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Annotation

The photophysics of pigments is influenced, to aer depending on its structure, by the
properties of the environment. Proteins represamrg specific environment at least in two
aspects: i) they are native to most of the pigmémttiving systems; ii) they facilitate
modifications of pigment configuration, leading ¢banges not only in its spectroscopic
properties, but also in its functional abilities.dtudies presented in this thesis, femtosecond
pump-probe spectroscopy was used to study predothinthe photosynthetic antenna
complexes of bacteria and algae. Based on speopinscevidence, the structural
modifications of pigments imposed by the proteirrevdeduced or hypothesized, together

with their functional relevance.
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1. Introduction

1.1 General introduction

1.1.1 Personal (scientific) philosophy

Keeping in mind the full form of the degree | arppling for,
philosophiae doctqrl hope that | am within my rights to start thisesis
more generally, with a touch of philosophy. Thelg@ophy | will try to
present here is summarized in the motto:

Science can help, but the real change must occouiirbrains, souls and
hearts

| think there are still more people who feel thia¢ tirection the world is
going inmustchange, although they are still a minority. | amember of
this group. | simply do not believe that we shoot@htinue down the path
upon which we have started, egoistically exploititigs planet and
pretending that economical growth can go on foreWe should rather try
hard to find new, better and sustainable wayswofidi. We must, however,
overcome the self-delusion that all the changekoedur without any impact
on our living standards. That this impact will conmethe near future is
inevitable. The earlier we realize that the dogmajuest for increased
consumption and economic growth is wrong, the mgnadual and less
painful will be the changes. The first step evedgpaoeeds to get used to is
the conservation of resources. This can be achieiethe support of local
food and goods suppliers, the use of public trarispstead of cars, having
household appliances repaired instead of buyingoresg etc.

It is generally believed that science will providamankind with a
“safety net” in the form of the large-scale prodoctof electricity in deserts,
bacteria thriving on rubbish dumps producing fuml,even more fantastic
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Section 1

notions such as the evacuation of humankind toradpse planet through a
wormhole. But do we want this? Do we want to camitiving in the very
same manner? Maybe, but | personally do not wighatticipate. Although |
am not against progress in general, which is detraesl by my scientific
interest in photosynthesis and a belief that acdatimg knowledge in this
field canhelp humankind get out of the energy crisis, | think steuld not
rely on science as a universal safety net. Thisesgleople largely passive.
We should take any great crisis, such as the ondase& now, not as a
tragedy, but as an opportunity and instructionhange ourselves.

| am aware of the (maybe legitimate) criticism gbhiis raised by
thoughts similar to those presented above. | kreacbncept of “the tragedy
of the commons”, which might serve critics as aguarent against the
conservation of resources (if you refrain from batg the last salmon in the
river, your neighbour will do it, so it will be ceamed anyway). However, |
do not suffer from such scepticism and believe thahankind can do better
than some bacterial colony that restricts itself cinsuming resources
without thinking about tomorrow. | think that alf os who think in the same
or similar fashion should raise their voices, whichave tried to do with
modesty in writing these introductory paragraphse St%ould convince the
new generations not to make the same mistakeseaisphrents and their
grandparents before them. | hope they will have gb#ity to make good
decisions and to be happy at even lower standHdrttey succeed, they will
be rewarded with more positive prospects than ours.

There is another difficulty with the public pressiion of science as a
universal saviour. Non-scientists can hardly recgnhe basic motivation
for research, which | believe is still tloairiosity of the scientist. This is,
however, a bit frustrating for a craftsman or farmwhy should they support
somebody’s curiosity? They want us to invent @minst cancer or a water-
fuelled car. The scientific community respondshese demands and adapts
to meet public expectations. Otherwise, the budget science would
probably shrink. Consequently, we hear more andenoften the mantra of
appliedresearch, research justified by reaching a defamité profitable final
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Introduction

goal. There are certainly some areas of researe@rendne must keep such
an aim in mind, but | do not think this should nftised withscience it
should be given a proper nanengineering However, this paragraph does
not intend to criticize engineers, craftsmen, amirs at all! If it is a
criticism at all, then it is a criticism of sciests. We should not sell the idea
of science for the pledge of a continuous supplynohey. It is relevant to
ask people whether they want to support scigmee se Our task is to
convince them that although science is somethirigaexithout which they
can live, it should not be confused with luxurym8arly, humankind could
live without Shakespeare’s work. Shakespeare dicgtnoch our lives in any
material way. However, he did enrich smsmehowHe enriched what could
be called thespirit of humanity Thus, if nothing else, Shakespeare’s work
and science are what makes us humans. Is it t&?lit

1.1.2 Biology, physics, and biophysics

| view biology as a science of diversity, whileyglts as a science of
generality. Although biology tends to find commomttprns in living
organisms (e. g. DNA-based genetics, the searcbofmmon ancestors), it is
still deep in its nature to be astonished by thdtitnde of life forms and
variety on levels from molecules (usage of RNA east of DNA to store
genetic material in the case of some viruses) tosystems (unique
marsupial-based ecosystems in Australia). Not s¢h whysics. Any
departure from established laws is consideredstsraulus for their revision.
This approach proved very fruitful, as demonstratd the failure of
Newtonian mechanics at high speeds and micro sksdding to the
development of special relativity and quantum maatsa The generalizing
tendency inherent to physics is well recognize@rivposed theories such as
The Grand Unification Theory or The Theory of Evbigg.

What is then the relation of biophysics to its guar disciplines?
Discussing mainly experimental biophysics, it igally dependent on
instrumentation. The pioneer application of the exkpental method to a
biological system wusually leads to observations gd#neral impact
(confirmation of proposed double-helix DNA struaurusing X-ray
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crystallography), while the routine usage of a rodtkeads to revealing the
diversity (for example the structures of tens afubands of proteins known
today). So it is also with pulsed lasers and thpplication in photosynthetic
research. With every shortening of the pulse amokar new temporal
window to study. Similarly, implementation of a newethod has a potential
to reveal novel mechanisms, as was, for instameecase of multiple-pulse
experiments:® The femtosecond pump—probe spectroscopy methad)yma
employed in studies presented in this thesis, gadays a well-established
method. Although it may seem a less powerful tdwnt the recently
developed state-of-the-art methods of femtosecpedtsoscopy, it can still
enrich science with interesting discoveries, asdenwill be demonstrated in
this thesis.

1.2 Photosynthesis

Photosynthesis has influenced the Earth trememgeuds geosphere,
hydrosphere, atmosphere, and biosphere. Its apmearwvas really a
breakthrough. Life ceased to be passively depenaer@nergy from rather
scarce complex molecules. Instead, it has since phienarily relied on an
inexhaustible energy source — solar radiation.

The earliest version of photosynthesis was almegtinly anoxygenic
(i.e. oxygen was not producet)However, only the emergence of
cyanobacterial-like oxygenic photosynthesis had labal impact. First
affected was the geosphere, whose ferrous rockerwedt oxidation,
serving as a buffer and preventing the massivepesoé oxygen into the
atmosphere. The presence of this and other budteris as oceanic water has
contributed to the restricted level of oxygen ie stmosphere. However, by
around 2.4 Gya (giga years ago) the buffering dapasas no longer
sufficient. As a result a massive escape of oxymdo the atmosphere
occurred, so that about a tenth of the presentedggen concentration was
reached:® Such an event must have had a disastrous effdifedsecause, at
that time, oxygen was nothing but poison. Undoultemiassive extinction
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must have followed. Quite symptomatically, this mves known as “The
Great Oxygenation Event” or “The Oxygen Catastrdphérappened in the
period 2.4-2.0 Gya.Thus, no doubt the Earth was significantly infloed
by the onset of the photosynthesis that changedjetssphere (oxidized
rocks), hydrosphere (oxygenated oceans), atmospfogenated), and
biosphere (extinction and many other consequenBes)it was not enough.
At ~1 Gya a second rise of oxygen concentratiorabgegaused by increased
photosynthetic activity mainly ascribed to photabgtic eukaryote$.Over
the likely peak in the Carboniferous &rathe present-day oxygen
concentration of ~21% was reached.

Each coin has two sides. That oxygen is poisonm®usie. However,
life turned a disadvantage, the presence of oxygen, an advantage: it
started utilizing oxygen as a terminal oxidant. Séhenewly-established
oxidative metabolic pathways provided organism$iviar more energy than
anaerobic ones. However, since then there has &g®ite to pay for this
increased profit: a need to protect against theathof oxidative damage
(photoprotection is a central topic in ResearchiBed).

The only reason oxygen is produced in oxygenidgdymthesis is that
it is the by-product of water oxidation which airat electron acquisition.
From the point of view of availability, water is fadetely one of the best
candidates as a source of electrons for photossistidowever, to withdraw
electrons from water is not an easy task. Why? Rygen/water redox pair
has a high and positive reduction potential (0.32I\Vmeans that water does
not readily donate electrons. To get electrons outt,0on even stronger
oxidation agent must be applied. This is the oxdizspecial pair of
chlorophylls (P680 in the reaction centre (RC). To compare, oxidized
special pair of (non-cyano)bacterial RC is not @rsj enough oxidarft,
disabling the use of water as an electron sourdeaaterial photosynthesis.
They, thus, depend on other electron donors sueh%sH, etc.

Despite the large diversity of photosynthetic oigens, there are only
two general modes of photosynthesis: RC-based andopsin-based!’
There are two main types of RC, which are distisiged according to the
terminal acceptors of the electrons, a Fe-S cldstetype-1 RC (RC1) and a
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quinone for type-2 RC (RC2). Some organisms usg onk type of RC
(RC1: green sulphur bacteria, heliobacteria, andlodacteria; RC2:
filamentous anoxygenic bacteria and purple badtewaile some use both
types (cyanobacteria and all photosynthetic eukasyowhich are the
endosymbiotic descendants of cyanobactéri@iompared to the substantial
complexity of RC-based energy conversion, photdssgis employing
rhodopsins is much simpler. The absorption of at@hdy the terpenoid
retinal results in its isomerization and througharfes in the protein it
eventually leads to the translocation of profoasross the membrane. So
established electrochemical gradient can then hkexl us drive cellular
processes. These “photosynthetic rhodopsins” (pesmal to rhodopsins with
sensory or other function) are exclusively foungbiokaryotes.

Also the pigment composition of RCs is rather emnative and is
restricted to Chl-a, Chl-d, BChl-a, BChl-b, (baai@pheophytins and a
handful of carotenoids; rhodopsin-based photosgmdhevith a single
pigment retinal does not enrich the list much. AHagher diversity in both
structure and pigment composition is observedghtiharvesting complexes
(Section 1.3.5). However, before diving into thigedsity, the next chapter
will address the question of its evolution.

1.2.1 Underwater photosynthesis

Although competition for light also operates imréstrial ecosystems,
underwater conditions are much more complex. Thiéowiiing factors
influence the intensity of light at a particularwegength and depth below the
water's surface: absorption and/or scattering byewdcoloured) dissolved
organic carbon (usually <0.2 um patrticles), palétiorganic matter (>0.2
pum particles), and organisms, mainly phytoplanRtfhThe absorption of
longer wavelengths (>600 nm) dominates in pure myvatéhich is best
demonstrated in >100 m depths by the prevailing tight'%** It implies

& Chloride ions instead of protons are translocatgdhalorhodopsin. However, it is used to
maintain osmotic balance. Thus the definition obtplsynthesis according to Blankenghip
is not met for this pump.
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that light scattering by water molecules, actingdmminantly on shorter
wavelengths, is relatively less significant thantavaabsorption. Dissolved
organic matter influences the light conditions bbghthe enhancement of
Rayleigh scattering (“standard” and coloured digsdlorganic matter) and
absorption below 500 nm (coloured dissolved orgamatter), thus leading to
the gradual attenuation of short wavelengths wititrdasing depth.
Combined with the absorption of water at longer &emgths, in coastal
waters rich in (coloured) dissolved organic magezen light penetrates the
deepest® Particulate organic matter does not influence eciip spectral
region because Mie scattering acting on particlath veizes roughly
matching the wavelength of light is independentwwafvelength. When the
absorption of organisms higher in the water colusitaken into account
together with all other effects, a multitude of pbaiches can be identified
based on varying relative contributions of thegeat$*°

The presence of such niches undoubtedly led toet@ution of
pigments and light-harvesting complexes. The ward@t light harvesting
strategies among underwater organisms contrasts thé uniformity in
terrestrial photosynthetic life, underscoring tmeportance of the aquatic
environment in the development of the diversitpbbtosynthesis?

1.2.2 Photosynthetic pigments

From the structural point of view, there are twaim classes of
photosynthetic pigments, tetrapyrroles and terp#snoirhe former group can
be further divided into two subgroups, comprisimgeér (phycobilins) and
cyclic tetrapyrroles (Chls, BChls, (bacterio)phegpis). The distinction
between Chls and BChls, however, does not follonche&mical, but
“phylogenetic” logic: bacteria contain bactericchlorophylls (excluding
cyanobacteria); chlorophylls are employed by cyactdria and
photosynthetic eukaryotes. Chemically, tetrapys@ee classified according
to the degree of reduction of the macrocycle i fiollowing categories:
porphyrins (Chl-¢ Chl-c; least reduced), chlorins (Chls a, b, d, f; BGhls
d, e, f), and bacteriochlorins (BChls a, b, g; nrestuced).
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The latter group, terpenoids (alternatively calaprenoids), is further
divided into many subgroups according to the numifersoprene units
forming the molecule. However, only two of thesebgwups contain
photosynthetic pigments: diterpenoids (retinal) artdtraterpenoids
(carotenoids). Among carotenoids purely hydrocarl{@arotenes) and
oxygen-containing molecules (xanthophylls) are Hert recognized. The
information given in this and the foregoing pargdras lucidly summarized
in Table 1-1.
Pigments used in photosynthesis serve severaiidmsé*>2
» light harvesting of photons ((B)Chls a,b,c,d, B€hIBChl-f, BChl-g,
phycobilins, carotenoids)

» photochemical energy transduction in RCs (Chl d,d;iBchl a, Bchl b,
BChl-g)

* photoprotection (carotenoids)

 structural function ((B)Chls, carotenoids).

The roles of carotenoids will be dealt with in mdegail in Section 1.3.

. . Phycocyanobilin,
£ | , |Linear Phycobilins yeoey .
S| @ phycoerythrobilin...
(@]
g, ; Porphyrins Chl-¢;, Chl-g
S o . )
8 g Cyclic Chlorins Chisa, b, d, f; BChisc, d, e, f
= ) . .
g [ Bacteriochlorins | BChls a, b, g
E Diterpenoids Retinal
7)) n
©
% .g Carotenes zz:Jortc;snpeorene, lycopenge,
E 8 | Tetraterpenoids | Carotenoids _ _
5 Xanthophylls sphermdgne, sph.er.mdenone
- zeaxanthin, peridinin

Table 1-1: Categories of pigments.

What gives pigments their colour? It is the ab8orpof photons of a
specific energy in the visible part of the electemmetic spectrum. The
colour perceived by humans then corresponds totrdresmitted/reflected
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photons. The part of the molecule responsible fsr golour is the
chromophore It consists of alternating single and double &rfdrming a
conjugated systelfiN stands for the number of conjugated C=C bonds3. It
created by connecting multiple atomic p-orbital®ia moleculam-orbital,
whose delocalized electrons can be promoted ifigtzer electronic excited
state upon photon absorption. The longer the camjmg length, the more
are the electronic transitions shifted to lowerrgies. This can be in a
simplified way rationalized using the analogy withe particle-in-a-box
case” the n-orbital can be seen as a box for the electron. éifexgy of the
particle is proportional to &7, x standing for the size of the box. This
simplified picture is, however, directly applicaldaly to linear symmetric
polyenes. Cyclization and the presence of centtams and functional
groups may represent a stronger effect, effectisegrwhelming the trend of
decreasing energy with conjugation length.

1.3 Carotenoids

Compared to other natural pigments, carotenoidseary diverse, with
more than 1000 different structures identified a0't Belonging to the class
of tetraterpenoids, most carotenoids contain 4Bararatoms. Their actual
structures may differ in several aspects: the aatjon length; the presence
of atoms other than carbon and hydrogen (oxygenaeathophylls are the
most common, but also sulphur-containing caroteneidst®); the presence
of various functional groups; symmetry. These fesdaffect the properties
of carotenoids, resulting in their purpose-spedifiization.

