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Abstract: Toxic singlet oxygen can be populated by the quenching of triplet states
of chlorophyll (Chl). In photosynthetic light-harvesting complexes (LHCs), the
generation of singlet oxygen is prevented by a photoprotective mechanism based
on an energy transfer from Chl triplets to carotenoids, which occurs via a Dex-
ter mechanism (DET). The temperature dependence of the DET was studied in
three selected LHCs by means of transient absorption spectroscopy. The em-
phasis was on a chlorophyll a-chlorophyll cs-peridinin-protein complex (acpPC)
of Dinoflagellate Amphidinium carterae. The results obtained from acpPC were
compared with those acquired for LHC-II from pea and chlorosomes of Chlo-
roflezus aurantiacus. All three antennas exhibit high efficiency and fast rate of
chlorophyll triplet quenching by carotenoids at room temperature, which pre-
vents the accumulation of Chl triplets. The fast rate of quenching persists at
low temperatures (>77K) in the case of LHC-II. However, the efficiency of the
Chl triplets quenching is lower as proved by a detection of long-lived Chl triplets
with a millisecond lifetime. These triplets were assigned to peripheral Chls that
are not neighbouring with carotenoids active at 77K. A similar population of
long-lived Chl triplets was detected in the acpPC complex. In acpPC, the rate of
the quenching by carotenoids is different in three subpopulations of carotenoids.
The first subpopulation is ascribed to peridnin in a non-polar environment (or
diadinoxanthin) and exhibits a fast rate of DET independently of temperature.
Two other subpopulations formed by peridinin in a polar and non-polar environ-
ment (or diadinoxanthin) show a strong temperature dependence with a more
than 1000 times lower rate at 77 K compared to room temperature. Chlorosomes
also exhibit the temperature dependence of the quenching rate by carotenoids.
However, no long-lived bacteriochlorophyll triplets were detected.
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Introduction

The great variety of life conditions on Earth led to the evolution of a broad
range of photosynthetic organisms with different abilities to use sunlight as their
life propulsion. Photosynthesis may serve as an inspiration for the currently
topical issue of the shortage of energy supplies. Fossil fuels - in fact products
of photosynthesis - are quickly being exploited by our growing society. One of
the possible solutions to the problem is to master biophysical paths of light-
harvesting and storing the energy from sunlight into a fuel or batteries. Artificial
photosynthesis seems to be a utopian concept from today’s perspective. However,
some pioneers of artificial photosynthesis research, like Daniel Nocera [I], have
convinced us of the good prospects of a replication of natural photosynthesis.
A prerequisite for success is fundamental research on light-harvesting and the
photoprotection in natural photosynthesis, which is the subject of this thesis.

Photosynthesis is a biosynthetic process in which plants, algae and some bac-
teria acquire energy from sunlight and store it in high-energy macromolecules
by attaching carbon dioxide. The process can be divided into primary pro-
cesses called “light-dependent” photosynthesis and subsequent processes called
the Calvin cycle, which embraces the “light-independent” reactions of photosyn-
thesis. [2] Although the processes are called light-independent, they are inefficient
without a sufficient supply of energy from the primary light-dependent reactions.

In the light-dependent processes, a photon is absorbed by pigments in the
protein complexes called light-harvesting complexes (LHCs, or “light-harvesting
antennas”). The subsequent excitation is then transferred from the pigments in
the LHC to the pigments in the reaction centre (RC), where the excitation is
trapped and used for charge separation. The separated electron is transported
from the pigments in the RC step-by-step through a reduction line with decreas-
ing redox potential in exchange for the protons pumping across a membrane.
The disequilibrium of ions on both sides of the membrane makes a gradient of
Coulomb and chemical potential, which forces the ATP-synthase complex to form
adenosine triphosphate (ATP) with a high-energy bond. Consequently, another
energy carrier, nicotinamide adenine dinucleotide (NAD™), is reduced as the last
step in the electron transport chain. Both highly energetic molecules - ATP and
NADH - provide energy for light-independent processes. [2]

Although there are some differences in these briefly summarized photosynthe-
sis processes among plants, algae, and photosynthetic bacteria, all of the photo-
synthetic organisms use LHCs for harvesting photons by pigments being absorbed
in the visible spectrum. Otherwise, the RCs would stay inactive for most of the
time. However, the LHCs are quickly overfilled by excitation energy during sun-
shine. [2] Majority of the pigments involved in the energy transfer are chlorophylls
(Chls) or bacteriochlorophylls (BChls), which can populate the long-lived triplet
(Ty) states by intersystem crossing from the first singlet excited (S;) state, when
they cannot transfer excitation to the next pigment. Unfortunately, the T; states
of Chl and BChl can be quenched by the ground triplet state of molecular oxygen,
giving rise to a singlet state of oxygen (1O,); see figure . [3] 1O, belongs among
reactive oxygen species, which are toxic for a photosystem and can cause damage
through the oxidation of some of the photosystem subunits. [4] During evolution,



organisms developed several photoprotective processes. One of them is based on
carotenoids, which can quench the T, states of Chl and BChl, and thus prevent
the generation of 'Os, or eventually they can quench directly 1O,. Except for the
above mentioned processes, there are other photoprotective processes involved in
photosynthesis, such as non-photochemical quenching or the detachment of LHCs
from the photosystem. [2] 5] 6, [7, [§]

This work focuses on photoprotective processes occurring in selected LHCs
at a low temperature. The emphasis is on the efficiency of the quenching of
Chl triplets in a chlorophyll a-chlorophyll cs-peridinin-protein complex (acpPC)
of the alga Amphidinium carterae, which is compared with the light-harvesting
complex IT (LHC-II) of a pea and the chlorosomes of the green non-sulfur pho-
tosynthetic bacterium Chloroflezus aurantiacus. Amphidinium carterae belongs
to the Dinoflagellates, which are important members of marine phytoplankton.
For instance, Symbiodinum is a coral symbiotic Dinoflagellate, which contains
acpPC and plays a crucial role in coral bleaching. [9] Marine phytoplankton
is responsible for more than 45 % of the net primary production of photosyn-
thesis on the Earth [10], and it significantly contributes to the Earth’s bio-
sphere stability. [II] The photosynthetically-active marine phytoplankton had
to adapt their light-harvesting antennas to blue-green solar irradiance below the
ocean surface; see figure [1.17, Therefore, marine algae often utilize carbonyl-
containing carotenoids like peridinin for light-harvesting. [I1I] One may ask a
question whether the efficiency of the photoprotective processes in marine algae
is affected by carbonyl-containing carotenoids. This study follows up on the pre-
vious findings of Kvicalova et al. [12], who concluded that the Chl triplet states
are quenched by carotenids with 100 % efficiency in acpPC and the peridinin-
chlorophyll a-protein complex (PCP) of A. carterae at room temperature (RT).
However, the efficiency of the chlorophyll triplet quenching in acpPC seems to
be lower at low temperatures (< 77 K). Niedzwiedski et al. [9] reported long-
lived triplet states of Chl at 77 K with lifetimes ~150ns and ~2 pus [9]. On the
contrary, the PCP complex, which has a very similar pigment composition, but
very different structure, shows the ability to quench triplets of Chl independently
of temperature [13]. However, the PCP antenna is unique in this respect, and
the detection of long-lived triplet states of Chl at low temperatures is not rare
among LHCs. [14] 15, 8] The decrease in carotenoid quenching ability may occur
as a result of the structural changes in LHCs with decreasing temperature or due
to the intrinsic dependency on temperature of the Dexter mechanism of energy
transfer, which governs the process of Chl triplet quenching by carotenoids.



1. Theory

1.1 Light-harvesting complex

All photosynthetic organisms need a stable, non-harming supply of energy to
the reaction centre (RC), where it triggers the charge separation. The excita-
tion energy is mostly acquired and transferred from the so-called light-harvesting
antennas (LHC, or “light-harvesting complex”). [5] These are comprehensive
functional subunits of photosynthetic apparatus that absorb sunlight and funnel
the gained energy to the other antennas towards the RC by energy transfer (ET).
It should be mentioned that contrary to the photosynthetic RCs, where the struc-
ture is preserved among different photosynthetic organisms, the structure of LHC
varies a lot depending on the photosynthetic organisms species and their natural
conditions. [2]

Each LHC absorbs a photon by its pigments, which subsequently transfer the
excitation energy to the other pigments in the direction of the RC. However, the
ET does not usually occur in a one-dimensional organization and the variety of
ET pathways in a three-dimensional organization of LHC can serve as guarantee
of the energy supplement to the RC. [2] The probability of a pigment being in an
excited state (pf) is driven by Pauli’s master equation

_Z(ﬂp] Kijp}) — 7; (1.1)

where k;; are rate constants of ET from a donor pigment ¢ to an acceptor pigment
j and 7; is a natural lifetime of a pigment i (figure . In order to prevent
reverse energy transfer, the pigments closer to the RC absorb at gradually longer
wavelengths and the energy between them is transferred by Forster mechanism,
which leads to the sacrificing of part of the energy. This is called the ‘funnel’

concept. [2]
‘Q Primary donor
a5 \

Photon

Pigment

Figure 1.1: Scheme of light-harvesting of photons and energy transfer of absorbed
energy to the primary donor.

The LHCs are divided according to their spatial position in respect to the RC
into integral membrane and peripheral membrane light-harvesting antennas. [2]
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The integral membrane LHCs are further split into different forms - fused, core
and accessory antennas. All of the integral membrane LHCs are embedded in a
bilayer lipid photosynthetic membrane. The fused and core antennas are inner
complexes, which are directly connected to the RC. The fused LHCs form a cover
around the special pair and electron transfer components. Core LHCs are strongly
bound to the RC by hydrophobic bonds and they have a precise stoichiometric
ratio to the RC. The inner antennas mediate energy transfer from outer LHCs.
Accessory antennas are nested in the membrane by a-helices and they are usually
mobile. The position or stoichiometry of attached accessory antennas to the RC
depend on the cultivating conditions and light stress. [2] Peripheral membrane
antennas have a hydrophilic nature and are located in an intermembrane space
and attached to a component, which is buried in the membrane. Peripheral
antennas also transfer the absorbed energy to the RC through integral membrane
antennas. [2, [16]

The pigments in LHCs can be found strongly coupled (e.g. LH1 purple bac-
teria, chlorosomes) or weakly coupled (e.g. LHC II of higher plants). [17] For
instance, the strong coupling is characterized by stronger dipole-dipole interac-
tion (Vj;) among pigments than the interaction of pigment with the surrounding
environment (I',). The strong coupling leads to the splitting of energy levels and
the excitation is delocalized. Oppositely, the situation of weak coupling Vi; < I'y,
leads to a non-coherent energy transfer. [I7] For example, non-coherent energy
transfer occurs in the case of isolated molecules. The next sections and para-
graphs will be discussed from the view of a weak coupling.

1.2 Energy transfer

The excited pigment called a donor can transfer energy to the other pigments
called acceptors located in the same LHC or a different antenna. Although the
ET is known to be a resonance energy transfer (isoenergetic) [18], some of the
gained energy is quickly lost after the ET by vibrational relaxation (VR) to
the lowest vibrational level in exchange for the irreversible energy flow (kpr <
kyg). This illustrates that the rate constant of the ET is highly dependent
on the energetic difference between purely electronic states of a donor and an
acceptor. In general, the exergonic (“downhill”) processes are more favourable
than the endergonic. [I9] The thermal energy can break the irreversibility of
the process, but the probability and rate constant of the reverse transition are
much lower compared to the funnelling toward the RC. [2] The loss of energy
for the sake of the higher rate and directivity of ET suggests that the most
eminent property for energy supply is not the energetic efficiency (energy provided
by antennas/absorbed energy), but the quantum efficiency. The efficiency of
this energy funnel is also strongly dependent on the composition of pigments,
their interactions, energetic sub-ordinance and, most importantly, on interactions
of pigments with the surrounding environment which influences their energy of
transition by the electrostatic interactions, prevents diffusion of pigments and
keeps them at a certain respective distance. Simultaneously, the ET competes
with other relaxation pathways. [20] 21}, [17]

An excited pigment can relax to the ground (Sg) state by various pathways
involving radiative and non-radiative paths. The pigment usually relaxes to the



S state from a higher singlet state through a non-radiative decay like internal
conversion (IC) due to the vibrational state coupling (=~ 107 — 1071 s, [22]).
The relaxation from the S; state can occur by emission of a photon called prompt
fluorescence (further only ‘fluorescence’), whose lifetime is usually up to several
nanoseconds at RT for tetrapyrrole pigments. In the case of a large spin-orbit
coupling, caused e.g. by the presence of a magnesium ion in the centre of chloro-
phyll, the Ty excited state can be generated through intersystem crossing (ISC)
from the S; state (= 107® — 1073 s) with higher probability. [22] The T, state
can relax to the Sy state by ISC, emission of a photon, or by delayed fluorescence
through reverse ISC to the S; state. All the mentioned mechanisms of relaxation
compete with ET and lower its efficiency.

The ET in LHC occurs by several distinct mechanisms, whose description is
derived from the perturbation theory. The theory specifies the molecule excited
by a photon as a Frenkel exciton, which can interact with surrounding molecules.
[23] The quantum excited state consists of an excited electron located on the
molecule and a vacancy in the highest occupied molecular orbital (HOMO). The
ET mechanisms, which are discussed in the next sections, are the result of a weak
interaction between one molecule in an excited state and a second molecule in
the Sy state

M + Ma(Sp) =E5 M, (So) + M. (1.2)

Their interaction arises as a consequence of the Coulomb interaction. The
electrostatic potential describing the Coulomb interaction of two pigments - donor
and acceptor - is

1 %4
471'60 i#j Tz'j

VEl.stat. = (13>

The interaction between two molecules described by a general form in equation
behaves like a two-body operator, which couples two particles at any given
moment. The wavefunction describing the initial electronic state of a donor and
an acceptor is provided by the Slater determinant, which ensures that the wave-
function is antisymmetrical. [24] The wavefunction for an initial state is a product
of orthonormal spin-orbitals ¢(i) = ¢(i)o (i), where ¢ is a spatial function, and o
is a simple function of spin coordinate with values of 1 or |.

[V1(D*A)) = |¢p10p2@D3--- 0Dy P A10 420 A3 P Am| =

¢p1(1) .. 9p,(1) dar(l) o Pam(1)
_ L ®p1(2) On(2) ba1(2) Gam(2)
¢p1(n+m) ... ¢p,(n+m) gm(n+m) .. ¢am(n+m)

and similarly for the final electronic state

[Yr(DAY)) = ‘¢D1¢D2¢D3-~¢IDn¢A1¢A2¢A3-~¢Zm‘- (1.4)

The rate constant of the non-radiative ET in systems with a weak coupling
can be calculated from the Fermi-golden rule [20, [19]

2
ber ~ M2 = T (D" A) Vi e (DAD(B), (15)
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where p(FE) is a density of vibrational states. p(£) must be included in the case
of the non-resonance ET due to the fact that the ET is isoenergetic.

The equation|1.5|can be split into two terms using the Slater-Condon rules due
to orthonormal spin-orbitals. The Slater-Condon rules claim that the integrals
over the initial and final state with more than two different spin-orbitals vanish
from equation [I.5] It is evident that the initial and final states in the case of ET
differ exactly in two spin-orbitals. Therefore, the results are two terms [19]

S (D A)| [ (DA%)) =

i#] J

= <w*D(1)90A(2)|7;|¢D(1)902(2)¢><075(1)IUD(1)><0A(2)|UZ(2)>— (1.6)
—<907:>(1)<PA(2)\7;\902(1)9%(2))<<7}5(1)\UZ(1)><0'D(2)\UA(2)>-

The first term is called a direct term and it leads to the Forster resonance ET
(FRET) mechanism in long-distance approximation. The direct term conserves
the spin multiplicity of each molecule. The second term is called an exchange
term and it leads to the Dexter ET mechanism. The exchange term conserves
multiplicity of the exchanged electron. Except for the processes like triplet-triplet
ET, it can also allow singlet-singlet E'T. The comparison of these two processes
is shown in figure [1.2] which explains why the Dexter mechanism is sometimes
denoted as an electron exchange mechanism. [19]

D A D A
. — ——

Foster
mechanism

e 9o e .-

Dexter
mechanism

Figure 1.2: Scheme of Dexter and Forster energy transfer mechanisms.

