB, PsaC, Psal and Psal), the other 11 are provided
by the nuclear genome.

In terms of electron transport chain, the PSI RC contains six Chl a molecules, two phyl-
loquinonesE‘-], and three [4Fe-4S] clusters. The spatial arrangement of the chlorophyll and

22C-type soluble cytochromes are abundant in bioenergetics [104].

23Cyanobacterial PSI is typically trimeric but mono-, di- and tetramers have been observed as well [[110-
114].

“4Like in the case of PSII the two RC subunits are very similar in structure, forming an ‘almost’ homo-
dimer. It is speculated that in the very origins of photosynthesis both photosystems were ‘true’ homodimers
(20,53} /115, /116].

2>The PsaA and PsaB proteins each have 11 transmembrane helices. In PSII, the D1 and D2 proteins
have five transmembrane helices while CP43 and CP 47 have six transmembrane helices. Due to the appar-
ent conservation of overall RC structure and positions of the cofactors, it is assumed that the hypothetical
primordial photosystem was a homodimer of proteins with 11 transmembrane helices [[20} 53]

26Phylloquinone, known as vitamin K, plays an important role in human health. Most well-known is its
role in production of blood coagulation factors. The most important source of the vitamin are PSI complexes
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Figure 1.5: Structure of Photosystem L. a) PSI as viewed from the stromal side. Subunits of the RC
are in blue (PsaA is dark, PsaB light blue), ferredoxin binding ridge subunits PsaC-E are in hues
of orange, PsaF is in dark red, Lhc proteins of LHCI are in green hues, other subunits are in gray.
b) Electron transfer chain cofactors of PSI reaction center viewed within the membrane plane with
stroma to the top. Chlorophylls a are in green, phylloquinone heads in magenta, atoms of the [4Fe-
48] clusters are shown as space-filling volumes. Phytyl tails of chlorophylls and phylloquinones
as well as chlorophyll central magnesium atoms were omitted for clarity. Image was created from
the crystal structure of pea PSI in PDB ID: 5L8R [@]

quinone cofactors pf PSI RC closely resembles the situation in PSII RC (Figure[I.5p). The
primary donor P70q2| is formed by a dimer of chlorophylls located close to the lumenal
side of the membrane and to the plastocyanin docking site@ There are two parallel elec-
tron transfer pathways running in the direction from lumen to stroma between P700 and
the first iron-sulfur cluster called Fx. Each of the two pathways is formed by an unlabelled
chlorophyll, then by primary acceptor chlorophyll denoted A, and by secondary acceptor
phylloquinone (A;) The two pathways join again on the Fx cluster, and the
electron further proceeds from the Fx via F5 and Fg [4Fe-4S] clusters to ferredoxin, a stro-
mal soluble electron carrier. Following an excitation reaching P700, the charge separation
to state P700" Ay appears in less than 1 ps. Further electron transfer to state P700*AyA7
happens in about 30 ps. Reduction of Fx by A7 then takes about 200 ns. Electron transfer
between the [4Fe-4S] clusters is assumed to be faster than 500 ns, and finally the reduction
of ferredoxin by Fg happens in about 500 ns [[130-132]. Both of the paths, via PsaA and
PsaB branch, are presently believed to be active in electron transport, though it seems that
they operate at slightly different rates [133H135]]. The slowest step of electron transfer in
PSI is the reduction of P700* by plastocyanin in about 12 us (see above). The PSI catalytic
function is thus almost two orders of magnitude faster than that of PSII.

of green foliage present in food [[1224125].

?TLike P680 in PSII, also P700 is named after characteristic absorbance spectrum of the spectral species.
The letter ‘P’ stands for ‘pigment’ [126; [127].
280ne of the P700 chlorophylls, located in PsaA in site eC-A, is an epimer of Chl a denoted Chl a’ [121}

i[JThe cofactor sites can be also found labelled in literature as eC-A; and eC-B; (P700), eC-B, and eC-
A; (no other label, the Chl binding proteins PsaA and PsaB are flipped here versus the rest of the pathway),
eC-Aj; and eC-Bj3 (two A sites) and Qg-A and Qg-B (two A sites) .
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1.2.5 Ferredoxin, FNR and other proteins of the thylakoid membrane

Electrons are carried away from the reduced Fy cluster of PSI by the stromal water-soluble
carrier ferredoxin [136]]. Ferredoxin is the key link between the thylakoid membrane,
which produces reducing power, and downstream biochemical processes. Ferredoxin is
a member of a large family of proteins that contain Fe-S clusters of different stoichiome-
tries. Photosynthetic ferredoxin is a small, 10 kDa, protein with active site formed by a
[2Fe-2S] cluster that carries one electron at a time [[137,/138]]. In chloroplasts, the primary
counterpart of reduced ferredoxin is the ferredoxin-NADP* oxidoreductase, which pro-
vides reduced NADPH necessary for carbon assimilation reactions. Ferredoxin can also
return the electron from PSI back to the thylakoid membrane in a cyclic electron trans-
fer process [[139]. However, ferredoxin is a promiscuous electron donor and also supplies
electrons to other synthetic processes which include biosynthesis of chlorophyll b, phy-
tochromes, and fatty acids [[140-143|]. The ferredoxin apoprotein, PetF, is encoded in the
nuclear genome in plants. Red algae and groups that inherited their chloroplast generally
encode ferredoxin in the chloroplast genome [144].

In analogy to plastocyanin, ferredoxin also has a functional doppelginger, flavodoxin.
Flavodoxin has been lost during the evolution of land plants, possibly as a consequence
of an increased iron availability on dry land, but is found in cyanobacteria, red algae and
some of their kin, and in chlorophyte green algae [145-147]]. Flavodoxin is a ~21 kDa
protein, encoded in the nuclear genome, with flavin mononucleotide as a prosthetic group
148} 1491

Linear photosynthetic electron transport from water to NADP* terminates in the ferre-
doxin-NADP* oxidoreductase (FNR). FNR is a stromal water-soluble protein of about
35 kDa with two distinct domains. The N-terminal domain binds one flavin adenine di-
nucleotide (FAD) cofactor, while the C-terminal domain provides the NADP* binding
site. At least two functionally distinct FNR isoforms, which potentially interact and form
dimers, are known from plants [[144]. Ferredoxin docks to FNR with its [2Fe-2S] clus-
ter close to the FAD, while the protein is in extensive contact with both FNR domains
[154H156]. During the catalytic process, NADP™ is first bound to the FNR, followed by
two consecutive ferredoxins to produce, ultimately, a doubly reduced FAD cofactor. The
reduction of NADP™ is believed to be carried out in a single step [157, 158]]. The FNR
protein is encoded by nuclear genes.

Besides linear electron transport, the existence of cyclic electron transport (CET) from
PSI back to Cyt bef has been known for a very long time [159]]. However, the molec-
ular components of this process are only slowly becoming to be known in the last two
decades and the details and specifics are still a mystery [139]. Two independent routes of
CET are currently postulated. One route requires a protein supercomplex called NADH
dehydrogenase-like complex (NDH) [160-163]]. The other route requires small proteins
PGRS5 and PGRLI [164H166]. NDH is a large protein complex of about 0.4 MDa, which
is known to be able to bind ferredoxin and use the electron from it to reduce plastoquinone.
NDH likely also couples the reduction of plastoquinone with proton pumping across the
membrane [167]. The PGRS—PGRLl@ route likely involves electron transport from ferre-
doxin to plastoquinone with the Cyt begf and FNR playing important roles [168]].

30Ferredoxin and flavodoxin are two of the oldest existing protein structures. Ferredoxins with [nFe-nS]
active sites are hypothesised to have been among the first redox components of life on Earth [[150-H153]].

3IPGRS stands for “proton gradient regulation 5” and consequently PGRLI comes from “pgr5-like pho-
tosynthetic phenotype 17 [[165|166, |168].
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1.2.6 F,F{-ATP synthase

The proton motive force generated via processes associated with the electron flow in the
thylakoid membrane is finally utilized by the F,F,-ATPase (or ATP synthase), which uses it
to produce ATP. The F,F,-ATPases are a large family of supercomplexes which are present
in bacteria, archaea, mitochondria, and chloroplasts. The ATP synthase has the mass of
about 550 kDa and size of approximately 22 nm along the longest axis (Fig. [I.6). The
complex is formed by nine different proteins, predominantly encoded in the chloroplast.
ATP synthase is anchored in the membrane by the F, subsection, mainly consisting of a
multimer of subunits ¢, so called c-ring. The stromal part of the enzyme is called F; and
mostly composed of a hexamer of two building blocks, o and 3 subunitsE| The two parts
are connected by two ‘stalks’. An external stalk is formed by long proteins of subunits b
and b' while the central stalk is formed by subunits € and ~ [171]].

The F,F;-ATPase is a molecular motor. Protons are translocated through the mem-
brane via the c-ring of the F, subsection. Passage of protons through the c-ring causes
it to rotate, together with the central stalk, which induces torque forces on the catalytic
part, the F; subsection. F; consequently changes conformation, which in turn triggers the
synthesis of ATP from ADP and phosphate [[172-174].

Figure 1.6: Structure of the chloroplast ATP synthase viewed within the membrane plane. The bot-
tom part of the supercomplex is embedded in the thylakoid membrane and the upper part sticks out
into the chloroplast stroma. The upper F| subsection is prevented from rotation by the peripheral
stalk, which also attaches to the F, subsection. The individual subunits of the c-ring are colored
in alternating blue hues but they are, in fact, identical. Subunits of the F; subsection are in red (c)
and orange (). Central stalk proteins are in cyan (¢) and teal (). The external stalk in magenta
(subunit b) and pink (subunit b') is attached to the F, subsection by subunit a (dark blue) and to
the F; by subunit § (yellow). Image was prepared from the cryo-electron microscopy structure of
spinach ATPase PDB ID: 6FKF [@]

The c-ring itself is a homooligomer of ion-binding proteins. One full rotation of the

32The labels come from ‘coupling factor 1° for F; [169] and ‘oligomycin sensitivity-conferring factor’

for F, .
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c-ring requires the passage of a number of protons which is equal to the number of the
monomers forming the c-ring. While the F; subunit is hexameric, able to synthesize three
ATP per one full c-ring rotation, the F, subunit can have different symmetries. Members
of the F,F; ATP synthase family can have between 8 and 15 subunits within the c-ring of
F, [[175,(176]. The number of translocated protons required to produce one ATP molecule
is therefore not the same for all ATP synthases. A higher required number of protons
likely signifies an ability to produce ATP even with lower proton motive forces present
on the membrane, at the cost of lower efficiency. Chloroplast ATP synthase has 14 c-ring
components, thus, for one full catalytic cycle (three ATPs produced), 14 protons need to
be translocated [[171), 177]@

1.2.7 Higher organization of the photosynthetic membrane

The photosynthetic complexes described above assemble into higher order super- and
mega-complex assemblies in the native thylakoid membrane. Furthermore, the membrane
system itself can have a complex three-dimensional structure, contrary to the naive notion
of an effectively two-dimensional plane membrane arrangement. This spatial organization
likely optimizes the distances and concentrations of electron transport chain cofactors, fa-
cilitating efficient electron transfer.

Starting from the level of the chloroplast and zooming in, it has been known for more
than a hundred years that the thylakoid membrane in chloroplasts of higher plants aggre-
gates and forms stacks of discoid thylakoid vesicles, which are called grana [[178, [179].
Grana are formed by as much as tens of thylakoid vesicles tightly stacked on top of each
other and interconnected by a network of so-called stromal lamellae 180, 181]]. The thy-
lakoid membranes forming the grana are closer together on their stromal side whereas the
intermembrane space on the lumenal side (effectively the inside space of the thylakoid
vesicles) is bigger. The thylakoids forming grana are about 300-600 nm in diameter, the
stromal gap is about 3.5 nm wide and the lumenal gap is about 4.5 nm wide [182-184].
The lumenal gap provides sufficient space to accommodate the water-soluble (lumenal)
parts of PSII and Cyt bgf. The smaller stromal gap accommodates the stromal parts of
the aforementioned complexes but not the stromal parts of the PSI and ATPase complexes
(see below). The size of the grana both in terms of the thylakoid diameter as well as in
terms of the number of thylakoids in the stacks is regulated in response to the light inten-
sity available to the plant. In low light intensities, the grana become wider and contain
more thylakoids [185-187]]. The grana architecture also dynamically responds to short-
term illumination intensity changes in order to acclimate to the present conditions and to
provide optimal function of the photosynthetic electron transfer chain [184} [188]]. Upon
illumination, the lumenal gap increases (the thylakoid vesicles ‘swell’) and in high light
stress the grana diameter decrease and the stromal gap also increases (the grana stacks
‘unstack’) [[190H192].

The photosynthetic membrane system is not only spatially complex as described above
but also heterogeneous when examining the presence of electron transfer chain compo-
nents, i.e. a lateral heterogeneity can be observed in the thylakoid membrane [193]]. The
grana regions contain mostly PSII and Cyt bef. The water-soluble stromal parts of PSI
and ATPase are larger than the limited intermembrane space of the grana and these com-

33For comparison, the animal mitochondrial ATP synthase has only eight subunits [176].
34The lumenal gap effectively doubles to about 9 nm [189] while the grana diameter decreases by about
20 % [|187].
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plexes cannot fit in the stacked grana membrane regions. PSI and ATPase complexes are
therefore mostly found in the stromal lamellae [[190, |194]. The complexes are generally
very densely packed in the membranes. It has been estimated that proteins represent about
80 Yo of the area of the grana membranes and 70 % of the stromal lamellae area [[183]]. The
mobile electron carriers plastoquinone and plastocyanin, which functionally interconnect
the complexes and complete the electron transfer chain, therefore have to diffuse through
a maze of tight spaces between the supercomplexes [101]].

The thylakoid membrane protein supercomplexes are known to associate in larger as-
semblies, possibly to improve the diffusion-driven electron transport. In the grana of low-
light-grown plants, besides possessing a higher number of the LHCII subunits, PSII can
assemble into effectively crystalline arrays with hundreds of highly ordered PSII particles
[182,195-197]]. PSI is known to form megacomplexes with Cyt bgf [[198, |199] and with
the NDH complex [200-202]. A supercomplex of PSII and PSI has also been observed
[203H206].

In contrast to present advanced knowledge of spatial arrangement of the photosynthetic
membranes and the protein complexes within, the functional significance of grana for plant
photosynthesis has been much harder to explain. It is understood that a flat thylakoid mem-
brane filled haphazardly with the electron transport chain components (covering 80 % of
its area, see above) is likely to suffer from significant inefficiencies: i) close contact of PSI
and PSII will lead to spillover of excitation energy from the slower PSII to faster PSI; ii)
it will be quite difficult to regulate relative energy flows to the photosystems; iii) likewise,
regulation of the relative contributions of linear and cyclic energy flows will be difficult;
and finally iv) the diffusion distances and times for the mobile electron carriers will be too
long for efficient electron transport to happen [[190, 207, 208]. Yet, somehow, cyanobac-
teria and most eukaryotic algae manage without grana. Thus, while the existence of the
grana can be at least partially rationalized by the abovementioned issues, the emergence
of grana in the evolution of land plants and full understanding of the issue remain elusive.