Carotenoids serve multiple functions in photosgseib. As light
harvesters, their absorption maxima are usuallyhe blue-green spectral
region, thus effectively covering the window notessible to (B)Chls. They
also act as photoprotective agents, posing a net#gage defence system
against oxidative damage. Additionally, they sewa& crucial structural

®| thank Tjaart Kriiger for drawing my attentiontkis analogy.
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elements; their absence may even result in imprigbeing or failure in the
higher-order structure formation of some photosgtith pigment-protein
complexest?

Carotenoids are, however, employed not only by tg@dymthetic
organisms. They appear in almost all organisms,hligigting their
importance. In non-photosynthetic organisms, thete is mostly a
paraphrase of their photoprotective function in tpegnthesis, which is
apparent from the name they are usually givenigndbntext:antioxidants

As evident from the information given so far, derwids are required
by almost all organisms. Yet until recently, thegvé been believed to be
synthesized only by microorganisms, plants and ifuHgwever, in 2010
genes for carotenoid synthesis were found and prtvée expressed also in
pea aphids, making these animals exceptional imghedependent of dietary
carotenoid$>

1.3.1 Excited states of carotenoids

The photophysics of carotenoids is rather distrectompared to other
pigments. The uniqueness consists mainly in tHeviahg features: the final
state of the strongly one-photon-allowed transjtiomhich gives the
carotenoids their characteristic colour, is not Ibwest excited state; the
fluorescence quantum yield is very low and for tamoids withN > 8(9Y*
fluorescence does not take place from the lowesttezk state, violating
Kasha’s rule.

The background of carotenoid photophysics is bamedstudies of
symmetric polyenes. These compounds belong toCthepoint symmetry
group, which is basically a set of symmetry operati relevant to the
particular object such as the whole molecule, itbital or molecular
electronic state. The symmetry operations of @aggroup are the identity,
the two-fold rotational axis, the plane of symmetand the centre of
inversion (Figure 1-1). The orbitals and statesresp different behaviour
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under the action of symmetry operatic Based on this behaviour, they are
given specific symbols such ag & Ay.°

Figure 1-1: Symmetry operations of theC,, point symmetry group: identity, two-fold
rotational axis (C,), plane of symmetry 6), and centre of inversion (i)

The quantity crucial for governing the electronransition is the
transition dipole moment. It is definec

P = f Yo dV (1.1)

where v, and y, are wavefunctions of the initial and final sta
respectively, andgl is the electric dipole moment operator. For theditzon

to be allowed, the integral mustave a nonzero value. The essential
condition for this is that the overall functionlbe integrated must be tota
symmetric, i.e. symmetric with respect to eymmetry operations of the
point symmetry grouff"d In terms of theC,, group, the function must
possess the fsymmetry.

¢ Uppercase letters (e.g,)Bare used for states, lowercase (e,) for orbitals®
4The integral may, however, turn out to be zeraréasons different than symme
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Thus, we are able to deritiee selection rules based on symmetihe
ground state of polyenes is of,Avhile the strongly absorbing excited st
is of B, symmetry. For polyenes witN < 3 the latter is also the lowest
excited state. However, for longer polyenN > 3) a state of Asymmetry
has a lower energy than thg &ate. Thus thlowest singlet excited state;,S
is the state with Asymmetry, while the ; state is that with Bsymmetry.

Sy B,*
Sm A g_
52 , BU+
H ]
s,/ICT { . Ag
SO \4 A -

g

Figure 1-2: Energy level diagram of ¢
carbonyl carotenoid. The double arro
corresponds to excitation, while the of
solid arrows symbolize typical transitic
recorded during a timeesolvel
measurement (orange arrowi—S, rec
arrow: ICT-§, black arrow: $&-S,
transition). The dashed arrewepresel
internal conversion processes.

This order of energy states is a
relevant to all naturally occurrir
carotenoid, because for most of them
the conjugation length is between
and 1. (Figure 1-2f* The basic
selection rie, which follows from
symmetry considetions and
application ofEq. ( 1.1 ), determines
the AB, transition as allowed, but
AgAy as forbidden. The other
selection rule emerges wherthe
electronic  correlation  (interactic
between electrons in the mcule) is
taken into account. Additional
pseudoparity signs will appear in t
designations of symmetries of t
state<’® so the carotenoid ground state
will be of Ay~ symmetry and the first
two excited singlet states of, and
B, symmetry, respectively. The
additional selection rule requires a
changtin pseudoparity symbols of the
states involved in the allowe
transition. As stated in the beginning
of this section, the strongly one-

photonallowed transition of carotenoids is not tho—S; (Ag —Aq ), but S~
S; (Ag—By"). This statement now becomes supported by theoryuseaanly

12
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the latter transition fulfils both selection rulddowever, one must keep in
mind that the analysis given here is completelyidvainly for totally
symmetric molecules with respect to t@g, point symmetry group. Any
departure from this total symmetry results in weakg of the selection
rules. A typical example is that thg-S transition may become slightly
allowed, as it is for the highly-substituted caratigl peridinin.

The low fluorescence yield is the result of thér@xely fast internal
conversion processes. The lifetime of thesgte is thus on the order of
several hundreds of femtosecoRdsThe mechanistic explanation of this
ultrashort lifetime is still a matter of debate,imybecause of its unexpected
dependence on conjugation length. From calculatibfidlows that another
electronic state, which possesses thesgmmetry, is present in the-S;
gap?’ which would cause rapid depopulation of the sgate. However,
convincing experimental evidence is still missffigihe lifetime of the §
state is typically one to two orders of magnitudegder than that of the,S
state, but it is still short enough to efficientgompete with radiative
transition. The origin of the short 8fetime is better understood than that of
the S state. Because the decrease of frequency of tlie Sfretching mode
in °C labelled g-carotene led to Slifetime prolongatiorf® the strong
vibronic coupling betweenySand S states through this vibrational mode is
the key factor determining the fast&excitation.

1.3.2 Carbonyl carotenoids

| have devoted a special section to these carater®cause they are
of much interest in most of the studies presentethé Research Section
(only the study presented in Section 4 does net tefthem).

Carbonyl carotenoids contain a carbonyl groupdnjuegation. Figure
1-3 shows two important representatives: periditiie most extensively
studied carbonyl carotenoid, and spheroidenonegiwiki central to Research
Section B of this thesis. The conjugated carbomglug imparts to these
pigments a unique property not observed in otheotenoids. Carbonyl
carotenoids exhibit polarity-dependent behaviouricW is facilitated by the
presence of an additional electronic state in tk@ted-state manifold, the
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intramolecular charge-transfer (ICT) state. Spesciopic features associated
with this state become more pronounced with anyeese of polarity of the
environment. Such behaviour is the consequenckeolarge dipole moment
of the ICT state, which is stabilized in the pokmvironment®=>? The
spectroscopic “markers” of the ICT state are matdf@ in the transient
absorption spectra as i) a positive band red-shiitem the $Sy transition
(Ref. 33, for definitions of the transitions sege 1-2) and ii) a negative
feature associated with the stimulated emissionciwtan be observed in the
NIR region®* Moreover, the appearance of the ICT-related spsotpic
features is associated with Sate lifetime shortenint}:** The ICT state thus
probably induces stronger coupling to the grouatest

OH
o

NN
[}
OH (e}
CH3Z0CO’

OCHs

NN A A
o

Figure 1-3: Structures of two important carbonyl carotenoids, ridinin (above) anc
spheroidenone (below).

Despite extensive theoretical and experimentadresff the structural
nature of this state and its relation to thestate are still a matter of debate.
Basically four models have been proposed:

1) The ICT state is a separate electronic state disfiom the % state
(S + ICT).33_35

2) The ICT state is strongly coupled to the Sate (YICT; see Figure
1_2).30,36—38

3) The ICT state is indeed the State with a significant charge-transfer
character (§= ICT) 3%

4) The ICT state is formed via the mixing of; Sand $ states
(S + S)ICT).*

It is beyond the scope of this thesis to analyiseaspects of the
respective models. However, some comments may ble mere. First, none
of the models is robust enough to account for xgleeimental observations,
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mainly the lifetime shortening with an increasinglagsity of the
environment. The early model 1) has been mainlylehged by the fact that
both S-like and ICT-like bands decay with identical timmonstants.
Moreover, because of the problematic descriptiochairge-transfer states by
the time-dependent density functional thetrymodel 1) has also lost
theoretical supporf' The uniform dynamics of the broad peridinin transi
absorption signal has led to the proposal of m@jein which the SICT
potential energy surface has two energy minifiaModel 3) of Shima et
al® has not been rejected in its entirety, although plrticular findings
related to this model were challenged, mainly du¢he fact that the most
dramatic polarity-induced changes take place irgtieeind staté? However,
we have recently revived this model by matching $n&; transition of &
apog-carotenal in hexane with the ICT-Sransition (see Figure 1-2),
hypothesizing that the ICT state is indeed thestdte. The more polar the
environment, the more is the molecule distortednfrthe idealizedCy,
symmetry. Therefore the ;&3 transition, forbidden in th&C,, symmetry
group, becomes allowed. The opposite is true of§k8y transition. Thus,
the more polar the environment, the stronger isSh8; transition and the
weaker the §Sy transition, matching experimental results. Modele$ulted
from the logical, but so far not considered, assionpthat the ICT state
cannot be formed from the ground-state conformatiostead, it requires a
conformation following relaxation from the higheS,) state®® This
assumption has a realistic basis in the fact thegkwiluorescence from the
lowest-lying state of peridinin has been obseffethut corresponding
absorption has never been observed. This modetheebe simplified as
“from below is not the same as from above”.

Throughout the Research Sections only the “trawiti” S/ICT model
is considered, which is mainly given by the resdédcamount of established
competing models at the date of origin of the dbatrons. | personally
believe that the model closest to reality is #3wvgibme features of model #4,
although it is still necessary to test these modela wider range of carbonyl
carotenoids to allow a more generalised conclusitee. crucial properties of
model #4 are i) the mixing of the; $Ay) state with the $(B,") state

15



Section 1

resulting in the observed dipolar characteristicthe ICT state, and ii) the
fact that “from below is not the same as from abBowveterestingly, the

predicted doubly-excited character of the ICT stadded to its B-related

ionicity®? is achieved very elegantly in that the ICT siatthe S (Ag) state,

which is known to possess this doubly excited attara

The polarity-dependent behaviour described absvei expressed by
all carbonyl carotenoids. For example for sphemvise in solution the
polarity-induced effects are rather insignificambth in the spectral (almost
no ICT-like band) and temporal (insignificant lifae shortening) domaiff.
One could ascribe this feature to the long conjogatlength of
spheroidenone N=10 compared tdN =7 for peridinin, neglecting the
carbonyl), leading to the relative weakness of I§Teompared to S-Sy
transition. However, one of the findings appeaiimghis thesis is that even
spheroidenone can produce a strong ICT-relatedakignot in solution, but
in the protein (see Section 6/Ref. 44). The keyfeddince between
spheroidenone in solution with inactive ICT stated aother carbonyl
carotenoids (peridinin, fucoxanthin, siphonaxanthimhose ICT state may
be activated in polar solvents, is the configuratad the carbonyl group.
While it is seis in the case of spheroidenofidt is strans in peridinin?®
fucoxanthin?’ and siphonaxanthiff. The seis position of the carbonyl group
thus leads to its effective isolation from the emgtion. Therefore, we have
proposed that the configuration of the spheroidencerbonyl group in the
LH1 complex, where the ICT state is activated -isags (see Section 6/Ref.
44). Thus the conditions for ICT state activatibwwd be extended, both the
high polarity of the environmenénd the strans configuration of the
carbonyl with respect to the conjugated chain beeen as critical.

1 am aware of an apparent disagreement with tHeeatatement regarding departure from
the C,,, symmetry in polar environment and thus weakenimggdoubly-excited character of
the ICT state. However, this departure is probalily partial, similarly as is the ionic
character. Overall, these tendencies may matclpbdicted pattern of the; S ICT state
possessing both the ionic and doubly excited charac

16



Introduction

1.3.3 Light harvesting function of carotenc

Naturally occurring carotenoids haN ranging from 7 to 13. They
absorb light mainly from the blugreen regio. This spectral window is
almost inaccessible to (B)Chfswhich, being capable of photochemi
energy conversion, aréhe final acceptors of excitation ene. Thus,
carotenoids transfer the excitation energy to (B9, both $ and S states
serving as energy donors (Figure)1-4

i Q

S, bt
. ; N Q,
S ¥ - s

carotenoid (B)Chl

Figure 1-4: lllustration of carotenoid—to—B)Chl energy transfer process.

What governs the choice of carotenoids with speatimjugation
lengths in light harvestingZarotenoids with <7 absorb mainly UV
radiation, so the reason they are not employed beathat the photon flu
becomes restricted for shorter wavelengths. Orotherhand, accessing of
longer-wavelength lighby carotenoids wittN > 13 may be advantageous.
However, theg are limitations regarding the position of tt; state, which is
one of the donor statégom which energy is transferred to (B)Chls. Foe
N > 13 carotenoids the; State igoo low to transfer energy not only tc, of
Chl-a, but also to BChl-&.

The energy transfer processes are strongly depenmenmutua
orientation and thelistance of the donor and acceptor pigments, warel
fixed at proper positions thanks to the proteinffetd (see Section 1.3.5
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One would not consider carotenoids as ideal patioerenergy transfer. The
lifetimes of § (order of units to tenths of picoseconds) andlé&ss than 300
fs) states, which are energy donors for (B)Chls, rauch shorter compared
to other photosynthetic pigments such as (B)Chis @, on the order of
nanoseconds). Energy transfer thus must effectn@iypete with these short
intrinsic lifetimes (i.e. lifetime for the case whao process with origin
“outside” the molecule takes place). Widespreadeapgce of carotenoids
as light harvestors in photosynthetic systems detnates that energy
transfer is indeed successful in this competition.

How can one determine the energy transfer timgs ¢r the related
rate constarker, for which the following relation

1
kET=_ (1.2)

TET

is valid? This question is often asked becauses ifaiprerequisite for
determination of energy transfer efficiencis:

kgr 1— T¢

Qo= ——— = _t
T ker + ky Ty

N =12 (1.3)

where ty is the intrinsic lifetime of the particular caroted excited state
with the following relation to the associated rapastanky:

1
TN:E (14)

One could think that the main difficulty in detemimg ker is a
sufficient time resolution of the measuring devi€gen when this problem is
solved, from such measurements one obtains onlyotaérate constark;,
which is the inversed value to the total lifetimeean in Eq. ( 1.3):

kf=kN+kET (1.5)

To obtainkgt, one must obviously know or zy. This is, however, not
a trivial task. The most usual means is to meagwdntrinsic lifetimes of
the carotenoid in solution. Yet, two difficultieerae with this approach. The

" Alternatively, the total rate constant is dencas# without any index, as in Section 7.
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first is the choice of the solvent and the othesem from the fact that the
actual configuration of the pigment in solution mdyfer from that in
protein. The former problem may be rationalizedhsyfact that the lifetimes
of carotenoid excited states do not significantpehnd on solvent properties.
There is, however, an exception to this rule, thee case of carbonyl
carotenoids. Peridinin, the most extreme exampm fthis group, has a4 S
lifetime of ~160 ps in hexane, while it is ~10 psnethanof*** One could,

in principle, estimate thg, in protein from the relative magnitude of the ICT
state signal with respect to that of thesEate because it is considered as a
measure of the charge-transfer character of tHEB state, which is in turn
related to the SICT lifetime 3°***The strategy would be to find a solvent
which produces an ICT state signal of similar re@imagnitude to that in
the protein, and to use thg from measurements in solution. The trouble
with this approach is the potential presence ogtiogignals in the protein,
interfering with the desired ICT state signal.