In fact, the previous paragraph explains that both mechanisms are present in
singlet-singlet ET, but one dominates over the other in exact donor-acceptor dis-
tance separation. Obviously, the mechanisms of ET discussed in the next sections
differ in required conditions for an efficient ET from donor to acceptors such as
the relative molecules orientation and the distance separation, spin multiplicity,
temperature, spectral properties of donor and acceptor or their transition dipole
moments.

1.2.1 Dipole-dipole energy transfer (Forster)

The potential of electrostatic interaction [1.3|can be separated into components of
internal interactions within each pigment, which are not involved in ET, and ex-
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ternal interactions between two pigments that provides ET in the case of pigment
separation much larger than the size of the molecule [25]

1
Vitstat. = Vint, + Veat. = Vine. + Va = Vips + —— a4

1.7
dmeg 1eD, jea T1J ( )

The interaction term Vp4 can be simplified in the limit of long distance sepa-
ration by the multipole expansion containing components with donor and accep-
tor charges gp,a, electric dipole moments fip/4 and quadrupole electric tensors

Qpyalig). [25]

. 4p4a QD(IZAF) - QA(ﬁDF) Hpfia+ 3(ﬁDF) (ﬂAf) n
T

Vba + 2 + 3
Lo [Qa(zz) + Qalyy) — 2Qa(22)] (1.8)
, 941@p(x) + Qp(yy) = 2Qp(22)] |

r3

The application of multipole expansion in the limit example of ET leads di-
rectly to dipole-dipole (Férster) mechanism due to charge neutrality of a donor
and an acceptor. The only non-zero element in the equation [1.8| is the third
element describing the dipole-dipole interaction. The other (not shown) non-
zero components are involved in dipole-quadrupole, quadrupole-quadrupole and
higher orders of interaction and they quickly decrease with distance compared to
the dipole-dipole component. The expression for interaction Vp4 can be rewritten
as [17]
5.04kpa pipita

5 A

Vpa = ) (19)
where kpa = cosa — 3 cos f3; cos 3; describes relative position and orientation be-
tween acceptor and donor dipole vectors and € is permittivity. The squared brack-
ets in equation|1.5|can be split into two components using the previous expression
and a presumption that in the case of the weak interaction, the wavefunction of
system donor-acceptor can be expressed as a combination of wavefunctions of
isolated systems

2

(r(D*A)|Vpalor(DAT))* = Const-r% (W (D*) | (D)) (W (A)|alih (A7))]7

DA
(1.10)
The total probability of FRET is calculated through a distribution of initial
state of donor and acceptor ¢p«, w4, their degenerations g4, gp~ and the differ-
ence of energy between the initial and final states E = E; — Er = (ép+ + €4) —
(GD + EA*) [19]

Pp_ 4=
472 5.04K3
aE [ a [ dev-gp-(en- 111
haans oo | OF [ dexpaten) [depppr(en)x ()

X [(0(D")|uplt (D)) (W (A) al(A*))




The last equation can be simplified to an expression which depends only on
factors that can be determined experimentally, e.g. emission spectra f, extinction
coefficients €4, index of refraction, lifetimes [19]:

1 6

kpa = —
-

To

2
1o = 8.875 X 1017%/fD(u)eA(y)u—4dy, (1.12)
'DA n

where 7 is a lifetime of a donor fluorescence, when no acceptor is present. Ry is
distance, where the efficiency of ET is 50%. One might be surprised that the rate
constant for a non-radiative mechanism contains a dependency on absorption and
emission spectra. However, as we can see from the expressions above, it is derived
from the component p(E) describing the density of donor and acceptor states.

To recapitulate, the FRET occurs via coupling of a donor and acceptor by
dipole-dipole interaction, which triggers the ET resulting in two simultanous tran-
sitions D* — D and A — A*. [19, 20] The induction of a dipole oscillation in
the acceptor can be carried out for a long distance and does not require overlap
of the frontier orbitals. [I9] The FRET is mainly responsible for singlet-singlet
energy transfer in LHCs.

1.2.2 Triplet-triplet energy transfer (Dexter)

The theory of energy transfer induced by electron exchange mechanism was pro-
posed by David L. Dexter and in his honour it is sometimes called “Dexter”
energy transfer (DET) in literature. DET occurs through simultaneous exchange
of the excited electron from the lowest unoccupied molecular orbital (LUMO) of
the donor, which is transferred to the LUMO of the acceptor, and the electron
from HOMO of the acceptor, which is oppositely transferred to the HOMO of the
donor (see figure . The final state of the process is usually the acceptor in
an excited state and the ground state of a donor. Except for the ET, the Dexter
mechanism can explain triplet-triplet annihilation, which describes the interac-
tion of two triplets resulting in a higher excited singlet and ground singlet states.
The simplified figure of DET considers the whole process as double electron
transfer, which can be described through Marcus theory. [26] [20] Therefore, the
interacting system must fulfil the same necessities for the efficient DET mecha-
nism as for single electron transfer. Primarily, only a donor and acceptor with
significant mutual overlap of their wavefunctions can exchange their electrons.

The rate constant of DET can be expressed by the following equation, which
is derived from the Marcus theory [20]

27T|Hlf‘2 7T2 AGT
k = _— 1.1
DET h \RT €xXp RT )’ ( 3)

where R is molar gas constant and 7' is absolute temperature. The expression
illustrates the intrinsic dependence of DET on temperature, which can cause the
smaller efficiency of the ET at low temperatures. The quantum operator |H;;| is
the electronic coupling matrix between donor and acceptor. A and AG' are reor-
ganization energy and Marcus free energy of activation, respectively. Marcus free
energy of activation exhibits quadratic dependence on the standard free energy
of reaction AGY and \ according to the next equation

(AG? + \)?

T:
AG 5

(1.14)



The Dexter mechanism expression has a complicated dependence on the dis-
tance of acceptor and donor separation and is usually approximated by an expo-
nential function [20]

kper ~ exp (_ zDA) [ fo)v)av, (1.15)

where L is a sum of van der Waals radii of orbitals of a donor and acceptor.

In summary, the Forster mechanism is more efficient in the long-range inter-
action (1nm< ! < 10nm), and it is dependent on dipoles (oscillator strength) of
a donor and an acceptor and their respective orientation. On the contrary, the
rate of the DET is independent of the magnitude of transitions moments of a
donor or an acceptor and it is active mostly in close contact. Usually, the dis-
tance does not exceed more than 1nm. The strong dependence of DET on the
distance separation, which can be explained from the consideration of the DET
as the double electron transfer process. [20] Accordingly, the DET depends on
the sum of the tunnelling efficiencies of both electron transfers. The ET processes
can also be distinguished according to their temperature dependence. The DET
rate constant is decreasing with temperature. On the contrary, the FRET is tem-
perature independent and not a thermally activated process in general. However,
the situation can be much more complicated. For example, the respective posi-
tion between a donor and an acceptor may depend on temperature. Also, the
rate constants of both mechanisms depend on the overlap between the absorption
spectrum of an acceptor and the emission spectrum of a donor.

One can ask if it is possible to realize the ET without electric interaction
between two pigments? Except for various types of interactions like magnetic,
which are often negligible compared to the electric interaction, there is another
ET mechanism sometimes called trivial. [20} 19] In the trivial ET a donor emits
a photon that is later absorbed by an acceptor. The trivial ET does not shorten
the emission lifetime or the emission probability of the excited donor. The effi-
ciency of the trivial ET depends on the quantum yield of donor emission, number
of molecules in the path of an emitted photon, an extinction coefficient of the
acceptor at the photon wavelength and the spectral overlap of emission spectrum
of the donor and absorption spectrum of the acceptor. Due to the minuscule
extinction coefficient of transitions with change of the spin multiplicity, it is only
singlet-singlet E'T which occurs by the trivial mechanism. The efficiency of the

trivial ET decreases with squared distance from photon source
1
ktrivml (0.8 R72‘ (116)
Nevertheless, the trivial mechanism of ET is usually much less effective than the
other ET mechanisms.

1.3 Spectroscopic and structure properties of
LHC pigments

Pigments are fundamental elements of photosynthetic light-harvesting apparatus.
Their functions include absorption of a photon, transfer of excitation energy to-
ward the RC, a photochemical transformation of energy in the RC and protection
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of photosynthetic apparatus against photodamage. These functions are directly
connected to their spectroscopic properties and interactions with the surrounding
environment, which is usually formed by proteins.

Based on the semi-empirical quantum chemistry method called the extended
Hiickel molecular orbital method, the absorption of a photon and simultaneous
molecule excitation at the visible range of spectrum can be explained by an in-
teraction of a photon with the valence electrons from a conjugated double bond
system. [24], 27] In the Hiickel theory, o and 7 electron orbitals are orthogonal
due to a different symmetry and they form non-interacting blocks in the Hamil-
tonian matrix. [27] Therefore, the spectroscopic properties of molecules can be
extracted from the conjugated system of double bonds, which consists of a linear
combination of 7 orbitals with delocalized electrons. The interaction of a photon
with the valence electrons leads to the electronic transition from 7 to empty 7*
anti-bonding orbitals. [24]

The linear molecules (e.g. carotenoids) with a conjugated double bond system
absorb photons with energy inversely proportional to the length of the conjugated
system. The phenomenon can be explained by the model concept of a particle in
an infinite potential well. The one-dimensional Schrodinger equation describes the
situation and its solution for a quantum state where the main quantum number
is n: 28]

2

E(x,t) = [—;nA + V(x,t)] D, 1), 0(0) = (L) = 0 = By =

where m is a mass of an electron and L is well width. The solution for the
equation relates the quantum state energy level with well width (= length
of the conjugated system) by squared inverse proportion. The concept can be
justified only if the electrons in the conjugated system can move almost freely,
which is in good agreement with experiment results. [27]

However, the Hiickel’s simplified view on a conjugated system gives no infor-
mation about the intensity of the transition. The Fermi-golden rule describes
the probability of molecule transition from the ground state to an excited state
by absorption of a photon

27
Wg%e = F<¢;’Hmt‘w9>25(Ee - Eg - hw) (118>

The equation provides a simple formula to obtain the transition proba-
bility per time from an initial eigenstate 1, with energy F, to a final eigenstate
¢ with energy E.. [28] In equation [I.18] according to a Dirac-delta function,
the transition can occur only if the energy difference between the two states is in
resonance with the energy of a photon.

The symmetry and spin rules for the transition can be extracted from the
Fermi-golden rule by an application of a dipole approximation. In the approxi-
mation, only the first component of H;,; Taylor development is used for calcula-
tion of the formula[I.18 The calculation is in good agreement with experimental
results in the case that the ratio of excitation wavelength and molecule size is
larger than 102, This is appropriate in our experiment as the wavelength is longer
than 420nm, and the size of all pigments is around =1 Angstrom. The brackets
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in equation [1.1§| can be overwritten by an application of the long-wave approach
of electric field interaction with a molecule as [19] 28]

| o, )
(Ve Hintltg) = 7= (B = By) (W21 07 = S ZiRyly) = == (B. — E,) M.
{ J
(1.19)

where ]\7196 is an electric transition dipole moment consisting of nuclei compo-
nent fi, = 3, Zjéj and electronic component i, = >, 7;. The expression of
the electric transition dipole moment can be overwritten with the presumption
that the motion of electrons is much faster compared to the motion of atomic
nuclei (Born-Oppenheimer approximation) and the wave function v, describing
the molecule can be separated into its vibrational, electronic and spinal parts (we
neglect rotational component)

Mye = [wtiigdr = [0 (™ (Ro1) [ + ) 03 (R, )5 (v, )dr.
(1.20)
The orthogonality of the ground and the excited electronic wave functions and
their separation into non-interacting subsets leads to the modification of equation
1L 20)

Moy = (0" |pun [ Y (2 [0 (4|2 ) +
(T ) (T [ ) (S ) = (1.21)
= (U Y (T e [ ) (5 S ),

where the first component is zero due to (1< |ygt) = 0.

In the equation [1.21] the three independent terms lead to different selection
rules. The first term (<w;’ibT'*|w:ibr'>) is called the Franck-Condon factor, which
modulates the transition probability by the overlap of vibrational wave functions.
[29] Thanks to the Franck-Condon principle, the absorption of a photon can
be seen as a vertical process. The last term ((¢5*[¢:)) allows transition only
between the states with the same multiplicity. And finally, the intermediate term
(<¢§l'*lue|¢:l~>) results in the orbital rules determined by symmetry characteristics
of the transition moment and the involved states. [30] The symmetry rules are
different for each class of a pigment and will be discussed in the next subsections.

Several major pigments classes are present in the photosynthetic organisms.
[2] The most common light-harvesting pigments are chlorophylls and bacteri-
ochlorophylls, which are related to porphyrins and carotenoids. Other classes are
water-soluble phycobilins of cyanobacteria and rhodophytes. The phycobilins are
tetrapyrroles with an open ring and they will not be discussed further as they are
not present in the LHCs we studied in this work.

1.3.1 Chlorophylls and Bacteriochloropylls

Chlorophylls (Chls) and bacteriochlorophylls (BChls) are the main light-harvest-
ing pigments in most of the LHCs of plants, algae and photosynthetic bacteria.
Both are cyclic planar tetrapyrrole molecules with the fifth isocycle ring and
functional groups attached to the main cycle. [2] Usually, a magnesium ion is
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located in the centre of a tetrapyrrole coordinated to four nitrogen atoms. The
ring around its circumference forms an extensive conjugated system, which is the
reason for their unique spectroscopic properties. [21] Their absorption spectra are
divided into two main regions called Soret bands around ~ 380 — 450 nm and Q-
bands around & 500 — 800 nm. [2] Each tetrapyrrole absorption spectrum can be
assigned to a different symmetry point group according to the spectral properties
such as the number of absorption bands or their positions. The absorption spectra
of Chls and BChls are derived from the spectral properties of metal-porphyrins
(M-porphyrins), which are chemically related to them. The shape of UV/VIS
absorption spectra of M-porphyrins (point group symmetry Dyy,) can be explained
by Gouterman’s four-orbital model, which is based on Hiickel’s theory. [31], [32]

In general, the four-orbital model provides four possible transitions (x polar-
ized transitions as, — €4, a1, — €4, and y polarized transitions ai, — ey,
a2y, — €gy). This is in agreement with metal free porphyrins with their Dy, sym-
metry. However, the situation is changed in M-porphyrins due to their higher
symmetry (Dop, — Dyp,). [33] According to Gouterman’s model, the two LUMO
orbitals of the M-porphyrin molecule are degenerated, which makes possible only
two transitions to an excited state (ag, — e, and aj, — e,). [33] The transi-
tion occurring of shorter wavelengths is referred to as the Soret band and it is
strongly allowed. The second transition occurring in the long wavelength region
is referred to as the QQ-band. In fact, the Q-band transition is forbidden. The
strong configuration interaction due to a near degeneration of the states results
in the destructive configuration of transition dipole moments in the case of the
Q-band transition. However, due to a vibronic coupling with the Soret transition,
the Q-band yields at least a weak intensity. [31], 32]

In figure is shown the model schema of M-porphin and the energy level
changes towards M-chlorin and M-bacteriochlorin with the assignment of different
transitions between electron energy levels to different spectral bands. The changes
of the absorption spectra (and split of energy levels) are directly related to the
changes of red marked double bonds in figure [31]

The high Dy, symmetry of M-porphins and their derivatives is lost by re-
duction of pyrrolic rings B or D (see . The oxidation of one double bond
in the D pyrrole ring of chlorins and two opposite double bonds in the case of
bacteriochlorins leads to reduced symmetry. The lower symmetry splits the Q
and Soret bands into two pairs with polarization z and y. The point symmetry
groups Cy, and Dy, describe the symmetry of M-chlorins and M-bacteriochlorins,
respectively. In the case of M-chlorins, the reduction of the double bond, which
stores a lot of electron density, destabilizes the molecular orbitals. The result of
such a destabilization is in a blue shift of the Soret band due to an increase of the
HOMO-LUMO energetic gap and a red-shift of the Q, band, which is intensified
in response to a higher oscillator strength of the excited states. [31] The situation
is very similar in M-bacteriochlorins. Moreover, an intense (), absorption arises
at lower energy in M-bacteriochlorins due to the longer conjugation along the
y-axis than the z-axis in the macrocycle. [31]

Biosynthesis of chlorophylls and bacteriochlorophylls starts with a condensa-
tion of two molecules of d-aminolevulinic acid into porphobilinogen. [2] In the
next step, four porphobilinogens create a porphin ring in uroporphyrinogen and
then stabilize the conjugated system by transformation into protoporphyrin IX
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M-Porphin M-Chlorin  M-Bacteriochlorin

Figure 1.3: Diagram of energy levels and transitions of M-porphin, M-chlorin and
M-bacteriochlorin.

by a modification of side chains. During the activity of Mg-chelatase, a metal ion
is built into the ring and other enzymes like methyltransferase and vinylreductase
activities modify Mg-protoporphyrin IX to NADPH:protochlorophyllide with the
fifth isocycle. Subsequent adjustments of side chains and reductions of pyrrole
rings lead to the differences between chlorophylls and bacteriochlorophylls. [2]
There are some minor differences among the biosynthetic pathways in different
organisms, which are more deeply described in [2]. However, most of the steps are
similar. The next subsections will discuss tetrapyrrole pigments found in LHCs
studied in the experimental section. The spectral properties are taken mainly
from [34], where the pigments were dissolved in pyridine.