1.2.8 Light harvesting

The electron transfer chain machinery described above is powered by light energy. Despite
its apparent power, sunlight is a dilute light source. How much energy is received by pho-
tosynthetic pigments on a molecular level? While full sunlight provides about 2 000 pzmol
photons.m™.s™! of photosynthetically active radiation, the long term average light intensity
is of course considerably smaller. The lower levels of dense crop canopies receive about a
fifth of the intensity above the canopy [209]]. The ground below dense canopy rainforests
receives below 10 gmol photons.m™.s™! on average. Nevertheless, some green plants sur-
vive in these comparatively dark environments. Light can be, of course, at a premium in
aquatic habitats. In eutrophic waters with dense pelagic algal biomass, light intensities
can drop to 10 umol photons.m™.s™! within less than the first 1 m of depth [210)].
Zooming in to the molecular level now, the two millimoles of photons per square meter
in the full sunlight intensity translate to about 12 photons per A2 (per second). The Chl a
molecule has an absorption cross-section of about 0.8 AZ Therefore, at full sunlight
intensity, a single Chl a molecule is expected to absorb about 10 photons per second.
The long term average in a partly shaded environment will thus be less than a photon per

35Using (8l 211]] and an estimated Chl a molar extinction coefficient of 21 300 I-mol'-cm™' (calculated
for the purpose of this text as an average value of the Chl a absorption spectrum in the spectral range of
400-700 nm from unpublished data).
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second. The primary donors of the photosystems are built by four Chl a molecules and
without some light energy concentrating mechanism they would not receive more than
a photon per second for most of the time. Therefore, the photosystem reaction centers
would effectively sit idle and would not even be able to use the mechanisms described
above. For example, PSII requires two absorbed photons to reduce the plastoquinone by
two electrons. A recombination (backward) reaction competes with the plastoquinone
reduction (forward) reaction. At low photon absorption frequency the forward reaction
will not succeed and reduced plastoquinone will not be produced. Light harvesting systems
solve this problem by greatly increasing the number of pigments connected to a single
primary donor [8]].

The light harvesting function is almost exclusively carried out by complexes of pig-
ments and proteinsﬁ] associated with the two photosystems. The pigment complement
of these pigment-protein complexes can form more than a third of the total mass of the
complex. Light-harvesting complexes can be broadly classified according to their external
properties into water-soluble and membrane-intrinsic types. The cyanobacterial phyco-
biliproteins, which are found also in red and cryptophyte algae, are an example of the
water-soluble type. The reaction centers of both photosystems in oxygenic photosynthesis
are supplemented by inner light-harvesting proteins, which are present also in cyanobac-
teria. The inner and also outer antennas of most eukaryotic phototrophs are membrane-
intrinsic. The PSII core is essentially formed by attaching two light-harvesting proteins,
CP43 and CP47, to the PSII RC. These proteins add 29 Chls a to the RC, expanding the
photon capture rate by a factor of six [35,[213]. Likewise, the PSI core complex contains
about 100 Chl a molecules, an increase in light harvesting capability by a factor of 17 in
comparison to the six Chls a of the PSI RC [121].

The light harvesting capacity of the photosystem cores is further enhanced by attaching
outer antenna complexes. In most eukaryotes, the outer antenna is formed by monomeric,
dimeric, trimeric or tetrameric arrangements of the proteins of the Lhc family. As de-
scribed in the previous chapters, PSII includes three monomeric antennas of this type
(CP24 (protein Lhcb6), CP 26 (Lhcb5) and CP29 (Lhcb4)) and up to three trimers of
LHCII (built from proteins Lhcbl1, 2 and 3), which increase the light harvesting capacity
of PSII by more than a factor of six. PSI core is supplemented by four Lhca proteins and
potentially also LHCII trimers, for a light harvesting capacity increase of about a factor of
two.

Proteins of the Lhc family represent one of the great innovations of the eukaryotic pho-
totrophs. All Lhcs share the same basic configuration of three transmembrane a-helices,
denoted A, B and CE] The core structure of the Lhc monomer is formed by the helices A
and B, which cross each other at an angle of about 55° and a distance of 1 nm (Fig. [I.7)
[215,216]]. The Lhc proteins are built from about 230 amino acid monomers and have to-
tal masses around 20 kDa. The Lhc protein scaffold is densely packed with about 15 kDa
of pigment cofactors@ Considering the size of the folded Lhc protein, the concentration
of the pigment cofactors is considerable, close to 0.5 M Unsurprisingly, the pigment

36The only exceptions are the chlorosomes of some non-oxygenic bacteria which are mostly built from
agregates of pigments and other small molecules [212].

37In the amino acid sequence of the Lhc proteins, the helices are in the order B-C-A [214].

38The mass of a chlorophyll molecule is about 900 g/mol, carotenoid molecules have an average mass of
about 580 g/mol.

39 Assuming the size of the LHCII monomer is about 5 x 5 x 3 nm® [214] and that it contains 18 pigment
cofactors, one gets the concentration of 0.4 M. Similar numbers can be obtained for other photosynthetic
membrane complexes [217]. It is also insightful to look at the capability to capture light. The molar ex-
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cofactors are not just decoration on the protein scaffold but rather an integral part of the
overall structure. Indeed, the Lhc protein cannot fold properly without the presence of the

pigments [218,219].

Figure 1.7: Structure of the LHCII monomer from pea. Shown as a side view in the membrane
plane. The lumenal surface is at the bottom, stromal surface at the top. The protein backbone is
rendered in gray, Chls a are in green, Chls b in teal, carotenoids are in orange. Phytyl tails of the
chlorophylls are omitted for clarity. Image was created using the crystal structure of pea LHCII in
PDB ID: 2BHW @]

Having high concentration of pigment molecules in close vicinity to the reaction cen-
ters, how does the energy concentration mechanism work? Obviously, the absorbed light
energy has to move from molecule to molecule, very efficiently, and be able to reach the
reaction center before it is lost to the environment. It turns out that the excited pigment
molecule can be viewed analogically to a harmonic oscillator which, via some sort of
coupling, can transfer its energy to another oscillator. This is described at the molecu-
lar level by the Forster resonance energy transfer mechanism [220-222]. The coupling
comes from the electrostatic interaction (dipole-dipole interaction) and depends on the
magnitudes of transition dipole moments of the interacting molecules, their orientations
and their distances. One other important condition for energy transfer is that the absorp-
tion and emission energies of interacting pigments are reasonably closem In many cases,
the energy flows from a molecule with a higher energy (shorter absorbance wavelength)
to a molecule with a lower energy (longer absorbance wavelength) but this is not without
exceptions 224]. The pigment molecules present in many light-harvesting proteins
are kept close to each other, at fairly precise positions, yet mostly prevented from getting

tinction coefficients of photosynthetic pigments are on the order of 100 000 M-'.cm™!. A common 1 cm
spectroscopy cuvette filled with a solution of pigments with the same concentration as in the light-harvesting
proteins would be pitch black even after 100x dilution.

“0Le. there is a non-zero overlap of the donor molecule emission spectrum and acceptor molecule ab-
sorption spectrum.
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too close. Upon close contact (with distances approximately below 1.0 nm) the energy
transfer mechanism is better described by a mechanism called exciton coupling, where
two or more molecules act effectively as a single supermolecule in which the excitation
energy can be delocalized and transferred also by means of electron exchange [225, 226].

Excitation energy transfer, like many molecular-level events, is probabilistic. To assure
high efficiency, energy transfer has to be much faster (have higher probability) than energy
dissipation mechanisms. Chl a, which is the terminal excitation energy acceptor, has an
excited state lifetime of about 6 ns in solution [227]. In contrast, the last light-harvesting
step—transfer of the excitation energy to the reaction centers—has a rate of about 50 ps
or faster, giving the efficiency of this final energy transfer step of at least 99 % [213,217].
Energy transfer across the whole pool of light-harvesting pigments in the antenna, where
multiple energy transfer steps have to occur, is of course slower. The first steps happen
inside the protein monomers and involve transfer from carotenoids to Chl a, from Chl b
to Chl a and from higher energy Chls a to lower energy Chls a. The transfer times are on
the order of a few picoseconds to fractions of a picosecond. Typically, many pathways are
active in parallel [228-231]]. The excitation energy then migrates between light-harvesting
monomers in order to reach the reaction center. The total migration time depends on the
total size of the excitonically connected supercomplex unit and can reach more than 150 ps
in the case of PSII [232] 233]. Due to the fast energy transfer within a network of cou-
pled pigments, the quantum efficiency of the light-harvesting system is close to unity@
The energy efficiency is lower though as some energy is lost in relaxation processes from
higher excited states, it is estimated that this loss is about 7 % [234]]. Some photons are
also absorbed by pigment molecules which do not transfer energy to Chl a such as some
B-carotenes in photosystem cores or ‘free’ carotenoids present in the photosynthetic mem-
branes.

The light absorption capability of pigment molecules cannot be turned off. The regu-
lation of light harvesting on the molecular leve]@is therefore limited to two options. First,
light harvesting capability can be enhanced or diminished by protein synthesis or decon-
struction. Plants growing in darker conditions contain more Lhc proteins than those from
highly illuminated spots. This acclimation process is mostly achieved by synthesis of ad-
ditional LHCII trimers. The number of LHCII can at least double in low light versus high
light laboratory conditions. Plant LHCII is rich in Chl b, therefore, the amount of anten-
nas can be easily indirectly observed also on the organism level via changes in Chl a/Chl b
ratio [45, 196/ 245].

Second, the relative light-harvesting capabilities of the two photosystems can be re-
balanced by relocating some of the LHCII trimers from PSII to PSI and vice versa, this
process is called state transition. The utility of state transition stems from the fact that
the two photosystems differ slightly in their light absorption spectra and in their turnover
rates. PSI is able to absorb more light above 680 nm than PSII, which, conversely, is more
efficient in capturing light around 650 nm due to its higher content of Chl b [246]]. State
transitions are therefore able to compensate for light spectrum changes during the diurnal
cycle, changes in shading etc. Adjusting the relative flow of energy into the photosys-
tems is also likely needed during changes of the activity of the linear and cyclic electron

41 Assuming 100 ps as an average time from an absorption of a photon to its delivery to the reaction
center, the efficiency is 98 %.

#20n an organism level, light can be prevented from reaching the photosynthetic membrane by changes
in leaf orientation [[235}[236], production of light-blocking devices like hairs or crystals [237-239], or move-
ment of chloroplasts [240-242]]. Some unicellular organisms are also able to change their location in the
environment in order to optimize light harvesting rates [243| |244]].
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flows. Relocation of LHCII during state transition is a result of its phosphorylation status,
controlled by the plastoquinone pool redox state [247, 248|]. Excessive activity of PSII
leads to overreduction of plastoquinone pool which triggers activation of a kinase STN7.
STN7 in turn phosphorylates LHCII proteins Lhcb1 and Lheb2 which afterwards causes
migration of the LHCII trimers towards PSI [249, |250]. The reverse reaction is triggered
when oxidized plastoquinone pool, generated by comparatively greater activity of PSI, no
longer activates the STN7 kinase. A phosphatase called TAP38 or PPH1 dephosphorylates
LHCII, which in turn migrates towards PSII [251, 252]@ The described phosphorylation
and dephosphorylation processes take a few minutes to reach equilibria at the organismal
level whereas the migration of individual LHCII trimers can be as fast as milliseconds
(246, 248].

1.2.9 Photoprotection

It is our common experience that many industrially produced materials, like car paint or
plastics, and even more so our living compatriots, as well as our own bodies, are subject
to damage and destruction when exposed to high light intensity (Fig. [I.8). Despite of
the state transition and the acclimatory responses of protein synthesis and degradation,
photosynthetic organisms can experience frequent periods when the amount of collected
excitation energy is in excess and cannot be productively utilized by the electron trans-
port chain. Energy not used by the photochemical reactions can power unwelcome side
reactions which can damage the unfortunate organism@ Due to its slower turnover rate
and its oxidative power, photosystem II is the prime target of this damage, generally called
photoinhibition. As the options for the regulation of the amount of light energy collected
by the light-harvesting system are limited, most of the photosynthetic regulatory capacity
is focused on controlling the fate of the harvested energy. There are two basic modes of
operation of these regulatory mechanisms, which convert the excess excitation energy to
heat. First, there are likely several pathways which safely dump the excess harvested en-
ergy before it can initiate harmful reactions. Most or all of these mechanisms are known
under the umbrella term nonphotochemical chlorophyll fluorescence quenching (NPQ).
Second, there are mechanisms which deactivate some of the harmful photoproducts be-
fore thay can cause further harm to the cellular components. These mechanisms quench
either triplet states of chlorophyll or reactive oxygen species created by the triplet states of
chlorophyll.

Part of the energy harvested by the photosynthetic pigments is lost to the environment
in the form of fluorescence. Effectively all of this fluorescence is coming from Chl a lo-
cated in the light-harvesting complexes. It has been recognized early in the history of
photosynthesis research that the yield of the chlorophyll fluorescence is not constant [|18,
258-260]. When the electron transport chain of the thylakoid membrane is activated,
it withdraws energy from the light-harvesting system and thus lowers the fluorescence
yield@ This is to be expected and the observation and the process are called photoche-

“Interestingly, state transition was originally discovered from Chl a fluorescence yield changes in cells
of red and green microalgae [253),254]]. The process is not known from other eukaryotic algae like diatoms
or haptophytes, which have secondary endosymbiotic chloroplasts.

4Most of the destructive reactions involve molecular oxygen, which is activated either by transfer of
electrons, creating superoxide, O, [255]], or by energy transfer from a photosensitizer (mostly Chl a),
creating singlet oxygen, 'O, [256]]. It thus appears that life truly was better in the past (before the Great
Oxidation Event) [257].

4Conversely, when the electron transport chain is blocked, the fluorescence yield increases by a factor
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Figure 1.8: A Phalaenopsis orchid bleached by direct sunshine. The plant was grown in a south-
facing vet shaded place and suffered after the solar elevation dropped in the autumn. A period of
overcast weather prevented a gradual acclimation of the plant to the new conditions. Photoprotec-
tive mechanisms, like many other regulatory features, are tuned to the specific conditions, the plant
does not maintain high protective capacity when it is not needed. While a multicellular organism
like this orchid can cauterize around the wound, a unicellular alga does not have such an option.
Plant and photo from the author’s collection.

mical quenching. There are, however, other quenching processes, which are not directly
related to the electron transfer and are therefore called nonphotochemical 263, 264].
Nonphotochemical processes dissipate excitation energy as heat and thus also cause a de-
crease of the yield of the Chl a fluorescence (see Fig. [1.9). The extent of the NPQ depends
on the organism and its acclimation state [265]. As much as 80 % of harvested excitation
energy can be quenched by NPQ [266-269]. The nature and mechanisms of the nonphoto-
chemical quenching processes are debated to this day. There are, however, several players
known to be active in the NPQ.