Even “normal“ (non-carbonyl) carotenoids are, heere not trouble-
free, which brings us to the other problem of thetual carotenoid
configuration in protein. Carotenoids with the aargtion extended to the
terminal rings may be stabilized in the proteinainconfiguration, which
results in a different effective conjugation lengtian in solution. Having
been theoretically confirméed, these and similar modifications were
hypothesized to be expressed in case of zeaxamthitH1 (see Section
7/Ref. 50) and diadinoxanthin/diatoxanthin in XLBké Section 4/Ref. 51).
Examples combining the problem of polarity with tthaf extended
conjugation length in protein are the cases of aayb carotenoids
hydroxyechinenone in the orange carotenoid prot¢®CPy? and
spheroidenone in LH1 (see Research Section B/Réfand 50).

There is another approach which could leaed\tdetermination. It is a
modification of the so called pump-dump-probe eipent?>>® in which
one of the pulses pre-excites the acceptors, (B)Ghhile the other two
pulses are used to carry out a standard pump-pegperiment, but with
acceptors already excited, thus incapable of reugivenergy from
carotenoids. To my best knowledge, no study ughig dpproach has been
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published. One of the obstacles may be that allttéygs in the particular

pigment-protein complex must be pre-excited. Takintg account the size

of the pigment protein complexes and the amourfByChls (more than 20

in LH2), extremely high-intensity pulses would negede applied, leading to
interference with higher-order nonlinear effectu3 apart from the rare
exceptions where it is possible to simply uncouffie energy transfer

pathway>* determination of thery and, consequently, efficiency of the
particular energy transfer pathway, remains onjyraximate.

Let us assume we are able to approximately determiandz,. What
is then the appropriate procedure for determinihg efficiencies of
particular energy transfer routes? To show the quwore, | will use
hypothetical “measured” values (Table 1-2), whibbwever, are realistic.
Using the last part of Eq. ( 1.3 ), the efficierscief both channels are
calculated. Moreover, there is another approachiéating with efficiencies,
used e.g. in Ref. 55. In this case, the actuatiefities are weighted by the
branching ratio. To specify, the efficiency of tBgQ, channel (0.75) is
multiplied by the percentage of population arrivatghe $ level (0.5). | call
this efficiency aweighted efficiengywhich amounts to 37,5% for the-Qy
channel. To add to the complexity, the sum of theghted efficiencies
amounts to théotal efficiency It can be alternatively calculated as a ratio of
areas below the fluorescence excitation spectrurd #re absorption
spectrum. The independent determination of totdiciehcy from the
fluorescence excitation spectra is useful becausenwombined with the
known efficiency of the Smediated energy transfer, one can calcltgtas
has been done for peridinin—chlorophyll-a protePCP*® Figure 1-5
illustrates the issues mentioned above.

- . Carotenoid in _
Carotenoid in solution . Channel Weighted
protein (measured . .
(measured values) efficiency efficiency
values)
T 200 fs T 100 fs 50% 50.0%
21 20 ps T 5ps 75% 37.5%

total efficiency | 87.5%

Table 1-2: lllustration of different concepts of eficiencies of energy transfer processes.
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S 100% _—50%
o Ul 7,1,=200 fs
7,=200 fs a

1 | X
50% |
7o . 187.5%]:
' 50% ~ /57 !
51 — i Terp = 6.67 ps 37.5% ; Qy
0= 20 ps
25%
' )
s, A+ 12.5% s,

Figure 1-5: Graphical illustration of different concepts of efficienciesof energy
transfer processes.

The discussion held so far hast deat with themechanismsf energy
transfer. The theoreticabpproach may provide the investigator with
additional information and phystinsights into energy transfer proces:
The energy transfer rate can be generally expres

1

T 2
g (16)

kgr =

whereV is the coupling between the donor and acceptoesiand] is the
spectral overlap between donor emission and acceEorption ensurin
energy conservation. Thus the only term which isc8 to the particula
energy transfer mechanism\is Depending on its form, either a sl-range
Dexter (electron exchge) or lonrange Forster (Coulombic) energy
transfer occurs. The former mechanism involves xahange of electror
and therefore proceeds over shorter distanc10 A), while the latter can be
thought of as enabled by virtual photon exchange thnis poceeding at
distances of up to ~100 A witilectrons remaininwithin the same molecule

during the process (Figure 18y’
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The coupling term in the origin&lorster theory is described only in
terms of dipole-dipole interaction:

1 pppyx

(1.7)

HMa and pp being the transition dipole moments of donor andeptor,
respectivelyx is the orientation factor taking into account tleeter nature
of ua andpp, andrap is the distance between donor and acceptor mokee
From the combination of Eq. ( 1.6ahd Eq.( 1.7 ) it becomes clear that the
energy transfer rate for the fSter mechaism scales as fidp°.

Forster mechanism

]

Dexter mechanism

""""" i |
v v
D* A D A*

Figure 1-6: Forster and Dexter mechanisms of energy transfeD — donor, A —acceptol
ET — energy transfer.

There are, however, limitations for the usethe coupling defined in
this way. The dipolalipole approximation is only applicable
interchromophoric distances much larger than thessof the chromophore
Otherwise this approximation breaks down and naydorreproduces tt
experimentally obtained values. In phycofroteins, the dipole-dipole
approximation was found to give reasonable redaitsinterchromophor:
distances >4@& and reproduce some aspects of energy transfar e
distances in the range of 25-4G%The problem is that in most lig
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harvesting systems the donor—acceptor distance & below 20 A™®
Moreover, carotenoids as donors are rather elodgatgecules (>20 A), so
the calculations using the dipole-dipole approxioratproduce only rough
estimations in most carotenoid-containing systems.

Another problem to tackle is the high carotenoiehfediated energy
transfer efficiency. The (S5; transition possesses a virtually zero transition
dipole moment (carotenoid (<&, absorption is not observed), which
precludes the traditional dipole-dipole-based Firstnechanism from
operating (see Eqg. ( 1.7 )). The Dexter mechanisouldv be a logical
candidate for the energy transfer mechanism becaus®perates at short
distances and ii) does not depend on transitioroleipmoments? !
However, calculations have proved that the Dextentrdoution to the
carotenoid—BChl energy transfer is negligiti€® To cope with these
challenges, the Coulombic interaction was expantedhigher orders
including dipole-quadrupole, dipole-octupole, andadyupole-quadrupole
couplings. However, such multipole approximatiompioved the results only
slightly compared to the dipole-dipole approximafi6® The reason for this
is, in my opinion, the same in most cases of pfmna di- or multipolar
approach breakdown: this approach is not applicableclosely-packed
molecules. Consequently, in order to properly dbscthe couplings and
energy transfer processes between closely packéstubes, the shape of the
molecules must be taken into accotint.

This is accomplished by the method called ttl@sition density cube
(TDC).°®> Here, the transition densities of both donor amdeptor are
represented by an array of discrete charges, andCtiulombic interaction
between each pair is determined. These contribsitaye then summed to
receive the overall interchromophore coupling. Thiethod reached a
reasonable match between experimentally and thealtgtobtained values
of ket. The full 3D information of transition densitiesalso accounted for in
the method calledransition charge from electrostatic potentiahich was
presented as numerically more efficient and nofesuiy from finite grid
errors compared to TDE.These methods thus kill two birds with one stone
— they i) do not break down at short interchromaophdistances and,
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consequently, ii) are able to reproduce carotengignediated energy
transfer times and efficiencies, inaccessible witiie framework of dipole-
dipole approximation.

An additional piece of information must be menédrhere. Because in
the Forster mechanism the electrons remain attathediginal molecules,
only processes in which no change in spin muliigliof either the donor or
the acceptor occurs are allowed. This rule is sseguence of the forbidden
nature of transitions between singlet and triptates?> From this point of
view, the mechanism described in the text abotledsinglet—singlet energy
transfer process*

D +'A->D+A"

The coupling term of th®exter energy transfer mechanism scales
exponentially with interchromophore distangs:

V2o g il (1.8)

wherel is the van der Waals radius of the donor-accepaar, which is the
sum of the van der Waals radii of the donor andaiteeptor. Compared to
the Forster mechanism with ri4° dependenceker of Dexter scales
exponentially withrap. This explains the fact that the Dexter mechanism
operates at rather shorter distances to the Fars&ehanism.

As mentioned above, although the Dexter mechamiss invoked to
account for short-range singlet-singlet energy sfiemin LH2>%®! its
participation has later been recognized as mfih®¥To my best knowledge,
singlet—singlet Dexter mechanism does not domimatany known light-
harvesting complex, although its participation mergy transfer at distances
shorter than 10 A cannot be ruled out.

The situation is, however, the reverse for endrgysfer processes
involving a change in spin multiplicity. These doebidden for the Forster
mechanism (see above) and are thus realm of theeDmechanism. Some
of these processes relevant to photosynthesisagheunentioned:
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3D* +3A N 1D +1A*
(D = Chl, A = Q; generation of harmful singlet oxygen)

3D* + lA N 1D +3A*
(D = Chl, A = carotenoid: quenching of Chl triplétg carotenoids)

D +'A D +%A
(D = Oy, A = carotenoid: singlet oxygen quenching by camotds).

The first process is harmful and the next two an@leyed by photosynthetic
organisms to prevent it and the consequent harmpfalcesses from
occurring. This topic will be dealt with in moretd# in the next section.

1.3.4 Photoprotective function of carotenoids

There is no doubt that photosynthetic organismesvaally dependent
on light. However, having too much of a good thisgo longer beneficial.
This applies also to light. In fact, the problernd in the light itself, but in
the almost ubiquitous oxygen.

The process of Chl excitation can be schematicdigcribed as
follows:

h *
Ichl S ichi

There are a number of scenarios for the fate'®hl, say, in the

photosynthetic antenna (Figure 1-7):

1) it will return back to ground state while emitting photon, i.e.
fluorescence

2) the excitation energy will be dissipated as heatni®ans of internal
conversion

3) the excitation energy will be finally used to dritiee photochemical
reactions of photosynthesis
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4) Chl molecule will undergo an intersystem crossingsulting in Chl
triplet excited state formation:

chl" — 3chr’.

%Chl" can react with oxygen, whose ground state is qfletrinature, tc
produce excited singlet oxygen (see also Sectidi3)t

3chi +3%0, — chl +*0,".

fluorescence

photochemistry

NG
RN

coteng .
& %

S7%
1in * 3
0, 0,

Figure 1-7: Multiple ways of chlorophyll deexcitation. Carotenoid photoprotective act
is also illustrated by red circular symbols: foe tresponsive mechanism of NPQ, i.e.
one able to reflect actual needs for photoprotactibe symbol is red; the n-respons/e
mechanisms are given an orange mark.

Thus, in the processes described in point there is a danger of
overexcitation by thestrong light because singlet oxygen is an extrer
reactive agent, causing damage to biomoleculeadimay DNA and proteins
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The higher the light intensity, the larger the amtoof singlet oxygen
created, and the greater the damage. Of coursépgymbhetic organisms
have developed mechanisms to prevent such photioseddamage, the
central role in these processes being played bygterawids. Essentially all
(photosynthetic) organisms employ carotenoids, s® list given above
should be enriched by another item:

5) photoprotective mechanisms, mediated by carotenoigsomote

deexcitation of Chl molecules.

The last point is intentionally put vaguely becausarotenoid
photoprotection operates on multiple levels, capabf lowering the
concentration of all potentially dangerous spedies Chl’, °Chl’, and‘0O,’
(see Figure 1-7). The processes®6hl and 'O, quenching are rather
straightforward and can be simplified as follot¥s:

Schl’ +'car— *chl +3car
'0,” +car— %0, +3Car.

Neither process, both requiring a change of spintipticity, can be
mediated by Coulomb coupling (Forster mechanSmj®’*®Instead, these
processes proceed via the Dexter electron exchalegbanism (see Section
1.3.3 and Refs. 16,25,68). The common feature & frmation of a
carotenoid triplet excited stat¥&ar, which must be low enough to become
an acceptor of excitation energy fraf@hl” and/or'O, . The energy of this
triplet state is, consequently, harmlessly disggais heat. The mechanism
of 'Chl" quenching, known as non-photochemical quenchinBQ@N and
most intensively studied in higher plants, is silVividly debated topic. At
present, it seems that multiple mechanisms areonsiipie for NP@? "2
Less frequent studies on NPQ in other organismsnignaiely on the
observation of correlatiorf§. An important feature of NPQ is that its
efficiency can be regulated according to environtaeconditions, making it
a “responsive” photoprotective mechanism, as oppdsenon-responsive”
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ones such asChl" and 'O, quenching (see Figure 1-7). This topic is
discussed in greater detail in the Introductio®seétion 8.

To add to the largely physical quenching mechasidimcussed so far,
carotenoids are also capable of the chemical qiregadf singlet oxygeri?
which must participate only to limited extent inaloquenching capacity due
to its low quenching rat€.

1.3.5 Carotenoid—protein complexes

1.3.5.1 Antenna complexes

Antennas are pigment-protein complexes whose ifumg$ to capture
photons and to transfer energy of the light quaniotm the RC. They are
utilized by all chlorophyll-based photosynthetiganisms’® The reason for
employing antennas is that the photon flux is ifisint to maintain the
costly biochemical machinery, which converts ligittergy into chemical
energy, at continuous operation. Instead, the egiyais to harvest more
photons by relatively “cheap” antennas and to supipé rare RCs with a
sufficient energy fluX.

Integral membrane antennas Peripheral|
Fused Core Accessory membrane
antennas
PSIRC LH1 LH2 PCP
RC of GSB CP 43 & CP 47 | LHC superfamily | phycobilisomes
RC of heliobacteria acpPC chlorosomes
FCP FMO complex
XLH
LHCI
LHCII etc.

Table 1-3: Classification of antennas. Antennas reVant to this thesis are given in bold.

28



Introduction

The classification of antennas is giverTable 1-3. The first criterion
expresses the affinity of the antenna to the mengbré can either b
embedded in the membrane and thus insoluble inrintegral membrane
antenng, or simply anchad to the membrane, but otherwise expos the
water-based cellular environmenpefipheral membrane anten). The
former group is further divided into three subgreuphefused antenng an
inseparable part of the RC. There antenn is in an intimate contact with
the RC, but is usually biochemically separable fibrnithe connection of th
accessory antennaith the RC is usually only temporary. Such antenaic
present in variable amounts depending on growtlditions.®

A single antenna containg number of pigment types and a
photosynthetic organism usually contaa number of kinds of antenna. The
direction of energy flow is given by the funnel exft Figure 1-8). It is
virtually a paraphrase of the law of conservatidrewmergy. The energy
transferred from shortesavelength (higher energy) absorbing pigment

niermediate-waveiengti
absorbing pigments

long-wavelength
absorbing
pigments

Figure 1-8: The funnel effect depicting
the energy flow within antennas an
between them.

longer-wavelength  (lower energy)
absorbing pigments. The trap for this
“energy in motion” is the RC. An

excellent illustration of the funnel

effect is provided by the purple
bacterial photosynthetic unit (Figure
1-9). It consists of LH2 and LH1

complexes together with the RC. The
shortest-wavelength absorbing BChls
appear in the LH2 complex and are
called B800. In the same complex are
also found B850 BChls, to which is
energy transferred from B800. Next,
energy flows to LH1 (B875) and from

there to the RC. Moreover, in each
complex are also found carotenoids,

which transfer energy to BChls, also in agreematit the funnel conceplt
must be noted thahére are exceptiorthat do not follow the funnel concept
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because in some cases the energy of the accepyoberslightly lower than
that of the donor. However, at physiological tenapares the energy related
to thermal motion of molecules also adds to theod@ide energy, resulting
in an apparent “uphill” energy transfer.

Light

I}\

Figure 1-9: The purple bacterial photosynthetic unit consistingof LH2 and LH1
antennas, and the RCThe figure is reprinted from Ref. 16.

The pigment-protein complexes relevant to thisithevill be described
below.