—
[y~
o

(o]
o
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o
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400 600 800 400 600 800
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Figure 1.4: (Left) The steady-state absorption and emission spectra of chlorophyll a.
(Right) The triplet minus singlet spectrum of chlorophyll a at 100 ns. The spectra are
taken from [34]
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Chlorophyll a

Chlorophyll a (Chl a, figure is present
in all known photosynthetic eukaryotic or-
ganisms and cyanobacteria. Also, green
sulfur bacteria or heliobacteria possess a
small amount of Chl a in the RCs. [2] 31]
The steady-state absorption spectrum of
Chl a at 77K has two main bands with
two maxima at ~440nm (Soret band) and
at ~670nm (Q, band). The several weaker
bands between them are assigned to a vi-
bronic structure of the Q, or Q, bands.
[9, 34] The fluorescence spectrum of Chl a
at RT has a major peak at 677 nm and a
side band at 737 nm. [34] The previously
published lifetime of Chl a fluorescence and
5.7ns at 77K.[34, O] The transient spec-
trum at 100ns has two strong negative
bands in place of Soret and Q, bands cor-
responding to the ground state bleaching
and positive band around 470 nm, which
is associated to triplet-triplet absorption.

Phytyl

Figure 1.5: Molecular structure of
chlorophyll a. The figure is taken
from [35] and modified to the struc-
tures of the other chlorophylls.

Therefore, the transient spectra are sometimes called triplet minus singlet (T-S)

spectra .

Representative steady-state absorption, emission and T-S spectra are shown
in[1.4] For the spectra of the other Chls and BChls, see [34].

Chlorophyll b

Chlorophyll b (Chl b, figure is the
accessory light-harvesting pigment in
eukaryotic organisms and prochloro-
phytes. It differs from Chl a structure
in the formyl group attached to C; in-
stead of the methyl group. [2, [31] The
maximum of the Soret band is situated
at ~ 470 nm and the Q, band is blue-
shifted to ~ 655 nm. [34] The lifetime
of fluorescence of Chl b is 3.2 ns. The
fluorescence spectrum of Chl b pos-
sesses a major band with the maxi-
mum at ~ 660 nm and its vibronic
band with the maximum at ~ 721 nm.
The T-S spectrum has a positive ab-

H,C=CH CHO

Phytyl

sorption band of triplet-triplet absorp- Figure 1.6:  Molecular structure of
tion at 510 nm. chlorophyll b. [35]

Chl @ and Chl b both belong to the
chlorin class.
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Chlorophyll ¢,

Contrastingly to the previous chloro-
phylls, chlorophyll ¢, (Chl ¢y, figure
has a pyrrole ring D with double
bond and, therefore, it belongs to the
porphin class. The pigment is found in
marine algae like diatoms or Dinoflag-
ellates. [2] Three types of chl ¢;_3
with different side chains attached to
the pyrrole ring B are known from eu-
karyotic chromophytic algae. In Chl
co, C7 binds a methyl group and Cg
binds an ethyl group. Also, Chl ¢
lacks an isoprenoid tail. [2, BI] The
maximum of the Soret band of Chl ¢,
is at ~457nm and Q-bands z and y
appear at ~582nm and ~635nm, re-
spectively. The fluorescence lifetime
is 5.9ns with the main band maximum at ~640nm and its vibronic band at
~700nm. As a porphyrin type molecule, the absorbance of the Soret band is
much higher than the Q, band. T-S spectra of Chl ¢, has a triplet-triplet posi-
tive band with the maximum at ~490nm. [34].

Figure 1.7:  Molecular structure of
chlorophyll ¢,. [35]

Bacteriochlorophyll ¢ and a

Bacteriochlorophyll ¢ (Bchl ¢) is a main light-harvesting pigment of green sulfur
and non-sulfur bacteria and chloroacidobacteria. [2] The pigment belongs to the
chlorin class. The absorption spectrum of Bchl ¢ is very similar to that of Chl a
with the Soret band with a maximum at ~445nm and the Q, band with a maxi-
mum at 670 nm. Fluorescence decays with a lifetime of 6.7 ns with the maximum
at ~674nm. The maximum of triplet-triplet absorption of Bchl ¢ is observed
at ~441nm. [34] Bacteriochlorophyll a (BChl a) can be found for example in
purple photosynthetic and green bacteria. The steady-state absorption spectrum
of BChl a shows the maxima of the Soret, Q, and Q, bands at ~374, ~613 and
~781 nm, respectively. The maximum of triplet-triplet absorption is at 400 nm.
[34]

1.3.2 Carotenoids

Carotenoids are naturally occurring pigments. They can be divided into two
classes: carotenes, which are composed of carbons and hydrogens, and xantho-
phylls containing oxygen. Carotenoids are widely spread molecules with hun-
dreds of members with different structural features, but there are only around 50
carotenoids involved in photosynthesis. [2] They are built from several isoprenoid
units in a linear chain sometimes terminated with a ring on one or both sides. Half
of the central chain has an opposite orientation of the isoprenoid units. Usually,
the central chain has a point reflective symmetry. [2] The colour of carotenoids
is directly connected to their extended conjugated system, located in the central
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chain. [36] All the photosynthetic organisms, some funghi and bacteria synthesize
carotenoids from fats and other building blocks. The initial step of biosynthesis of
carotenoids is condensation of eight isoprenoid units into two head-to-tail linked
parts, which are connected together tail-to-tail. The initial process is followed by
desaturation, which prolongs the conjugated system of double bonds and shifts
the absorption spectra of the carotenoids into the visible spectral region. The
next two stages of the biosynthesis - cyclization of the central chain endings and
an attachment of functional groups - depend on the carotenoid type. [37]

The structure of a steady-state
absorption spectrum is dominated
by transition from the Sy state of | £ c

carotenoid to the Sy state. The S 4 1 1 1 1 |=x 2
state quickly relaxes to the S; state B o1 -1 i i Rey Ry | x2,y2

u - - F4
by internal conversion, with lifetime 5 | 1 —1 -1 1 | %,

depending on the length of the con-
jugated system. The S; state then
usually relaxes to the S, state by a
non-radiative path in a picoseconds
time. [38, 39] The excited states of
carotenoids decay surprisingly quickly compared to the tetrapyrrol pigments and
it must be reflected during the light-harvesting. Both excited singlet states, Sy
and Sy, can serve as an energy donor during the light-harvesting. [40] The fluores-
cence from both excited states is usually very weak. [38] The electron transition
from the Sy state to the Sy state is forbidden by symmetry selection rules. Even
if the carotenoids with side chains and functional groups do not belong to any
symmetry point group, the transition is forbidden as in the case of polyenes
molecules with Cg, symmetry; see figure [[.8] Polyenes ground state belongs to
an irreducible representation 11Ag, the S; state is denoted as 2'A, and next
singlet state (Sy) is represented by 1'Bf. Simultaneously, a transition dipole
moment is transformed as the Cartesian coordinates. Therefore, the transition
dipole moment in the Cy, symmetry point group belongs to A, (z) and B, (x and
y) representations. The symmetry selection rules for polyenes transition can be
easily calculated by multiplication of characters of chosen irreducible representa-
tions due to the Cg, symmetry point group having order equal to 4 (= all the
irreducible representations have dimension equal to 1) [41], 42]:

Figure 1.8: Table of characters for point
group Coyp,.

—

SO — Sl : <So|dm\81> = <Ag|(Bu,Bu,Au)|Ag> = (Bu,Bu,Au), (122)
—

Sy 82+ (SoldnlS1) = (Agl(Bu Bus A)[B) = (Ag Au By (1.23)

The equation shows that the transition Sp — S; is not allowed by sym-
metry selection rules, because none of the component of the transition dipole
moment is transformed like A,. On the contrary, the equation illustrates
that the transition to the Sy state of polyenes is allowed by symmetry selection
rules. Experimental results show a good agreement between the spectroscopic
properties of carotenoids and the model for linear polyenes.

Recently, Fiedor et al. [43] were looking for a different reason for why the
transition from the Sy state to the S; state is forbidden. In the paper, the authors
discuss the absorption spectra of carotenoids with respect to their side chains
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and isomerization. The absorption spectra of the carotenoids prove that the
So — S; transition is forbidden in spite of the lower symmetry of carotenoids
with nonlinear m-electron conjugated system. For example, cis-(-carotenes with
formally allowed transition to the S; state according to their “real” symmetry
do not exhibit any Sy — S; absorption. Moreover, the “real” symmetry of the
carotenoids is manifested in their IR and Raman spectra. Therefore, another
mechanism was proposed which reflects deformation of the carotenoid molecule
in the S; state making Franck-Condon factors for vertical transition negligible
because of the displacement along the vibrational coordinates. [43]

Almost all LHCs contain several different types of carotenoids including the
three antennas discussed in the next sections. The main function of carotenoids is
photoprotection, and the other functions include light-harvesting and structural
stabilization of the protein complex. Carotenoids are attached to well defined
positions in LHC, which enables them to interact with nearby chlorophylls and
consequently regulates energy flow through LHC. [44] The advantage of light-
harvesting by carotenoids is their high efficiency in the blue-green spectral region
(400 =550 nm). The higher absorbance of carotenoids than tetrapyrrole pigments
in the visible spectrum around ~500nm is used by some of the sea algae in
adaptation to different conditions of spectral irradiantion under sea level. [2]

The energy absorbed by carotenoids is transferred to chlorophylls or bacteri-
ochlorophylls in the same antenna with a transfer rate faster than the carotenoid
relaxation to the ground state.

Car(Sp) + hv — Car(S,), (1.24)
Car(Sz/1) + Chl(Sg) — Car(Sy) + Chl(S,). (1.25)

In the equation [1.24] a carotenoid
in the singlet ground state (Sp) is ex-

cited by a photon of energy hv to the &
second excited singlet state (S3), which S—-* T

can directly transfer energy to chloro- \

phylls by the Forster mechanism (e.g. ) ///\

50 —200fs from peridinin to Chl a). NG /ﬁmm‘g
[36], 1T, 40] However, the efficiency of polarity
the energy transfer from the S, state
varies among different LHCs.  [40]
Carotenoids especially, with a shorter
conjugation system, use a different
pathway: the S, state relaxes to the S;
state by internal conversion, followed —
by an ET to chlorophyll. For exam- PTC—— .
ple, in LHCII the ET from Car(Ss) to

Chl a/b(Q,) is the main path with ef-
ficiency > 70% in the case of luteins,
but “only” 10—50% in the case of neox-
anthin. [40] The dynamic processes of
the S; state are strongly dependent on
the conjugation length, carotenoid structure and surrounding environment as is

S\ \\ /I 11 /1 ICT

ICT emission

Potential Energy

Figure 1.9: Energy levels of peridinin and
their dependence on solvent polarity. The
figure is taken from [45].
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shown in transient absorption spectra and fluorescence measurements. The
solvent polarity and polarizability also influence the position of transition to the
So state. It should be mentioned that carotenoids may posses other excited states
between or in proximity to the S; and Ss states. [45]

Peridinin

The energy level scheme of carotenoids

with carbonyl groups includes low-

energy intramolecular charge transfer | oL

(ICT) state. [47] The ICT state was . CW\/KJ}\/Oé
postulated to explain peridinin absorp- P O,Sé/[m <7 oH
tion spectrum and dynamics, which

are strongly affected by solvent polar-

ity. Also, it was suggested that car- Figure 1.10: Molecular structure of peri-
bonyl groups stabilize the ICT state in dinin. [46]

polar solvents through interaction with

solvent molecules. [45] The S; and ICT states differentiability is still a topic of
discussion. The quantum mechanical calculations by Vawati et al. and pump-
dump-probe spectroscopic experiments on peridinin in methanol show that the
S; and ICT states are distinct. [36] [48] Oppositely, Shima et al. group published
MNDO-PSDI calculations showing that the S; and ICT states are identical and
their (or its) origin is in a large dipole moment predicted for the S; state of
peridinin in a solution with different polarity. [49] The ICT state can be also de-
scribed as the interaction between Frenkel exciton with a localized electron and a

hole on one molecule and Wannier-Mott exciton, which describes delocalization
of the electron and the hole in bulk. [50} 51]

A C,

in n-hexane in n-hexane

C. in acetonitrile

Normalized absorbance
Normalized AA

400 ’ 500 ’ 600 700 ' 400 ’ 500 ’ 600 ’ 700
Wavelength/nm Wavelength/nm
Figure 1.11: (Left) The absorption spectra of peridinin and Chl @ in non-polar (A)

and polar solvent (B). (Right) The triplet minus singlet spectra of peridinin triplets
sensitized by Chl a in non-polar (A) and polar solvent (B). The figure is taken from

52].
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The steady-state absorption spectrum of peridinin is highly dependent on
the polarity of the solvent. The structure of absorption spectra in n-hexane
(non-polar solvent) is formed by three well-resolved bands, which is typical for
carotenoids; see figure [I.11} The vibrational structure is lost in polar solvent like
acetonitril. [45, [62] The transient absorption spectrum possesses only one broad
band assigned to peridinin ESA at ~550nm in a polar solvent. Oppositely, the
ESA spectrum of peridinin in a non-polar solvent shows two bands with maxima
at ~470nm and ~520nm. [52] The spectral properties of peridinin dependence
on the polarity of solvent is due to the carbonyl group. [45, 53] Zigmantas et al.
[45], proposed a model which reflects a complicated structure of the S; energy
level; figure [I.9] They suggest that the contribution of the ICT state is growing
with a rising polarity of a solvent and the singlet ESA absorption at ~590 nm is
from the ICT state. Apparently, the similar situation is observed in triplet-triplet
absorption of peridinin. [52]

Lutein, violaxanthin and neoxanthin

Lutein and violaxanthin are

both xanthophylls located in the light-

harvesting complex II (LHC-II) of oH
higher plants. The central position w

of luteins in LHC (see section is "

essential for the quenching of chloro-

phyll triplets. Violaxanthin is synthe- Figure 1.12: Molecular structure of lutein.
sized from zeaxanthin by epoxidation 5]

of the two ending rings. Violaxanthin

reverse conversion is involved in non-

photochemical quenching (NPQ), see section of LHC-II. [55] Also, neoxanthin
seems to have its role in NPQ of LHC-II due to the changes of its configuration
when LHC-II is in a dissipative state and its strong electronic interactions with
the Chl b molecules in LHC-II. [6]

The steady-state absorption spectrum of lutein in pyridine yields the main
band at 461 nm assigned to Sq — S, transition and one side band on each side.
The absorption spectrum of violaxanthin in trans isomer form exhibits the main
maximum at 456 nm in pyridine. [39] Neoxanthin has the most blue shifted middle
band with maximum at 451 nm in pyridine. [39]

[f-caroten

The nonpolar fS-carotene (figure

is presented as 15-cis and trans isomers

in chlorosomes and PSI. [57] Trans g-

carotenes are also involved in energy M
transfer of CP43 and CP47 antennas in

PSIL. [57] The absorption spectrum of

[-carotene consists of three overlapped Figure 1.13: Molecular structure of -
bands above 400 nm in n-hexane with carotene. [56]

the middle one at 448 —450 nm corre-
sponding to strongly allowed Sy — S,. A weak absorption band around 336 nm
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is strongly pronounced in the case of 15-cis isomer. The “cis band” appears to
be indirectly proportional to the Sy — S, band, which shows an interaction of
the Sy and S, states (n > 2) depending on the degree of linearity of S-carotene.
A simple model based on the splitting of the transition moment into two com-
ponents is presented in [43] and it shows good agreement with the experimental
results. The band broadening in the -carotene spectrum is due to the [ terminal
rings, which broaden the distribution of the possible conformation with regards
to the conjugated system. [39]

Three light-harvesting antennas studied in the experimental section contain
pigment composition of:

e LHC II of pea: chlorophyll a and b, violaxanthin, neoxathin, lutein [14]

e acpPC of Amphidinium carterae: chlorophyll a and ¢y, peridinin, diadinox-
anthin [58]

e chlorosomes of Chloroflexus aurantiacus: bacteriochlorophyll ¢, -carotene,
v-carotene, and OH-v-carotene glucoside [59]

1.4 Photoprotective role of carotenoids

In low photon flux situations, the population of the S; states of Chl and BChl
is kept low due to the consumption of the excitation energy by the open RC.
However, if the RCs are over-saturated, the excited Chls and BChls have to relax
by other pathways, which can lead to the generation of 'O,, which is highly toxic
for photosynthetic apparatus.