Foremost, it is clear that the major NPQ mechanisms are triggered by energy flow
through the membrane as a result of actinic illumination and the accumulated protons in
the lumen, i.e. they are ‘energy-dependent’. NPQ then requires the presence of a protein
called PsbS and chemical modification of some of the violaxanthin molecules
present within the thylakoid membrane into zeaxanthin—so called xanthophyll cycle [272,
273]. PsbS is a 21 kDa protein of the extended Lhc family. Unlike most Lhcs, PsbS has
four transmembrane helices and does not bind pigments 275]]. It is presumed that
PsbS is dimeric in an inactive form and monomeric in an active form [276]].

Formation of low pH in the thylakoid lumen upon intense illumination causes protona-
tion of the PsbS protein, which activates a quenching state of the light harvesting antenna.

of three to five [@ @]
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Figure 1.9: Time-resolved chlorophyll fluorescence signal from cells of haptophyte alga Emiliania
huxleyi. NPQ processes were activated by 1 h exposure to 1000 pmol photons.m™.s™ light intensity
(about 50 % of full sunlight). The area under the red curve (light-exposed cells) is 53 % of the area
under the black curve (dark-adapted cells). All else being equal, one half of the harvested light
energy is converted to heat when NPQ is active in these cells. Author’s unpublished data.

In parallel, a lumenal enzyme violaxanthin de-epoxidase (VDE) is activated by the low pH.
VDE catalyzes removal of the two epoxide groups from violaxanthin in a two-step pro-
cess, producing zeaxanthin The nature and the mechanism of the quenching state are
not known [278]]. Zeaxanthin and the protonated PsbS are likely not the protective species
themselves but rather produce a quenching state of an unknown nature. It is speculated
that the quenching state involves a conformational change in one or several light-harvesting
proteins and also a different aggregation state of the membrane proteins. Presumed pri-
mary quenching targets include PSII monomeric light-harvesting proteins CP24 and CP29
and the major antenna LHCII [279-282].

Violaxanthin deepoxidase, the key enzyme of the xanthophyll cycle, is a 43 kDa protein
which belongs to the lipocalin family VDE is monomeric and water-soluble at neutral
pH but becomes dimeric and attached to the thylakoid membrane at low pH [286, 287].
The protein is rich in cysteine and contains six disulphide bonds [288]@ VDE requires
ascorbate as a source of electrons. The enzyme catalyzing the reverse reaction, epoxidation
of zeaxanthin, is zeaxanthin epoxidase. Zeaxanthin epoxidase is located in the chloroplast
stroma and it also has a lipocalin structure [283, 284]. While the deepoxidation reaction

46The full deepoxidation process is violaxanthin (with two epoxy groups) — antheraxanthin (one epoxy
group) — zeaxanthin. The epoxy groups are on the opposite sides of the violaxanthin molecule, thus the
carotenoid has to exit the VDE enzyme, rotate 180° and enter the enzyme again if the second epoxy group
is required to be removed as fast as possible. Some eukaryotic algae use a different version of the cycle
based on the carotenoid diadinoxanthin with a single epoxy group, resulting in a single-step deepoxidation
reaction, forming the carotenoid diatoxanthin [277].

#TLipocalins are widely distributed and ubiquitous proteins known predominantly from animal studies
and mostly involved in binding nonpolar molecules. Lipocalin functions are known e.g. in embryo develop-
ment, nutrition (major bovine milk allergen $-lactoglobulin is a lipocalin) or the nervous system [283] [284]].
Crustacyanin, the blue lobster protein binding the carotenoid astaxanthin is also a lipocalin [285]].

“8The reducing agent dithiothreitol (DTT), which is capable of breaking the disulphide bonds in VDE,
is routinely used to disrupt the xanthophyll cycle mechanism in plant and algal experiments [289-291].
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can be quite fast at high illumination intensities, running in tens of seconds or minutes, the
back reaction is about 10x slower [292, 293]@

An excited chlorophyll molecule has a certain probability of intersystem crossing from
a singlet state to a triplet stateFE] Chl a in a triplet state has a long lifetime (about five to
six orders of magnitude longer than the lifetime of the singlet state) and can transfer its
energy to molecular oxygen, quenching the Chl a back to the ground state and creating
singlet oxygen, a highly reactive species [300]. The quantum yield of the triplet state
formation in a free Chl a in solution is higher than 60 % [256} 301, 302]. A well-tuned
photosynthetic membrane lowers the yield of the Chl a triplet formation to about 2—6 % by
shortening the lifetime of the excited Chls a (either by energy transfer or by the quenching
mechanisms indicated above) [268]]. A second major Chl a triplet-forming mechanism is
a charge recombination in the PSII RC which is of importance especially in conditions of
high illumination intensities [298, 303|]. During the recombination process, the charges
separated by the primary donor do not necessarily proceed on the path described in the
section but come back together and recombine, yielding Chl a triplet state with a
probability of about 20 % [304].

In spite of all the quenching power of the NPQ mechanisms, some Chl triplet states
(and therefore singlet oxygen) are still produced in the antenna and also in the photosys-
tem RCs. The protection against damage caused by these species is mostly carried out
by carotenoids, which are able to accept the energy of the triplet Chls via a close-range
electron exchange mechanism [305-308]]. The result of the energy transfer is the Chl in
the ground state (singlet) and an excited carotenoid in a triplet state. A carotenoid in a
triplet state has sufficiently low energy so that it can not excite molecular oxygen and the
excess energy is safely converted to heatE] An important condition for the energy trans-
fer from the triplet Chl to a carotenoid is that the two molecules are in close contact. In
LHCII, the Chl triplet states are quenched by two luteins located in the very centre of
the protein [310-312]. Chl triplet states are quenched by carotenoids of the core antenna
proteins as well, in this case by -carotene [313-315]]. In contrast to the light-harvesting
proteins, the recombination triplet of the PSII RC is not quenched by carotenoids [316].
The B-carotenes present in the PSII RC have to be placed at a considerable distance from
the primary donor lest they be oxidized due to its tremendous oxidative power. As a result,
singlet oxygen is inevitably produced in the RC when all the other protective mechanisms
fail. The B-carotenes of the RC likely do quench part of the produced singlet oxygen [303,

“1t appears that in some conditions the photoprotective mechanisms are unnecessarily conservative,
resulting in lost crop productivity when too much excitation energy is quenched. Under highly controlled
conditions of modern agriculture, enhancing the rate of the zeaxanthin epoxidation could thus result in higher
crop yields [[294-296].

SOThe terms ‘singlet’ and ‘triplet’ are related to the spin of electrons and spectroscopy features associated
with the spin configuration. An atom with electrons with paired spins in its orbitals has the total spin of
zero. Such an atom is said to be in a singlet state (because there is only one energy level to be observed).
Transitions between orbitals during the excitation and relaxation processes conserve the spin orientations.
After excitation, the excited electron can, under some circumstances, obtain an opposite spin orientation
(the process is called intersystem crossing) and thus reach a state which prevents it from relaxing back to the
ground state (by doing so it would violate the Pauli exclusion principle). Such a state is called a triplet state
because three spectral lines (a triplet, corresponding to three energy levels) are visible in the spectrum of
such species after an application of an external magnetic field [297]]. Most organic molecules in the ground
state have paired electrons and are therefore in a singlet state. Molecular oxygen has a triplet ground state
which constrains the rate at which it can react with organic molecules [298}[299].

>l Carotenoids have extremely low fluorescence yields but very high rates of thermal deexcitation path-
ways [309].



28 CHAPTER 1. INTRODUCTION

317]] but the PSII RC remains the most sensitive part of the electron transport chain [318—
320].

1.3 Photosynthesis in the tree of life

Life is presently classified into three major branches or domains of organisms—Bacteria,
Archaea and Eukarya [321, 322]. The name Bacteria is perhaps self-explanatory and in-
cludes a tremendous diversity of organisms both free-living and parasitic but also photo-
synthetic cyanobacteria, non-oxygenic phototrophs or ancestors of eukaryotic mitochon-
dria. Archaea are the newest member of the club, previously pooled with Bacteria but their
cellular features are so much different that establishment of a new group was deemed justi-
fied. Archaea are not as well known as bacteria but their importance is difficult to overstate
as they are basically omnipresent and the group contains for example the methanogenic
organisms present in bovine guts or many nitrogen-fixers and ammonia-oxidizers [323].
Eukarya differ from the other two domains by having complex cells with genetic informa-
tion in nucleus, organelles (mitochondria and chloroplasts) and many other differences as
well. The domain Eukarya contains basically all individual organisms one can see with
bare eyes—plants, animals, mushrooms, lichens—and also a lot of microscopic organisms
including e.g. unicellular algaeF_TI

Photosynthesis can be found today only in Bacteria and Eukarya. Sadly, there is no
known archaean organism using the photosynthetic machinery of the light reactions. Ar-
chaeans of course do not ignore light energy completely. Many archaeans are known to
use proteins of the rhodopsin family, which are relatively simple light-driven proton pumps
[324,325]. Interestingly, many members of Archaea also possess genes for Rubisco, the
key enzyme of the carbon reactions of photosynthesis [326 327].

1.3.1 Prokaryotic photosynthesis

Bacteria as a group provide a very broad diversity of metabolic pathways, including pho-
tosynthesis. Besides cyanobacteria with complete oxygenic photosynthesis machinery,
there are anoxygenic phototrophic bacteria which only use type-I or type-II reaction cen-
ters. Moreover, the diversity of bacterial photosystem reaction centers is much greater
than that of eukaryotic phototrophs [328]].

Cyanobacteria are at present by far the most important class of photosynthetic prokary-
otes. Besides producing oxygen, they are also responsible for most of the oceanic nitro-
gen ﬁxatiorE] [329, 331]. It is presently not clear whether oxygenic photosynthesis in
cyanobacteria is ancient and the anoxygenic bacterial photosynthesis is more modern or
vice versa [20]. Early Earth lacked molecular oxygen in its atmosphere and an appearance
of oxygen and accompanied geochemistry, as well as remains of photosynthetic organ-
isms, can be followed in the geological record [332, 333]]. The hard limit on the evolu-
tion of oxygenic photosynthesis and also cyanobacteria-like organisms is the Great Ox-
idation Event—a sudden increase of molecular oxygen concentration in the atmosphere
from barely detectable to single digit percent of present level—dated to approximately
2.3 billion years before today [334-336]. Fossil signs of presumed cyanobacterial life are

1t is possible that we, as members of Eukarya, belong sensu stricto to a branch of Archaea but the
functional differences justify the classification sufficiently, especially in the context of this text.

31t may be surprising to the reader that about half of the global nitrogen fixation is now provided by
human-related activities. We truly live in an anthropocene [329}330].
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much older though. One of the first known fossilized remains of life are well-preserved
3.4 billion year old stromatolites, sedimentary structures even today occationally formed
by cyanobacterial mats [337]]. The assignment of these fossils to cyanobacteria is however
disputecf_zl and, although there is some evidence of prior transient oxygen content increases
[333]], in the end the only reliable date for emergence of oxygenic photosynthesis is the
abovementioned Great Oxidation Event [335]338],1339]].

It is assumed that cyanobacteria-like organisms were the first to introduce complete
oxygenic photosynthesis to the tree of life [21, 338, 339]. However, known extant cyanobac-
teria groups mostly evolved after the Great Oxidation Event [[340]] and current cyanobacte-
rial marine phytoplankton groups are much younger, dating to the late Proterozoic [341]].
Thus, it is not clear at all whether the appearance of oxygenic photosynthesis coincided
with cyanobacteria-like organisms or whether some as yet undiscovered or extinct group
developed modern photosynthetic apparatus. It is also not clear whether the ancient cyano-
bacteria combined pre-existing type-I and type-II photosystems into oxygenic photosyn-
thesis or whether some other evolutionary pathway played out. There is actually a well-
argued proposition that the very first photosynthetic reaction centers were oxygen-evolving
and only later specialized into the present type-I and type-II structures [342]]. Understand-
ing the origin of photosynthesis is hampered by the vast time gap between the invention
of oxygen-evolving enzymes and present time. Luckily, it seems that the age of discovery
is not over as novel bacterial phototrophs are still being discovered [343-345]]. Perhaps
serendipity will help us by providing a ‘missing link’ organism with yet unknown type of
photosystem reaction center. Coupled with structural biology insight this could lead to
dramatic changes to the present theories of origin of photosynthesis.

Cyanobacteria possess both types of reaction centers, chlorophyll a as a major pig-
men@ and simple carotenoid composition with B-carotene and zeaxanthinﬁ Besides
chlorophyll a as the major light-harvesting tetrapyrrole, most cyanobacteria also use linear
tetrapyrrole pigments, phycobilins, which are covalently bound to specific water-soluble
light-harvesting proteins called phycobiliproteins [349]. While the above-mentioned fea-
tures are present also in at least some eukaryotic organisms, there are a few photosynthetic
features which are unique to cyanobacteria. Many cyanobacteria contain membrane-bound
light harvesting protein IsiA which is not related to the eukaryotic light-harvesting proteins
[350]. Some cyanobacteria are also known to use unique chlorophyll-type pigments—
chlorophyll d and chlorophyll f [351},[352].

Other photosynthetic bacteria differ from cyanobacteri by lack of oxygen produc-
tion, lack of chlorophyll a pigmentation, lack of phycobilins and presence of only one
type of reaction center in their photosynthetic membranes. Anoxygenic photosynthesis
is known from sixﬁ bacterial groups [328]]: Chlorobi (green sulfur bacteria), Chloroflexi
(filamentous anoxygenic bacteria) [354]], Proteobacteria (purple sulfur and non-sulfur bac-
teria), Heliobacteria [355]], Acidobacteria [343]] and Gemmatimonadetes [344]]. Although
the metabolic features present in anoxygenic bacteria are likely ancient, it is not clear how
old are the extant groups and whether they correspond to the organisms which dominated

1t is not clear whether the organisms can be interpreted as cyanobacteria or as some other, potentially
non-oxygenic, phototrophs.

33There are a few cyanobacteria which contain chlorophyll b in an accessory role [346].

5Qther carotenoids like echinenone, canthaxanthin or synechoxanthin may be present in supporting roles
[347,1348].

>'From the point of view of photosynthesis.

8There seems to be another newly discovered group called Candidatus Eremiobacterota 345, 353].
Thus the present count is 7 groups of photosynthetic anoxygenic bacteria.
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Earth before the Great Oxidation Event [20, 356].