1.3.5.1.1 Chlorophyll-a—chlorophyll-g—peridinin  protein  complex
(acpPC)

Chlorophyll-a—chlorophyll-g-peridinin protein complex (acpPC) is a
membrane-bound light-harvesting complex of periheontaining
dinoflagellates Dinoflagellatd.”” Because this pigment-protein complex
belongs to the LHC (light-harvesting complexes) estamily, it shares
homology with the LHCIlI complex of green plants. RHCII, acpPC also
consists of three transmembrane helfédsyt does not contain the shart
helix found on the lumenal side of LHCII of highglants’® However, the
most prominent difference between the plant LHGsapPC is the pigment
composition. While plant LHCs generally bind Chlaad Chl-b (thus,
belonging to the Cab group of LHC superfamily), tlaepPC of
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dinoflagellates employs Chl-a and Chf’cand thus belongs to the Cac
group®® The carotenoids in acpPC are peridinin and diadinthin. The
stoichiometric ratio (Chl-a:Chl-c:peridinin:diadixanthin) is 7:4:12(10):2*
Because the total of pigment molecules is evenehigfiian for LHCII (Chl-
a:Chl-b:lutein:violaxanthin:neoxanthin is 7:5:2:):1t is argued in Ref. 38
that the numbers from the stoichiometric ratio rbayhigher than the actual
amount of pigments per monomer. The reason forishthat the expected
tight packing of molecules would lead to excitomteractions as in LHCII,
where the maximum of the,®and is consequently shifted to ~680 o
such shift is observed in acpPC, suggesting tlenhthmber of pigments per
monomer is likely lower. The role of peridinin ircE@PC is mainly light
harvesting, which is almost certainly not the rofediadinoxanthin in this
complex (see Section 5/ Ref. 38 and Ref. 83). Gneempted to conclude
that diadinoxanthin is important for photoprotentiobecause the
diadinoxanthin-diatoxanthin pair constitutes thentkaphyll cycle in
diatoms® There are, however, no studies so far correlating
diadinoxanthin/diatoxanthin ~ accumulation ~withlChl-a  fluorescence
quenching. RegardintChl-a quenching by diadinoxanthin, recent studies of
Ref. 85 and Ref. 86 do not support this idea. i cansequently be
hypothesized that diadinoxanthin/diatoxanthin ipREC directly quenches
singlet oxygen. This idea is tempting mainly in tb@&se of diatoxanthin
because its effective conjugation length is clasthat of lycopeneN = 11),
the most efficient singlet oxygen quencherHowever, experimental
evidence on diatoxanthin accumulation in acpPQdgnificant amounts is, to
my best knowledge, missing.

1.3.5.1.2 Xanthophytes light harvesting (XLH) compax

Xanthophytes Xanthophycege are counted among the heterokont
algae HeterokontophytaChromophyta and their antenna thus belongs to
the Cac group. However, xanthophytes and theimaateXLH, are unique.
First, they do not contain the carbonyl caroterfacbxanthin, which is the
dominant carotenoid in other heterokonts; addifignaanthophytes usually
contain negligible amounts of Chf¥.Thus, although the XLH apoprotein
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probably does not differ much from the fucoxanti@m-a—Chl-c protein
(FCP) of other group®:®® a distinct name and abbreviation was chosen for
it. XLH contains Chl-a, diadinoxanthin, diatoxamthiheteroxanthin, and
vaucheriaxanthinester in the molar ratio of 28:145K Although
diadinoxanthin-diatoxanthin are pigments considessd responsible for
photoprotection in alga®’* in XLH diadinoxanthin serves as a light-
harvesting pigment, capable of energy transfer hbaC(see Section 4/Ref.

51).

1.3.5.1.3 Light-harvesting 1 (LH1) complex

The LH1 complex is the core light hatweg complex of purple
photosynthetic bacteria. It is part of the photdsgtic unit, which also
contains the LH2 complex and the RC. The RC isreled by the LH1
complex, so the two components form a 1:1 RC-LHaickiometric
couple® The basic structural organization of both LH1 &t complexes
is the same. The minimal structural unit is a mdiu-helical polypeptides
with low molecular weight (5 — 7 kDa), called andg-subunit®® The LH2 is
a circular oligomer ofaf pairs, while LH1 can assume a number of
configurations: it can be seen as an ellipse with off pairs as in
Rhodopseudomonas palusftisor with 16 ¢ pairs as inRhodospirillum
rubrum®® alternatively, it can form an S-shaped supercoripleonsisting
of two 14-mers ofaf pairs interconnected by the PufX prot&inn LH2
there are two spectroscopic sets of BChl-a molscueith absorption
maxima of around 800 nm (B800, one BChl-a mole@deqaf monomer)
and 850 nm (B850, two BChl-a molecules pgrmonomer)®®’ The red-
shift of B850 BChls is achieved by an excitonicenaiction established
between closely packed molecifeand by the interaction of BChls with the
protein®® In case of LH1 only one spectroscopic set of B&nholecules is
accommodated. The absorption maximum of these milagcalso partially
reached thanks to excitonic interactions, is ugualbund 875 nm, so their
designation is B87%’ Two BChl-a molecules pe pair are accommodated.
While only one carotenoid peyy monomer was identified in LH2 crystal
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structures®®” in LH1, using biochemical methods, either offepr two
carotenoids were found*

1.3.5.2 Carotenoid as an antenna in xanthorhodopsin

As the name indicates, xanthorhodopsin (XR) beddiogthe family of
opsind. There are two classes of opsins. Type | opsieseanployed by
prokaryotes, algae and fung?. They function mainly as light-responsive ion
pumps or photoreceptors and contain a retinal@s@nophore (opsins with
retinal are called rhodopsins). Crucial for thei@ctof these opsins is the
light-induced photoisomerization of retinal froms italltrans to 13<is
configuration (Figure 1-10). Type Il opsins ardizéid by higher eukaryotes,
where they are mainly responsible for vist0h'®® Here, the
photoisomerization reaction is different: tis-retinal or its analogd&*'®is
converted into the alkans configuration. The two types of opsins do not
seem to be related and have rather appeared irdEménin evolution®
This finding is surprising taken into account thmikarity of their structure:
opsins of both groups contain seven transmembratieeb!®’ at least in
rhodopsins, the retinal is covalently bound to tomserved lysine in the
seventh helix, forming the protonated Schiff b¥$e% Such protonation is
crucial for a red-shift of the absorption of theuhd retinal. Deprotonation,
which is of crucial importance to the function obst opsins, leads to a blue-
shift of the absorption spectrum with a maximumtba UV/VIS region
threshold'® It has been demonstrated that changing the laoatament
close to the Schiff base leads to dramatic chamderetinal absorption
maximum, which can be tuned in a more than 200-amge-°° Such amino

. L
\\\\\H/ys#, l\\\\
SNH
all-trans retinal 13-cis retinal L |
ys

Figure 1-10: Photoisomerization reaction of retinain Type | opsins.

9 The nomenclature is not uniform. As opsin is same$ considered the whole pigment-
protein complex, sometimes only the apoprot&in.
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acid alterations thus must be responsible for titewange of spectral types
of rhodopsing®®

An important functional subgroup of Type | rhodimgs are those
capable of proton translocation across the membr&enerally, the
absorption of light by retinal causes not only igemerization, but also
initiates a sequence of structural changes andomtoansfer processes,
which lead to the overall movement of the protomoss the membrane
against the electrochemical potential. The statebenso-called photocycle
can also be characterized spectrdifyThe established proton gradient can
then be used for ATP synthesis, active transpaodsache membrane, or cell
motility.

The most thoroughly studied proton translocatihgdopsin is the
archaeal bacteriorhodopsitf. Another proton pump ofArchaea is
archaerhodopsih’ Large-scale gene surveys have revealed that
protoerhodopsift? and related proteins are frequently used by marine
bacteria:**** One must point out that not all proteorhodopsires @roton
pumps™® XR, on which this section is focused, seems ta bbather unique
and interesting member of the Type | rhodopsin profi A eukaryotic
representative of this functional group is taetosphaeria rhodopsin.

XR is a proton pump from an extremely halophili@acterium
Salinibacter ruber*® However, it has not become famous for its ability
transport protons across the membrane againstiebrazhemical gradient.
Its fame arose from the fact that it employs thapdést known antenna, a
single carotenoid molecule called salinixanthin.eTéarbonyl carotenoid
salinixanthin is locked into the protein so thad iting containing the
conjugated carbonyl group is effectively isolatedni the rest of the
conjugation. That is the reason why no ICT statdeiected in the transient
absorption spectra of XR. Ultrafast spectroscopigcestigation has also
revealed that energy is transferred to retinal ftbeS state of salinixanthin
with an efficiency of ~40%*''® The mutual orientation of retinal and
salinixanthin axes is 46°, which seems to be a come between an
orientation best suited for maximum light captu®@°) and most efficient
energy transfer (0%’
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There are indications that the concept of caraotemmtenna is not
unique to XR. Based on sequence similarity, it ddo¢ rather common in
the “Xanthorhodopsin cladé*® However, direct evidence of carotenoid
involvement in energy transfer to retinal in anotgstem than in XR is still
missing, the most promising being the case of dglaeter rhodopsih®
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2. Experimental Methods and Data
Analysis

In this section the experimental methods usedhey author of this
thesis, relevant to studies presented in both ReseSections, will be
presented.

2.1 Steady-state absorption spectroscopy

A spectrophotometer, a device capable of takirgp@gdtion spectra, is
indispensable in any lab, where light-absorbing evoles are studied. It
measures light intensity at a specific wavelengith v{i(1)) and without
(lo(4)) the test sample (alternatively(l) is measured on a reference sample
such as solvent). According to the means by whiehtivo intensity values
are obtained, the device architecture is eithgylstbheam Ip(1) is measured
before the test sample is inserted &g after that), or double-beaniy()
and (1) are measured simultaneously in parallel lighthpat The other
distinction is whether the whole absorption speutig taken in a “single-
shot” manner using a diode array or a CCD as atieteor in successivRi
steps using (a) photodiode(s). The spectrophotarases in our lab is of the
double-beam type with photodiode detectors. ltsesth is presented in
Figure 2-1.

There are multiple ways to present the measureal dae simplest is
in terms of transmittance

_ 1M
O

Because the light intensities may vary within adevirange, the
logarithmic scale is more appropriate. We thus reefabsorbanced, as
follows:

(2.1)

a7
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I
A= 1og7° = ce(M)! (2.2)

whereeg(1) is the molar extinction coefficient specifyingetstrength of ligh
absorption at a given wavelength dnd the pathlengt Moreover, another
advantage of using the logarithmic sctdedefine the measured quantity is
linear dependencan the chromophore’s concentratic.

aperture

| /' movable
\frating

light
source

aperture

N reference
50% N, ( | /
beam splitter '\ J 9

detectors
(photodiodes)

sample
mirror - / l

Figure 2-1: A scheme of a double-am spectrophotometer with photodiode detector

The usefulness of trebsorption spectra goes beyond the determin
of chromophore concentration. It provides a Ito quantum mechanics in
the sense that it enables ttaculation of a transition dipole mome umn,
which is a measure of transition intensity (seetiSe.3.1). For a narrow
absorption band, the followdnexpression can be writt:*

(2.3)
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In this expressidhvmaxis the frequency at absorption maximum apd
is the integrated extinction coefficient. Trangitiodipole moments
determined in this way can then be used as induesdor the calculation of
rates of Forster energy transfer (see Section)1.3.3

2.2 Femtosecond transient absorption spectroscopy

When one wants to obtain information about the adyics of
processes, then some form of time-resolved tecknmust be employed.
Apart from this, the use of time-resolved spectopsc enables us, for
instance, to obtain information about one-photatifiden states, such as
the S state of carotenoids (see Section 1.3.1).

There are basically two ways to reach time regoiutin an
experiment.In the first approach, a trigger perturbing thstesn is used with
consequent probing by a continuous-wave beam. €hectbr must then be
fast enough to “spot” the intensity changes dutimg process itself (Figure
2-2). One kind of such detector is the streak cametich can reach a
<200 fs time resolutioh.The other approach is to use a pulsed probe, each
pulse “seeing” the process at a different instaridpon repeating the
experiment with differing timing for the probe witaspect to the trigger, the
dynamics of the process can be recorded. In thes @a“slow” detector is
sufficient because it must only operate at a fraqyegiven by the period
between the discrete experiments (Figure 2-2).t€hmporal resolution is on
the order of the length of the trigger (pump) pulBee femtosecond transient
absorption spectroscopy (alternatively called fesmtond pump-probe

" To use Eq. ( 2.3 ) to calculate the transitionotipmoment, one must know the
concentrationc and pathlength to obtain the extinction coefficient because from the
absorption spectrum one obtains-dependence of absorbankésee Eq. ( 2.2 )). One must
also transpose the x-scale from wavelergtito frequency.

' This paragraph was inspired by Jens Bredenbeck, galve a nice course “Dynamics of
biomolecules* during the summer school in Jyvask®GL0.
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spectroscopy) working in the pulsed regime, whi@dswsed in majority ¢
experiments presented in Researebt®n:, will be described here.

sample fast
detector

continuous-wave
probe

sample slow
detector

pulsed probe

pump

Figure 2-2: Differences between timeesolved experimens accomplished b
continuous (above) and pulsed probing (below

2.2.1 General considerations

A possible setup fom typical pum-probe experiment is shown in
Figure 2-3 The laser system provides femtosecond pulses a central
wavelength typically around 8Gtn. The main output beam is then divic
into two, one callegppump (excitation beam or “trigger”’s in the previous
section), and the othgmrobe To reach selectivity in excitation and -
versatile use, the pump pulse shobéspectrally narrow and tuneable. T
is usually achieved in theptical parametric amplifie (OPA). On the other
hand, the mbe should be spectrally broenough to cover all possible
regions of interesiThus an ideal candidate for the probe light ishite light
continuum (WLC) that is generated v@anonlinear process achievable in
media such as sapphire, calcium fluor water etc. Both beams then
coincide in the sample: the pump perturbs the sanipl exciting the
molecules and the other beam probes it. The preaelihen continues in
the detector. Toachieve the requiredtime resolution during the
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measurement, delay lineis placed into pathway cthe pump or probe,
which enables to vary thautual delay between both pulses. The delay
consists of a corner reflector mounted cbase, which is moved by a stepper
motor.

/ mirror

,-” beam splitter

1 laser / i\_
2 OPA F
3 sapphire plate / 4

4 delay line — 3

5 sample

6 spectrograph

E °

[
basic laser output
pump beam

probe beam

Figure 2-3: A simplified scheme of the pum-probe experiment.

2.2.2 Experimental details

The detailed scheme of the setup from our laboyaitordepicted ir
Figure 2-4 The source of pulses is a ~box multiple-component laser
system Integra- It is based on an Erbil-doped fibre oscillator, which
provides <110-fs pulses athagh repetition rate50 MHz), but low pulse
energy (<InJ). These pulses are amplified in-sapphire amplifiers
(regenerative and multipass), which are pumpe@ Nd-YLF nanosecond
laser operating at 1 kHz. However, the amplificattannot be achieved wi
short pulses because high power reached in aed pulses would lead to
material damage. Thus the <1fsOpulses are first stretched to ~ ps and
after amplification compressed again to fipulse width of ~120 fs. The
output pulses thus have the followirparameters: central wavelength
~785 nm, power 1.8V, duration ~12 fs.
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() lens
/  mirror
. .
vemsver | — 0 0 N
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= basic laser
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9  spectrograph \ U t 7 H E_ ) pump
Ve
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Figure 2-4: A scheme of the pumgprobe setup from our lab

Next the pathway of the pump be is traced. To reach the desired
wavelengthfor specific excitation, the beam passes throughQ@PA. This
device serves not only to generate the wavelengthterest from the 7¢-
nm input in the broad 240 — 250@n range, but also to amplify the desi
wavelength. The former is achieved by me¢ of frequency doubling or
sum/difference frequency generation, while theefatby the process
parametric amplification. These are sec-order nonlinear processes, which
occur in noneentrosymmetric crystals. The neimportant device is a
chopper, whith blocks every second pump pulse and thus er us to
increase the signal/noise ratio of the measurentgntintroducing the
correction to laser power fluctuations (below). All measurements relevant
to this thesis were conducted with mutual p-probe polarization set to
54.7°, which preventshe occurrence opolarization and photoselection
effects (for details see Section 2.24he desired polarization is achiev
by means ofBerek’s variable wave ple by the appropriate tilting and
rotation ofthe birefringent crystal. After thpump beam interacts with the
sample, it is blocked.