The S; states of Chl and BChl can relax to the ground state by several path-
ways such as internal conversion, fluorescence or undergoing intersystem crossing
(ISC) to the triplet (Ty) states. In general, ISC is forbidden by the spin rules.
However, the independent S; and T, states are only a simplification, and ISC
can occur due to spin-spin or spin-orbital interactions, which couple the S; and
T, states and open the transition in certain situations (see Kasha rules and El
Sayed rules, [29, 23]). The T, states of Chl have the same spin multiplicity as
the ground state of molecular oxygen, which can quench them. Therefore, the
quenching of Ty states yields 'Oy with a non-zero efficiency [30]

Chl(So) 2% ChI(S;) =% ChI(T,) (1.26)
ChI(Ty) + 30y — ChI(Sy) + 'O, (1.27)

The probability of 'O, generation is rising with spatial proximity to the RC,
where the excitation energy is more easily trapped. [3] Several strategies have
been developed by photosynthetic organisms to prevent oxidative damage by dis-
sipation of the gained energy. Carotenoids play a crucial role in these strategies,
called non-photochemical quenching of Chl S; states (see section or direct
quenching of Chl Ty states. In both cases, the proper orientation of carotenoid
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and proximity in respect to chlorophylls is highly necessary for efficient quench-
ing. Usually, the specific binding site is provided by interaction of the carotenoid
with the protein frame of LHC.

The T, state of carotenoid has approximately half the energy of the S; state of
Chl and, simultaneously, its energy is lower than the energy of the 'O,. Therefore,
the T state of carotenoid cannot cause any harm to the complexes. The direct
Chl Ty quenching by carotenoids occurs according to following equation

Chl(Ty) 4+ Car(Sy) — Chl(Sy) 4+ Car(T) (1.28)

The second mechanism is connected to the direct quenching of 'Oy. The 'O,
relaxation paths include heat dissipation, phosphorescence, harmful oxidation of
surrounding molecules and energy transfer to other molecules, which is used as
another photoprotective mechanism of LHC by carotenoids. The direct quenching
of 1O, is also ensured by the Dexter mechanism of ET.

10y + Car(Sy) — 30y + Car(T)) (1.29)

The triplet state of carotenoid is later dissipated in the form of heat.

Car(T;) — Car(Sp) + heat (1.30)
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1.5 Light-harvesting complex II of higher plants

The light-harvesting complex 1T (LHC-II) of higher plants is the most common
membrane protein in nature and contains almost all the Chl b in plants. [60]
LHC-II was identified by Philip Thornber in 1965 as the main light-harvesting
antenna of a plant leaf, and since that time it has probably been the most deeply
examined LHC. LHC-II is embedded in the lumen part of the thylakoid membrane
of the chloroplasts of higher plants. As an accessory light-harvesting complex, it
is linked to the RC of photosystem II (PSII) via minor Chlorophyll a/b Proteins
(CP29, CP26 and CP24) and other inner antennas, which funnel excitation en-
ergy from LHC-IT to the RC. [2] However, the position of LHC-IT may vary in
the case of a disbalance of power supply between PSI and PSII. LHC-II can be
detached from PSII through phosphorylation of the threonine residue near the
N-terminus in Lhebl and Lheb2 polypeptide components of LHC-II by a specific
kinase and subsequently, it is transferred to the lamellar area close to PSI. [60} 55]
The process is called “state transition.” [61] Carotenoids in LHC-II also play a
significant role in ET regulation by Chl triplet quenching and non-photochemical
quenching (NPQ). |14} 60] Therefore, the role of carotenoids in the LHC-II struc-
ture is crucial.

The LHC-IT structure was first
determined by Kiihlbrandt et al. at
6 Angstroms resolution by electron
crystallography.  [62] Specifically,
three a-helices and 15 chlorophylls
were resolved in one of the LHC-
IT monomers. The LHC-II sample
studied in our spectroscopic experi-
ments was extracted from a pea. The
structure of LHC-II of the pea was
determined by the same group with
2.54 Angstroms resolution by an X-
ray crystallography of stacked two-
dimensional crystals. The struc-
ture is shown in figure LHC-
IT has a trimeric composition with
three different polypeptides - Lhcbl,
Lhcb2 and Lheb3. The sequence sim- Figure 1.15: The crystal structure of
ilarity among Lhcbs is around 77%. trimeric LHC-II. Figure is taken from [55].
[60] Each LHC-II monomer of the pea
consists of three transmembrane a-
helices, which form the frame for the complex. In addition, two short amphiphilic
helices on the lumenal side were found. One monomer binds fourteen molecules
of chlorophyll, four carotenoids and two lipids. The occupied lipids are digalac-
tosyl diacylglycerol and phosphatidyl glycerol, which are involved in the filling of
a hydrophobic cavity and the structure stabilization of the trimer, respectively.
Chl a and Chl b are found in LHC-II in a ratio of 4:3. The pigment core of an
LHC-II monomer consists of six central Chls a, the position of which is also con-
served in the LHC-IT of spinach. [63] The light-harvesting is maximized by the
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different orientation of Qy dipole moments of all Chls. [55] Chls b are located in
the peripheral areas of LHC-II, and they transfer all gained energy to the central
Chls. [64], 65] 66]

Other pigments included in the
LHC-II monomer are carotenoids:
two luteins, neoxanthin, and violax-
anthin.  [55] Their structural role
in the LHC-II assembly was studied
through LHC-II mutations, for ex-
ample in [67]. Two luteins are sit-
uated in the centre of LHC-II, oppo-
site to the other two xanthophylls lo-
cated in the peripheral areas. Neox-
anthin in a cis isomer form is located
on the edge of the LHC-II monomer,
sticking into the lipid bilayer. [6§]
Besides having a structural function,
the photoprotective role of neoxan-
thin for chlorophylls was suggested.
The violaxanthin position is at the
interface of monomers and is involved
in NPQ. [60, Luteins are in close
van der Waals contact with Chl 2 and
5 (see figure and have the im-
portant role of Chl triplet quenching.
[T4] The close contact causes a red
shift of Chl 2 and 5 absorption spec-
tra. The red-shifted Chls apparently play a central role in ET to the RC. [65]
They can also obtain energy from the S, states of lutein due to the close contact
and appropriate orientation of lutein in respect to Chls. [40] However, the light-
harvesting function of carotenoids in LHC-II is less important compared to Chls.
[55]

LHC-II belongs to a large Lhc superfamily with other light-harvesting anten-
nas like minor LHC CP(24, 26,29) of PSII, PS I antenna complexes Lhca(1-4)
and the acpPC antenna. [60] 69] The superfamily sequence identities among the
members are between 25 — 80%. [60]

In LHC-II, the generation of harmful 'Oy from the triplet states of Chl is
prevented by the processes involving carotenoids like chlorophyll triplets quench-
ing or NPQ. The central position of luteins and their overlap of 7 orbitals with
two energy-trapping Chl is predetermining for the triplet quenching by the Dex-
ter ET mechanism. In the works of Peterman et al. [§] and Mozzo et al. [14],
the generation of Chl triplets in LHC II was studied by transient spectroscopy
at room temperature and at very low temperatures (4 —77 K) on a microsecond
timescale. The experimental results at RT measurements and in the presence of
oxygen show two components ascribed to the decay of carotenoid triplets with
a lifetime around ~2 us and ~4 us. [14, 8] The slower component shows a red-
shifted triplet ESA band at 518 nm compared to the faster component with the
ESA band at 504 nm. Under anaerobic conditions, the two components could not

Figure 1.16: Orientation of pigments in LHC
IT copied from [55]. Squared arrows in the di-
rection of the Q, dipole moment are assigned
to chlorophylls, and yellow arrows in the di-
rection of C1-C24 are assigned to carotenoids.
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be distinguished. Mozzo et al. probed several mutants of LHC-II with a different
carotenoid composition by transient spectra measurements. These experiments
mainly show the involvement of luteins in the quenching of Chl triplets, whereas
the position of neoxanthin is related to the oxygen accessibility of one of the
luteins. [14] Low-temperature measurements at 77 K show one component with a
12 ps lifetime assigned to the decay of carotenoid triplets and a long-lived ~ ms
component assigned to the Chl triplets.

The NPQ mechanism involving the Xanthophyll cycle induces the adaptation
of higher plants to high light stress. The whole process consists of two compo-
nents, which can be activated in seconds and minutes, respectively. [55] The fast
component seems to be independent of the Xanthophyll cycle and is related to
the rapid drop in pH and to the activity of the PsbS protein. 70} 60] One of the
proposed mechanisms of the slow component of NPQ lies in dissipation of energy
from the S; state by ET to zeaxanthin, which is converted from violaxanthin
through antheraxanthin. [61], (55] The mechanism is possible due to the lower po-
sition of the S; state of zeaxanthin compared to the Q, state of Chl a. Moreover,
zeaxanthin is less polar without one of the epoxy groups, which results in a lower
repulsive force to the nearby Chl 9. [55] The accepted energy is then dissipated
as heat. Oppositely, the S; state of violaxanthin should have higher energy than
the S; state of Chl. The NPQ molecular process is still a topic of discussion,
and some papers undermine the necessity of violaxanthin transformation in this
process. [0} [7]

As one of the main widespread light-harvesting complexes, LHC-II is highly
studied for its photoprotective properties, and it will be compared with acpPC
in experimental section.

1.6 The acpPC complex of A. carterae

Chlorophyll a-chlorophyll co-peridinin-protein-complex (acpPC) is a major
membrane-bound intrinsic light-harvesting antenna of the toxic Dinoflagellate A.
carterae, which is a part of marine plankton. [12] A. carterae can be found in
coastal bays and estuaries. [(1] Dinoflagellate A. carterae also possesses a dif-
ferent type of light-harvesting complex, a peridinin-chlorophyll a-protein (PCP),
which is a water-soluble light-harvesting antenna with the xanthophyll peridinin
as the primary light-harvesting pigment. [I3] PCP differs from other antennas by
a high efficiency of photoprotection, even at low temperature. [I3] Both anten-
nas can be found in different forms, probably due to the adaptation to different
light conditions under sea level, which are caused by the absorption of water
and other surrounding plankton; see figure m [72] Therefore, the antennas
use carbonyl containing peridinin, which absorbs the remaining green light in the
spectral region of 450 —550 nm.

Purified acpPC from thylakoids is an 18 —19kDa polypeptide unit. [69] [72]
The precise structure of acpPC is still unknown. The pigment composition of
acpPC has been presented in several papers with different results, probably due
to photoadaptation. Early work by Hiller et al. [74] specified the pigment com-
position of acpPC to 7 Chl a, 4 Chl ¢y, 12 peridinins and 2 diadinoxanthin per
monomer. However, the composition is probably overestimated in the number
of carotenoids. [I1, @] The ratio of carotenoids to chlorophylls should probably
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Figure 1.17: Underwater light spectra measured in the subtropical Pacific Ocean (black
lines). Spectra of different marine photosynthetic active organisms, which show their
adaptation to light conditions. The figure is taken from [73].

be closer to one. [II] In the article [9], Niedzwiedzki et al. show the absorp-
tion spectra of individual pigments and acpPC of Symbiodinum at 77K. The
spectra were used for determination of the acpPC monomer pigment composition
through spectral deconvolution. The result is 4 Chl a, 6 Chl ¢y, 6 peridinins and 1
diadinoxanthin. The analysis made by Niedzwiedzki et al. shows two spectrally-
shifted Chl a spectra belonging to two pairs of Chl a with a Soret band at 438 and
432nm, three spectrally-different forms of Chl ¢y and the same for peridinin. [9]

The pigment composition of acpPC is different from that of LHC-II and their
overall homology is lower than 30 %. However, the core structure of both an-
tennas is homologous with ~ 44 % of identities and positive substitutions. [69)]
Also with a high certainty, the acpPC polyprotein structure forms three trans-
membrane helices, the same as in the case of LHC-II. [69] It was suggested that
the same frame is common in different classes of LHCs. [74, [75]. Several papers
suggested a structural model for acpPC with a conserved bindings position for
five Chls a based on the comparative sequential analysis of the core transmem-
brane polypeptides from LHC-II. [69, [75, [76] The two internal binding sites of
luteins in LHC-II should also be conserved and probably occupied by peridinins
in the acpPC antenna. [69] The positions of neoxanthin and violaxanthin are
most likely not preserved. It was proposed that some Chls a in LHC-II were
replaced by carotenoids in acpPC. [69]

An early study of acpPC [74] shows a direct energy transfer from Chl ¢
(1.4 ps) or peridinin to Chl a immediately after the excitation. [I1},[69] The light-
harvesting pathway uses ET from peridinin ICT (75 —50%, 2.6 ps or 200 ps), Sy
(<150 fs) and a hot ICT (360fs) states. [LI], 40}, 58] Niedzwiedski et al. [9] show
two subpopulations of peridinins with an efficient transfer to Chl a in acpPC
of Symbiodinum (1.5—1.8ps and 12ps) at 77K. The observed ET from the
So state was minimal. Chl a transfers the excitation energy through singlet-
singlet ET to the chlorophyll a with the lowest energy in &~ 10 — 100 ps. At late
nanosecond times, the only contribution to the TA spectra originates from Chl
a. Similar kinetics were measured in PCP antenna. [9] However, the packaging
of the pigments seems to be higher in PCP antennas. [9] The differences among
antennas show the importance of the surrounding protein environment influencing
the excited state dynamics of LHC.

Oppositely to the peridinin, diadinoxanthin shows no involvement in singlet
energy transfer. [II] Diadoxanthin is proposed to have a photoprotective role
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in a NPQ process through de-epoxidation to diatoxanthin. [77] Except for the
light-harvesting function, the peridinin photoprotective role was reported through
the quenching of Chl a triplets [69], resulting in two differing carotenoid triplet
domains surrounded by different protein environments. Niedzwiedzki et al. also
present a kinetic trace of acpPC recorded at 680nm (Chl @ emission) and at
77K. The kinetic trace shows two decays with lifetimes of 150ns and 2 us. [9]
The shorter lifetime was interpreted as being due to the Chl a triplet state, which
is ineffectively quenched by the ground state of peridinin (=~ 7%). [9] Also, the
direct 'O, quenching was proposed as one of the photoprotective mechanisms of
acpPC. Peridinin photoprotective ability was also studied in PCP proteins, where
the quenching of chlorophylls is highly efficient. [13]

In 2015, Kvicalova et al. published a study [12] about the photoprotection
and energy pathways of acpPC at RT and compared it to PCP. This work is
a cornerstone of our measurements on acpPC at low temperatures. TA spectra
show a ~5ns decay of excited states of Chl a and its replacement by the signal of
carotenoid triplet states [12], which consist of negative carotenoid ground state
bleaching (GSB) and three positive bands ascribed to excited state absorption
(ESA). Two of them were assigned to carotenoid triplet ESA. They are formed by
a sharp band with maxima at 470 nm and 505nm. Similar bands were resolved
in LHC-II. [14], 8] The analysis of TA spectra at aerobic conditions by decay asso-
ciated spectra (DAS, see chapter 2.2.2) provided two components with different
lifetimes. The faster component with a lifetime of 5.5(6) ns was caused by ET
from the singlet state of Chl a to the triplet state of carotenoid via the triplet
state of Chl a. The slower component of DAS had a lifetime of ~2.4 us, and its
shape depended on the excitation wavelength. [I2] The rest of the component
formed a mirror image to the fast component with a broad band around 555 nm,
which is due to the triplet ESA of peridinin in a polar environment. The other
sharp positive ESA bands (470, 507 nm) are ascribed to the triplet states of di-
adinoxanthin or peridinin in the non-polar environment. [69, 12] Kvicalova et al.
suggest that peridinins in two different environments, or peridinin and diadinox-
anthin, are responsible for Chl triplet quenching. No accumulation of the triplet
states of Chl a was observed. Simultaneously, it was suggested that the T state
populated by ISC is immediately quenched by carotenoids. The lifetime of triplet
Chl was proposed to be even shorter than 0.1 ns, using kinetic calculation analy-
sis. The previously mentioned Chl a triplets observed by Niedzwiedzki et al. [9]
in Symbiodinium seem to be in contradiction to the results reported by Kvicalova
et al. However, the two species of algae can have slightly different compositions
of acpPC antenna, or the low-temperature measurement can be responsible for
generation of the Chl a triplet population. The temperature dependency is sup-
ported by the observation of Chl a triplets in acpPC complex from A. carterae
at 77 K revealed by ODMR and EPR spectroscopy. [69]

The results highlight that particular consideration should be given to triplet-
triplet ET by the Dexter mechanism, responsible for the (in)efficiency of Chl a
quenching at a low temperature.
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1.7 Chlorosomes of Chloroflexus aurantiacus

Chlorofiexi (Clf.) - filamentous anoxygenic phototrophs, also known as green non-
sulfur bacteria - contain unique light-harvesting complexes called chlorosomes,
which have a very distinct structure compared to the previously discussed LHC-
IT and acpPC. [78] Their main light-harvesting pigments are bacteriochlorophylls
(BChls) situated inside a pocket formed by proteins. BChls aggregate in thou-
sands into lamellar structures by the interaction between hydrophobic esterifying
alcohols of BChls from adjacent layers. [78] The arrangement of pigments sup-
ports strong exciton coupling. [79, [80] Chlorosomes are believed to be the most
efficient antennas in nature. In our experiments, the chlorosomes of CIf. will be
compared to the previously mentioned LHCs.