Anoxygenic bacteria as a group present a remarkable demonstration of a modular ap-
proach to assembling the photosynthetic apparatus. Diverse combinations of reaction
centers, light-harvesting antennas and metabolism in general are presented in the known
phototrophic bacteria groups. Type-II reaction centers are used by Proteobacteria, Chlo-
roflexi and Gemmatimonadetes. Type-I reaction centers in the form of homodimer are
found in Chlorobi, Heliobacteria and Acidobacteria. Huge non-protein light-harvesting
chlorosomes are found in Chlorobi, Chloroflexi and Acidobacteria but only Chlorobi and
Acidobacteria use specialized FMO protein for connection between the chlorosome and
the photosystem [357]]. Some Proteobacteria, Acidobacteria and Gemmatimonadetes are
capable of using photosynthesis in the presence of oxygen while the other groups need
anoxic conditions to be able to use light energy. Heliobacteria are the only phototrophs
which do not use any light-harvesting system at all. Bacterial photosystems are generally
based on bacteriochlorophyll and bacteriopheophytin pigmentation but the type-I reaction
centers of Chlorobi, Heliobacteria and Acidobacteria use chlorophyll a-derivatives as a
primary acceptor [358-360].

1.3.2 Eukaryotic photosynthesis
Eukaryotic diversity

The incorporation of a (proto-)cyanobacterial cell into another cell in the process of en-
dosymbiosis started the long path towards ferns, trees and flowers but also green, red and
brown algae and a vast diversity of other interesting creatures. Eukaryotic cells developed
complex multicellularity with specialized cells and tissues—a feature of obvious interest to
us. Multicellularity evolved independently in five eukaryote groups: animals, fungi, green
algae, red algae and brown algae, three of which are photosynthetic [361]. The entirety of
eukaryotic life can be classified into a small number of relatively well-supported mono-
phyletic supergroupst] and a bunch of stragglers for which the evolutionary relationships
are not clear [362,[363]]. A simplified tree of eukaryotic life is presented in Fig. [I.I0] Hu-
mans and other animals, as well as e.g. fungi, belong into a branch called Opisthokontﬂ
Opisthokonta, together with another closely related group Amoebozoa, are the only major
branch of eukaryotic life which does not contain any photosynthetic organism

The descendants of the pioneering proto-alga form a branch called Archaeplastida
[365]]. Archaeplastida contain three lineages: red algae (Rhodophyta), green algae and
plants (Viridiplantae) and a lesser-known group Glaucophyta. Archaeplastida are the
source of photosynthesis for many other branches of eukaryotic life, which acquired it via
secondary or even tertiary endosymbiosis [26]. Possibly closely related to Archaeplastida
are Cryptophytes (Cryptista), a group of algae with photosynthetic features very similar

Limited and simplified coverage of the tree of life is presented here. It is otherwise a very complex
biological issue. An interested reader should consult Burki er al. [362] for very readable and probably the
most up-to-date information.

®0The name literally means flagellum at the rear [of the cell]. Other organisms often have flagella at the
front or on the side of the cell.

1Organisms like corals, sea anemones and other cnidarians might be pushing the distinction a little
because they need symbiotic algae to survive. Likewise lichens (which are a type of fungi) need symbiotic
algae for survival. Nevertheless, these are examples of two organisms coexisting together rather than one
organism having integrated in one cell all necessary components of the photosynthetic apparatus. Some
amoebozoan organisms also contain green algae cells and likely can be also swept under the rug as exceptions
[364].
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to red algae and a chloroplast of clearly red algal origin [366]. Haptophytes (Haptista)
are another separate branch. Haptophytes include many extremely abundant marine algae
which are also prominent in the geological record. The photosynthetic features of Hapto-
phytes are complex and their evolutionary history is not clear at the moment [367, 368]].
A number of branches of unclear evolutionary position can be pooled together under the
name Excavatﬂ This likely non-monophyletic group includes the well-known Euglena
‘alga’ which contains a chloroplast of green algal origin. Euglenas are not related to any
other major algae group. Among the relatives of photosynthetic euglenas are the parasitic
trypanosomas which cause diseases like sleeping sickness or Chagas disease but there are
also Phytomonas organisms infecting plants [363, (369, 370].

A major part of the eukaryotic family is the SAR supergroup (enclosed by blue line
in Fig. [I.1I0) [371]. SAR stands for Stramenopila, Apicomplexa and Rhizaria, the three
branches which form the supergroup. SAR supergroup encompasses a multitude of life
strategies and includes diverse algae, parasites of animals, agricultural pests, deep ocean
protists with huge cells and many other organisms. Most photosynthetic members of SAR
contain what appears to be a modified chloroplast of red algal origin but there are also some
organisms with apparently green algal chloroplasts. Even the non-photosynthetic organ-
isms in SAR often contain chloroplast remnant structures [372]. All of the work presented
in subsequent chapters of this text was carried out on SAR member organisms, specifically
stramenopiles. The major algal groups and some of their distinguishing characteristics are
listed in Table [T.11

Table 1.1: Overview of major eukaryotic phototrophic groups. See text for details and references.

Algae group  No. of species oldest fossil [Mya]* note

Red algae 7 500 1 000 phycobilins, Lher
Chlorophyta 8 000 700 Chl b, lutein

Streptophyta 300 000 420 Chl b, lutein, land plants
Cryptophyta 200 phycobilins, Chl ¢, alloxanthin
Euglenida 1 000 Chl b, diadinoxanthin
Stramenopila 20 000 130 Chl ¢, fucoxanthin
Dinoflagellata 4 000 240 Chl c, peridinin, PCP
Haptophyta 1 500 205 Chl ¢, modified pigments

* Mya = Millions of years before present

Archaeplastida

The oldest eukaryote fossils are sparse and often with inconclusive interpretation [373-
375]]. There appears to be sufficient evidence for the presence of eukaryotes around 1.5
billion years ago 374, 376] though due to the small size of the early eukaryotes and diffi-
cult preservation conditions there is always a danger of misinterpretation of the geologic
evidenceF’E] or contamination from younger strata in the case of chemical fossils [[375].

%2Here I take the liberty of oversimplifying the complexity of these lineages as they’re not that much
involved in the photosynthetic story at hand.

3 As a good example, one can quote Knoll et al. here: “Among these, coiled fossils assigned to Grypania
spiralis are most confidently interpreted as eukaryotic. (Most other forms could be fortuitously shaped
fragments of microbial mats.)” [374]
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As concerns the evolution of photosynthetic organisms, the most ancient eukaryotic
algae with fossil record appear to be red algae (Rhodophyta). The earliest eukaryotic fos-
sil with generally accepted phylogenetic position is a ~1000 million years old red algal
form Bangiomorpha from rocks in what is now arctic Canada [|377, 378]F_I] Red algae are
predominantly marine and multicellular organisms [361, [379]. From the photosynthetic
vantage point, red algae represent an intermediary step between the photosynthetic appara-
tus of cyanobacteria and that of green algae and land plants. Like cyanobacteria, red algae
use chlorophyll a as the sole chlorophyll-type pigmen@ accompanied by -carotene and
zeaxanthin. Moreover, phycobiliproteins are used as peripheral light-harvesting antennas.
An innovation of the red algae or, more probably, of the common ancestor of red and
green algae are the membrane-intrinsic light-harvesting proteins (in red algae called Lhcr
for Light Harvesting Complex Red) [383-387]. In red algae, the Lhcr proteins form an
antenna of photosystem I whereas photosystem II uses membrane-extrinsic phycobilipro-
teins [385]]. Despite the obvious importance of red algae for understanding evolution of
plant photosynthesis and the number of species, about 7 SOqE_Gl, comparable with green
algae, research into red algae has been of relatively low intensity. A large part of the key
work in photosynthesis was carried out on extremophilic Cyanidium, Cyanidioschyzon and
Galdieria [385,[388-390]. This is unfortunate as these organisms are from a basal branch
of red algae radiation and are known to possess reduced genomes so it is not clear how
much they are representative of a broader sampling of red algae [391-393].

A minor and most likely basal group of Archaeplastida are glaucophytes. Glauco-
phytes are a small, exclusively freshwater, group of only about 15 species [[394]]. The pho-
tosynthetic apparatus of glaucophytes is similar to that of cyanobacteria [395]], using phy-
cobiliproteins for light harvesting and only chlorophyll a [396]. Glaucophyte chloroplasts—
sometimes called cyanelles—are enveloped in a peptidoglycan layer which is often con-
sidered a typical bacterial feature and mostly missing in eukaryotesE] Glaucophytes are
the only eukaryotic photosynthetic organisms which lack the Lhc—type light harvesting
antenna proteins but they do contain two—helix SEPx proteins which could be the prede-
cessors of the Lhc proteins [398]].

The third group of Archaeplastida are Viridiplantae. Viridiplantae are formed by two
major branches: marine and freshwater Chlorophyta and mostly freshwater Streptophyta
[399, 400]. Chlorophytes contain a diverse assembly of green algae while streptophytes
include land plants and green algae related to them. Multicellularity evolved independently
in both branches of Viridiplantae [401]. The origin of Viridiplantae clearly lies in the
proterozoic but producing a reliable date is difficult [399, |402]. The earliest identifiable
green algae fossils come from the Cryogenian era of the late Proterozoic (~700 million
years old Palaeastrum and Proterocladus [403, 404]]) but most of the diversity is only found

%Interpretation of microfossils and chemofossils is often controversial and molecular dating is an evolv-
ing field with large error margins. Thus, only traditional fossils will be considered in the text. It should be
understood that the organism groups must be sometimes much older than the given age.

5To this day the myth of presence of chlorophyll d in red algae [380] is perpetuated. It has been clearly
shown that presence of Chl d in pigment extracts of red algal thalli comes from epiphytic cyanobacteria of
the Acaryochoris affinity 381} 382]]. Besides, there is no known Chl d-containing protein from red algae.
The contamination by Chl d is apparently very common, it was also detected by the author in a sample of
red algae from the Adriatic Sea (not published).

% Guiry, M.D. & Guiry, G.M. 2022. AlgaeBase. World-wide electronic publication, National University
of Ireland, Galway. https://www.algaebase.org; searched on January 13, 2022.

7peptidoglycan is missing in red algae and chlorophyte algae but present in streptophyte algae, mosses
(bryophytes) and lycophytes. It is therefore not such a unique oddity of glaucophytes as sometimes presented
[397].
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after the Cambrian explosion (~530 million years ago) [405]]. Streptophytes colonized dry
land starting likely in the late Silurian (~420 million years before present) [406]. From
photosynthetic point of view, all Viridiplantae are characterized by the presence of a large
number of Lhc proteins with much larger functional diversity than in the red algae, and by
a universal use of chlorophyll b as an accessory pigment. In Viridiplantae, Lhc proteins
form light—harvesting antenna systems of both photosystems. The photoprotective four—
helix PsbS protein is also exclusive for Viridiplantae [271, 398]. While the cannonical
green plant of the Streptophyta branch uses neoxanthin, violaxanthin, lutein and $-carotene
as well as the abovementioned Chl b in photosynthetic roles, some exceptions do exist in
the chlorophytes.

Chlorophytes can be broadly split to four groups—basal and paraphyletic Prasinophyta
and three ‘crown’ chlorophyte branches of Trebouxiophyceae, Chlorophyceae and Ulvo-
phyceae 399, [407]]. In total, chlorophytes include about 8 000 species @ with about 900
in Trebouxiophyceae, 4 000 in Chlorophyceae and 2 700 in Ulvophyceae. Ulvophyceae
are mostly marine, some of them, e.g. Acetabularia or Codium, with unique macroscopic
‘multicellular’ bodies, which are in fact formed by one huge cell with thousands of nuclei
[399]. One of the branches of Ulvophyceae, Bryopsidales, possesses a unique carotenoid
profile with keto—carotenoids siphonaxanthin and siphonein largely replacing lutein and
also a presence of Chl ¢, otherwise characteristic for the ‘brown’ algae [408-410]. Chloro-
phyceae include many model species well-known in the photosynthetic community (e.g.
Chlamydomonas, Dunaliella, Scenedesmus or Volvox) [399]]. Another staple of photosyn-
thesis research, Chlorella, does not belong into Chlorophyceae as its name could suggest
but is a member of the third crown group, Trebouxiophyceaef’f] Trebouxiophyceae are
perhaps most interesting as a source of symbiont organisms, ‘zooxanthellae’ of lichens,
anemones [411]], various amoebae [364], ciliates (of the Alveolata group) [412-414] and
even a Ginkgo tree [415,416]. There are however also many examples of chlorophyte algae
involved in relationships ranging in their nature from endophytism to outright parasitism,
including in humans [417, 418]].

The paraphyletic lineage called Prasinophyta is an assortment of basal chlorophyte
groups which phylogeny is currently not very well understood [399, 401, 419]. Some
prasinophyte organisms present common green algal pigmentation but there are at least
two other pigmentation types. Some specieﬂ use siphonein/siphonaxanthin as major
carotenoids [420]. There is also a large number of species, including relatively well stud-
ied Ostreococcus and Mantoniella, known to use an unusual mixture of multiple unique
carotenoids—prasinoxanthin, uriolide, micromonal and dihydrolutein—as well as chloro-
phyll c-like pigment in addition to Chl b [421-424]]. The prasinophyte diversity is likely
not fully covered yet, for example the recently described Picocystis, which has a mixed
carotenoid profile with alloxanthin, monadoxanthin and diatoxanthin (thus presenting in

%8When we were about to start work which culminated in results presented in the following chapters,
we have obtained a strain of Nannochloropsis and started cultivation. One of the first obtained data was
an absorption spectrum of the culture. The spectrum showed a prominent shoulder at 650 nm, typically
indicating presence of chlorophyll . Suspected of contamination by a random ‘wildtype’ green algae, the
culture was checked under the microscope but it appeared to be homogeneous. An analytical HPLC was
carried out and showed abundant Chl . Upon further investigation it was discovered that the person ordering
the culture made a mistake and ordered Nannochloris, a member of the Trebouxiophyceae. We have since
used the result as a demonstration to students that even a simple absorption spectrum can be very informative.
No further work was carried out on this organism in our lab.

%Or groups, it is difficult to ascertain from current literature what is a general characteristics of a phy-
logenetic group and what is an idiosyncracy of specific species or even just a single cultivated strain of a
species.
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one cell the characteristic pigments of the green lineage, cryptophytes and stramenopiles),
is likely a representative of a separate branch within prasinophytes [425]. Of the nine de-
scribed prasinophyte branches, two are only known from environmental DNA sequences
[426]. Available data suggest that prasinophytes lack proteins forming the cannonical plant
LHCII complexes though ‘crown’ chlorophytes do have these [424] 427]].