The probe beam first passes through the delay Wiech setsthe
requireddelay between pump and prolit is then led through the sapphire
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crystal where WLC is generated via third-order moedr processes. The
main contributor to this effect is self-phase matioh? whose physical
basis consists in the variation of the nonlinefractive index with intensity,
the Kerr effect. Before the probe beam hits themeayit is split into two:
probe and reference. To focus the beam into th@learspherical mirrors are
used instead of conventional lenses. This arrangenpeevents the
introduction of additionalchirp (time-dependent frequency distribution
within the pulse caused by dispersion: blue ligavels slower than red light
through optical elements with normal dispersionhiol is inherent to the
probe beam owing to the process of WLC generati®oth probe and
reference beams then continue into the spectrogragtere they are
dispersed onto two separate diode arrays with Ed@sents by means of a
grating. The transient absorptionA) signal is then calculated using the
expression

I I
AA(At, 1) = log ref _ logﬂ (2.4)
Ipp Inp

wherel e is the intensity of the reference bedgp,the intensity of the pre-
pumped probe ankl, the intensity of the unpumped probe. The secord te
on the right-hand side of Eq. ( 2.4 ) is the cdioecfor laser intensity
fluctuations; it should ideally amount to zero. &reach data point depends
on two variables At — delay between pump and probe,— probe
wavelength), the whole dataset forms a matrix, twtuan be depicted as a
3D graph (Figure 2-5A). The data are typically preed as sections through
this 3D graph either in the spectral or temporahdm (Figure 2-5B,C).

One can identify three main contributions to th& signal: ground-
state bleaching (GSB), stimulated emission, andtetkstate absorption
(ESA).

Ground-state bleachingBecause a fraction of the molecules is promoted
into the excited state by the pump pulse, the pfebes” fewer molecules in
the ground state than the reference. Fewer phamnshus absorbed from
the probe than from the reference beam at GSBfspespectral region
(Iop > lrer), resulting in the negative signal (Figure 2-5€¢ading to Eq. (
2.4).
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Stimulated emission It is a mirror process to absorption. This fast i
reflected in the Einstein coefficients for absarptand stimulated emission
being equal in a two-level systeryf = A1). Both processes will also occur
to a significant extent only for allowed transittoriWhen the molecule is
promoted into the excited state, an incident prpheton can induce the
stimulated emission, resulting in a return of theleoule into the ground
state and the production of a photon identicall@icing the direction) to that
which triggered the procedsg, will thus be larger thahes, leading again to a
negative signal according to Eg. ( 2.4 ). Becausélrational relaxation in
the excited state, most of the stimulated emis&wents occur from the
relaxed higher state. Consequently, the stimulataedsion signal is usually
red-shifted with respect to GSB.

Excited-state absorptianMolecules in the excited state generally absorb
photons of different energy than those in the gdostate. In some spectral
regions the excited molecules will thus absextra photons compared to
reference, resulting in a positive signal (FigureQ@), as follows from Eq. (
2.4) forlpp < lyer.

It is worth mentioning here that there are stiley possible sources of
transient signals, i.e. those from the energy aocemr photoproducts. The
energy acceptor can modulate the transient absargfectra via all of the
above-mentioned contributions, i.e. GSB, stimulagedission, and ESA.
One example is (B)Chl bleaching, which appears afotenoid excitation
in light-harvesting complexes (see Sections 4, ri &igure 2-5). The
photoproduct can influence the final signal alsatbysteady state absorption
because it generally differs from that of the raatt This absorption will
decrease the intensity, with respect tder promoting a positive\A signal.
An example of this contribution is the signal of-di8 retinal as a
photoproduct of the retinal isomerization react(see Section 3 and Ref.
44).

To prevent photoinduced degradation, samples daeeg in a
rotational cuvette and spun at a rate ensuring éhah pump pulse hits a
fresh sample.
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Figure 2-5: A) 3D graph depicting the result of a timeresolved measuremer
performed on an antenna complex containing caroterids and chlorophylls. Section
through this graph: B) the kinetics, C) the transiet absorption spectrum.The coloure
arrows indicate the pogih of the section in the 3D graph. panelC are also shown t
contributions to the transient signal specific e tarotenoidcar) and chlorophyll Chl).
This dataset was recorded after carotenoid exaitago Chl bleaching is the result of
energy transfer process. SEtimulated emissior

2.2.3 Time resolution and spectral select

The instrument response function (IRF) gives theetresolution of th
pumpprobe experiment. The IRF is in turn given by thmese-correlation
between the pumpnd probe pulses, which can be monitored esum-
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frequency signal generated in an anisotropic ckyEtgen if the probe pulse
is chirped, the time resolution is not affectedisTis so because one could
think of the pump-probe experiment as composedarfynsingle-wavelength
partial experiments, each of them having its owstrument response
function. From that follows, broadly speaking, tkt@@ duration of the pump
pulse, which mainly governs the time resolutiongcrigcial here. A logical
path towards higher resolution is thus further coeapion of the pump pulse.
Although 5-fs pulses are available even for spscwpy® they are not
employed in pump-probe experiments because spsetiestivity is lost. The
uncertainty relation

h
AEAt > 2 (25)

applies also to laser pulses, so short pulses beapactrally broad. More

precisely, the uncertainty relation takes the foomthe time-bandwidth
product For a Gaussian shape of pulse, the followingicelas valid

T,Av > 0.441 (2.6)

wherer, is the pulse duration artdh the consequent bandwidth. At the same
time, the relationship between energy, frequencyvaavelength is

E=hv=h- (2.7)
which gives after differentiation and dividing hy

Cc
Av =502 (2.8)

Upon insertion of Eq. ( 2.8 ) into Eq. ( 2.6 ), wiél obtain

AA
2 S 0.441 (2.9)

VL

For a 5-fs pulse with a central wavelength of 860 the spectral bandwidth
is at least 180 nm. For a 100-fs pulse, the mininbamdwidth is 8 nm. One
thus must keep in mind when planning the experinteat high spectral
selectivity and high time resolution cannot be aebd simultaneously.
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It should be mentioned, however, that the disathge of the broad
spectrum from the point of view of limited selediyvcan become an
advantage and even a requirement for modern sgeofi techniques such
as electronic 2D spectroscopy.

2.2.4 FAQ

This section contains some of the questions Iueatly asked in the
course of the time spent in our lab, accompaniethbyrespective answers.
Some of the findings may seem trivial, but mightl sterve as a quick
reference for those starting in the field of tinesalved spectroscopy.

How can the lifetime be approximately determinednfthe kinetic trace?
Let us assume a single-exponential decay as r&ig-6. The signal
S(t) can be mathematically described as

t
S(t) = Ae™ = Ae”7 (2.10)

whereA is the amplitudek the rate constant, ands the reciprocal value of
the rate constant, the lifetime. At the time whanal ise-times lower than
the amplitude, Eg. ( 2.10 ) becomes

t
e

Applying simple math (dividing byA, taking a natural logarithm of both
sides of the equation) will give the result

t=t (2.12)

It, thus, means that when taking atxtimes lower value than the
maximum on y-axis, the corresponding value on tHagig gives the lifetime.
This method of lifetime determination is of couggecisely valid only for
single-exponential decays. However, it can also dyaplicable for
multiexponential decays when one of the exponentiaiminates, which is,
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for instance, usually the case of decay of theS$S ESA signal in
carotenoids.

Signal [a.u.]

1/e

T y . T z T z T y T y T
0 20 40 60 80 100 120

Time [ps]
Figure 2-6: Visualization of the approximate determination of he time constant fron
the exponential decayThe lifetime is 20 ps in this case.

Normal dispersion causes a delay of the blue phtih® probe spectrum with
respect to the red part. Why then does the signéthé blue region precede
the signal in the other region's?

In the right part of Figure 2-7 is shown the seteeof signal evolution
in the data acquisition window of the program, whienables real-time
signal observation. It is obvious that the signaves “from blue to red”.
This seemed counterintuitive to me taking into actdhe fact that “blue” is
delayed with respect to “red” in the probe pulsguFe 2-7 illustrates the
explanation. Each measurement starts with negatelay times, i.e. the
probe precedes the pump. As the delay line moegm(dless of whether it is
placed in the pathway of probe, or pump), both gailget closer both in time
and space. Notice that the first interaction tglase between the “blue part”
of the probe and pump! Therefore, the spectrogmaphfirst record the

J'I am thankful to Marcel Fuciman, who answered thisstion.
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signal in blue, and the lowemergy spectral contributic follow. Only after
the pump interacts with the reddepart of the probeis the firstcomplete
spectrum recorded (Figure 2-7D).

A
Aty <0 I
‘ . el A, ;
B |
At >0 '
t At M, ik
" ;
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Atz > Atl ; PM,-‘-\‘ My LA ae
y —~l- | /
D H =
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Figure 2-7: lllustration of the dependence of signal appearance on the delay ti
between pump (green) and probe (multicoloured

Why is the bleaching always (at least in case dj (&u-shifted with respect
to the corresponding steadyate absorption bant

The formulation of this gestion is not precise because, as mention
section 2.2.2, stimulated emissiatso contributes to the negative sic.
Because the stimulated emissisignal is usually red shifted due to the
Stokes shift (similarly tathe fluorescence spectri),” convolution of the
GSB with the stimulated emission leads to an oVese-shift of the negative
signal with respect to the steastate absorption ban
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What is the precise reason for measuring the aropgteffects-free data at
the magic angle (54.7°) between pump and probe?

The answer to this question is usually restri¢tethe explanation that
“magic-angle detection was performed in order toiévanisotropy effects”.
However, this statement does not really explain mso a more rigorous
answer is presented here.

The pump pulses are linearly polarized. The proihalof absorption
is then also affected by the orientation of thadition dipole moment of the
chromophores in the sample in respect to the algoin of the pump beam
— the closer the orientation to that of the pumfargmation, the higher the
probability® The fact that not all chromophores are affectashbyg is called
photoselectionThe absorption probability of the probe pulsejontcan be
considered as an analyser in the polarizer-analeteip, then does not only
depend on the similarity between orientations ef (#xcited-state) transition
dipole moment versus the probe polarization, bab an the time delay
between pump and probe due to the rotational maifathe chromophores
(the longer the delay, the more the transition i&ipanoments move off the
original position until an equilibrium value is ged). The aim is thus to
avoid another delay-dependent photoselection bytbbe beam, which can
be achieved by recording thetal, and not thepolarized probe intensity.
How to achieve this will be explained next.

The vector of the chromophore’s transition dipplement has three
spatial components. Owing to this, arbitrarily amogpolarizations of the
probe beam generally result in varying transiergogition intensitiesAA.
One way to prevent this is to conduct two measurgsp@ne with a parallel
(AA)) and one with a perpendiculatA.) polarization with respect to the
pump. The totahA is then free of polarization effects:

A = DA, + 204, (2.13)

To realize why the perpendicular term is taken éwiallows from the fact
that without such a treatment only transient alsmmpcontributions along
two axes, say, zA@A;) and x- AA.) axis, but not the y-axis, would be taken
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into account. Because the absorption probabilbpglthe y-axis is the same
as that of along the x-axi8A, is taken twice in Eq. ( 2.13).

There is, however, a simpler way to g&t For that purpose, one must
know that for a measurement with an angleetween pump and probe, the
following relations apply:

AA; «x cos? @ (2.14)

1
AAloczsinzqo (2.15)

To follow the logic of Eq. ( 2.13 ), one must contithe measurement under
such an angle for whichA, is weighted twice with respect 10A;. We will
thus get the conditions

2cos? @ =sin? ¢ (2.16)
or, alternatively put

tan? ¢ = 2 (2.17)
which will return

@ = 54.74° (2.18)

This value is denoted as tineagic angle If the angle between pump and
probe polarizations is set to the magic angle, atains the total transient
absorption intensity, which is free of polarizatieffiects due to the rotational
motion of chromophores.

2.3 Global fitting analysis

The termglobal fitting, as opposed tsingle-decay analysigefers to
the simultaneous fitting of the whole spectro—terapdataset, which arises,
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for instance, from the pump-probe experiment. Thenmadvantage of the
global fitting approach is that it requires a sm@imount of parametets.

The most straightforward method of global fittiisga simple extension
of the single-decay analysis approach. Here, the aee fitted to a sum of
exponentials, each of which is weighted by the sombé A:

St ) = ZAj(Ai)e_T_i (2.19)

j=1
This formula alone, however, basically describesrttulti-exponential decay
at each detection wavelength The global fitting is accomplished so that
such single-decay fitting issimultaneouslyconducted at all detection
wavelengthsl. The amplitudeg\ plotted as a function df constitute the so
calleddecay-associated difference spedieADS). They are interpreted as a
loss or gain of absorption with a certain lifetifiehis kind of global fitting
is sometimes callechathematical or parallel-model-fitting™

Although we can obtain a perfect fit using sugbuaely mathematical
approach, the outcomes of this procedure matchehaviour of the physical
system only rarely. Let us take into account a &mgxample of the
carotenoid in solution. Here the population flowsascade from the initially
excited $ state via the Sstate down to the ground state (Figure 1-2). When
using the mathematical fitting, one inherently asss the parallel, but not
the realistic sequential scheme of system evolutioavitably leading to
skewed result¥ To reflect the properties of the studied systerphysical
modef is constructed. It consists of multiple compartteefthe electronic
state can for instance be considered as a compajtmehich mutually
communicate due to population flows characterizedy ate
constants/lifetimes. Very frequently, the sequéntieodel is applied, in
which the compartments irreversibly decay into eattier:

71 T2 73

A->B->C-D..

¥ Because the simultaneous fitting to a sum of egptials inherently assumes the parallel
model, this kind of fitting is sometimes descritzesparallel-model-fitting
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The resultingevolution-associated difference spec{EBADS) represent the
spectral evolution, i.e. the second EADS appeatB thie first lifetime £;)
and decays with the second lifetimg)(and so on.

To return to our example, the presented sequestheme now
perfectly matches the physical properties of theotemoid molecule: the
compartments (states) follow one after another #m time constants
represent the reciprocal values of the internalvemion rates. When the
condition for proper physical representation of fystem by the model is
met, as it would be in the carotenoid in solutiokaraple, the EADS
correspond to the pure spectra of the intermedities species-associated
difference spectr§SADS), the acquisition of which is the ultimaimaof the
researcher. The first EADS thus matches the SAD$efcarotenoid S
state, which decays with into the second EADS, which is the SADS of the
carotenoid $state, returning to ground state with The sequential scheme
is even applicable in more complicated situati@ng, when branching due to
energy transfer occurs. Although the EADS then dibrepresent the SADS,
one can still use the total time constantebtained from the global fit to
calculate other parameters of interest, such astleegy transfer timegr
(see Section 1.3.3). This operation is analogowsplitting of the population
route, which was artificially considered as couptlee to the application of
the sequential model. Generally, one should tedtiptai models and then
consider the physical relevance of the resultsmFeuchtarget analysis
should arise a model, which best characterizesytsem under study.

The global fitting analysis was used in most & $tudies presented in
the Research Sections. It was implemented using ptlogram DAFit

' The author is aware that the terminology used heag be different than elsewhere in
literature.Global fitting is sometimes considered as an equivalent to matiieahfitting to
the sum of exponentials, or, alternatively putthe analysis when the parallel model is
applied. Anytime another model is used (e.g. setipi@nthe fitting procedure is considered
as target analysis® However, here the terrglobal fitting is used in a wider context,
including the application of the sequential mod®@hly the advancednodel testingis
considered amrget analysisconsistently with numerous studieés?
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(Pascher Instruments). Before the fitting alone, data were adapted by the
program: the background was subtracted, the debatimo of the IRF was
conducted, and the data were corrected for chihg dnly kinetic model
available in this software is the sequential model.
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This part of the thesis is based on six studiewhah | contributed
(see page VIII). The motivation for dividing it mmtwo sections is that the
latter (Research Section B) forms a very coheresemble. The former
section (Research Section A) then contains sepatatbes which do not
directly contribute to the story presented in Rede&ection B. Although the
style and format of the following chapters may Islig differ from the
original publications, its content is maintained.
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3. Carotenoid Response to Retinal
Excitation and Photoisomerization
Dynamics in Xanthorhodopsin

This chapter is based on Paper |.:

Slouf V, Balashov SP, Lanyi JK, Pullerits T, Polivk (2011) Carotenoid response to retinal
excitation and photoisomerization dynamics in xartbdopsin.Chem Phys Leth16: 96—
101.