The composition of Cif. chloro-
somes in dry weight is Bchl ¢
(50%), proteins (30%), lipids (10%),
carotenoids, quinones and Behl a (5%)
[82]. Bchl ¢ can aggregate into large
assembles due to the presence of a hy-
droxy group attached to asymmetric
C3! and the absence of a methoxycar-
bonyl group at C132. The intramolec-
ular coordination of the central ion of
one BChl to the hydroxy group of a
second BChl seems to be important in
the formation of the aggregate. [7§]
Moreover, according to the prevailing
opinion, the hydrogen bond connects
the hydroxy group of the second BChl
and the keto group of a third BChl.
[83] The importance of the hydrogen
bond lies in the stabilization of the Q,
transition dipole moments, which en-
ables the strong exciton coupling. The
whole aggregate is stabilized by -
stacking interactions. [38] Oppositely, BChls a are not part of the aggregate and
are situated in a pigment-protein complex within the baseplate. The carotenoids
are located inside the chlorosomal protein pocket near to BChls ¢ or surround-
ing BChls a in the baseplate. The number of carotenoids inside chlorosomes
depends on the light and temperature conditions during the growth phase. For
example, high-light conditions cause an increase of the carotenoid fraction in CIf.
The composition of carotenoids inside the chlorosomes of CIf. consists mainly
of 3, ~-carotene and their derivatives with S-ring. [38, [84] The planar conju-
gated systems of [-ring of carotenoids and conjugated systems of BChl ¢ most
probably interact by 7-7 interactions, which support the electronic coupling of
both pigments. The interaction plays a significant role in photoprotection by
the quenching of BChl triplets and ET from the S, state of carotene to BChl c.
[85] The amphiphilic quinones inside the chlorosomes of CIf. are menaquinones-
10 (1:10 to BChl ¢). Nevertheless, their function is not known, and they are

Figure 1.18: Schema of chlorosomes with
detail on the aggregation of BChl pigments
in the lamellar structure. The figure is
taken from [81].
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probably not involved in excitation quenching like in Chlorobi. [86] Lipids are
represented mainly by glycolipids and a smaller amount of phospholipids. In the
case of CIf., the chlorosomes are directly linked to the cytoplasmic membrane.
[78]

One of the photoprotective processes in chlorosomes is the quenching of BChl
triplets by carotenoids. No triplet states of BChl ¢ in aggregates or BChl a in the
baseplate were observed at room temperature measurements [87, [88], which points
to the 100% efficiency of the quenching. [87] Consequently, the excitation energy
must be transferred to some of the few BChls ¢ with neighbouring carotenoids or
to BChls a, which are all in close contact with at least one carotenoid. Oppositely,
the triplet states of BChl ¢ and BChl a were detected at low temperatures (1.8 K).
[T5] The observed triplet states of carotenoids seem to be generated mainly by the
quenching of BChl a. BChl a in a baseplate is a bottleneck for excitation energy.
Therefore, the triplet quenching of BChl a by carotenoids is essential for photo-
protection. As well as the photoprotective mechanism based on the quenching
of BChls by carotenoids, the aggregation-mediated protection mechanism should
also be involved. [89] Another mechanism is based on a shortening of both singlet
and triplet excited state lifetimes. [88] The singlet state lifetime decreases the
triplet state population through ISC. Moreover, the shorter triplet state lifetime
directly decreases the probability of the 'O, generation. Some early works by
Krasnovsky et al. demonstrated the mechanism. [90]

30



2. Materials and methods

2.1 Samples

The acpPC complex from Amphidinium carterae was kindly provided by the
group of Prof. Eckhard Hofmann (Department of Biology and Biotechnology,
Ruhr-University Bochum, Germany). The acpPC complex was isolated as de-
scribed in [58] 2] The samples were dissolved in a tricin-buffer (pH 7.5). The
buffer for RT measurements consisted of 20mM KCI (Sigma-Aldrich), 0.16 %
n-decyl -D-maltoside (DM, Glycon) and 20mM tricin (Sigma-Aldrich). The
samples for low-temperature experiments were diluted in a tricine-buffer/glycerol
mixture (1:2, Sigma-Aldrich). However, the composition of the tricin-buffer was
80 mM KCI, 0.64 % DM and 80 mM tricin in the case of low-temperature measure-
ments. The different composition of the buffer was necessary to prevent sample
aggregation in the presence of glycerol (see figure [3.7)).

LHC-II extracted from the pea was kindly provided by Dr. Heiko Lokstein.
The LHC-II antennas were isolated as described previously in [55]. The buffer
(pH 7.8) for RT samples was prepared from 20 mM tricin and 0.06 % n-Dodecyl
p-D-maltoside (DDM, Glycon) in distilled water. The buffer for low-temperature
samples was prepared from 20 mM tricin and 0.12 % DDM and mixed with glyc-
erol in a ratio of 1:2.

An isolation of chlorosomes of green non-sulfur bacteria Chloroflexus auranti-
acus is described in [91]. The sample was dissolved in a tris-HCI buffer (pH 8.0)
mixed with glycerol in a ratio of 1:2. The tris-HCI buffer was prepared from tris
base (Sigma-Aldrich) and adjusted with concentrated HCL.

The target absorbance of the sample was ~0.4 —0.6 OD per 1cm at Q, band
for all samples. All measurements were performed under aerobic conditions.

2.2 Transient spectroscopy setup

In chapter 3, photoprotective and spectral properties of LHCs are studied through
measurements of transient absorption (TA) spectra. The TA spectra were further
processed by global analysis, which extracts information about the energy trans-
fer dynamics and pathways. The Optical Spectroscopy Group of the Department
of Chemical Physics and Optics is equipped with the setup for TA spectra mea-
surements with a nanosecond resolution. However, several improvements had to
be made for experiments at low temperatures.

The scheme of the transient spectroscopy setup is shown in figure 2.1 The
samples are excited by an optical parametric oscillator (OPO, PG122, EKSPLA)
providing laser pulses of 3 —3.5 ns FWHM between 200 to 2000 nm. The excitation
energy was set to ~500 uJ - cm~2 per pulse. OPO is pumped by the second and
third harmonic frequency of a Q-switched solid-state Nd:YAG laser (NL303G/TH,
EKSPLA) with a repetition rate of 5 or 10 Hz for TA and transient fluorescence
measurements, respectively. A laser pulse passes through several neutral density
filters (ND) and lenses to the optical cryostat (OptistatDN2, Oxford Instrument)
for low-temperature measurements, or the sample holder for RT measurements
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Figure 2.1: Scheme of the transient spectroscopy setup.

(not shown in the scheme). The sample (S) in a cuvette is excited at ty in a right-
angled geometry. The sample is probed by radiation of Xenon flash lamp with a
broad spectrum (LS-1130-1, FX-1161 flash tube, Perkin Elmer) at a certain time
delay after the laser excitation. The Xenon flash lamp is also used for reference
(R) signal. The probe pulse is delivered to and from the sample by optical fibres
and collimated by two lenses into the cryostat. A precise x-y shift of collimators is
used for maximizing the signal. The sample and reference signals are transmitted
to the imaging spectrometer (iHR 320, Horiba Jobin Yvon) with a 100 gr - mm™!
grating blazed at 450 nm. The grating was usually centred at 550 nm for detection
of a 375 —750nm spectral region. The signal was detected by an intensified
charge-coupled device camera (iCCD, PI-MAX 512RB, Roper Scientific). The
amplifier of the iCCD camera is used for fast gating with a 2ns gate-width. The
synchronization of excitation pulses, probe pulses and iCCD camera gating is
secured by a programmable delay generator (DG535, Stanford Research Systems)
triggered by a timing generator (PTG) integrated in the controller of the iCCD
camera. All the TA or fluorescence spectroscopy measurements are controlled by
a program called WinSpec together with a measurement script written in Python.
The TA spectra are averaged of 500 (500x2 flash pulses) or 750 cycles.

A liquid nitrogen optical cryostat is used for measurements in temperatures
from 77to RT. The sample temperature is controlled by the control unit (CU,
MercuryiTC, Oxford Instruments). The cryostat vacuum chamber is pumped out
by a turbomolecular pump (P, T-Station 85, Edwards) to at least < 107> mbar.
The heat is exchanged between the liquid nitrogen and the sample by helium gas
fed into the sample chamber through a valve vent with attached bladder. A new
path was built for visible and near-infrared excitation in the cryostat. The sample
can be measured in UV plastic cuvette (Kartell) with 1 cm optical path inserted
into the sample holder, or it can be brought to the low-temperature quartz cu-
vette with 0.1 —0.5mm optical path in a teflon home-made sample holder. All
measurements described in this thesis were performed in plastic cuvettes. The
instruction list for measurements with the cryostat is attached to the thesis; see
attachment 1.
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2.2.1 Measurement of transient absorption spectra

TA spectra measurements belong to “pump-probe” methods. In these methods,
pump pulse disrupts an equilibrated sample by the supply of energy, and probe
monitors the relaxation and ET processes.

During the TA measurement a short and spectrally narrow laser pulse excites
the sample at to. At the certain delay 7 after the laser pulse, the sample is probed
by a polychromatic Xenon lamp pulse. The TA spectra measurement process is
shown in figure [2.2] The signal detected on the iCCD camera is compared with
the reference signal and subtracted from the sample absorption in equilibrium.
The expression for TA absorbance can be derived from the Lambert-Beer law [29]

AATAS 7' )\ Apump T, >‘) AEQ()‘) -

pump ref eq(ref) ()\)
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Lo (T, N)
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where the meaning of I, is explained in figure 2.2l In the ideal case, the back-
ground defined in equation should be the same for each cycle. However,
it is measured separately for every excitation because of the instability of the
xenon lamp (+£5% difference in pulse intensity) and the photodegradation of the

measured sample.
LASER
Xenon
lamp
L |

Xenon

L qu(ref)

relerence

Figure 2.2: Scheme of measurement of transient absorption spectra.

In the steady-state absorption spectra, each band refers to the transition from
the ground state to the excited states. TA spectra provide information about the
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evolution of excited states and the return of the sample to its equilibrium. Let
us describe the difference between the steady-state absorption spectrum and the
TA spectrum in a model situation illustrated in figures and [2.4] In figure
(A), a blue and a green absorption bands are assigned to the transitions of
molecules X and Y to an excited state, respectively. The sum of both bands forms
a steady-state absorption spectrum (dotted line). If the sample is excited at the
wavelength of the blue band, then there will be fewer X molecules in the ground
state. The excited molecules may absorb at different wavelengths (orange colour
in figure (B)). The resulting TA spectrum in figure (C) is the difference
between the steady state absorption spectrum and the excited state absorption
spectrum (dashed line) in (B).

In the TA spectra of the model
shown in figure (C) three bands
are visible, which are caused by dif- Wavelength
ferent processes. The blue negative
band is a result of the lower ab- (A)
sorption from the ground state of X
molecules after being excited. This A
phenomenon is called ground state
bleaching (GSB). Excited state ab- AAN
sorption (ESA, orange) is the process _ __absorption spectrum
behind the positive band occurring (B) . of an excited sample
in the higher wavelengths. The most
red-shifted band in the TA spectrum
in figure (C) arises due to the
luminescence of X molecules. The
emitted photons amplify the signal
and result in a negative band of the
TA spectrum. The luminescence sig-
nal is usually much stronger than
GSB and, therefore, it overlays GSB
of the smallest absorption band. Of
course, the TA spectra would exhibit
a decrease of all three bands in time. ’

As almost none of the Y molecu- BN GSB
les were excited, they do not con-
tribute to the TA spectrum. The sit-
uation is different in the presence of Fluorescence
ET from X molecules to Y molecules.
In that case, the TA spectra would Figure 2.3: Example of formation of tran-
reflect the rise of GSB and ESA as- gient absorption spectrum at exact delay after
signed to the Y molecule. Simulta- laser pulse and its derivation from the steady-
neously, the TA spectrum would ex- state absorption spectrum.
hibit a decay of all the bands assigned
to the X molecule. Therefore, the TA spectra contain information about the sys-
tem evolution and ET.

All the TA spectra presented in chapter |3| are processed by global analysis,
which can extract information about dynamic paths of excited energy.

>
>

steady-state
absorption spectrum

ESA
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Figure 2.4: Example of a pump-probe measurement for two interacting molecules. The
X molecule is excited at tyg. The excitation is transferred to other states at ¢y, t5 and
ts. For instance, if we probe the sample at ty < t < t1, then the exact molecule can be
excited to a higher excited state.

2.2.2 Global analysis

Global analysis will be discussed on the model situation described by the black
arrows in figure 2.4, Dynamics paths of molecules X and Y are described through
equations:

dX(Sy)]

= FrscXE)] ke [X(S1)]; (2.2)
d[Xo<hrfFl)] = —kpr[X(T)] + krsc[X(51)], (2.3)
d[chtrTl)] = _kdeact. [Y<T1)] + k?ET[X(Tlﬂ, (24)

where [M(S)] is concentration of a molecule M in the S state and kp,ocess 1 & rate
constant for a process shown in figure 2.4 We assume that the kg, >> kisc.
The differential equations [2.2}{2.4] solution is:

(X(SI(E) = [X(51)](0) exp (—kgm.t) , (2.5)

kEm. - kET
krsc (2.6)
+ ([X(Tm(m + XS]0 — k) exp(—kprt)
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and if we denote [X(Sl)](o)ﬁ as C then the solution of the last differential
equation is '

C (X(T1)](0) +C
exp (—kgm.t) —
kEm. - kdeact. P ( o ) < kET - kdeact.

+ [[Y(Tl)](o) — kkETC + kgr <[X(T1)](O) + C)] exp (—k:dwc(t_;:)

Y(T)NE) = kir [ ) exp (—kETt)]

Em. — kdeact. kE'T - kdeact.

The solution can be simplified with the assumption that [A(S1)](to) = 0 and
[B(T1)](to) =0, to = 0. As shown in the case of the model from figure 2.4] evolu-
tion of concentration for each excited state is described by a sum of exponentials.
In general, if it is assumed that population and depopulation of an excited state
can be described by linear kinetics equation, then its decay is governed by equa-
tion [92]

M) = 3 (Z[Mnmwm) exp (—hnt) £ > 0. (2.8

m n

Each excited state contributes to overall transient absorption signal at given
delay after laser pulse by

AAras(t, A) = D _[M(t)AA;(N), (2.9)
where AA;()\) is TA spectrum of state .