Streptophytes are the most well-known photosynthetic organisms as the group includes
all land plants (Embryophyta, more than 300 000 species [428]) and most of the knowl-
edge of photosynthesis comes from the study of this group Streptophytes include six
algal groups, the most numerous of which are Charophyceae (1 000 species) and Zygne-
matophyceae (4 000 species)®d The latter group is now believed to be the closest relative
of land plants [429]]. Land plants themselves can be split into bryophytes (mosses and
liverworts) and tracheophytes (all other groups: lycophytes, ferns, gymnosperms and an-
giosperms) [430-432]. The earliest known tracheophytes come from the Silurian (~420
million years before present) [433| 434]]. Ferns (Pteridophyta) appeared in the Middle
Devonian (~385 million years before present) [435], gymnosperms in the Carboniferous
(~315 million years before present)[436] and finally angiosperms in the Early Cretaceous
(~115 million years before present) [437]].

Eukaryotes with secondary plastids

Apart from Archaeplastida, one other case of primary endosymbiosis is known—the amoe-
ba Paulinella acquired a cyanobacterial endosymbiont about 100 million years ago [438|,
439]{7_T] All other known photosynthetic eukaryotes: cryptophytes, excavates, all three
branches of the SAR supergroup, and haptophytes, acquired photosynthesis from organ-
isms of the Archaeplastida affinity, mostly from red algae.

Cryptophyta is a small (about 200 species®®) group of unicellular organisms with
unique photosynthetic features inherited likely from a red algal endosymbiont. Crypto-
phyte chloroplasts are enveloped by four membranes and include a remnant of the en-
dosymbiont nucleus called nucleomorph [440]. The organisms therefore contain four
genomes—in the nucleus, mitochondrion, chloroplast and nucleomorph—and likely rep-
resent an intermediate stage of the secondary endosymbiotic process in which the en-
dosymbiont is not yet fully controlled by the host nucleus. Cryptophyte photosynthetic
light harvesting is based on a combination of water-soluble phycobiliproteins and mem-
brane-intrinsic Lhc-type proteins. Cryptophyte phycobiliproteins do not form phycobili-
somes like in cyanobacteria and red algae but rather smaller assemblies which are actu-
ally present on the opposite—lumenal—side of the thylakoid membrane than in the other
organisms [441, 442]]. The Lhc proteins of cryptophytes contain Chl ¢, as an accessory
pigment and alkyne carotenoids alloxanthin, crocoxanthin and monadoxanthin [443-446].
Most of the photosynthesis research was done on Rhodomonas, Chroomonas and Guillar-
dia species [447-450].

All photosynthetic excavates are members of the Euglenida group [370]. Euglenids
can be autotrophic or heterotrophic and the autotrophic members can be found in both
freshwater and marine environments. Euglenids possess a secondary endosymbiotic green
plastid, with Chl b, originating in one of the prasinophyte lineages [451} 452]]. There are
about 1 000 named species within the mostly autotrophic Euglenophyceae class® The

7OLand plant photosynthetic apparatus has been described sufficiently in chapter and will not be
covered in more detail here.
"'Because Paulinella is a rhizarian, member of the SAR supergroup, it’ll be briefly mentioned later.
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light harvesting proteins are likely very similar to standard ‘green’ systems though the
PSI antennas are derived from the Lhcb branch of proteins instead of the cannonic Lhca
[427]. Not much is known about the biophysics of light harvesting in euglenids but the
carotenoid complement of Lhcs is unique, especially in the context of ‘green’ plastids
and very interesting as the major carotenoid is diadinoxanthin supplemented with a minor
content of neoxanthin [453], 454].

The SAR supergroup contains what is often in photosynthetic literature pooled to-
gether as ‘brown’ algae or algae with chlorophyll c¢. A simplistic view suggests that SAR
includes mainly diatoms (perhaps the most important example of stramenopile algae), di-
noflagellates (of coral symbiont and red tide fame) and an assortment of ‘others’ which
leaves out a significant part of the diversity. While all three branches of SAR—Stramenopila,
Alveolata and Rhizaria—contain photosynthetic organisms, the relative share of photosyn-
thetic species within these three assemblages is very different and none of the groups can
be viewed as (almost) exclusively photosynthetic as is the case for Archaeplastida. While
a major branch of stramenopiles is composed almost exclusively by phototrophs, only a
fraction of alveolates carry out photosynthesis and just a few photosynthetic organisms
can be found within Rhizaria.

Stramenopile are presently classified into dominantly photosynthetic Ochrophyta
and two heterotrophic groups of Pseudofungi and Bigyra [456]. To provide a little in-
sight into the obscure names, Bigyra includes Opalina [457], parasite of frogs (described
and named by Czech physiologist Jan Evangelista Purkyné in the 19th century [458]]) and
Blastocystis, a parasite of human intestine [459]]. Pseudofungi most importantly include
a group called Oomycetes (water moulds in English). Oomycetes are important fungus-
lik parasites of crops, a cannonical example being Phytophthora infestans, the cause of
potato blight disease [460].

Ochrophyte represent the dominantly photosynthetic branch of stramenopiles. Their
(and SAR in general) chloroplast is most likely of red algal origin [461} 462]. Ochrophyte
photosynthetic membrane apparatus diftfers from the assumed red algal ancestor predom-
inantly by the lack of phycobiliproteins, great diversification of the Lhc proteins and very
much altered pigmentation. Typical features of ochrophyte photosynthetic apparatus are
Lhc proteins derived from the red algal Lhcr, diversified into Lhcf and photoprotective
Lhex protein classes, and the presence of Chl ¢, fucoxanthin as a major carotenoid and
diadinoxanthin-based xanthophyll cycle. Exceptions are common, e.g. eustigmatophytes
lack all of the mentioned pigments.

In current understanding, ochrophytes count about 20 classes [463-465]], many of them
with only a few known members. As a whole, ochrophytes are the second most species-rich
group of photosynthetic organisms (after Viridiplantae) with the bulk of the specieﬁ be-
ing diatoms [467-469]. The other species-rich classes are phaecophytes (macroscopic mul-

72The term Heterokonta seems to be a synonym which has come out of fashion [455].

nterestingly, despite being closely related to photosynthetic protists like diatoms and as far as possi-
ble distanced from fungi, the Czech popular name of these organisms translates into “true molds” (“pravé
plisn€”). This has consequences in pesticide use as common anti-fungal agents do not affect these ‘odd
brown algae’ and vice versa.

74To make life of a non-specialist more difficult, also Ochrophyta have an older synonym—Chromophyta.

The concept of species is rather complex, in unicellular organisms even more so, and therefore all
species counts must be taken as very rough estimates. Moreover, morphologically distinct groups like di-
atoms are much more conducive to provide human eye-detected diversity than ‘little brown balls’ of some
other groups so present knowledge must be understood such, the species counts are observer-dependent
[466].
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ticellular brown algae), chrysophytes and xanthophytes [468]]. Publicly available genome
data can be used here as a proxy for general research intensity in the individual ochro-
phyte classes. A recent review lists 48 nuclear genome assemblies of which 18 are for
eustigmatophytes, 15 are for diatoms, six for phaeophytes and the remaining nine cover
additional four classes [470]. Some of the ochrophyte classes will be briefly introduced
in the following text without an ambition for exhaustive coverage. Work presented in sub-
sequent chapters of this text was carried out on members of diatom and eustigmatophyte
classes.

Diatoms (Bacillariophyceae), which possess the three abovementioned pigments (Chl ¢,
fucoxanthin and diadinoxanthin), are the most well-known group of ochrophytes in terms
of species richness (more than 15 000 species®), research depth, environmental signifi-
cance, fossil record and arguably also economic significance. Diatoms are distinguished
by characteristic cell walls made of amorphous hydrated silica (SiO; - nHzOf_?’-] and formed
by two opposing halves fitting together to provide a sort of a box, called the frustule, in
which the cell itself resides. Diatom frustules have very diverse species-specific shapes,
can be radially or bilaterally symmetrical and typically contain a lot of perforations. Due
to their chemical composition the frustules are very durable, accumulate in the sediment
and survive in the geological record. Vast deposits of diatom frustules can form a material
called diatomite (or Kieselguhr)E] The oldest verifiable diatom frustule fossils come from
early terrestrial Cretaceous of Korea (~130 million years 01(17_3-[) with a bit younger examples
from marine Cretaceous Antarctica, Australia and Germany (~120—110 million years old)
[476-479]]. Diatom biomass was also the source material for some of petroleum deposits,
starting about 100 million years ago [480]. Today, diatoms are responsible for a large
share of the global primary production—up to 40 % of oceanic production or about 20 %
of total world production [466, 48 1]{7:;] Diatoms are well-known even in the plant-focused
photosynthetic community, organisms like Phaeodactylum, Cyclotella or Chaetoceros are
among the most studied [483-488)].

In terms of effort dedicated to obtaining genomic information, the most important class
of Ochrophyta are eustigmatophytes. This class contains only about 100 named species®
but manages to attract high attention due to its potential for use in biofuel production
[489,/490]. Eustigmatophytes differ from most other ochrophytes by a lack of both Chl ¢
and fucoxanthin which changes the cell color from typical ochrophyte brown to green.
Violaxanthin is used as major light-harvesting carotenoid but also as the basis of the xan-
thophyll cycle, supplemented with allene-containing vaucheriaxanthin [491-493]]. Eustig-

76The silica is just one component of an ultimately composite structure of organic and anorganic com-
ponents [471]].

"TDiatomite of older neogenian origin (~20 million years old) is being mined about 15 km south-east
from Ceské Bud&jovice. The whole area from Ceské Bud&jovice to the south-east was a shallow brackish
and freshwater lake in late Cretaceous, Paleogene and Neogene as the area was being uplifted during the
Alpine orogeny (actually the orogeny is still happening at present day). The deposits come from massive
diatom growth in these environments. Due to the chemical stability and porosity of diatomite, it has found
many uses in modern world. Diatomite was famously used as a key component of dynamite by Alfred Nobel.
It is also used for water filtration purposes or as a pest control agent in agriculture [472]].

78 About the same age as early angiosperm plants, early iguanodont dinosaurs and very close to presumed
divergence of marsupial and placental mammals [4731475].

Despite the long and intensive research of the global carbon cycle, finding good information on major
contributors to the global carbon fixation seems very difficult. The mentioned number of “40 %’ comes
from an introduction in a paper by D.G.Mann and it is clearly just an informed guess: “Overall, therefore,
it might not be unreasonable to estimate that diatoms could account for between 40 and 45% of oceanic
production...” [466]]. Other values are even older and not much better linked to reliable data [482].
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matophytes are likely not key global ecosystem players though they can become locally
dominant [494]. Most of the research activity has been focused on species of the Nan-
nochloropsis genus [495-499].

Phaeophyceae is a group of brown macroscopic algae with about 2 000 named species
(second highest count within ochrophytes after diatoms)® Phaeophyceae contain well-
known seaweeds and kelps, famously contributing to Christopher Columbus’ trouble in
passing through the Sargasso Sea but also forming the beautiful kelp forest ecosystems
on the west coast of North America [5S00, 501]]. Phaeophytes combine typical ‘brown’
pigmentation of Chl ¢ and fucoxanthin with ‘green’ xanthophyll cycle based on violaxan-
thin, their light-harvesting proteins are closely related to those of the diatoms [290} 502].
Phaeophytes are not household names in the photosynthetic community, the most studied
are perhaps the giant kelp Macrocystis [290, 502] and filamentous Ectocarpus [503,|504].

Chrysophyceae is a large group (more than 1 000 species®) of predominantly fresh-
water algae often from nutrient poor environments [505, 506]{56] Chrysophytes are one
of the algae classes with a long taxonomic historyﬂ In the past taxonomy treatments the
group contained a lot of organisms now put in different places of the phylogenetic tree,
e.g. Haptophytes or Pelagophyceae [506]. Chrysophytes as presently understood have not
been favourites of photosynthetic research and not much is known besides the pigment
composition [453,/508,|509]]. Chrysophyte pigmentation is similar to Phaeophyceae: light
harvesting pigments include Chl ¢ and fucoxanthin and their xanthophyll cycle is based on
violaxanthin [453]).

Xanthophyceae are another long-known group with a lot of species (more than 7005)
but relatively modest overall impact. Xanthophytes are mostly freshwater or even land
(rock, soil etc.) algae but species of the Vaucheria genus are found also in marine environ-
ments [510]]. Relatively large amount of information exists on the photosynthetic features
of xanthophytes, with most of the work carried out on Pleurochloris and Xanthonema
[511-516]]. Typical xanthophyte pigmentation includes carotenoids vaucheriaxanthin, di-
adinoxanthin and heteroxanthin. Chl ¢ is often reported but it is not present in all species
and fucoxanthin is always missing, resulting in a greenish color of the cells. Macroscopic
Vaucheria species are consumed by an interesting sea slug Elysia, which stores and main-
tains the ingested chloroplasts for an extended period of time, leading to (likely erroneous)
suggestions that the animal is temporarily capable of autotrophy [517-520]].

Other classes of ochrophytes include Dictyochophyceae (also called silicoﬂagellate@,
~200 species), Raphidophyceae (~40 species), Phaeothamniophyceae (~30 species) or
Pelagophyceae (~30 species) € They and the other even smaller groups will not be covered
here though they often appear to be quite interesting creatures.

The ’A’ in SAR stands for Alveolata, another important group of eukaryotic organisms.
Alveolata themselves are a supergroup of multiple related lineages, the most numberous
of which are Ciliata, Apicomplexa and Dinoflagellata.

Ciliates are ubiquitous unicellular protists, found both free-living and commensals or
parasites of other organisms. Aproximately 8000 ciliate species have been described [522]].
Ciliates are distinguished by presence of cilia—short flagella-type organelles covering

80There are recent indications that the class may also be important in the oceanic ecosystems [507].

81Long taxonomic history is well indicated by the existence of Czech names of the groups as modern
science generates new taxonomy treatments faster than the language can reasonably keep up with. Thus
chrysophytes are “zlativky”—an excellent translation of English “golden algae”, xanthophytes are “riizno-
brvky” (and “yellow-green algae” in English) and diatoms are “rozsivky”.

82Gilicoflagellates have considerable fossil record, starting in mid-Cretaceous Albian period [521]. Sili-
coflagellate cells are enclosed in an interesting spiked cage made of amorphous silica.
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most of the cell and enabling fast locomotion. Free-living ciliates are mostly heterotrophic.
It is not clear at the moment whether some truly autotrophic ciliate, which could be called
an "alga", exists. However, ciliates are known to occasionally retain plastids from their
prey for considerable time and could be construed as being in a transitory stage of an en-
dosymbiotic event or having an acquired phototrophy characteristic [523]]. Chloroplasts of
multiple origins have been found in ciliates. Green chloroplasts from the trebouxiophyte
algae are commonly found in ciliates feeding on these green algae [412,413],524]. Marine
ciliate Myrionecta hunts cryptophyte algae and then sustains their chloroplasts for a con-
siderable time [525-527]]. Recently, a ciliate organism with two different ‘endosymbionts’
has been analyzed. Surprisingly, besides the expected green algal chloroplasts it contains
also purple bacteria, and thus has rather stunning green+purple cells [414].