Abstract

We present a comparative study of xanthorhodogsiproton pump
with the carotenoid salinixanthin serving as aneana, and the closely
related bacteriorhodopsin. Upon excitation of mtinxanthorhodopsin
exhibits a wavy transient absorption pattern in ibgion between 470 and
540 nm. We interpret this signal as due to elebimmmic effect of the
transient electric field of excited retinal on satanthin. The spectral shift
decreases during the retinal dynamics through thefast part of the
photocycle. Differences in dynamics of bacteriothypgln and
xanthorhodopsin are discussed.
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4. Role of Carotenoids in Light-
Harvesting Processes in an Antenna
Protein from the Chromophyte
Xanthonema debile

This chapter is based on Paper Il.:

Durchan M, Tichy J, Litvin R, Slouf V, Gardian ZjiHek P, Vacha F, Polivka T (2012)
Role of carotenoids in light-harvesting processes an antenna protein from the
chromophyteXanthonema debild Phys Chem B16: 8880-8889.

Abstract

Chromophytes are an important group of microorgasi that
contribute significantly to the carbon cycle on tBarTheir photosynthetic
capacity depends on efficiency of the light-harnvessystem that differs in
pigment composition from that of green plants atiteo groups of algae.
Here we employ femtosecond transient absorptiorctsgseopy to study
energy transfer pathways in the main light-harwgsticomplex of
Xanthonema debile denoted XLH, which contains four carotenoids,
diadinoxanthin, heteroxanthin, diatoxanthin andcheiaxanthin, and Cla-
Overall carotenoid-to-chlorophyll energy transféficeency is about 60%,
but energy transfer pathways are excitation waygterependent. Energy
transfer from the carotenoid State is active after excitation at both 490 nm
(maximum of carotenoid absorption) and 510 nm (@ede of carotenoid
absorption), but this channel is significantly maicient after 510 nm
excitation. Concerning the energy transfer pathivasn the S state, XLH
contains two groups of carotenoids: those that hinee § route active
(~25%) and those having the @athway silent. For a fraction of carotenoids
that transfer energy via theg &hannel, energy transfer is observed after both
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excitation wavelengths, though energy transfer siraee different, yielding
3.4 ps (490 nm excitation) and 1.5 ps (510 nm akoi). This corresponds
to efficiencies of the Schannel of ~85% that is rather unusual for a denor
acceptor pair consisting of a non-carbonyl carattamd Chla. Moreover,
major carotenoids in XLH, diadinoxanthin and diaothin, have their S
energies in solution lower than the energy of tbeeptor state, Qstate of
Chl-a. Thus, binding of these carotenoids to XLH musiettheir $ energy
to allow for efficient energy transfer. Besides thght-harvesting function,
carotenoids in XLH also have photoprotective raleey quench Ché
triplets via triplet—triplet energy transfer fronhica to carotenoid.
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5. Low-Temperature Time-Resolved
Spectroscopic Study of the Major Light-
Harvesting Complex of
Amphidinium carterae

This chapter is based on Paper lll.:

Slouf V, Fuciman M, Johanning S, Hofmann E, FranR, HPolivka T (2013) Low-
temperature time-resolved spectroscopic study ef rtiajor light-harvesting complex of
Amphidinium carteraeAccepted irPhotosynth Resloi: 10.1007/s11120-013-9900-8.

Abstract

The major light-harvesting complex @&mphidinium (A. carterae
chlorophyll-a—chlorophyll-g-peridinin  protein complex (acpPC), was
studied using ultrafast pump-probe spectroscofdgvattemperature (60 K).
An efficient peridinin—Chl-a energy transfer wassetved. The stimulated
emission signal monitored in the near-infrared spécegion was stronger
when redder part of peridinin pool was excited,igatng that these
peridinins have the ;8CT state with significant charge-transfer chagact
This may lead to enhanced energy transfer effigigrmm “red” peridinins
to Chl-a. Contrary to the water-soluble antennaofcarterae peridinin—
chlorophyll-a protein (PCP), the energy transfeesan acpPC were slower
under low-temperature conditions. This fact undanss the influence of the
protein environment on the excited-state dynamicpigments and/or the
specificity of organization of the two pigment—iot complexes.
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6. Photoprotection in a Purple
Phototrophic Bacterium Mediated by
Oxygen-Dependent Alteration of
Carotenoid Excited-State Properties

This chapter is based on Paper IV.:

Slouf V, Chabera P, Olsen JD, Martin EC, Qian P,ntdu CN, Polivka T (2012)
Photoprotection in a purple phototrophic bacteriumediated by oxygen-dependent
alteration of carotenoid excited-state propertfrec Natl Acad Sci USA09: 8570-8575.

Abstract

Carotenoids are known to offer protection agaitiet potentially
damaging combination of light and oxygen encoumtergy purple
phototrophic bacteria, but the efficiency of suabtection depends on the
type of carotenoidRhodobacter sphaeroideynthesizes spheroidene as the
main carotenoid under anaerobic conditions, wheieathe presence of
oxygen the enzyme spheroidene monooxygenase cagalys incorporation
of a keto group forming spheroidenone. We perform#dafast transient
absorption spectroscopy on membranes containindgRCPufX complexes
and show that when oxygen is present the inconporaif the keto group
into spheroidene, forming spheroidenone, recondiguhe energy transfer
pathway in the LH1, but not the LH2, antenna. The
spheroidene/spheroidenone transition acts as acuolateswitch, which is
suggested to twist spheroidenone into darass configuration, increasing its
conjugation length and lowering the energy of thedst triplet state so it
can act as an effective quencher of singlet oxygae. other consequence of
converting carotenoids in RC-LH1-PufX complexestat S/Si/triplet
pathway for spheroidene is replaced with a newvpayhfor spheroidenone
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involving an activated ICT state. This strategy f&®C-LH1-PufX-
spheroidenone complexes maintains the light-hangstross-section of the
antenna by opening an active, ultrafagtGGI channel for energy transfer to
LH1 Bchls, while optimizing the triplet energy fsinglet oxygen quenching.
We propose that spheroidene/spheroidenone switaleipgesents a simple
and effective photoprotective mechanism, of likeijmportance for
phototrophic bacteria that encounter both light axghen.
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Photoprotection in a Purple Phototrophic BacterMediated by Oxygen-
Dependent Alteration of Carotenoid Excited-Stateperties

Introduction

Carotenoids are natural pigments that absorb lghihe 450-550 nm
spectral region and transfer the energy to (B)Chitereby acting as
important energy donors in photosynthésis. addition to extending the
spectral range for absorption of solar energy, teamds play a structural
role in light-harvesting (antenna) complexésFinally, carotenoids play a
photoprotective role by dissipating unwanted exktittates in antenna
complexes? It is well documented that carotenoids in purptetptrophic
bacteria perform both light harvesting and struaturoles, and the
availability of carotenoidless mutants showed eartythat carotenoids are
essential for protection against oxygen radi€alsThe present study
demonstrates the mechanistic basis for photoprotech photosynthetic
bacteria, using the purple bacteriuRhodobacter (R.) sphaeroides a
model. The photosynthetic complexes of this basterform interconnected
membrane domains representing ~4,000 BChl moleftiethe membranes
are found within the cell as hundreds of spherigaracytoplasmic
membrane vesicles ~50 nm in diaméfetight-harvesting LH2 complexes
form the bulk light harvesting antenna, which desaenergy to RC-LH1
complexes?

In terms of their light-harvesting function, it mow well-established
that carotenoids have two excited states that s&svenergy donors: the S
state, responsible for the strong absorption iM@®&-550 nm region, and the
dark § state, which is located below the absorbing statkis forbidden for
one-photon transitions from the ground stdte LH2 complexes both the,S
and S states act as energy donors. The actual energgféraefficiency,
however, depends on the conjugation legtfthe number of the conjugated
C=C bonds) of the carotenoid. While the-rfediated energy transfer is
nearly constant (~50%) for carotenoids wWitlr 9—11 and decreases to ~30%
only for N> 12} the S route reaches 90% efficiency fir= 9 and drops to
less than 10% forN > 11 This strong dependence is ascribed to
unfavourable spectral overlap between the caroteBostate and Pband of
BChl-a! Essentially the same situation was found for eithative LH1
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complexe§’ or LH1 reconstituted with different carotenoiffsor for
genetically modified LH2 complex€s.

In other types of light-harvesting complexes sashthe peridinin-
chlorophyll protein from dinoflagellates, carotet®iwith a conjugated C=0
group facilitate $mediated energy transfer by coupling to an ICTesta
This light-harvesting strategy seems common amoedain genera of
marine algae that utilize carbonyl carotenditis’

The existence of different paths of energy trangfem carotenoids in
nature, involving either the.f&, or the Y/ICT states, raises the possibility
that a biosynthetic transition from spheroidensgberoidenone (see Fig. 6—
S1 for structures) irR. sphaeroidesknown to occur when anaerobically
grown cells are aerated, could act as a molecutawitch’ to a
photoprotective mode. Spheroidenone is known tovée/ effective in
protecting against singlet oxygé&hFurthermore, photostability studies on
spheroidenone-containing LH1 and LH2 complexes hie presence of
oxygen, and attached to gold surfaces in either nigenbrane-bound or
purified state, showed a remarkable resilience, toly for the LH1
complex?>?® In the present study we used an LH2-micu#\ mutant that
only contains spheroidene to demonstrate that aeraftic, photosynthetic
cells energy transfer in membrane-bound RC-LH1-Pedkplexes proceeds
via the S/S; states. When oxygen is present, the CrtA enzyrherspglene
monooxygenase present in the wild-type bacteriuntalgses the
incorporation of a keto group forming spheroidenBhehich transforms
energy transfer within the LH1 complex by shuttioff ultrafast triplet
formation and initiating an BCT pathway. Furthermore, a specific
spheroidenone configuration in LH1 decreases tleeggnof the triplet state,
promoting photoprotective quenching of triplet BGin singlet oxygen. This
effect is specific for the RC-LH1-PufX complex, aisdnot observed for the
peripheral LH2 complex. We propose that spheroigieroidenone
switching in RC-LH1-PufX complexes represents apdémand effective
photoprotective mechanism, of likely importance firototrophic bacteria
that encounter both light and oxygen.
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Materials and methods

Preparation of intracytoplasmic membranes.The R. sphaeroidesleletion strain
DD13 was complemented with the plasmid p(RKEHWTThe resultant transconjugant
DD13[pRKEHWT], contains WT RC-LH1-PufX core compés<but no LH2 complexes.
Cultures of this strain were grown in the dark sesriobically at 30°C with shaking, so that
the carotenoid spheroidenone was incorporated thtocore complexes. The LH2-minus
crtA mutant DB AcrtA was constructed by in-frame deletion of ttiéA gene, using an
LH2-minus background, DB@,?® so spheroidene became the dominant carotenoitlein t
core complexes; this mutant was grown photosyraakyi Intracytoplasmic membrane
vesicles were then prepared from both LH2-minus amist according to published
methods'® PufX-minus membranes were prepared from a PufXumimutant with
monomeric core complexés.

Time-resolved spectroscopyThe femtosecond laser setup is based on modeeocke
Ti:sapphire oscillator (Tsunami, Spectra Physics) Wd:YLF pumped Ti:sapphire amplifier
(Spitfire Pro XP, Spectra Physics) with centralpaitwavelength of 795 nm and 1 kHz
repetition rate (6 mJ per pulse), delivering ~8@utses. The output beam was split into two
parts, one for pumping a collinear optical paramet@mmplifier (TOPAS-C, Light
Conversion) to generate the pump beam while thenseone was led through a computer-
controlled delay line and focused onto a 2-mm sappplate to generate a white light
continuum. Subsequently, the probe pulses wereisfdi two parts, the former overlapping
with the pump pulse in the sample volume and tkierlserving as a reference, while not
passing through the sample. The probe and theereferbeams were then brought to the slit
of a spectrograph and dispersed onto a double dioate array, each with 512 elements. All
samples were measured in a quartz shaking cuvetteqting sample degradation caused by
long-term exposure to laser light. The intensity edfcitation pulses was kept below
4x10" photons pulsé cm®. Absorption spectra were measured before and effeeriments
to check for possible sample degradation, which rait exceed 6% in any case. Mutual
polarization between pump and probe beams wasositet magic angle (54.7°). All data
from time-resolved measurements were fitted glgb@llAFit, Pascher Instruments) to a
sum of exponentials using a sequential kinetic sehwith increasing lifetime¥.

Results and discussion

Absorption spectra of membrane-bound RC-LH1-Pubnplexes,
containing either spheroidene or spheroidenoneheneafter referred to as
RC-LH1-PufX(sph) and RC-LH1-PufX(spn), respectivelgre shown in
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' ' ' ' ' ' Figure 6-1. The PufX

= RC-LH1-PufX(sph) . . .
475 nm ——— RC-LH1-PufX(spn) pOIypept|de IS an Integl’a|

514 nm | component of th&®. sphaeroides
RC-LH1 core complex, and is
essential for efficient photosyn-
thetic growth®* The spectra are
5 | . | : | . dominated by BChl-a Qand
400 600 800 Soret bands peaking at ~876 and
Wavelength [nm] ~372 nm, respectively; the
Figure 6-1: Absorption spectra of RC-LH1- BChl-a Q4 band appears at 590
PufX complexes containing spheroidene (sp  nm. The RC contributions to the
and spheroiden.ong (spn). Thg excitatio absorption spectra are also very
wavelengths are indicated by vertical arrows. . i
similar in both complexes; the
BChl monomers in the RC give rise to ~805-nm bamdsle those around
~760 nm are due to RC bacteriopheophytinBifferences between the RC-
LH1-PufX complexes are most pronounced in the lgikeen region where
carotenoids absorb. Spheroidene has three wellvesbwibrational bands in
the RC-LH1-PufX(sph) complex. The lowest energysiaon due to the 0-0
band is readily identified at 507 nm. The absormptispectrum of
spheroidenone in the RC-LH1-PufX(spn) complex isfteth to longer
wavelengths; moreover, the resolution of its vilorzdl bands is significantly
diminished, as seen in other LH complexes bindivgydarbonyl carotenoid
spheroidenont&®® or okenoné® The weakly pronounced 0-0 band of
spheroidenone in RC-LH1-PufX(spn) appears at ~345 n

=X,
|

A [rel.un.]