The data in chapter [3| are processed by a global analysis program kindly
provided by Dr. Jan Alster. In the program, the TA experimental data (AArag)
are automatically processed to the matrix with rows according to delay (t,) after
pump pulse and columns according to the wavelength (A\,). The experimental
data are fitted by a linear combination of exponentials, which are convoluted with
an instrument response function (IRF). The convolution with IRF is necessary
to obtain a good agreement of a fit with experimental data on the nanosecond

time scale. TA spectra from equation can be rewritten assuming convolution
with IRF and equation 2.8 as

AApas(t, N) Z Z <Z Km”> exp (—knt) AA;(\) * IRF,
- Z Z <Z[Mn](0)szn> exprpp (—kmt) AA;(A).

(2.10)

The IRF was written as a subscript for convoluted monoexponential func-
tion. The fitting model can be extended by adding a “zero lifetime component”
with Gaussian function shape, which is approximately equal to the shape of the
scattered laser pulse signal. Such an approximation is in good agreement with
the real profile of laser pulse due to the signal noise. Through modification and
mixing of components in equation [2.10] we can split the model expression into
three independent matrices
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n

= Comsz’Eig7

where columns of matrix C' describe convoluted monoexponential decays of all
individual excited states, rows of matrix E belong to individual excited state
transient spectra and square matrix D mix transient spectra of the various excited
states with decays in columns of matrix C'. For more details see [92].

The data separation in equation is further used for data analysis through
decay associated spectra (DAS, or in singular form “DA spectrum”). The product
of matrices D and F has rows composed of a mixture of TA spectra belonging to
the excited states, which decay with the same rate. The previous sentence shows
that each DA spectrum is connected to a lifetime of one excited state and consists
of the TA spectra of this excited state and other excited states interacting with
this excited state. These interactions include ET, ISC, etc.

For example, DAS can be extracted from a solution of differential equations
Considering the above mentioned DA spectrum specification and estab-
lished notation, we get DA spectrum for the state with the rate constant kg,

DAS(kpm.) = [X(S1)](0)AAx(s,)

— 2.12
+[X(Sl)](0)wﬁf‘1[x<m + kkETilAAMTl)]- 212
Em. — KET Em. — Kdeact.

However, two fundamental limitations should be kept in mind. First, the
signal in the DA spectrum is detected only if accumulation of the excited state
level is high enough to yield a signal higher than noise. For example, [A(T})]
would not be detected if the rate of kg quickly depopulated the level and thus
prevented its accumulation. The second limitation is in time resolution.

The lifetimes in the next chapter are reported with standard errors, which
were always calculated from at least four measurements. The errors in the charts
with temperature dependence (figures [3.16] [3.23) are estimation (5 —10%).

2.3 Absorption spectroscopy at 77K and room
temperature

The steady-state absorption spectra were measured in a spectrometer (Specord
250, Analytik Jena) for characterization of samples. The RT steady-state absorp-
tion spectra were used for monitoring of the sample photodegradation. Apart
from the measurements at RT, we modified the spectrometer for measurements
with the cryostat. Now we can measure the absorption spectra from 77K to RT.
The reference for low-temperature absorption spectrum was always measured sep-
arately, before each measurement. The advantage of low-temperature absorption
spectra is in a better vibronic resolution. Also, the low-temperature absorption
spectra are used in comparison with the TA spectra.
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3. Results and discussion

3.1 Light-harvesting complex II of higher plants

3.1.1 Steady-state absorption spectra

Figure [3.1] shows the absorption spectra of LHC-II at RT and 77K. The RT
spectrum is formed mainly by the Soret bands of Chl a (~436nm) and Chl b
(=471 nm) overlapped with an absorption of carotenoids. The Q, bands with
maxima at 6563and 672nm are ascribed to Chl b and Chl a, respectively. The
sidebands in the spectral region between 630 —650 nm are ascribed to the vibronic
structure of the Q-bands. [93] 8] The vibronic resolution is significantly improved
in the low-temperature spectrum. The spectrum at 77 K shows several new peaks
centred at 676 nm, 672 nm, 662 nm, which agree with spectrally shifted subpopu-
lations of Chl a reported in [93]. Also, the Q, band of Chl b is magnified. In the
region of the Soret band, several sidebands at ~461 nm, ~486 nm and ~494 nm
can be observed.

—RT
WL —— 77K |

Chl b/Car

Absorbance [OD]

1 L 1 1 1 1 1
350 400 450 500 550 600 650 700 750
Wavelength [nm]

Figure 3.1: Steady-state absorption spectra of LHC-II from pea at room temperature
(RT, black line) and 77K (red line).

3.1.2 Transient absorption spectra between 77 K and room
temperature

Transient absorption spectra at room temperature

The measurements of TA spectra at RT were performed on the samples of LHC-II
dissolved in a buffer and a buffer/glycerol (1:2). The results in the buffer solution
can be compared to the results reported in microsecond time scale by Mozzo et
al. and Peterman et al. [8, [I4]

Figure |3.2| (Left) shows selected TA spectra of LHC-II excited at 675 nm (the
Qy band of Chl a) in the buffer, which were measured in a room-temperature
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sample holder (RTSH). Although the spectra were recorded up to 740 nm, they
are cut off at 630 nm due to the strong fluorescence signal at longer wavelengths.
The spectrum at 1 ns shows a significant Soret band bleaching of Chl a. No Soret
band bleaching of Chl b was observed, even in the case of excitation at 470 nm
(data not shown, the Soret band of Chl b), proving that the singlet-singlet ET
between Chls b and Chls a occurs in a picosecond time scale. [94] GSB of Chl
a quickly decays in few nanoseconds and it is exchanged for GSB of carotenoids,
which is connected with the shift of the band minimum to ~425nm. [§] The
positive bands in the spectral region between 460 —570 nm are assigned to triplet
ESA of carotenoids. [8, 14] The decay of the singlet state of Chl a is followed by
a rise of the triplet ESA band of carotenoids centred at 510nm. The TA spectra
at later times (>200ns) exhibit structures of carotenoid triplets and decay within
10 ps. The maximum of the major ESA band is slightly shifted during the decay
from 510nm to 515nm. On the contrary, the ESA band with the maximum at
475nm remains at its position.
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Figure 3.2: Transient absorption spectra of LHC-II at room temperature (RT) with
excitation at 675nm. (Left) The sample dissolved only in a pure buffer. (Right) The
sample dissolved in a buffer/glycerol (1:2). Software data binning is used. The inverted
steady-state absorption spectra at RT (black dotted line) are shown for comparison.

Figure (Right) shows selected RT TA spectra of LHC-II dissolved in a
buffer/glycerol (1:2) taken in the cryostat. The experiment was performed to
observe how much the results are affected by change of the solvent from buffer to a
mixture of buffer with glycerol. The data illustrate the same spectral evolution of
the spectra as in the case of buffer solution. However, the lifetime of excited states
of carotenoids is significantly prolonged, which is related to different accessibility
of oxygen, or different solvent viscosity. [14]

Decay associated spectra at room temperature

The TA spectra were processed by global analysis. Three components were used
for fitting in the case of the pure buffer solution, see figure (Left). The
TA spectra decomposition into three components is in agreement with reported
results at RT under aerobic conditions. [8, [14] Other groups resolved only one
component with a microsecond lifetime. [95, [96] The satisfactory residua can be
obtain in both cases.
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Figure 3.3: Decay associated spectra (DAS) of LHC-II excited at 675nm at room
temperature (RT). (Left) The sample dissolved only in a buffer. (Right) The sample
dissolved in a buffer/glycerol (1:2). The inverted steady-state absorption spectra at RT
(black dotted line) are shown for comparison.

The ns component (blue line) of decay associated spectra (DAS) consists of
several regions. The negative band with the minimum at 440nm is assigned
to the Soret band bleaching of Chl a and the sideband peaking at 420 nm is
ascribed to the vibronic structure of the Soret band. The singlet ESA of Chl a at
450 —500 nm is overlapped with the negative band of carotenoid triplet ESA with
the minimum at 479 nm, which is neighbouring with the major negative triplet
ESA band with the minimum at 510 nm. The triplet ESA bands of carotenoids
are negative due to their rising signal during the decay of excited states of Chl
a. The Soret band of Chl a is most likely diminished by the rising GSB (positive
band) of carotenoids. Also, carotenoids usually have higher extinction coefficient
compared to chlorophylls. [34, 39] Therefore, it is lower than the major triplet
ESA band centred at 510 nm. The first component of DAS definitely corresponds
to the ET from Chls to carotenoids. However, the spectral features of Chl a S;
state and lifetime 5.5(5) ns, which is close to the fluorescence lifetime of Chl a
at RT [34, 9], show that the Chl a triplets are quenched by carotenoids with the
transfer time of DET under our resolution. Therefore, the component does not
exhibit Chl a triplet features. The similar behaviour was observed in acpPC. [12]

The 2.4(2) us and 3.7(3) us components of DAS are ascribed to the decay
of generated triplets of carotenoids. The lifetimes are similar to the previously
published results. [I4], 8] Each component belongs to a different subpopulation
of carotenoids. Both DAS show GSB bands with minima at ~430and ~470 nm.
[14] The spectral shift is also well illustrated by the ESA bands. The faster
component exhibits the ESA band centred at 475 nm and the major ESA band
with the maximum at 507nm. The maxima of the ESA bands of the slower
component are shifted to 492 and 525 nm.

Mozzo et al. [I4] suggest that the two microsecond components have an
origin in two central luteins with a different oxygen accessibility. The outcome is
in agreement with our results.

The DAS of LHC-IT in a more viscous glycerol /buffer solution are presented
in figure (right). Only two components were resolved. The spectral shape
of the fast DA spectrum is identical to the previous sample. Also, its lifetime
is conserved, which illustrates that chlorophylls inside the antenna complex are
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shielded from interaction with solvent. The lifetime of the decay of carotenoid
triplets is prolonged to =5.5 us. The prolongation of the lifetime of carotenoid
triplets was observed before, and it is due to a different oxygen concentration
which enhances the ISC, and different viscosity of the solvent. [8,[14] The maxima
of triplet ESA bands of carotenoids are at 478 and 511 nm. The spectral shape
of the slower component corresponds to the sum of 2.4 us and ~3.7 us DAS
in the case of a buffer solvent. The result is similar to LHC-II under anaerobic
conditions. However, we do not observe long-lived triplets of Chl, which were
reported in [14].

No triplets of Chl were observed at RT, as in the case of Peterman et al. [§]
We cannot confirm the previous reports of low concentration of long-lived Chl
triplets (= 5%) under anaerobic conditions. [I4] We suggest that the Chl triplets
can be presented at RT in the case of LHC disintegration. Our results show 100 %
efficiency of photoprotection in LHC-II at RT.
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Figure 3.4: Transient absorption spectra of LHC-II at 77 K with excitation at 470 nm
(Left) and 675nm (Right). Software data binning is used. The inverted steady-state
absorption spectra at 77 K (black dotted line) are shown for comparison.

Transient absorption spectra at 77K

The TA spectra of LHC-II at different temperatures were measured with excita-
tion at 470 and 675 nm. The spectra at 77 K are shown in figure[3.4l In both cases,
the spectra show better vibronic resolution as it is typical for low-temperature
measurements. The evolution of the system is much slower compared to RT at
the late times. However, the signal from Chls a also vanishes in several nanosec-
onds. The negative band at 460 nm is more pronounced and triplet ESA band of
carotenoids at 510 nm is narrower than at RT.

There are no significant differences between the excitation at 470 nm and
675nm. The TA spectra of LHC-II at 77K also describe the fast quenching of
Chls a and relaxation of carotenoids in a time scale of microseconds same as the
RT spectra.

Decay associated spectra at 77 K

In the same way as the TA spectra, the ns and us components of DAS at 77 K show
only minor spectral changes compared to RT DAS in a buffer/glycerol solution.
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The samples excited at 470 and 675 nm exhibit prolonged lifetime of the fast
component to ~6.8ns and 6.5(7) ns, respectively. The lifetime of the S; state of
Chl a is independent of the efficiency of quenching of Chl triplets. Therefore, the
prolongation is most likely due to an intrinsic dependence of S; — Sy transition on
temperature, which was observed before. [97] No Chl triplet features are observed
in the faster component, which means that the transfer time of DET between Chl
triplets and central carotenoids (most likely luteins) is still fast enough to prevent
accumulation of Chl triplets.

The carotenoid triplets decay with a lifetime of ~11.8 us (excitation at 470 nm)
and 12.3(6) us (excitation at 675nm) in line with previously reported results.
[8] Previously reported decay of carotenoids in LHC-II at low temperature was
also fitted by one component contrary to a pure buffer solution at RT, which is
presumably due to lower oxygen diffusion in a frozen sample.
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Figure 3.5: Decay associated spectra (DAS) of LHC-II at 77K with excitation at
470nm (Left) and 675nm (Right). The inverted steady-state absorption spectra at
77K (black dotted line) are shown for comparison.

A weak signal is resolved, which decays with a millisecond lifetime. The signal
was too low to be observed in TA spectra. The signal is assigned to triplets of
Chl @ in the case of excitation at 675nm and triplets of Chl a and b in the
case of excitation at 470nm. The population of Chl triplets is around <5%. A
similar signal was reported in [8]. The Chl triplets belong to a subpopulation not
presented in the fast component. Therefore, we suggest that the long-lived Chl
triplets are generated from Chls, which cannot transfer their energy to the red
Chls protected by luteins. LHC-II should be intact in view of no observation of
Chl triplets at RT.

Temperature dependence

Figure |3.6| shows a temperature dependence of the lifetimes of the ns and us
components of DAS (buffer/glycerol solvent). The lifetimes ascribed to the long-
lived Chl triplets are not shown due to the weak signal resulting in large error
of the estimated values. The results for excitation at 675and 470 nm are anal-
ysed together as the differences between the lifetimes are under an experimen-
tal error and no significant differences are observed at the DA and TA spectra.
The temperature dependence of the lifetimes is fitted by the Arrhenius equation
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Kiecay = Aexp (—}%&). [98] Lifetimes were determined with an error more than

8%.
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Figure 3.6: Temperature dependence of the lifetimes of the DAS components (excita-
tion at 675and 470 nm).

The fast component (blue line, lifetime scale is in ns) is slightly prolonged from
~b.5ns at RT to ~6.5ns at 225 K. The lifetime does not changed below 225 K.
Obviously the ns lifetimes illustrate the dependence of the S; state of Chl a on
temperature. Direct observation of the Dexter energy transfer (DET) from Chl
triplets to carotenoids is not possible due to a transfer time under our resolution,
which precludes the generation of an observable population of Chl triplets. The
quenching by carotenoids works efficiently at low temperature. We suggest that
the transfer time of DET from triplets of Chls to carotenoids must be at least
under 0.1ns. [12]

The lifetime of the slower component (red line, lifetime scale is in ps) rises
from 5.5 us at RT to ~12.0 us at 200 K and is not changed by further cooling.
The same (in)dependency of carotenoids lifetime on the temperature below 150 K
was previously reported in [99].
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3.2 The acpPC complex of A. carterae

3.2.1 Steady-state absorption spectra

The steady-state absorption spectra of acpPC from Amphidinium carterae are
shown in figure The spectra were measured from 350 to 750 nm at RT and
77 K. Both spectra were taken on the same sample in the cryostat.

The RT sample has a dominant absorption between 350 —570 nm, which is
formed mainly by an absorption of Chls and the contributions of peridinin and
diadinoxanthin. Two maxima at 441 nm and 461 nm are assigned to the Soret
bands of Chl a and Chl ¢y, respectively. The blue-shifted sidebands of the major
band are most likely vibronic bands of Chl a and Chl ¢;. Both carotenoids are
responsible for the red-shifted absorption. The main transition Sg — S, of
peridinin is at 485 nm in a non-polar n-Hexane solvent. Nevertheless, a polar
environment and an interaction with surrounding proteins can blur its spectra
and shift it to longer wavelengths. Therefore, the sidebands at ~500 and ~540 nm
are assigned to peridinin. Diadinoxanthin is also involved in the formation of a
shoulder at ~500nm. [9] However, its low stoichiometry in acpPC prevents any
significant contribution. A sharp peak with a maximum at 672nm is due to the
Q, transition of Chl a. Its blue-shifted sidebands at ~636 and ~650 nm are due
to its vibrational structure, and the Q, band overlapped with the Q-bands of
Chl ¢y at =6321nm and ~649 nm, which were identified by circular dichroism and
low-temperature absorption. [111, [74]
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Figure 3.7: (Left) Steady-state absorption spectra of acpPC from Amphidinium
carterae at room temperature (RT, black line) and 77K (red line). (Right) The depen-
dence of the shape of the major band on concentration of detergent.