The second major alveolate group, Apicomplexa, contains almost exclusively para-
sites of animalsﬁ The group’s members include for example Plasmodium (the cause of
malaria), Babesia (babesiosis), Toxoplasma (toxoplasmosis) or Cryptosporidium (coccid-
iosis) [529]. Many apicomplexans possess a special organelle, called apicoplast, which has
been shown to be a highly reduced chloroplast of their ancestors [530, |531]]. Photosyn-
thetic organisms basal to the apicomplexans—Chromera and Vitrella (chromerids)—have
been recently found in Australia [532-535]. These ‘chromerid’ algae have chloroplasts
of most likely stramenopile origin [509], contain violaxanthin-based xanthophyll cycle,
and lack Chl ¢, similar to eustigmatophytes. However, while Vitrella has very much eu-
stigmatophyte pigmentation, Chromera uses a modified fucoxanthin-like pigment as the
major carotenoid [536-539]. Moreover, chromerids use form II Rubisco like dinoflagel-
lates (see belowBd) [529] 533]]. Chromerids thus appear to be an important intermediate
state between stramenopiles, dinoflagellates, and apicomplexans (in terms of photosynthe-
sis, not evolution of the organisms themselves).

The most important alveolate phototrophs and arguably one of the most important
group of algae in general are Dinoflagellata. Dinoflagellates include almost 4 000 living®
and about 2 500 fossil species [540] from diverse habitats. Approximately half of the
known species are photosynthetic. Dinoflagellates show a lot of unique features, starting
with their nucleus, called dinokaryon, which contains much more DNA than in most other
organisms, complicating molecular analyses [541]. Dinoflagellate cells are often covered
in a sort of armor built from complex organic material called dinosporin [542]. The di-
nosporin shells are quite durable and are well preserved in the fossil record [543]. Di-
noflagellates are presently effectively ubiquitous in marine and freshwater habitats [544].
They occasionally create toxic blooms in coastal seas [545]|546], are known as one of the
major sources of marine bioluminiscence [547] and, perhaps most importantly, some di-
noflagellates are symbionts of modern corals [541]], helping them to form major parts of
very impressive tropical coral reefs. The earliest generally accepted fossil dinoflagellates
come from mid Triassic (about 240 million years before present), which coincides with an
appearance and spread of modern corals [548, 549]@ Dinoflagellate phytoplankton also
significantly contributed to crude oil deposits [552—554]{8_3]

83There are approximately 6 000 named species in Apicomplexa but it is expected that there could be
two orders of magnitude more species which are not known [528]].

84Prior to the Mesosoic, the tropical limestone reefs were variously formed by microbial reef builders,
red algae, bryozoans, exctinct corals and other groups [549]. The well-known Devonian reef in Konéprusy,
about 30 km southwest of Prague, was built predominantly by red algae but also corals, crinoids, bryozoans
and stromatopores (extinct calcareous sea sponges) [[550,[551].

83Specific information seems to be hard to come by but e.g. the Minagish oil field in Kuwait contains
oil sourced from a dinoflagellate-rich deposit accumulated in a part of the Tethys sea in the early Cretaceous
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Dinoflagellate idiosyncrasies include several photosynthetic features. First of all, di-
noflagellates (and chromerids) are the only photosynthetic eukaryotes to use a bacterial
form II Rubisco In terms of pigmentation, Chl ¢, is a major accessory chlorophyll.
Unique carbonyl carotenoid peridinin is the major dinoflagellate carotenoid, supplemented
by diadinoxanthin as the basis of the xanthophyll cycle [560-562]. Another unique di-
noflagellate feature is the presence of water-soluble light harvesting protein PCP (peridinin-
chlorophyll protein) [563, 564]]. The PCP light-harvesting antenna has no known analogs
anywhere else in photosynthetic life Dinoflagellate thylakoid membrane also contains
many isoforms of the common eukaryote Lhc-type light harvesting proteins, denoted acpPC
for Chl a-Chl c-peridinin protein complex and otherwise likely related to the stramenopile
Lhcft [565] |566]. Photosynthetic features of dinoflagellates have been mostly studied in
Amphidinium and Symbiodinium [564, 566]. Besides the canonical photosynthetic di-
noflagellates with peridinin, chloroplasts sourced from other photosynthetic organisms
are known in some dinoflagellates. Marine dinoflagellate Lepidodinium contains chloro-
plasts obtained from chlorophyte green algae [451}, 452, 567, |568]. A number of species
related to Durinskia contain chloroplasts derived from diatoms [569-571]]. Another group
of species, including the toxic Karenia brevis, contains chloroplasts of haptophyte origin
[572-574]. Finally, another toxic dinoflagellate Dinophysis is known to hunt ciliate Myri-
onecta and extract from it its own prey, which are chloroplasts of cryptophyte algae, likely
an example of kleptoplasty and not true autotrophy [S75H577]]. Dinoflagellates are there-
fore prime targets for potential studies on assembly of photosynthetic supercomplexes with
components of hybrid origin.

The last group of the SAR trio and the one with the smallest number of photosyn-
thetic organisms is Rhizaria. Rhizaria encompass a very diverse and ubiquitous set of
heterotrophic organisms with presumed distant origin in a photosynthetic lineage [S78]].
Most importantly, rhizarians include the very well-known and very abundant Foraminifera
and Radiolaria [579-581]]. Foraminiferans and radiolarians are unicellular or colonial het-
erotrophic planktonous or benthic organisms with durable cell walls (‘tests’) so abundant
in the fossil record, and so unique, that they can be used for rock dating purposes@ Most of
the global ocean floor is covered by so-called ‘Globigerina ooze’ — a layer of foraminiferan
tests [587]. Foraminiferans are also one of the largest unicellular organisms, their tests can
reach more than 15 cm in size. The tests contain calcium carbonate or, in radiolarians, sil-
ica. The group is very old, the earliest foraminiferan and radiolarian fossil tests are found
in early Cambrian (~530 million years ago@) (589, 590]]. Of interest for this text, some

[[555]]. One prominent chemical marker present in crude oils but also elsewhere are dinosteranes, molecules
presumably coming from dinoflagellate cells. Dinosteranes are known also from very old rocks, dating back
perhaps even to Precambrium [556,|557].

86Four Rubisco forms have been discovered so far. Cyanobacteria and all eukaryotic algae, except di-
noflagellates, use form I Rubisco, which is assembled from eight large subunits and eight small subunits
(LgSs). The small subunit is only found in form I. Other Rubisco forms are mostly found in L, assembly.
Some bacteria and dinoflagellates use form II. Form III Rubisco is present in many archaea and is presum-
ably the most ancient type. Finally, form IV Rubisco is found in a diverse assortment of bacteria and archaea
[326], 558 |559].

87Based on an ncbi database search at the time of writing.

8The Eocene (Lutetian stage, about 45 million years before present) limestone of the Giza pyramids
includes tests of the foraminiferan Nummulites [582}|583|. Foraminifera tests also form major Carboniferous
limestone formations of eastern Europe and Asia [584}|585]]. About 40 000 species of extinct Foraminifera
and about 10 000 living species have been described [[586].

89The stated age is for Foraminifera, which appeared before the first trilobites. Radiolarian fossil record
starts just a few million years later [|588].
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radiolarians are known to associate with haptophyte or dinoflagellate algae [591]]. But
most importantly, two minor rhizarian groups are photosynthetic. First, the Paulinella
organism incorporated a cyanobacterium about 100 million years ago to create a sort of
glaucophyte analog [439] which is the only known endosymbiotic event not related to the
origin of Archaeplastida. The Paulinella symbiont likely retains most of the features of
its cyanobacterial ancestor of the Synechococcus family, including phycobilisomes, and is
apparently otherwise well established in the host. On the other hand, the host organism is
known to grow very slowly in laboratory conditions, which could be adaptive or a result of
the relatively recent endosymbiotic event and poor coordination of the two partners [592-
S94]].

Second, a small rhizarian group Chlorarachniophyceae includes about 15 photosyn-
thetic species with worldwide marine distribution. Most of the research so far has been car-
ried out on the species Bigelowiella natans [440, 595-597]]. Chlorarachniophyte chloro-
plast is apparently of green algae origin, with chlorophylls a and b, a violaxathin-based
xanthophyll cycle, and with genes mostly similar to the crown chlorophytes [597-599]. On
the other hand, there is evidence that chlorarachniophytes contain a lot of SAR or red algal
genetic information and it is likely that their evolutionary history is very complex [600].
The light-harvesting protein complement is also predominantly green algal-like with the
exception of a few Lhcz-type proteins, which likely come from the SAR lineage [597].

The last eukaryotic group to be covered here are Haptophyta. Haptophytes are a rel-
atively small group with a global impact which is difficult to overstate. The group con-
tains about 1500 species®® of mostly marine unicellular algae. A major group of hapto-
phytes, coccolithophorids, is characterised by cells covered in calcareous and uniquely
shaped scales called coccoliths. These coccoliths are responsible for a big part of the
global impact of the group. The coccoliths are continuously created and lost by the cells.
The lost coccoliths first contribute to sea albedo and later, after sedimentation, form de-
posits of fine limestone, trapping significant amounts of carbon and calcium. The oldest
known fossil coccoliths come from late Triassic (~205 million years ago, just before the
Triassic-Jurassic extinction event) [601H604]. Presently, coccolithophorid blooms can be
so extensive that they can be seen from space [605-607]]. This phenomenon is not a re-
cent occurrence, the coccolith deposits form massive chalk formations for example in the
North Sea and surrounding areas [608]?_6] The most studied coccolithophorid and hapto-
phyte as well is probably Emiliania huxleyi [614]]. Eight pigmentation types have been
described in haptophytes [615]]. The pigmentation types differ in presence of accessory
Chl ¢, and Chl c3, unusually modified Chl c,-MGDG and modified fucoxanthin carotenoid
19’-hexanoyloxyfucoxanthin. The light-harvesting proteins of haptophytes are similar to
those of stramenopiles with Lhcf, Lher and Lhex proteins [616]] but the overall genetic pat-
tern of the organisms indicates a complex origin partly also from the green lineage [617].
The unique pigmentation makes haptophytes important for the study of the function and
evolution of the photosynthetic machinery [618-620] but so far the research of the pho-
tosynthetic aspects of haptophyte metabolism is significantly lagging behind other algal

The White Cliffs of Dover as well as the eastern coast of Denmark are parts of the chalk deposit.
Another place where one can see the chalk is in Maastricht, The Netherlands. The relevant geologic period
itself is called the Maastrichtian [609]]. The deposit formed during the late Cretaceous until the very end
of the period. The famous K-T boundary lies on top of this chalk formation [610]. The formation is up to
2 000 m thick and the parts of it which formed in the deeper parts of the Cretaceous ocean are now bearing
large and economically important oil and natural gas deposits, drilled in the North Sea [611} |612]]. It has
been estimated that approximately half of the current calcite deposits in the global ocean are formed by
haptophyte coccoliths (Foraminifera are responsible for the other half) [|613].
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groups.

1.4 Light harvesting in ‘brown’ algae

Having briefly covered the eukaryotic autotroph diversity, one has to ask the question,
whether the photosynthetic apparatus of other eukaryotes differs from that of the green
plants (covered in section in minor details or whether it rather represents a signifi-
cant deviation, showing us different ways of achieving the same goal. It is obvious that,
principally, the oxygenic photosynthesis process is present in known life in only one form
with perhaps just minor modifications here and there. On the other hand, innovations
like Lhc proteins, xanthophyll cycle, PsbS and Lhcx photoprotective proteins, carbonyl
carotenoids, or a single-step xanthophyll cycle suggest that the evolutionary process is (or
at least has been) successfully experimenting with photosynthesis and producing alterna-
tives where suitable (or available).

The following chapters of this text showcase several studies analyzing the specializa-
tion and function of Lhc proteins, including photoprotection, in eukaryotic algae, namely
species from two groups of stramenopiles: diatoms and eustigmatophytes. There are two
major outstanding questions in this field. First, the Lhc proteins of stramenopile algae are
not direct descendants of plant LHCI (Lhca) and LHCII (Lhcb) subunits but are likely
derived from red algal Lhcr proteins. The proteins are quite diverse across stramenopiles,
therefore, can one expect that the overall assembly of photosystems, particularly PSII with
its monomeric and trimeric Lhc forms, holds in this group (presumably because it is the
best arrangement or the only one accessible)? Second, the pigment cofactor composition
differs wildly in these proteins, potentially affecting their function as well. Experiment-
ing with carefully composed Lhc proteins should be quite dangerous as it can easily lead
to intense photodamage and death of the organism. Under these circumstances, why do
these organisms experiment with the pigments? Can an evolutionarily relevant reason for
the pigment diversity be figured out?

The wider Lhc protein family, as defined by the structure of the transmembrane o-
helices, contains a variety of proteins [398] The cannonical example and the topic of
the following chapters, the three-transmembrane-helix Lhc proteins (cf. Fig. [L.7), are
found fully developed in both red algae and the green lineage, whose common ancestor is
unknown. Standard bioinformatical approaches do not provide much information on the
Lhc evolution due to the short length of the relevant proteins and therefore limited informa-
tion available in the polypeptide sequence. It is assumed that the three-helix Lhcs evolved
from smaller one- or two-helix proteins associated with photosystem and chlorophyll syn-
thesis processes. It has been hypothesized that the light-harvesting function evolved by
switching off the photoprotective features of the originally cyanobacterial one- and two-
helix proteins, perhaps of the SEP/LIL affinity?, while maintaining the capability to bind
Chls and carotenoids [[270, [398]].