Intramolecular charge-transfer state in RC-LH1-PufX
complexes

To search for possible identifiers of an ICT stateRC-LH1-PufX
complexes, we recorded their transient absorptp@ttsa after excitation of
carotenoids at 475 nm (spheroidene) and 514 nmefsutenone). Figure
6-2A shows a comparison of transient absorptiorctspef both complexes
recorded at 500 fs after excitation. The spectriithe RC-LH1-PufX(sph)
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complex is dominated by a band at 553 nm, whictypscal of the $Sy
band of spheroiden&:’ In addition, a shoulder appears on the high-energy
side of the main peak, which we attribute to tla@sition associated with the

A
1 4
c
=
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$
0
/ ——RC-LH1-PufX(sph), 0.5 ps
] = RC-LH1-PufX(spn), 0.5 ps
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Figure 6-2: Transient absorption spectr:
recorded after excitation of the $ state o
carotenoid in (A) RC-LH1-PufX complexe:
containing spheroidene (sph) an
spheroidenone (spn).The transient absorpti
spectra were recorded 0.5 pseafexcitation &
475 nm (sph) and 514 nm (spn)XB)
Comparison of transient absorption spectra ¢
the RC-LH1-PufX(spn) complex, LHZ
complex containing spn, and spn i
acetonitrile. Excitation wavelengths we
514 nm (RC-LH1PufX), 515 nm (LH2), ar
500 nm (acetonitrile). Data on LH2 a

spheroidenone in solution are taken from Refs
15 and 36. All spectra are normalized oS

maximum.
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S*  state®® However, the
transient absorption spectrum of
the RC-LH1-PufX(spn) complex
is significantly different, and a
new spectral band, reminiscent
of the ICT-like transition of
carbonyl carotenoids in polar
solvents®>* is observed around
750 nm. While the broadening
of the 8-Sy transition of
spheroidenone is observed in
LH2 complexes, the band at 750
nm has never been observed in
LH2,**** although a similar, but
much weaker, band was detected
in the spheroidenone-containing
LH4 antenna of Roseobacter
denitrificans®’

In  Figure 6-2B we
compare the transient absorption
spectra of spheroidenone in
acetonitrile, and in the RC-LH1-
PufX(spn) and LH2 complexes.
It is clear that spheroidenone in
LH2 resembles that in solution,
exhibiting only a weak feature
around 690 nm attributable to
the ICT-S transition. On the
other hand, in RC-LH1-
PufX(spn) the ICT-g transition
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of spheroidenone is far more intense and shifted7&0 nm. Thus, binding
of spheroidenone to the RC-LH1-PufX complex stabgithe ICT state that
consequently must play a role in excited-state gyos Since no such effect
is observed in spheroidenone-containing LH2 congdexhere must be
significant differences in spheroidenone-proteiteriactions between RC-
LH1-PufX and LH2 complexes d®. sphaeroidesBecause a high-resolution
atomic structure of the RC-LH1-PufX complex is ratailable, it is not

possible to identify the origin of the differencetwveen RC-LH1-PufX and
LH2 complexes from structural data. Yet, there gyectroscopic indicators
that allow us to hypothesize about possible origofsthe observed

differences in excited-state properties.

First, it must be noted that the intensity of td-like transition of
spheroidenone in the RC-LH1-PufX(spn) complex gnsicantly stronger
than that observed in the most polar solvents (Eigu2B). It is known that
although it is possible to separate thelile and ICT-like transitions in
transient absorption spectra, thea8d ICT states of carbonyl carotenoids are
strongly coupled in the 8CT state®>® and the intensity of the ICT-like
transition is a measure of a degree of chargefacharacter of the;8CT
state. It was recently shown that the intensitytled ICT-like transition
significantly increases if a single conjugated oanh group of a carotenoid
is positioned in an gans configuration with respect to the main conjugated
backboné® However, this is not the case for spheroidenonsaiution,
where the carbonyl group is in armtis-orientation as evidenced by molecular
modelling showing that sis configuration is far more stable (Fig. 6-S2).
Consequently, the significantly stronger ICT bandhe RC-LH1-PufX(spn)
complex could be explained if the binding site e tRC-LH1-PufX(spn)
‘twists’ the carbonyl group of spheroidenone inbe tstrans configuration
(Fig. 6-S2).

Further support for this hypothesis is provided dyomparison of
transient absorption spectra of spheroidenone @ RIC-LH1-PufX(spn)
complex with those of the carotenoid hydroxyecharenin the OCP from
cyanobacteria, which exhibits very similar behavioWhereas no ICT-like
transitions are detected for hydroxyechinenoneolat®n, a red-shifted ICT
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band dominates the transient absorption spectrunmydfoxyechinenone
bound to OCP® Unlike the RC-LH1-PufX complex, the atomic struetwof
OCP has been determined to 1.65 A resoldttaalowing identification of
the changes leading to ‘activation’ of the ICT stafhe carbonyl group of
hydroxyechinenone is in thecss orientation in solution, minimizing the
charge-transfer character of the //IST state®® However, the
hydroxyechinenone binding site in OCP forces themieal 4-ketopg-
ionylidene ring of hydroxyechinenone to twist, aligg the conjugated
carbonyl group into the sans orientation with respect to the rest of the
conjugated bond systeth.Moreover, the conjugated carbonyl group of
hydroxyechinenone in OCP forms hydrogen bonds &hyetryptophan and
tyrosine residues. These structural changes resutie appearance of the
ICT band in the transient absorption spectrum; h@net disappears in the
closely related red carotenoid protein, where the pf the protein forming
the carbonyl binding site in OCP is missfig.

Thus, comparison of data recorded for the RC-LHIXPEspn)
complex and the OCP protein suggests that a coataynal change of
spheroidenone in RC-LH1-PufX(spn), which does rmuo in LH2, causes
the enhancement of the charge-transfer characteheofS/ICT state of
spheroidenone, resulting in observation of the lk&-band at 750 nm. It is
likely that hydrogen bonding to the carbonyl gralpo contributes to this
effect, however, hydrogen bonding alone cannot ggéaean ICT band of
such magnitude, as is seen when comparing thesityesf the ICT band of
spheroidenone in the hydrogen bonding solvent meiffaand in aprotic
acetonitrile®® the ICT bands in both solvents are weak and ofpzoable
magnitude. Thus, the magnitude of the ICT bandpbiesoidenone in RC-
LH1-PufX(spn) complexes cannot be reproduced in solyent, suggesting
that the introduction of the keto group probablyistes the carotenoid
molecule, a significant structural change that tbalse accommodated by an
alteration of the binding site within the LH1 corapl

Based on the arguments presented above we propoae
spheroidenone bound to the RC-LH1-PufX(spn) compieR. sphaeroides
has the keto group in thetrsns orientation, whereas thecss orientation
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most likely occurs in LH2. In addition, hydrogennaling of LH1 side chains
to the carbonyl oxygen may further enhance thegehtmansfer character of
the S/ICT state of spheroidenone in the RC-LH1-PufX(sponplex.

Carotenoid excited-state dynamics

e e LA B B Having established that the

10 :C-LH(:)-}::Z((spn) | 750 nm band in transient
= ——04ps absorption spectra of the RC-
g 1—ae ! LH1-PufX(spn) complex arises
<, " | from the ICT state, we may

N\T\/ proceed with an analysis of
. ., ., ", . |1 excited-state dynamics. Results
17 © D U T T 1 of global fitting of data recorded

RC-LH1-PufX(sph)
<0.1 ps

B A ;(fpp: + for both RC-LH1-PufX
5 | 18ps | complexes are shown in Figure
5 K £=| 6-3. For the RC-LH1-PufX(spn)
= ™1 complex (Figure 6-3A) the first
EADS corresponding to the,S
10 Arroep——————7—— state decays in <0.1ps to the
550 v?/(:\)/aengfr?[nm]?oo 750 second EADS (red) that is

clearly due to the #CT state,

Figure 6-3: EADS resulting from global fitting because it contains both-Bke

the data in the visible spectral regio (600 nm) and ICT-like (750 nm)
measured for (A) RC-LH1-PufX(spn) and (B; .. ; )
transitions. Interestingly, this

RC-LH1-PufX(sph) complexes. The data ¢ ]
wavelengths shorter than 58 are omitted fc  S€écond EADS contains only a
the RC-LH1PufX(spn) complex due to strc  weak signal attributable to \Q

scattering from excitation. n.d. - nalecayin bleaching (~590 nm), suggesting
component. that the $ channel is of minor
importance in this complex. This also implies tHS)/ICT internal
conversion occurs in sans spheroidenone in the RC-LH1-PufX(spn)
complex significantly faster than for spheroidenghe RC-LH1-PufX(sph)
complex (see below). This observation agrees wifirewious study of S
decay of hydroxyechinone, where activation of tBd Istate significantly
152
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shortens the Slifetime in the OCP in comparison with the lifeBmn
solution®® The S/ICT state decays in 0.4 ps during which process th
appearance of a dip is clearly visible, superimdosa the broad SSy
transition. This feature is due to the Rleaching and identifies the 0.4 ps
process as energy transfer from théiGSI' state. The next EADS (green)
decays in 2.4 ps. The EADS generated by the 2ptquess (cyan) does not
contain any spheroidenone bleaching and is thudysdue to BChl-a; the
45 ps time constant of the decay of this EADS soamted with the overall
trapping time of excited states in these photostithmembranes. It is
important to note that the monomer/dimer statusth& spheroidenone
complexes has no influence on the carotenoid ekdtate dynamics. Both
the activation of the ICT state and excited-stateathics of spheroidenone
in the PufX-minus and PufX-containing RC-LH1(spndmplexes are
essentially identical (Fig. 6—S3).

Global analysis of data measured for the RC-LHiXPph) complex
(Figure 6-3B) reveals that the, State decays on the sub-100 fs timescale
(black EADS). When going to the next EADS (red} ttlear dip around
590 nm indicates that the-ghediated energy transfer is far more important
here in comparison with the RC-LH1-PufX(spn) compldhis EADS
decays in 0.3 ps, which is nearly the same timesteoth as for RC-LH1-
PufX(spn), but the spectral properties are qualigat different as it exhibits
the characteristics of a hot State*>** The pathway from the hot; State of
carotenoids has been observed in other LH compféx&&>Whether or not
this energy transfer channel is active in RC-LHDXsph) needs to be
elucidated by complementary measurements of BGQlyramics in the NIR
spectral region (see below). The EADS of the hait&te relaxes to form the
EADS associated with the State (green) which decays in 1.8 ps. The shape
of the next EADS (blue) is reminiscent of the Satef* The last dynamic
process (cyan to orange EADS) occurs with a 70nps tonstant and again
reflects the overall trapping time for these membga At present, we cannot
explain the slower trapping time for RC-LH1-PufXggghan for RC-LH1-
PufX(spn) membranes, and a systematic study ofpingptimes in the
presence of LH2 complexes will be required to exanthis point further.
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The final, non-decaying EADS of the RC-LH1-PufX(3montains a clear
band at 530 nm that arises from the triplet sthspberoidene.

Carotenoid to BChl-a energy transfer

T T T T T T T T T T T ] In Order tO Conflrm that the

544 1 0.4 ps (spheroidenone) and 0.3

5 o ——r\“\ — f* and 1.8 ps (spherc_)idene)
£ \ { components observed in the
$ 7O ReAHtPu(epr) 7 visible spectral region are
qod ik | associated with energy transfer,
1" 1l we carried out experiments

10"5' B PP o probing the NIR region,
_/\_Z%LES/M' monitoring the signal of the
N\ BChl-a Q, band. The global

fitting results are depicted in
Figure 6-4; for membranes
e containing the RC-LH1-
———1——7—1——1—— PufX(spn) complex (Figure
840 860 880 900 920 940 G.4A) the first EADS (red)
Vavelength [nm] contains some BChl-a signal, but
Figure 6-4: EADS resulting from global s contribution is smaller in
fitting the data in the NIR spectral regior comparison with the RC-LH1-
measured for (A) RC-LH1-PufX(spn) and PufX(sph) sample (Figure 6-4B).
(B) RC-LHL-PutX(sph) complexes.nd. - .o ohservation confirms  the

non-decaying component. ,
hypothesis that the ,Sstate of

spheroidenone is a minor donor of excitation enéogyBChl-a in RC-LH1-
PufX(spn) complexes. The magnitude of the BChl@abhing in the NIR
region increases greatly with a 0.6 ps componeat thatches the 0.4 ps
component associated with thg/IST state observed in the visible region.
Thus, energy transfer from spheroidenone to BClathe RC-LH1-
PufX(spn) complex proceeds predominantly via th¢lC3 route. The
second EADS (green) decays with a 2.5 ps compouening this process
there is only a slight decrease of the BChl-a dignéicating that no energy
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transfer occurs with this time constant. Virtuale same component of 2.4
ps was observed in the visible region (Figure 6-3Adl its presence in the
NIR region indicates that it is associated with B&ldynamics. Indeed, the
2.4 ps EADS in the visible region has a shape amiod the 45 ps EADS,
except in its intensity, and is clearly due to B@hJFigure 6-3A). The next
EADS (cyan) has a lifetime of 44 ps and evidenttyresponds to the
trapping time in RC-LH1-PufX(spn) complex.

Figure 6-4B shows the EADS obtained from glob&d ff the data
measured in the NIR region for the RC-LH1-PufX(spbinplex. Unlike the
RC-LH1-PufX(spn) complex, the first EADS (black)reddy contains a
significant BChl-a bleaching component, which irases further during the
<100 fs step. These observations indicate thabatantial part of the energy
is transferred from the,Sstate of spheroidene. A further increase (red to
green EADS) is characterized by a 0.3 ps compadhettmatches the decay
of the hot $ state observed in the visible region (Figure 6;3Ripporting
the notion of energy transfer via the hatstate of spheroidene. The green
EADS has a 1.7 ps lifetime and the process assakiaith this component
increases the BChl-a signal further. The match eetwthis time constant
and that observed in the visible region allows asigmment as energy
transfer from the relaxed; State of spheroidene. During the next process,
associated with the 7 ps time constant, the cyaD& A formed. Because it
is accompanied by the decrease of the BChl-a sighsl EADS is most
probably associated with relaxation of BChil-a esttitstates. Although it
would be tempting to couple the ~7 ps time constanthe visible and NIR
regions, the dominating processes are most prohaiiglated. Whilst the
NIR decrease of the signal is unequivocally assediawith BChl-a
relaxation, the 7.6 ps EADS in the visible regiaxhibits characteristic
carotenoid features. The cyan EADS decays with @rps8 time constant,
again due to trapping events in RC-LH1-PufX(sphyptex.

Thus, three energy transfer pathways, via then&@ S and relaxed S
states, are active in the RC-LH1-PufX(sph) complakereas only two
pathways, mediated by the/lET state and to a lesser extent by éist in
RC-LH1-PufX(spn) complex (see Fig. 6—-S4 for a sohahenergy transfer
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pathways). Multiple pathways involving both 8nd S routes are common
in LH2 and LH1 complexes of purple bacteria bindicayotenoids with
N < 1128 \When carotenoids with a longer conjugated bondesyssuch
as lycopen®8%0r spirilloxanthin'®3**are bound to LH2 or LH1 complexes
the S route becomes inactive, but the thway is functional in all purple
bacterial antenna studied so far. It is worth rgtthat the & route is
significantly diminished in light-harvesting compéss of dinoflagellates or
diatoms binding the carbonyl carotenoids peridimirfucoxanthin; then, the
pathway through the ;8CT state becomes the major pathv$?
reminiscent of the situation studied here in RC-EPUEX(spn) complexes.

The RC-LH1-PufX(spn) complex represents a unidgietdharvesting
system among purple bacteria. The biosynthetic rparation of a single
keto oxygen into the structure of spheroidene charthe energy transfer
pathways, and the;8CT route becomes dominant. Because the ICT sate
not active in LH2 complexes binding the same cawaite spheroidenone, an
LH1-specific interaction must exist between theokgtoup of spheroidenone
and amino acid residues such as tryptophan andibgoas found for
interactions of these residues with LH1 BCHI8’ There is evidence that the
Trp residue of the highly conserved Lys-lle-Trp (Rl motif, found in the
N-terminal domain of the LHA polypeptide, plays a role in binding
spheroidenone in the LH1 complex Rf capsulatu®*® however, the same
KIW motif is found in LH2, and no ICT state is fadin this complex. It is
possible that the neighbourindyr—27 residue provides the hydrogen bond
to the C2 keto group of spheroidenone that staslizhe dgrans
configuration as the corresponding residue in L$12 Gly.

Carotenoid triplet state formation in RC-LH1-PufX
complexes

The transient absorption data in Figure 6-2A dreEADS in Figure
6-3 show that also the blue parts of these speilitier significantly in the
two RC-LH1-PufX complexes. While spheroidenone bleéag dominates
below 560 nm, the transient absorption spectrurth@fRC-LH1-PufX(sph)

156



Photoprotection in a Purple Phototrophic BacterMediated by Oxygen-
Dependent Alteration of Carotenoid Excited-Stateperties

complex contains a positive signal below 540 nn tleees not decay within
the time window of the experiment. This non-decg)signal forms a narrow
peak centred at 530 nm and is generated withinfithe picosecond after
excitation; the same signal was observed in LH1 pleres of
Rhodospirillum rubrunreconstituted with spheroidene and it was idesdifi
as a T-T, transition due to a spheroidene triplet stte.