The frozen sample at 77 K shows an enhanced vibronic structure of the ab-
sorption spectrum in all bands. Also, a slightly higher absorbance across almost
the whole spectrum is observed, which is most likely due to an increased scat-
tering on ice. The major band is split into three maxima at 439 nm, 460 nm and
468 nm. The peak at 439 nm is obviously connected to Chl a, and the other two
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are from the absorption of Chl c;. The positions of the peaks are in good agree-
ment with the deconvolution of absorption spectra of acpPC from Symbiodinium
made by Niedzwiedzki et al. [9] The significantly-enhanced peak at 494nm is
most likely connected to the diadinoxanthin, which exhibits a significant increase
of vibronic peaks of the Sy — Ss transition at a low temperature. [9] The rest of
the sideband shows at least two other bands peaking at ~510 nm and ~545 nm,
which correspond to two spectrally-shifted peridinins. Another band centred at
594 nm is red-shifted compared to the RT spectrum and is most likely connected
to the Q, band of Chl ¢,. [34] The Q, band of Chl a is blue-shifted to 671 nm
with two shoulders, which suggest that at least two spectrally-different subpopu-
lations of Chl a are presented. Several bands arise in the area of Chl ¢y and Chl
a Q-bands, with maxima at 650 nm, 634 nm and 618 nm.

Figure (Right) shows the dependence of the shape of the major band on
the concentration of the detergent (27 mM of tricin = 0.21 % of DM). The low
concentration of detergent leads to an aggregation of the acpPC complexes. The
high concentration shows the disintegration of acpPC and a blurring of the major
band. The sensitivity of acpPC to the detergent concentration is high. The better
resolution of our spectrum at 77 K compared to [9] [69] is most probably due to a
good ratio of detergent in the sample.

3.2.2 Transient absorption spectra between 77 K and room
temperature

Transient absorption spectra at room temperature

Figure (Left) presents selected transient absorption spectra of acpPC dissolved
in a buffer and measured in RTSH. The sample was excited at 670 nm (the Q,
band of Chl a). The experiment in RTSH was performed to demonstrate the
same results for a new batch of the acpPC sample compared to the previously-
reported ones. [12] Also, the spectra exhibit a better resolution due to changes in
iCCD camera binning. The spectra will serve as a control for the low temperature
measurements due to their higher S/N ratio. As usual, the spectra were recorder
from 370to 740 nm.

The spectrum at 1 ns delay (blue line) exhibits a strong bleaching band around
~438 nm with a vibrational structure and a broad ESA band in the spectral
region between 470 —620 nm with three maxima at 490 nm, 510 nm and 555 nm.
The spectrum above 630 nm (not shown) shows a strong signal from fluorescence,
which overlays a bleaching of the Q, band of Chl a. Fluorescence quickly vanishes
with no signal after 50ns. The comparison of the TA spectra with the steady-
state spectrum illustrates that the bleaching at ~438 nm is due to the Soret band
of Chl a. The same situation is observed in the case of excitation at 540 nm or
460 nm (spectra not shown), which is in accordance with the previously reported
fast ET (fs — ps) from all pigments to Chl a. [0, 58] The broad positive band
(470 —620nm) has its origin in the singlet ESA of Chl a at 470 —530 nm, the
triplet ESA of carotenoids with a maximum at 510nm, and a broad band at
530 —620 nm assigned to the triplet ESA of peridinin in a polar environment.
[12] The maximum of the latter positive band is at 560 nm. The signal from
Chl a bleaching quickly decays, and it is replaced by a shallow negative band
corresponding to the GSB of carotenoids. Similarly, a positive signal at 510 nm
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is replaced by a new band at ~470nm. The same sharp bands assigned to the
triplet ESA of carotenoids are shown in the TA spectra of LHC-II, e.g. figure[3.2]
The bands assigned to carotenoid ESA decay during several microseconds.
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Figure 3.8: Transient absorption spectra (Left) of acpPC in a pure buffer at RT with
excitation at 670 nm and their decay associated spectra (DAS, Right). The inverted
steady-state absorption spectra (black dotted line) are shown for comparison.

Decay associated spectra at room temperature

The TA spectra in the spectral region between 370 —630 nm were processed by a
global analysis. The region above 630 nm cannot be fitted simultaneously with the
rest of the spectra due to the signal from fluorescence above 630 nm. The spectra
are fitted by two components. Their lifetimes are determined to be 5.6(2) ns and
2.4(2) us. The values are in good agreement with the lifetimes reported in [12].
The DAS are presented in figure [3.8] (Right).

The faster component of the DAS (blue line) consists of three spectral regions.
The region between 400 —455nm shows a negative band assigned to the decay
of the Chl a Soret band bleaching. The region between 455 —530 nm reveals a
decrease of a singlet ESA band of Chl ¢ with a maximum at 490 nm and two bands
with minima at 470 nm and 510 nm, which are caused by the rising signal of the
triplet ESA of carotenoids. The third region between 530 —600 nm is related to
the rise of the peridinin triplet ESA and a decrease of the singlet ESA of Chl
a. The positive peaks at 575and 605nm are due to the singlet ESA of Chl a.
The faster component shows that the lifetime of excited Chl a is identical to
the lifetime of the generation of the triplet states of carotenoids. The observation
demonstrates that the triplet states of carotenoids are populated by the quenching
of Chl a.

The slower component is connected to the decay of carotenoids. The region
above 470 nm seems to be a mirror image of the faster component except for
missing notches at ~575and ~605nm, which proves that the bands are from
the singlet ESA of Chl a. The region between 375 —500nm is formed by the
GSB of carotenoids, which is overlapped with positive triplet ESA bands of the
peridinin in a non-polar environment, or diadinoxanthin, with maxima at 470 nm
and 510 nm. Also, the other positive band with maximum at ~560 nm is ascribed
to the decay of peridinin triplet ESA, however, this time the peridinin must be
located in a polar environment.
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In summary, the spectra show only minor differences from the previously
published data. [I12] The red shift (=5nm) of all bands compared to [12] is
probably due to a new calibration. The better resolution allows us to see a decay
of the singlet ESA of Chl a at ~575and ~605nm. The TA and DA spectra are
quite similar to LHC-II (glycerol/buffer), where we detected also two components
with the same meaning: (1.) the quenching of Chls a by carotenoids and (2.) the
relaxation of the populated triplets of carotenoids. No features of Chl a triplets
are observed in the fast component, similarly as in the case of LHC-II due to the
high rate of their quenching, which keeps their concentration at “zero” and so
prevents the generation of harmful *Os.

Transient absorption spectra at 77K

The acpPC complexes were dissolved in a glycerol/buffer (2:1) solvent for low-
temperature measurements. The wavelengths for excitation were selected at
670nm, 540nm and 460 nm. The data from the sample excited at 460 nm are
discussed separately in the last subsection.
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Figure 3.9: Transient absorption spectra of the acpPC at 77K with excitation at
670nm. The inverted steady-state absorption spectrum at 77 K (black dotted line) is
shown for comparison.

Figure presents TA spectra at 77K of a sample excited at 670 nm. The
spectra exhibit a lower S/N ratio compared to the RT measurement. However,
the main features of the acpPC time-resolved evolution are well resolved. The
region of the Soret band bleaching has a more pronounced structure and it quickly
decreases in time. Contrary to the RT spectra, the maximum of the Soret band
at ~440nm is visible even in the spectrum at 100 ns. The broad band from 460 to
525 nm assigned to singlet ESA of Chl a also quickly decays and is replaced by
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Figure 3.10: Transient absorption spectra of the acpPC antenna at 77 K with excitation
at 540 nm. The inverted steady-state absorption spectrum at 77 K (black dotted line)
is shown for comparison.

two triplet ESA bands of carotenoids with maxima at 475nm and 510nm. The
signal of broad band with maxima at ~560 nm rises during the first 200ns. The
spectrum at 1 ns also shows the strong band with a maximum at 610 nm, which is
assigned to singlet ESA of Chl a. In the latter times, the spectral region between
450 —620 nm consists of spectral features assigned to carotenoids as in the case
of the RT spectra. However, the evolution of the spectra is significantly slower.
The prolongation of the carotenoid lifetime was expected, as the same feature was
observed in LHC-II. Finally, the spectrum at 50 us shows a structure indicating
the presence of long-lived T states of Chls, which will be better seen by global
analysis in the next section.

Figure[3.10[shows the TA spectra of acpPC excited at 540 nm, where peridinin
mainly absorbs. However, a small amount of Chl ¢ or diadinoxanthin is also
excited. The laser signal around 540 nm was extracted from the spectrum with
a 1ns delay. There are minimal differences between excitation at 540 nm and
670 nm, same as in the case of LHC-II and different excitation wavelengths. The
minor differences are the weaker singlet ESA band of Chl ¢ with a maximum at
610 nm. The lower ESA around 610 nm is most likely due to the laser scattering.

Figure [3.11] presents a comparison of the TA spectra colour maps for both
excitations at 670 nm (Left) and 540 nm (Right) in the whole measured spectral
region. Except for the laser pulse detected as a blue spot around 540 nm, both
figures show the same features in the spectral region between 375 —630 nm. The
situation is different above 630 nm. In the first 40 ns, the region exhibit a strong
signal from the fluorescence of Chl a, which is also observed in the RT spectra.
However, the RT spectra show decay of the band with a maximum at 680 nm at
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initial 40ns. On the contrary, the band is prolonged to ~250ns at 77 K. Also,
there are signs of a weak negative signal at even later times. The weak signal
can also be observed in LHC-II, and it is most likely connected to a so called
interaction peak [100} [I01] or the GSB of the Q, band of long-lived Chls. In the
case of excitation at 540 nm, fluorescence of Chl ¢y can be noticed at ~650 nm.
However, the excitation from Chl ¢, should be transferred to Chl a within 1ns
according to [9] [IT]. No fluorescence from Chls ¢y was observed at RT. Therefore,
the fluorescence must be emitted by Chls ¢y, which cannot transfer their energy to
the Chls a due to a lower efficiency of the singlet-singlet ET at a low temperature.
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Figure 3.11: Transient absorption spectra of the acpPC antenna at 77 K with excitation
at 670 nm (Left) and 540 nm (Right).

In summary, the main features of the transient absorption spectra at RT are
preserved at 77 K. However, some new features are visible, which are discussed
with help of a global analysis in next section.

Decay associated spectra at 77 K

As in the previous sections, the region above 630 nm is omitted from the global
analysis at the short delays, when it is dominated by fluorescence. As we are
interested in the strong band at 680nm, the whole spectral region between
370 —740nm is also analysed separately for delays >40ns.

The transient spectra at 77 K of a sample excited at 670 nm require four com-
ponents to obtain a satisfactory fits. Figure presents the result of the fitting.
The lifetimes of the DAS are estimated to be 5.9(7)ns for the (1.) component
(blue line), 137(15) ns for the (2.) component (red line), 15.0(6) us for the (3.)
component (orange line), and 2.5(7) ms for the (4.) component (purple line).

The fastest (1.) component of the DAS exhibits a strong negative bleach-
ing between 400 and 460 nm assigned to the decay of the Soret band of Chl a,
and a positive singlet ESA band in the spectral regions of 460 —530 nm and
595 —630nm. A sharp minima at 475nm and 520nm are ascribed to the in-
creasing signal of the triplet ESA of carotenoids. The component shows that a
subpopulation of Chl a is quenched by carotenoids with the same rate as at RT.
Also, the lifetimes of the (1.) components at RT and 77K are similar. However,
the RT DA spectrum shows a negative shallow band with a maximum at ~560 nm
(see figure [3.8] Right), which is not observed in the case of the (1.) spectrum at
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Figure 3.12: Decay associated spectra (DAS) of acpPC antenna at 77 K with excitation
at 670 nm. The inverted steady-state absorption spectrum at 77 K (black dotted line)
is shown for comparison.

77K. The broad band was ascribed to peridinins in polar environment, which
are apparently not able to quench triplets of Chl a with the same rate as at RT.

The (2.) component of the DAS must be added to obtain a good fit. The
component is also shown in figure 3.13] (A) in the full spectral range. The area
of the Soret band shows a negative signal with a maximum at the same wave-
length (=439 nm) as the ~6ns component. The blue shifted ESA in the spectral
region between 446 —530 nm compared to the fast component and the lifetime
of ~140ns, which is several times higher than a lifetime of Chl a singlet, sug-
gest that the Chls a are in the triplet states. Therefore, the positive signal in
the spectral region between 446 —530 nm seems to have origin in the triplet ESA
of Chl a with two sharp minima at 468 and 515nm due to the triplet ESA of
carotenoids. The minima at 468 nm and 515nm are blue-shifted compared to
the minima at 475nm and 520 nm in the (1.) component, which indicates that
a different subpopulation of carotenoids is involved in the formation of the (2.)
component. The ESA bands correspond to peridinin in non-polar environment,
or diadinoxanthin. Also, the negative shallow band ascribed to peridinin in the
polar environment is obvious with a maximum at ~560 nm. The strong band
with a minimum at 680 nm is observed in the full DA spectrum; see figure [3.13
The band is approximately three times higher than the GSB in the region of
the Soret band. Therefore, it cannot be explained by the GSB of the Q, band
or by the interaction peak of carotenoids with Chls. We propose that the band
has its origin in stimulated emission, which can be fitted simultaneously with the
rest of the spectrum. However, the stimulated emission should not be observed,
as we expect that the Chls are in the triplet states. In the next section, we
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show a mechanism based on triplet-triplet

observation.

The =15 pus component of DAS in
figure (orange line) shares most of
the features with the slow component

annihilation, which can explain the

in the RT measurement, and is con- 310 o A i
nected to the decay of the carotenoid B LA AL
triplets. The DA spectrum consists 6 13715 ‘vﬂ
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a zero signal above 600nm (see [3.13]
(B)), where we would expect the in-
teraction peak. The spectral region 4
between 460 —600 nm is a mirror im-
age of the combination of the both
nanosecond components of DAS. Ob-
viously, the ~15 us spectrum is a mix
of two components with similar life-
times, which describes the deactiva-
tion of the excited triplet states of
carotenoids, which are populated by
the both nanosecond components.

The last millisecond component
has a typical structure of a Chl a triplet transient spectrum with the Soret,
ESA and Q, bands (see figure (C)).

The result of the global analysis of the TA spectra from a sample excited at
540nm is shown in figure [3.14 The DAS are the same for (1.), (2.) and (3.)
components. However, the millisecond component shows a features of Chl ¢y in
the triplet state with a minimum of the Soret band at 465 nm. The lifetime of
the component is also around ~3ms. In the previous subsection, we observed
fluorescence from Chls ¢; and explained it through the subpopulation, which
cannot transfer the energy to the central Chls. Apparently, some Chls ¢, from the
subpopulation undergo transition to the triplet state, the lifetime of which is in a
milliseconds range because no active carotenoid is situated in their neighbouring
at 77TK. The population of long-lived triplets of Chl ¢y is around <7%. The
population was estimated from the TA spectra analysis.
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Figure 3.13: The components of the decay
associated spectra from the acpPC antenna
at 77K and an excitation of 670nm in a
spectral range between 375 —750nm. The
transient absorption data with a delay <
40 ns were fitted separately.
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Figure 3.14: Decay associated spectra (DAS) of the acpPC antenna at 77K with
excitation at 540nm. The inverted steady-state absorption spectrum at 77 K (black
dotted line) is shown for comparison.

The comparison of transient spectra of acpPC and LHC-II show several out-
comes:

1) Carotenoids, most likely luteins, involved in quenching of the triplet states
of Chl in LHC-II show a fast quenching independent on temperature. The
same observation is made in acpPC for a subpopulation of carotenoids.
These carotenoids in acpPC are most likely peridinins in non-polar envi-
ronment (or diadinoxanthin).

2) In the acpPC complex, the peridinins in a polar environment and a subpop-
ulation of peridinins in a non-polar environment (or diadinoxanthin) show
a strong dependence on temperature, influencing their ability to quench the
Chl triplets.

3) The triplet states of Chl with millisecond lifetimes have their origin in pe-
ripheral Chls, which cannot transfer the excitation to the central Chls.
Simultaneously, they cannot be neighbouring with an carotenoid active at
77 K.