In many algae, a clear-cut distinction between PSI and PSII antenna proteins on the ba-
sis of the polypeptide sequence, like in the case of plant Lhca and Lhcb [427], is difficult

91The full list of the Lhc-like family proteins is quite long. The one-helix proteins include cyanobacterial
and eukaryote HLIP (high light-induced protein) [621]] and OHP (one-helix protein) proteins [[622}/623]]. The
two-helix proteins are known as SEP (stress-enhanced proteins) or LIL (light-harvesting-like) 624} |625].
Three-helix proteins, besides the Lhcs themselves, include ELIPs (early light-induced proteins) [626] and
the RedCAP (red lineage chlorophyll a/b-binding (CAB)-like protein) proteins [627]]. The four-helix PsbS
photoprotective protein of the green lineage also belongs to the list.
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or impossible to achieve. The algae also present considerable diversity in the antenna pig-
mentation. As a result, there is a lot of antenna protein names used in algal photosynthesis
studies, which present a steep learning curve for an uninitiated researcher. Use of labels
like LHCII and LHCI is (rightly) discouraged in algal studies as this practice does lead to
serious misunderstanding of the function of these systems. Various labels such as FCP or
Lhca/c were introduced in order to simplify writing about the studied antenna samples but
these have the disadvantage of not being informative in the relationships between various
systems. The attempts at algal Lhc classification started with the Lhct and Lhcr labels for
the FCP antennas of diatoms (with fucoxanthin) and PSI antenna of red algae, respectively
[384,628]]. A comparatively reasonable distinction can be also argued for the photoprotec-
tive Lhex proteins (called LthR@ in green algae) [630, 631]. Besides the Lhcr, Lhcf and
Lhex trio, many other Lhe types have been introduced. Some of these additional labels
are motivated by different pigmentation (e.g. Lhcv for violaxanthin chlorophyll proteins
(VCP) of eustigmatophytes). Yet other types, as is the case of Lhcz, Lhcy and Lhcq, were
denoted on the basis of phylogenetic analyses, with uncertain utility{ig] Recently used Lhc
type labels from algae are summarized in table 1.2

Table 1.2: Selected Lhc proteins of algae with chloroplasts of secondary endosymbiotic origin.
Listed in alphabetical order, lesser-known Lhc types are in the bottom half of the table.
Abbreviations: diadino, diadinoxanthin; fuco, fucoxanthin; hetero, heteroxanthin; vauch,
vaucheriaxanthin; viola, violaxanthin,

Other label Algae group Pigments Ref.
Lhcf FCP diatoms & others Chl ¢, fuco [1384]
Lher - all groups diverse [384]
Lhex - all groups, green algae ? [630]
Lheq - diatoms, haptophytes diverse [633]]
Lhcv  VCP eustigmatophytes viola, vauch [634]
Lhey - chlorarachniophytes ? [597]
Lhcz - cryptophytes, haptophytes ? [427]
- acpPC dinoflagellates Chl ¢, peridinin [635]
- CLH chromerids isofucoxanthin [1536]
— XLH xanthophytes diadino, hetero, vauch [515]]

Regarding the supramolecular assembly of the algal Lhcs, only indirect indications
were available until very recently. In contrast to plant studies, only PSII core complexes,
lacking outer antenna, were observed in most biochemical studies of stramenopile algae.
Diatom FCP complexes (‘free’ antenna) were believed to differ between the two most stud-
ied groups of diatoms, pennate and centric, in the degree of oligomerization. In pennate

92LhcSR was originally described as LIS18 [[629].

931t should not be implied here that the author does not believe in the utility of these labels within the
definition scopes. Rather, it is not clear at the time of writing whether they are sufficiently robust and will
be reliably recovered in different phylogenetic analyses. Indeed, even the Lhcr/Lhcf separation is not very
robust [632]].

%4Some labels proposed by [384], like Lhcc (cryptophyte Cac) [445] or Lhed (dinoflagellate Lhcs with
peridinin often called acpPC) [566], were apparently not adopted by the community. It is unfortunate that
many published genomes haphazardly use labels implying the presence of Chl b in gene and protein anno-
tations even in cases where Chl b is obviously not present.
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diatoms, trimeric FCP complexes built from Lhcf proteins were described in biochemi-
cal studies [636-638]]. In contrast, analyses of the centric diatom antennas described also
oligomeric assemblies [636, 638, |639]. It has also been noted that the centric diatom
trimeric complex is more active in NPQ than the oligomeric form [640,|641]]. The single-
particle electron microscopy study presented in Chapter [2]revealed striking differences in
the organization of oligomeric pennate and centric FCP complexes [P1]. The pennate di-
atom FCP oligomer, previously not observed in biochemical studies, showed an overall
assembly similar to that of other stramenopile algae [513},1536]. In contrast, the centric
diatom FCP presented a highly variable oligomer assembly unlike any described before.
Assuming that the observed structures are formed by the Lhcf trimers, they must be an as-
sembly of multiple trimers forming a kind of flexible belt, which in some of the presented
projections curved to form a ring. Even at time of publication, it was not assumed that
these structures were native to the membrane but rather represented a distorted fragment
of part of the thylakoid membrane protein content. Similar, perhaps more understandable,
results were also obtained by another group working on the same organism [642, 643]].

The current view of the diatom FCP supramolecular assembly is still not very clear.
The only published crystal structure of pennate diatom FCP represents a dimeric form of
Lhcf4 protein [484]. The recent cryo-EM structures of centric diatom PSII present the su-
percomplex with two Lhcf tetramers and three monomeric antennas [487,/644]]. These data
suggest that diatom FCP assemble in dimeric or tetrameric form. However, the dimeric
FCP crystal shows different relative position of the monomers than inside the tetramers of
the cryo-EM structures. Further, other studies still suggest trimeric FCP assemblies similar
to the LHCII of plants [645]]. Regarding the monomeric antenna subunits of diatom PSII,
the specific positions are not conserved upon comparison with plant PSII, as expected.
Recently published analysis of diatom PSII supercomplex identifies specific polypeptides
and a detailed analysis of homology within the stramenopiles as well as the identification
of functional differences should be possible [646]. Diversity of structural approaches to
spupercomplex assembly within the diatoms themselves remains an attractive option. The
long-held simplified classification of diatoms into pennate and centric groups does not re-
flect the current understanding of the class. The most often studied ‘pennate’ and ‘centric’
diatoms are presently understood to be sister groups designated as pennates and multipo-
lar centrics, respectively. On the base of these two groups are rarely studied radial centric
diatoms, presumably representing an ancestral form [476, (647, 648]{?] These groups sep-
arated from each other likely in the late Jurassic and are thus older than the angiosperm
plants [479]]. With short generation times of the unicellular organisms, a diversification at
the level of antenna oligomerization is surely possible. A broader sampling of the available
diversity shall provide a better conclusion in the future.

The last two decades have seen a dramatic increase in the availability of genomic data
from various organisms as well as huge improvements in proteomic methods. Analyses in
Chapters [3]and 4] relied heavily on these resources in order to gain better understanding of
the Lhc protein complements of eustigmatophyte algae and the differences between plant

%Pennate diatoms include for example Phaeodactylum or Navicula. Typical multipolar centrics are
Chaetoceros, Thalassiosira and Cyclotella. Coscinodiscus is an example of the more basal radial centrics.
Of note to the topic of this text, the cells from a group of pennate diatoms called raphid diatoms, of which
Phaeodactylum is a member, contain only a limited number of chloroplasts (one to four) whereas the rest of
the diatom species usually contain many tens of chloroplasts. It has been proposed that the species which can
orient themselves in the environment, raphid pennates, have small number of chloroplasts. Species mostly
characterized as planktonic (i.e. most of the centrics) and unable to actively orient themselves have a large
number of chloroplasts [476].
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and stramenopile systems [P2, [P3]. The genome of Nannochloropsis oceanica contains
17 Lhc sequences and most of them were detected in the protein analysis. However, only a
few could be reliably allocated to PSI and none at all to PSII. This contrasts with the typical
plant complement of numerous Lhcs in PSII (monomeric and trimeric) and four Lhcs that
are quite strongly attached to PSI. It also contrasted with the result of the single particle
analysis, which revealed several types of PSI+Lhc complexes [P3]]. While the major ‘free’
antenna (likely mostly attached to PSII in vivo) contained the carotenoids violaxanthin
and vaucheriaxanthin in approximately 2:1 ratio [649]], the PSI antenna complement was
depleted of vaucheriaxanthin. This mirrors the situation in diatoms, which have major an-
tenna with fucoxanthin but the PSI is enriched in diadinoxanthin. The largest PSI particle
in [P3] was estimated to contain between seven and nine Lhc subunits, a smaller num-
ber than found in the recent huge diatom PSI complex structure [488, 650]. On the other
hand, this observation would agree with the smaller number of Lhc sequences in eustig-
matophytes in comparison to many diatoms. The functional differences of these features
are not clear at the moment. The habitats of Nannochloropsis and planktonic diatoms
however appear to be quite similar [494, 651].

The PSI particles from the eustigmatophyte Nannochloropsis oceanica contained a
unique Lhc-family antenna protein denoted RedCAP [P2]. RedCAP has been first noted in
an in silico study [|398,|627]] and only later observed experimentally in diatoms [[638,|652]].
The RedCAP seems to be present in red algae and most algae with chloroplasts derived
from red algae. Interestingly, the RedCAP is only found in one of the two published cryo-
EM diatom PSI structures [488]]. The cited cryo-EM study identifies the RedCAP as FCPI-
1, in a position occupied by ‘Lhcrl*’ in a PSI structure from a red alga Cyanidioschyzon
[390]. If there is a specific function of this protein and whether it’s presence is related to
some acclimation process is not known at the moment.

Beyond structural considerations, one of the most exciting examples of the adaptabil-
ity of the basic Lhc structure to environmental conditions are red-shifted Lhc antennas. It
has been known since early 20th century that cyanobacteria respond to ambient light qual-
ity by synthesis of specific phycobiliproteins. This process, called chromatic acclimation
[[653]], has also been extended to include acclimation to shaded environments [654 655]].
While the cyanobacterial chromatic acclimation is sometimes observable with a naked
eye, processes of similar magnitude are unheard of in eukaryotic organisms. However,
reports dating back to the 1960s occasionally mentioned diatom cells exhibiting signif-
icantly red-shifted fluorescence emission spectra when grown under low light intensity.
These observations often correctly concluded that the observed fluorescence is coming
from a light-harvesting system associated with PSII [656, |657]].

Initiated by a coincidental discovery of a red-shifted antenna in chromerid Chromera
velia [658,|659] and the resulting insight into old data published about diatoms, we have
studied the chromatic acclimation mechanism of the model diatom Phaeodactylum tricor-
nutum (Chapter [5) [P4]. By a combination of careful biochemical work and tandem mass
spectroscopy, informed by genomic data, it was possible to identify the Lhc-type protein
Lhcf15 as the necessary actor responsible for a remarkable 30 nm shift of fluorescence
maximum and a corresponding increase of absorbance around 700 nm. This analysis was
recently confirmed by targeted mutagenesis of the same organism [[660]. The cyanobac-
terial acclimation to shaded environment involves the synthesis of novel pigments like
Chl d and Chl f. In contrast, diatoms and other algae rely on pigment-protein and pigment-
pigment interactions which modify the absorption properties of Chl a in analogy to known
effect of the protein on fucoxanthin (Fig. and to the very similar, yet much smaller
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in magnitude, process known from plant LHCI antenna [661]].

Figure 1.11: The effect of protein environment on pigment properties. A comparison of the color
of haptophyte cells (Emiliania huxleyi, left, in water-based cultivation medium), a pigment ex-
tract prepared from these cells (center, in methanol) and a pigment extract from a green plant leaf
(Hibiscus rosa-sinensis, right, in methanol). Upon removal of the pigments from the protein envi-
ronment, the absorption maxima shift which results in a color change. In the case of haptophyte
cells, the brown color is caused mostly by the presence of fucoxanthin and its derivatives. Human
eye is highly sensitive to various hues of green and the differences in absorption spectra in the
green spectral region are therefore easily recognizable. Samples and photo prepared for this text
by Frantisek MatouSek and the author.

The diatom chromatic acclimation does not stop at synthesis of a specific antenna
protein. As shown in Chapter @ the cells grown on red-enhanced lighﬁ show greatly
expanded thylakoid membrane system, which contains large areas (‘rafts’) occupied ex-
clusively by PSI particles (See Fig. [I.12) [P5]. This work was one of the first to indicate
some degree of lateral homogeneity in diatom thylakoid membranes. Unlike plants with
their grana and stromal lamellae, diatoms and other algae usually possess a comparatively
large thylakoid membrane system spreading across the chloroplast and organized usually
into bands of three thylakoids, i.e. six membranes close together. Until recently, it was
not clear whether the diatom photosystems were separated into domains or not [632} 662].
Presently, it appears that, within the three banded thylakoids, PSII is predominantly local-
ized in the central thylakoid and PSI in the outer thylakoids [663], 664]]. Presumably, the
large membrane system of our red-acclimated Phaeodactylum made it easier to extract the
patches of PSI-only membranes which are also present in the day-acclimated cells.

The diatom red acclimation story is (for now) concluded in Chapter 7] [P6], which de-
scribes the properties of the red-shifted antenna oligomer and the changes to cell shape
of our model Phaeodactylum. Phaeodactylum tricornutum has been observed in various
coastal environment, often with an estuary nearby, in the north Atlantic but also in the

%Many laboratories use ‘monochromatic’ LEDs for illumination in the far-red region. Our work on red-
shifted Lhcs used traditional incandescent light bulbs, i.e. what one could call ‘white’ light. These light
sources produce very little blue light and induce the red-acclimation syndrome well but their sale was all
but banned recently due to their low energy efficiency. The replacement halogen lamps also work but the
response of the organisms is often slower or not so perfect. We prefer these broad-spectrum light sources
as, besides photosynthesis, there are other processes in the cells which might need light of some other
wavelength. The natural environment will probably only very rarely be strictly monochromatic.



1.4. LIGHT HARVESTING IN ‘BROWN’ ALGAE 47

Figure 1.12: Comparison of the thylakoid membrane systems of day light-acclimated (left) and
red light-acclimated (right) cells of the diatom Phaeodactylum tricornutum. In this aspect alone,
there is little difference between low light and red light response. Most other diatom species how-
ever cannot produce the red-shifted Lhc. Transmission electron microscopy images adopted from

Chapter 6| [P5].

Pacific ocean [665]. The life cycle presumably includes a planktonic as well as a ben-
thic form. The coastal waters and estuaries are frequently murky, presenting a low-light
environment. Winter storms will also contribute by presenting very low light intensity en-
vironments, at least in the northern parts of the species’ distribution. We believe that the
planktonic form, with cells in ‘fusiform’ or ‘triradiate’ shapes, is present when contitions
are favourable and provide sufficient light intensity. The benthic form with cells of ‘oval’
shape then resides on the bottom of the home waters and requires high light interception
capability to drive photosynthesis in order to survive until another favourable period ap-
pears. Needless to say, our red-acclimated cells display oval forms and thus our findings
corroborate the model of benthic oval cells, with greatly expanded thylakoid membrane
system and the red-shifted antenna to help survive low-light conditions.

The red-antennas not only of diatoms but also of green algae [666| 667], eustigmato-
phytes (see below), and Chromera [658],|659]] have characteristic absorption bands around
700 nm. It is often our first instinct to realize that there is no red light underwater, due to
the absorption properties of the water itself. The niche for the red-shifted Lhcs is however
limited to the top layers of the water environmentm One can get an appreciation of the
light spectrum niches available under a thin layer of water in Fig. [I.I3] Similar illumi-
nation profiles are more rare in terrestrial habitats. Blue sky provides almost the same
illumination spectrum as direct sunshine but habitats fully shaded from the sky, in rock or
tree bark crevices, and with indirect light filtered or reflected off canopies do offer very
similar illumination quality. Among the algal groups which are able to use such light in
terrestrial habitats are eustigmatophytes.