However, the observed picosecond dynamics of 8erbn band are
not consistent with known lifetimes of the tripktate. Thus, Papagiannakis
et al. (Ref. 34) interpreted the early signal asirag from the S* state that is
the precursor of the triplet state in native LH pdexes ofR. sphaeroidedn
fact, the time constants extracted here from glditi@thg of the RC-LH1-
PufX(sph) data are remarkably similar to those ioleth for LH2 complex
from the same organisii.Consequently, we assign the 7.6 ps component to
decay of the S* state, formed from the Sate of spheroidene. Since the
process associated with the 7.6 ps component agumanied also by a loss
of ground state bleaching (Figure 6-3B), it implteat the S* state decays
into both triplet and ground states. Comparing tmaplitudes of the
components obtained here (Figure 6-3B) and in EHBe branching ratio is
shifted more towards the triplet state in RC-LHI>{sph) complex. The
underlying dynamics are, however, essentially idahtin RC-LH1-
PufX(sph) and LH2(sph) complexes.

Whereas in the RC-LH1-PufX(sph) complex the rasgltriplet yield
is higher than in corresponding LH2 complexes,d@nge of spheroidene to
spheroidenone, which involves only the additionaoketo group to the
carotenoid conjugated system, switches off the vpayhtoward the triplet
state completely. Although the scattering prevémesinclusion of <550 nm
data in the global fitting (Figure 6-3A), compamsof transient absorption
spectra at 100 ps recorded for RC-LH1-PufX(sph) B&LH1-PufX(spn)
complexes (Fig. 6-S5), clearly shows that no ttipignal is observed in the
RC-LH1-PufX(spn) complex. Consequently, incorpanatof spheroidenone
in RC-LH1-PufX(spn) not only alters energy transfaathways but also
prevents ultrafast triplet formation.
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A possible biological role for spheroidene/sphesoiohe
conversion in photosynthetic bacteria

The conversion of spheroidene to spheroidenonediatesl by
spheroidene monooxygenase, alters the conformaifothe carotenoid,
which twists in the $rans configuration that is likely stabilized by a
hydrogen-bonding interaction within the LH1 bindisite. The effect of this
change is to increase the conjugation length ofcdretenoid, lowering the
energy of the lowest triplet stafeso it can act as an effective quencher of
singlet oxygen and/or BChl-a triplet states. Thkeotconsequence of the
conversion of spheroidene to spheroidenone is afiwatibn of the energy
transfer properties of RC-LH1-PufX complexes, whiswitch from an
S,/Si/triplet mechanism to one involving mainly thgIST state. The $rans
configuration of spheroidenone leads to activawdrthe ICT state, which
maintains an active ;&hannel for energy transfer to LH1 Bchls while
allowing the triplet energy drop to effectively quod singlet oxygen. This
functional flexibility contrasts with that of lycepe, which has effective
conjugation comparable to spheroidenone imass configuration, and is
found in some other light-harvesting compleXe$his carotenoid evidently
has an ideal triplet energy for scavenging singigygen and, indeed,
lycopene is the most effective carotenoid for shgixygen scavenginy;
however, the Senergy of lycopene is too low to transfer enem\BChl-
a.1,16

The basis for biological role of this process faioly originates in the
differing levels of light and oxygen encountered pyrple phototrophic
bacteria. As they move from a low-light, anaerobitvironment to one
nearer the surface where both the light and oxyeesls increase, there is a
need to protect the photosynthetic apparatus. &imalquirements are found
in the aerobic anoxygenic phototrophs that reptesiemost 10% of microbes
in the ocean?® The proposed quenching mechanism offers effective
protection against singlet oxygen without sacnifgcithe light-harvesting
cross-section of the antenna, in line with workotimer systems involving the
ICT state®® Quenching of BChl-a triplet states that may leadsinglet
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oxygen formation, or quenching the singlet oxygéself, are of vital
importance in conditions when light and oxygen igesgnt. This is
underlined by the recent study of Magis et al. (Ré), which compared the
photostability of surface-immobilized LH1 and LHZ2oroplexes with
spheroidenone as the major carotenoid. LH1 complexthstood 180 min
of irradiation at 650 W.cif, whereas LH2 complexes were destroyed in less
than 2 minutes. Thus, the ability of spheroidentmeptimize triplet energy
in RC-LH1-PufX(spn) complexes and simultaneouslyinan energy
transfer channel between spheroidenone and B@hkavital environmental
response mechanism for this bacterium and likely tlee many other
phototrophic bacteria that also contain spheroidendn conclusion, we
suggest that spheroidene/spheroidenone conversionRC-LH1-PufX
complexes represents a simple and effective photegive mechanism, to
add to other photoprotective mechanisms found tareasuch as the OCP of
cyanobacteria and the xanthophyll cycle of plants.
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Figure 6—S1:Chemical structures of spheroidene and two corditipms of spheroidenone.
Numbers 1-4 indicate first four carbon atoms; iotataround the C2-C3 bond (yellow)
produces the-cis ands-trans configurations.
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Figure 6-S2:(A) Calculated dependence of the heat of formatianthe rotation of the
dihedral C1-C2-C3-C4 system. (B) Optimized geometfy the seis and strans
configurations of spheroidenone, correspondinght minima in (A). Oxygen atoms are
marked in red.

A semi-empirical QM method AM1 incorporated in MOE2009
(http://OpenMOPAC.net) was used for energy miniiaa The dihedral
angle for C1-C2-C3-C4 was rotated with a step sfZe degrees, keeping the
rest of the parameters for other atoms in the nidesuch as bond distance,
bond angle and dihedral angle, open for optimipatiaring the calculation
for each step. The most stable configuration wamdofor each rotational
step, and the total heat of formation of the canfigion was calculated, then
plotted against the rotated dihedral angle. Theimuim heat of formation
(5.99 Kcal.mot') is at 175 degrees rotation, near sheis configuration, and
the maximum is at 95 degrees (9.44 Kcal:MoThes-transconfiguration is
found at a local minimum at 25 degrees rotationh&i heat of formation of
8.27 Kcal.mot". The total energy barrier for moving frontis-to stransis
3.45 Kcal.mot'.
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Figure 6—S3:EADS extracted from global fitting the data meadunae LH1-RC complexes
containing spheroidenone.

It is obvious that lacking the PufX complex does affect the activation of
the ICT state and overall spheroidenone-to-BChhargy transfer as the
time constants obtained from the complex lackingXPmatches those
shown in Fig. 6-3A and 6—4A. However, there isighsldifference in the
time constant associated with the trapping timé yfelds 30 ps in the RC-
LH1(spn) complex and 40 ps in the RC-LH1-PufX(sgomplex. As the
RC-LH1(spn) complex cannot form dimers, it confirms& hypothesis that
variations in trapping time are due to differengi@® of dimerization of the
core complexes. n.d. - non-decaying component.
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Figure 6-S4 Energy transfer pathways in RC-LH1-PufX(sph) a@R@-LH1-PufX(spn)
complexes.

Excited-state processes involving carotenoid sptene are shown in red
while blue arrows denote energy transfer and rélaxachannels involving
the carotenoid spheroidenone. The dashed arrowsesep internal
conversion and intersystem crossing pathways alidi &wows depict energy
transfer channels. Thickness of the arrows repteggmnergy transfer is
proportional to the efficiency of the particulareegy transfer channel. Rates
of excited-state processes whose time constantkl dmel inferred from
experiment are also shown. In RC-LH1-PufX(sph) claxphe major energy
transfer pathway is via the, State and a side-relaxation channel populating
spheroidene triplet via the S* state is active.t@mother hand, in RC-LH1-
PufX(spn) the activation of the/BCT state, which also slightly increases the
energy of the ICT state® facilitates energy transfer via this coupled state
which becomes the major pathway, and the side-ald@ading to the triplet
state is switched off completely. However, thegeneffective conjugation
induced by the proposed linearization of the coajed chain of
spheroidenone in RC-LH1-PufX(spn) decreases thpletrienergy of
spheroidenonéresulting in better quenching of singlet oxyged/an BChl-

a triplet than in RC-LH1-PufX(sph).
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Figure 6—S5 Comparison of transient absorption spectra of IR{Z-PufX(sph) and RC-
LH1-PufX(spn) at 100 ps.
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7. Carotenoid Charge Transfer States and
Their Role in Energy Transfer Processes
In LH1-RC Complexes from Aerobic
Anoxygenic Phototrophs

This chapter is based on Paper V.:

Slouf V, Fuciman M, Dulebo A, Kaftan D, Koblizek Mrank HA (2012) Carotenoid charge
transfer states and their role in energy transfercgsses in LH1-RC complexes from
aerobic anoxygenic phototroptisPhys Chem B17: 10987-10999.

Abstract

Light-harvesting complexes ensure necessary flbexoitation energy
into photosynthetic reaction centres. In the presamk, transient absorption
measurements were performed on LH1-RC complexdatésb from two
aerobic anoxygenic phototrophs (AAPRBpseobactesp. COL2P containing
the carotenoid spheroidenone, d@agthrobactersp. NAP1 which contains
the carotenoids zeaxanthin and bacteriorubixanthi&e show that the
spectroscopic data from the LH1-RC comple)Rokeobactesp. COL2P are
very similar to those previously reported f®hodobacter sphaeroides
including the transient absorption spectrum origntafrom the ICT state of
spheroidenone. Although the ICT state is also ppdl in LH1-RC
complexes oErythrobactersp. NAPL, its appearance is probably related to
the polarity of the bacteriorubixanthinal environmheather than to the
specific configuration of the carotenoid, which imgothesize is responsible
for populating the ICT state of spheroidenone inLERIC of Roseobactesp.
COL2P. The population of the ICT state enablescieffit S/ICT-to-BChl
energy transfer which would otherwise be largelyhibited for
spheroidenone and bacteriorubixanthinal due to thei energy $states. In
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addition, the triplet states of these carotenomsear well-tuned for efficient
quenching of singlet oxygen or BChl-a triplets, @his of vital importance
for oxygen-dependent organisms such as AAPs.
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8. Activation of the Intramolecular
Charge-Transfer State in LH1 Complexes
of Various Purple Bacteria

This chapter is based on Paper VI.;

Slouf V, Chébera P, Cogdell RJ, Cranston L, Duldb&lunter CN, Kaftan D, Koblizek M,
Martin EC, Olsen JD, Polivka T. Activation of thetremolecular charge-transfer state in
LH1 complexes of various purple bacteféanuscript in preparation.

Abstract

We have recently observed a specific spectrosdepiitire associated
with a keto carotenoid, spheroidenone, in LH1 caxes ofRhodobacter
sphaeroideslt is a strong transient absorption peaking aroud® nm,
which we attribute to the ICT state of spheroidenoWe hypothesize that
the crucial factor for the ICT state activation tise interaction of the
carotenoid keto group with the protein environmér aim is to find the
activator of the ICT state at the level of protpimmary structure. To obtain
such information, we studied LH1 complexes of otbreyanisms with both
active and inactive ICT states.
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9. Summary and Future Prospects

In this summary, | will highlight the most impontafindings and try to
justify the relevance of the title of this thesigharespect to particular studies
presented in both Research Sections. That protenikience the
photophysics of carotenoids (and of pigments ineg&h is not surprising.
For instance, due to electrostatic interactiongpteaoid spectra are red-
shifted in the proteins compared to solution. Hosrevbesides these
“traditional” examples (demonstrated e.g. in SettR), the results of this
thesis also present rather unique “manipulatioisanotenoids by proteins
(in Section 4 and Research Section B).

In Section 3, it was demonstrated that the maimcsoof the carotenoid
red-shift in the protein can be explained by loelgctrostatic interactions.
Furthermore, it was realized that retinal excitedes exhibit slower decay in
XR than in BR. One of the hypotheses is that iagsin the protein that
forces retinal into different configurations in ttveo complexes resulting in
distinct excited-state dynamics. The other hypothessthat the differences
are caused by an interaction between retinal amdi¢ilghbouring carotenoid,
salinixanthin. Our experiments in the near futui# kopefully provide an
answer to the question of which of the two effégtdecisive.

Section 4 brings forward a unique finding that tharotenoid
diadinoxanthin, usually connected with photopratettis active in energy
transfer to Chl-a in the XLH antenna. Surprisingtg, S energy must be
significantly higher in XLH than in solution, higghting the role of the
protein environment in tuning the spectroscopicpproes so that the
carotenoid can serve a particular function in oretgmn (light harvesting),
but a distinctly different function in another (gbprotection). This result
also sheds new light on the possible role of diaxmthin and diatoxanthin
in algal NPQ. The proposed gear-shift mechanism Wwased on the
assumption that diatoxanthin, but not diadinoxantimay serve as a sink for
excitation energy from Chl-a due to its Sate position below that ofyé
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This mechanism was challenged by locating thet&es of both carotenoids
in solution below that of (¥ However, the gear-shift mechanism could be
revived by our finding that the protein can pusk $hstate of diadinoxanthin
above that of Q Using the same line of reasoning, the diatoxanBistate
could remain below that of Qenabling the gear-shift mechanism.

In Section 5, it was shown that the temperatuneeddence of the
energy transfer rate in the acpPC complex is redevgth respect to PCP.
This points either to the different overall orgatian of the two complexes,
or to a distinct local protein environment arouhé thromophores in the
respective complexes. (The former feature is alsmately governed by the
protein because it serves as a scaffold.) Furthermthere even exist
multiple spectral variants of peridinins, whichuedoubtedly a product of
local pigment-protein interactions because the qptogsical properties of
carbonyl carotenoids are known to be sensitive tbarly of the
environment

The Research Section B forms an integrated umitgiwdeals with the
activation of the ICT state of spheroidenone in Letimplexes of some
purple bacteria.

In Section 6, it was proven that it really is tl&TI state, which is
responsible for the strong spheroidenone ESA ar@®@@dnm in the LH1 of
R. sphaeroidesThis band was only recorded in LH1, and could bet
reproduced in solvent of any polarity, underscotimg role of the protein in
ICT state activation. Moreover, the activation @nditioned by a special
spheroidenone configuration,trgns. In this configuration, spheroidenone
excited-state energies are lower than those of4tie configuration, which
is the most stable in solution. Consequentliragss spheroidenone can serve
as a quencher of singlet oxygen due to the matcdamitenoid T state with
the lowest excited state of singlet oxygen. Theysratic exchange of
spheroidene by spheroidenone can thus be viewed plotoprotective
mechanism, which is “responsive” as NPQ (is turnadwhen the external
conditions require it), but acts ofD, (and, possibly’Chl’), typically
guenched by “non-responsive” mechanisms. The nghetoprotective
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mechanism thus represents a “mix” of the estaldispeotoprotective
mechanisms.

The study presented in Section 7 shows that the d@te is also
activated in the LH1 complex étoseobactesp. COL2P in the same way as
in R. sphaeroidesThe situation was, however, different in the LHam
Erythrobacter sp. NAP1. Although the carbonyl carotenoid
bacteriorubixanthinal also exhibited a strong E8kated to the ICT state in
LH1, the ICT state is also activated when the eoid is dissolved in the
polar solvent methanol. Therefore, the ICT actoatin this LH1 is most
probably achieved solely by the protein environmertich must be highly
polar mainly around the carbonyl group of bactedaxanthinal.

Finally, Section 8 aims at drawing more generalctusions on the
concepts and observations presented in Sectiond 8.&Firstly, it is realized
that the ICT state is not generally activated ughen binding of a carbonyl
carotenoid to LH1. Further, a tyrosine residue elimsthe LH1a polypeptide
N-terminus was identified as the likely site resubte for the ICT state
activation. In addition, it is concluded that tl&Tl state activity of carbonyl
carotenoids (so far proven only for spheroidenore)related to the
photoprotective mechanism described earlier (Sedijofor R. sphaeroides
In the near future, we plan to test the hypothesithe ICT state activation
by the tyrosine. This will be achieved by constingtmutants, in which the
tyrosine will be replaced by another residuum sastphenylalanine that is
unable to form hydrogen bonds with the neighboudadonyl group of the
carotenoid. If our hypothesis is correct, thdrass configuration of
spheroidenone should not be stabilized in theseamtsit leading to a
decreased ICT-related transient signal.

To conclude this thesis, | believe that the preteszh studies justify
what is stated in the title: that the protein coots carotenoid photophysics
to a hopefully larger extent than the reader mightve anticipated upon
simply reading the title.
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