One of the results of the work on red-shifted antenna in Chromera velia (‘redCLH”)
[659] was that it shares sequence similarity to eustigmatophyte “VCP’ (Lhcv) antennas. We
have subsequently analyzed a marine species of this group with negative results concern-
ing chromatic acclimation (Chapter |§| []liZ[]). However, the freshwater or, perhaps better,
terrestric members of this group often do show presence of red-shifted Lhc 669].
Chapter[§] describes an investigation of several red-shifted Lhcs (rVCPs) found in the
eustigmatophyte Trachydiscus. The rVCP of Trachydiscus is much more stable upon purifi-

9TThe cyanobacterial Chl f was discovered in isolates from stromatolites, growing just below water sur-

face [@]



48

Light intensity [photons]

CHAPTER 1. INTRODUCTION

400

500

600

700

Wavelength [nm]

Figure 1.13: The niche for the red-shifted light-harvesting systems. Solar spectrum available at
the surface (black) is filtered by 1 m of water column (blue) and then by a very dilute population of
cyanobacteria (green, Synnechocystis, ODg79 ym=1.0). The remaining light spectrum is dominated
by green light around 540 nm, which can be harvested by keto-carotenoids fucoxanthin or peridinin
(diatoms or dinoflagellates, respectively). Note side bands at ~650 nm and ~470 nm, characteristic
for Chl b of the green lineage. The last significant band is at ~700 nm, utilized by cyanobacterial
pigments Chl d and Chl f as well as by eukaryotic red-shifted Lhc. Adopted from ChapterE] [P4].

cation than the diatom red antennﬂ and, very interestingly, a whole array of these antennas
with different degree of oligomerization was found in this organism. These oligomers also
differ in the amount of red Chl a forms. The number of different oligomeric VCP forms
in Trachydiscus is especially striking in comparison to the situation in diatoms [639]]. The
cited diatom FCP analysis shows that diatom species differ in the degree of oligomer-
ization of their FCP complexes. The largest FCP complexes were found in Chaetoceros,
which was later used as the source of large supercomplexes for structural cryo-electron
microscopy studies [487, 488, 644, 650]. However, no diatom species has as high number
or variety in FCP organization as the eustigmatophyte Trachydiscus. It is not clear how
much of the observed diversity in Lhc complex oligomerization is native and how much is
a result of the used experimental approaches, which may be optimal only for a few species.
The nature of the red-shifted chromophore in Trachydiscus rVCP is not clear either and
could well be complex [[670], analyses of the system are ongoing at present time.

Eustigmatophyte algae use violaxanthin for both light harvesting and in the photopro-
tective xanthophyll cycle. It is thus of interest to take a look at the photoprotective non-
photochemical quenching of these organisms. One of the outstanding questions in NPQ
research is the location of the deepoxidized carotenoid. Violaxanthin is present in the core
of the plant LHCII complex [216] and presumably also in an analogous position in the eu-
stigmatophyte VCP [671]]. Evidence from diatoms however points to a significant amount
of xanthophyll cycle pigment (diadinoxanthin) localized in the lipid phase, only weakly
associated with the Lhc proteins [[672]. Some data suggest violaxanthin deepoxidation in
the membrane phase also in plants [673]].

%The red antenna of Pheodactylum is almost completely lost after cell disruption or even just when the
cells are frozen and later thawed [P4].
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Assuming that diatoms are good representatives of the NPQ mechanisms in the stra-
menopile algae in general, the following three theses are expected to be also valid for
eustigmatophytes. First, it is generally accepted that a proton gradient (ApH) on the thy-
lakoid membrane induced by excessive illumination intensity is the key trigger for NPQ.
Second, the ApH activates deepoxidation of diadinoxanthin to diatoxanthin, which is the
major NPQ actor, not the ApH itself. Third, the Lhcx protein is necessary for NPQ and
it has been suggested that the Lhcx protein with bound diatoxanthin is either the quencher
itself or a direct actor in the process [[674, 675]@ A peculiarity of many diatoms is that
the epoxidation reaction is very slow or nonexistent in darkness, resulting in a lack of NPQ
recovery [676]]. The xanthophyll cycle back reaction (epoxidation) and therefore NPQ re-
covery speeds up significantly in low light intensity. It has been suggested that the slow or
nonexistent xanthophyll cycle recovery is caused by the lack of NADPH as the necessary
cofactor of diatoxanthin epoxidase, presumably due to the competition of the Calvin cycle
reactions [674]].

We have analyzed four species of eustigmatophyte algae to assess whether their vio-
laxanthin xanthophyll cycle-based NPQ can be viewed through the diatom glasses (Chap-
ter|§] [P8])FEG] At first glance, our results confirmed the central theses of diatom NPQ: the
observed NPQ correlates linearly with zeaxanthin concentration and the dark recovery is
often nonexistent but NPQ recovers nicely at low illumination intensity. There is of course
a significant xanthophyll cycle activity in eustigmatophytes. However, at closer look there
is quite a more complex story. First, as is obvious from the increase of fluorescence yield
after releasing the actinic illumination, there is surely an ‘energetic’ component, which
requires ApH. Second, while the share of violaxanthin pool converted to zeaxanthin is
comparatively low (about 8 % of violaxanthin converted to zeaxanthin, Chapter [9), it is
obviously not a sign of a weak xanthophyll cycle but rather of violaxanthin use in the light
harvesting protein VCP, where it is likely not accessible to the violaxanthin deepoxidase.
Third, and most importantly, something is ‘wrong’ with the response of (not only) eustig-
matophytes to saturating light pulses.

In theory, a saturating light pulse is so strong that it achieves closure of all PSII in the
membrane and thus it blocks electron transport and allows one to quantify nonphotoche-
mical quenching pathways. Many PAM instrument@ can export calculated NPQ values,
read automatically by the software. This is very convenient for the user but it can hide
some important data features. Due to the technology used, we were able to analyze fluo-
rescence yield during the saturating pulses. Despite using an intensity of ~10 000 zmol
photons.m™.s™!, the cells were able to respond to the light pulse and managed to quench
it completely within its 800 ms duration (as if the membrane could use all of the supplied
energy, Figure [I.14). The stated light pulse intensity is 5x higher than full sunlight and
the cells were of course grown on fractions of that intensity. The quenching during the
pulse takes some time to relax after the pulse ends, resulting in a characteristic feature of

9PsbS protein of plants is present in the genome often in just one copy. In contrast, Lhcx proteins often
form extended families of more than 10 isoforms of unclear functional differences. A good example is the
phaeophyte Ectocarpus with 11 Lhex genes [S03].

100S0me reports indicated that eustigmatophytes have limited or nonexistent protective NPQ [677] or that
their xanthophyll cycle is effectively a single step mechanism (violaxanthin = antheraxanthin) [497]. Ana-
lyses of photoprotection and indeed physiology in algae in general are hampered by much higher sensitivity
of the organism to cultivation conditions in comparison to plant models. It is entirely possible, and quite
likely, that two scientists working on the same organism in different laboratories will obtain conflicting data.

10TPAM stands for Pulse Amplitude Modulation and identifies a standard method of analysis of chlorophyll
fluorescence quenching and NPQ [16}/678|.
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the PAM record, which has been sometimes called ‘low wave’ [[679]] and which is also vis-
ible in some other published PAM data but not commented upon [676]. This ‘fast” NPQ,
observable within the saturating pulses, depends on the zeaxanthin concentration and can
be eliminated by an uncoupler, i.e. by removing the ApH on the membrane, even in the
presence of zeaxanthin. The molecular mechanism of this phenomenon is not understood.
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Figure 1.14: An example of PAM fluorescence record showing the low-wave phenomenon in cells of
Nannochloropsis oceanica. a) Kautsky curve with saturating pulse analysis. Cells were illuminated
by actinic light for 20 minutes, starting at 1 minute time point. Afterwards, weak light was applied to
speed up the relaxation. Note good recovery after the actinic light was turned off (after 21 minute)
and the low-wave phenomenon, outlined by a red line. b) Zoom into two selected saturating pulse
responses. Black line is the very first saturating pulse, applied after dark acclimation of the cells.
Red line is the profile of the saturating pulse response after the actinic light treatment (the 23 min
pulse from panel a). Image prepared from one of the datasets obtained when working on Chapter|[9)
[PS].

Finally, we were also able to calculate the reaction rates of the two deepoxidation
steps. The conversion of antheraxanthin to zeaxanthin was faster than the violaxanthin-
antheraxanthin step by a factor of two. This is similar to the behavior reported for plant
violaxanthin deepoxidase, where the rates are however an order of magnitude faster [680,
681[]. Equal rates were also reported in the literature [289]. Having a wider sampling
of species and growth condition-specific (de-)epoxidation rates linked to NPQ rates and
capacities could be very informative on understanding the regulation of the xanthophyll
cycle but obtaining such data is quite a labour-intensive endeavor.

1.5 Conclusion and outlook

In comparison to the situation just a few years ago, there are now several published struc-
tures of diatom photosystem supercomplexes. However, these come from just one organ-
ism and it remains to be determined how representative these will be for the diatoms or
even stramenopile algae at large. The study of the function of the individual Lhc protein
forms in brown algae is still in its infancy. For example, the specifics of the RedCAP pro-
tein function are wholly unknown. Can RedCAP be swept under the rug as an example of
convergent evolution? Or is it a relict of the wild days of Precambrium, when Lhcs as we
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know them today evolved? Very little is also known about the PSI antenna in algae. Even
the information on red algal Lhcs is sparse [[682, 683]].

In terms of the role of different pigmentation, we do have compelling hypotheses at
least in a few cases. It is generally accepted that fucoxanthin and peridinin, supplemented
with Chl ¢ forms, developed in order to survive in a world dominated by cyanobacteria.
The aforementioned pigments also turned out to be quite suitable for planktonic oceanic
existence in deeper waters entirely depleted of red and orange light. The red-shifted Lhcs
are of obvious use for survival in an environment highly shaded by other Chl a-containing
organisms. The cost of having a significant portion of the light-harvesting antenna lying
energetically below the photosystem RC has not been quantified yet. The penalty is how-
ever quite likely not very drastic. Introduction of a red-shifted Lhc into biotechnologically
relevant algae strains should open the options in using diverse light profiles or multi-layer
cultivation approaches. The significance of several NPQ features of secondary endosym-
biotic algae, like using one or the other xanthophyll cycle (violaxanthin or diadinoxanthin),
limited rates of the recovery reactions of the xanthophyll cycle, multiple Lhcx isoforms or
the ‘fast’ NPQ, is generally not understood.

The evolutionary pressures and conditions of the time when some of the innovations
of secondary endosymbiotic algae evolved are only known from indirect indications. Al-
though, in principle, experiments with pigment composition should be costly or even
lethal, it is obvious that life has found a way. There are at least two factors suggesting
a favourable outcome of such attempts. First, the Lhc protein scaffold and the resulting
structure are quite robust and can more or less successfully accomodate significant distur-
bances to the norm [684]. Second, the algae groups with divergent pigmentation evolved
most likely in the Precambrium, when atmospheric oxygen concentration was a fraction
of today’s values [404,|685]. The oxygen radical risk was therefore likely much lower than
today. We will probably never learn whether the original niches, which opened with the
invention of the new pigments, were the same that we observe now.

Perhaps the last item to mention here is the biggest question. What is the long game?
Why should we care about the study of the minutiae of photosynthetic light harvesting?
After all, crops were domesticated without the knowledge of detailed molecular mecha-
nisms of plant life and it is quite likely that a brute force approach to algae domestication
will be quite successful in the near future. One can of course write about all the traditional
suggestions of targeted evolution, informed crop breeding and nature inspiring artificial
structures. These notions are mostly potentially useful but also not particularly enticing to
me. I'd like to provide something of a different nature. Foremost, I do believe in the in-
herent value of knowledge and do find great inspiration and awe in the natural phenomena
we observe. This is probably my primary motivation in science but it isn’t, maybe even
shouldn’t be, the society’s motive to fund science.

Our world is very much driven by efficiency nowadays. We often ask, or are asked,
questions like “Is the cost/benefit ratio of approach A lower or higher than that of ap-
proach B?” or “What is the expected yield of your approach in comparison to this other
approach?” While these economy- and utility-driven perspectives have their place, they
are often short-sighted and can be very costly in the long term [686]. We should not be
interested in a maximal yield in a short time period but rather in stability, robustness and
resilience against (yet) unknown external forces [687]]. While organisms also optimize to
a specific set of conditions in the short term, there is a catch. The natural conditions are
often quite unstable and an organism has to be able to survive this instability in order for
life to continue. Optimization to a pseudo-stable set of conditions can lead to an inabil-
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ity of long-term survival [688-690]. In a world with uncertain variance, organisms able
to ‘expect the unexpected’ can survive longer than highly optimized specialists. It is one
of the reasons that we see many metabolic pathways with complex regulatory networks.
The mechanism and regulation of circadian clocks [691]], nonphotochemical quenching, or
light harvesting is not optimal—or the most efficient—in the eyes of a human engineer. We
would never design such systems. Yet they did survive eons and quite a few cataclysms as
well. Apparently, there is sufficient value in not having a simple and highly efficient system
and the pressure to optimize was not strong enough to eliminate the complexities. A gen-
eralist approach to research with a wide interest scope can provide open avenues which
are often only obvious in retrospect. In human culture, robustness requires diversity of
thought, which should not be limited by immediate profit considerations [692]]. This does
not necessarily mean that the study of algal photosynthesis is a good thing to do. But I've
found that, in its combination of methods and the necessary theory, it is certainly a unique
field, distinct—one could say orthogonal—from other fields of study.

Regarding the long game, I can also offer the following ‘long’ idea. There is a silly
sci-fi TV show called Farscape, created in the late 90s. In Farscape, the characters travel
distant universe in a biomechanoid spacecraft. What is interesting, the spacecraft can re-
pair itself and even grow new capability when needed. I dream of a future where it would
be possible to grow your house, other infrastructure, or technology, and have it nicely tuned
and maintained due to it being alive and therefore capable of self-repair. The big advan-
tage of living matter is that it manufactures its components from simple materials, does
not require large infrastructure or massive energy sources, and that it manufactures the
components with atomic precision. The advantage of human technology is, of course, its
adaptation to our needs and desires as well as a comparatively fast evolution rate not depen-
dent on offspring and random events. The examples of photosynthesis and manufactured
solar cells provide sufficient illustration of the comparative advantages and disadvantages
of the two approaches. By joining them, we could hope for getting the best of both worlds.
One can visualize living technology powered by light and grown from air and water (and
a pinch of fertilizer). Perhaps it is a Frankensteinian vision but I hope that this sort of
biopunk [693]] does provide an interesting perspective to close this text.
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