Our conclusions show at least three subpopulations of carotenoids in the
acpPC antenna involved in Chl triplet quenching. We would like to repeat that
three spectrally-shifted subpopulations of peridinin were resolved through the
deconvolution of the steady-state absorption spectrum of acpPC in [9]. The in-
volvement of diadinoxanthin in the quenching cannot be absolutely excluded.
However, its low stochiometry and the spectrally shifted ESA notches in both
nanosecond components ((1.) comp.: 475and 520nm, (2.) comp.: 468and
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515nm), which seems to be caused by the same type of carotenoid in a little
bit different environment, illustrate that most likely only peridinins are involved
in the quenching. The lower efficiency of the quenching (quenched Chl triplets
by carotenoids/populated Chl triplets) at a low temperature is not due to lower
rate of DET. However, it is due to the trapping of excitation in peripheral Chls.

Delayed fluorescence

The strong negative band of the (2.) component visible around 680 nm is cer-
tainly connected to the Chl a. However, due its magnitude relatively to the Soret
band GSB and lifetime, it cannot be explained as the GSB of Chl a or an inter-
action peak. We have measured the prompt fluorescence at 77 K. The lifetime of
the prompt fluorescence was determined to be 5.6(2) ns, which is in accordance
with the previously-reported results and with the previous subsection. [9, [34]
As expected, the prompt fluorescence did not exhibit a lifetime around ~150 ns.
Therefore, we were looking for another mechanism, which could cause the strong
band.

Such a mechanism can be triplet-triplet annihilation (TTA), which results in
the emission of delayed fluorescence (DF). For measure DF, experimental settings
had to be changed to a higher gain of iCCD camera (=100 Gain at 77K vs.
~75 Gain at RT) and a longer gate width (50ns). The temperature was kept
at 77TK. The first delay was set to 100ns, when a prompt fluorescence should
not play any significant role. The sample was excited at 460 nm to prevent any
confusion of the DF with a laser scattering from the optical fibres or lenses.
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Figure 3.15: The delayed fluorescence (DF) of acpPC at 77K upon excitation at
460nm. (Left) DF spectra in different delays. (Right) DF kinetics at 680 nm were
fitted by biexponential function.

Figure |3.15| shows that DF can be detected even at 1 us, when the prompt
fluorescence intensity is proportional to =~ exp (—105&), which is definitely under
our S/N ratio. The DF signal is satisfactorily fitted by two components with
lifetimes of ~60ns and ~540 ns, and amplitudes =~ 110 a.u. and =~ 7 a.u., respec-
tively. The measurement proves that the singlet states of Chl a are generated in

late times in acpPC.
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The DF is generated most likely through TTA. In TTA, one molecule in a
triplet state relaxes to the ground state by transferring its energy to the other
triplet, which is converted back to the singlet state. The other two well-known
mechanisms - thermally activated DF and singlet oxygen feedback-induced DF -
are likely not involved due to the low temperature, a high viscosity and no inter-
action with oxygen. [102] The strong signal in the TA spectra at ~680 nm and
40 —100ns cannot be directly TTA DF, which exhibits only a weak signal. TTA
DF is used only as a generator of singlet states of Chl a, which are depopulated
by a probe flash as a stimulated emission.

The function, which describes the evolution of TTA DF, can be solved directly
from differential equations. In general, the result is not a sum of exponential
functions. Therefore, it is necessary to discuss if the fitting by an exponentials
is appropriate in this situation. Several arguments can be used to justify the
exponential fit, which describes DF generated by TTA:

1) The exponential functions are good estimates for the unknown evolution of
DF, especially when the DF decay is not a monoexponential function. In
this case, the identified lifetimes have no physical meaning.

2) If TTA is not a significant relaxation path for Chl triplets, and the other
rates are independent on their concentration, then the triplets decay as a
monoexponential function with the lifetime 7, and the TTA DF lifetime is
TTTA — % [102]

The second argument seems to be the most interesting as we presume that the
main pathway for Chl triplet relaxation is quenching by carotenoids. Moreover,
the lifetime ~60ns is close to half of the lifetime belonging to the (2.) compo-
nent. However, the exponential decay with the lifetime ~540ns would have to be
connected to a different subpopulation of Chl triplets, which was not observed in
the previous chapters. The measurement should be taken as a proof of the princi-
ple, especially when we did not considered reabsorption, which can influence the
estimated lifetimes.

Temperature dependence

The temperature dependence of the lifetimes of the DAS components was esti-
mated for different temperatures between 77 K and RT. The sample was always
excited at 670 nm.

The lifetime of the (1.) component gives almost the same value of the lifetime
~5.7 ns, independent of temperature, which is similar to the situation in LHC-II,
where only an insignificantly small prolongation was observed. The lifetime of
the component is mainly given by the lifetime of the singlet state of Chl a.

The lifetime of the (2.) component is fitted by equation[1.13] as presumably it
illustrates the direct dependence of the DET rate on temperature. The fit shape
is in a good agreement with experimental results. Calculated AG' is equal to
~ 11 kJ-mol™ = 0.1 eV. The rate of DET significantly depends on temperature
above 150 K. The rate is at least 1000x higher at RT compared to 77K. The
lower rate of DET between Chls and peridinins seems to have its origin in the
intrinsic temperature dependence of Dexter energy transfer.
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The temperature dependencies of the (3.) and (4.) components are fitted
by the Arrhenius law as presumably they reflect a rate of relaxation of excited
triplets to the ground states by ISC. [98] The signal of the (4.) component cannot
be detected above 200 K, and the (3.) component shows highly-specific temper-
ature dependence. The (3.) component seems to be independent of temperature
between 200 —250K, with a constant lifetime around ~9 us. The lifetime is sim-
ilar to detected lifetime under anaerobic conditions at RT. [12] We suggest that
the independence in acpPC is due to no oxygen accessibility to carotenoids in
the frozen sample. The chart shows that the lifetimes below 175K is getting
longer with decreasing temperature. The situation is different compared to LHC-
IT, where the lifetime of the us component is independent of temperature below
200K and then decreases to RT value.
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Figure 3.16: Temperature dependence of lifetimes of decay-associated spectra compo-
nents. Transient spectra were measured with excitation at 670 nm.

The acpPC complex excited at 460 nm

Kvicalové et al. in [I2] resolved two spectrally-shifted components, which were
assigned to the relaxation of carotenoids, upon excitation at different wavelengths.
The excitation at 460 nm resulted in a red shift of GSB and the triplet ESA band
(=475nm) of carotenoids compared to the excitations at 540 or 670 nm. In the
article, they propose that the excitation at 460 nm uses another pathway, which
is quenched by a different subpopulation of carotenoids. Therefore, we excited a
cooled sample (77K) at 460 nm to observe the spectrally-shifted component.
Several measurements were performed with the same result shown in figure
3.170 The result corresponds to the previous figures [3.12] and [3.14] The (1.)
component is deformed by a laser pulse at 460nm. The (3.) component is not
spectrally shifted, and it is exactly the same as in the case of excitation at 670 or
540nm. However, a strong signal from the Chl ¢y triplets is observed from the
(4.) component. According to the observation, we suggest that the spectral
shift reported by Kvicalova et al. was not due to a different type of carotenoid.
However, it is shifted due to a mixing of signals from carotenoids and free Chls
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Figure 3.17: The decay associated spectra (DAS) of acpPC at 77 K with excitation at
460 nm. The inverted steady-state absorption spectrum at 77 K (black dotted line) is

shown for comparison.

co. We conclude that the Chls ¢y are presented in two forms:

free Chls ¢y, which

are not bound to the protein complex and the Chls ¢y, which cannot tranfer the
excitation to Chls a at 77 K. The population of long-lived triplets of Chl ¢, is
around =26 %. The hypothesis is further confirmed by the differences of the two
reported components of DAS shown in the paper of Kvicalova et al., which show

the exact shape of the T-S spectrum assigned to Chl c,. [12]
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3.3 Chlorosomes of Chlorofiexus aurantiacus

3.3.1 Steady-state absorption spectra

The steady-state absorption spectra of chlorosomes from CIf. aurantiacus at RT
and 77K are shown in figure [3.18 Both absorption spectra were taken on the
same sample in the cryostat in the spectral region between 300 —900 nm.

The RT absorption spectrum exhibits a strong absorption band with the max-
imum at 464nm and sidebands at ~400and ~500nm. The peak centered at
464 nm is ascribed to the Soret band of BChl ¢ and its vibronic structure with a
significant contribution of absorption of carotenoids and absorption of BChl a at
shorter wavelengths. The maximum of the BChl ¢ Q, band is located at 742 nm.
Also, a small band appears peaking at 797 nm, which is ascribed to the Q, band
of BChl a. The peak with the maximum at 596 nm is assigned to the Q, band of
BChl a. No appearence of an absorption band around 675 nm indicates that the
complexes are intact. [87] The RT spectrum corresponds to previously published
spectra. [103], 104 [105]
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Figure 3.18: Steady state absorption spectra of chlorosomes from Chloroflezus auran-
tiacus at room temperature (RT, black line) and 77K (red line).

The absorption spectrum at 77 K (red line) shows a significant enhancement of
the Q, absorption peak and enhanced vibronic resolution at shorter wavelengths.
The major Soret/carotenoid band structure is presented with a well differentiable
peak at 516 nm. The lower absorbance over the Soret band compared to the RT
spectrum is probably due to the slightly different position of the cryostat in the
absorption spectrometer. The Q, and the Q, bands of BChl a are red-shifted to
800 and 603 nm, respectively.
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3.3.2 Transient absorption spectra between 77 K and room
temperature

Transient absorption spectra at room temperature

The typical transient absorption spectra of chlorosomes at RT are shown in fig-
ure [3.19] Chlorosomes were excited at 465nm (Left) and 740nm (Right). The
excitation wavelengths at 465and 740 nm correspond to excitation of Bchl ¢ and
carotenoids, and only BChl ¢, respectively. Data binning by four points was used,
because the TA spectra exhibit only a weak and noisy signal. The data from the
spectral region between 450 and 475 nm was cut off from the TA spectrum at 1ns
(excitation at 465 nm) due to laser scattering.
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Figure 3.19: Transient absorption spectra of chlorosomes at room temperature (RT).

The sample was excited at 465 nm (Left) and 740 nm (Right). Software data binning is

used. The inverted steady-state absorption spectra at RT (black dotted line) are shown
for comparison.

Both measurements illustrate the decay of carotenoids mainly represented by
p-carotenes. The negative band with the maximum at 475 nm is ascribed to GSB
of carotenoids. The positive peak with the maximum at 545nm and sideband
at ~515nm are ascribed to ESA of -carotene triplets. [38] Both bands slowly
decay with almost no signal detected after 5 us. The spectra show no signs of the
fast decay in contrary to the previously studied antennas.

Decay associated spectra at room temperature

Figure|3.20| presents DAS obtained from global analysis of TA spectra at RT. The
TA spectra from chlorosomes excited at 465 nm (Left) are satisfactorily fitted by
one component. The lifetime was estimated to be 1.4(2) us. The spectral shape
of the DA spectrum corresponds to the broad negative band at 400 —500 nm due
to GSB of carotenoids and two ESA peaks of S-carotene with maxima at 515 and
545nm. The DA spectrum obviously describes relaxation of carotenoid triplets.

The TA spectra of chlorosomes excited at 740 nm can be fitted by one or two
components with the same x2. The fitting by two components is presented in fig-
ure (Right) due to the comparison with low-temperature measurements. The
spectral features and lifetime of the slower component of DAS are approximately
the same as of the one for chlorosomes excited at 465 nm. A special measurement
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with the grating centred at 700 nm was performed to detect the interaction peak
of carotenoids and BChls ¢. [88 87] The gain of the iCCD camera was set to a
higher value (90 —110 Gain) due to the low intensity of the Xenon lamp above
700nm. The TA spectra yielded a very noisy signal and, therefore, we present
only the DA spectrum. The result of the global analysis is added to the figure
and separated by a dashed line. A strong interaction peak with the maximum at
750 nm is shown, which decays with the same lifetime as the rest of the slower
component.

The negative signal in the faster component between 400 —500 nm is ascribed
to the Soret band with the maximum at 467 nm from decaying excited states of
BChl ¢, overlapped with a rising positive signal from GSB assigned to carotenoids.
The negative band centred at 550 nm and its sideband at ~515nm are mirror im-
ages to the triplet ESA of carotenoids of the slower DAS component. The spec-
trum and the lifetime of ~3ns of the fast component indicate that it represents
triplet ET from BChls to carotenoids. However, the lifetime value should only be
taken as an approximative number as it is close to our time resolution. Therefore,
we cannot exclude that the real lifetime is even shorter, especially when we do
not observe BChl spectral features at TA spectra.

The fast component cannot be resolved in the case of excitation at 465 nm due
to strong laser scattering. For both excitation wavelengths, the component with
the microsecond lifetime corresponds to previously reported spectra. [38 87]
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Figure 3.20: Decay associated spectra (DAS) of chlorosomes at 300 K. The sample

was excited at 465 nm (Left) and 740 nm (Right). Software data binning is used. The

inverted steady-state absorption spectra at 77 K (black dotted line) are shown for com-

parison.

Transient absorption spectra at 77K

The TA spectra of chlorosomes at 77K are represented by figure [3.21} The
scattering of the laser at 465 nm was extracted from the spectrum at 1ns in the
left figure. Unfortunately, the scattering of the laser is overlapped with the early
evolution of BChls ¢. Therefore, only a weak signal of BChl ¢ seems to be located
at ~470nm as a small negative peak in the spectrum at 8ns. The later spectra
show only a decay of carotenoids characterised by a negative GSB (400 —520 nm)
and triplet ESA bands centred at 515 and 550 nm. The triplet ESA of carotenoids
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at 550 nm is red-shifted compared to RT spectra. Enhanced vibronic resolution
of the TA spectra reveals a new ESA band at ~580 nm.

The scattering of the laser can be avoided by excitation at 740 nm, see figure
(Right). The spectrum at 1ns (thick blue line) proves that the observed
DA spectrum ascribed to the quenching of BChls ¢ by carotenoids is a real. The
spectrum exhibits a strong negative band at 470 nm arising from the Soret band
bleaching of BChl ¢. The signal of BChl ¢ is quickly replaced by a negative band
assigned to GSB of carotenoids. BChls ¢ exhibit only a weak signal compared
to the previously antennas. The evolution of the TA spectra in late times cor-
responds to the relaxation of carotenoids, which is described in the preceding
paragraph.

The problem of the strong laser scattering of the samples at 77 K in the case
of excitation at 465 nm is partly due to the size of chlorosomes. Therefore, the
temperature dependence of photoprotective efficiency in chlorosomes is measured
with excitation at 740 nm.
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Figure 3.21: Transient absorption spectra of chlorosomes at 77 K. The sample was ex-
cited at 465 nm (Left) and 740 nm (Right). Software data binning is used. The inverted
steady-state absorption spectra at 77 K (black dotted line) are shown for comparison.
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Figure 3.22: Decay associated spectra (DAS) of chlorosomes at 77 K. The sample
was excited at 465 nm (Left) and 740nm (Right). Software data binning is used. The
inverted steady-state absorption spectra at 77 K (black dotted line) are shown for com-
parison.
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Decay associated spectra at 77 K

The DAS obtained at 77K are shown in figure [3.22l The TA spectra of the
sample excited at 465 nm (Left) were fitted satisfactorily by one component as
in the case of the RT spectra. However, the "zero lifetime component” of the
laser exhibits higher width. This might be a result of strong scattering and the
remains of the fast component. The one component illustrates the relaxation of
carotenoid triplets with a significant prolongation of the lifetime to ~8.8 us.

Chlorosomes excited at 740 nm show the same component describing for the
carotenoid relaxation with a similar lifetimes 8.7(8) us. The major ESA band and
interaction peak are narrower and red-shifted to 553 nm and 755 nm, respectively.
The shape of the interaction peak is similar to the reported ones in [87, 88]. The
faster component is presented with an enhanced spectral resolution compared to
the DAS at RT. The component illustrates the E'T from BChls to carotenoids.
The meaning of the DA spectrum is the same as in the case of LHC-II and
acpPC. However, the lifetime of 14.7(76) ns of the fast component is far beyond
the reported lifetimes of the singlet state of BChl a and BChl ¢ in solutions at
77 K. [106) [107] Moreover, the lifetime of the singlet state should be significantly
shortened for the case of aggregated pigments. [78] Therefore, we suggest that
we observe BChls in the T, state.

The long-lived BChl triplets with a millisecond lifetime are not observed con-
trary to acpPC and LHC-IT .
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Figure 3.23: Temperature dependence of lifetimes of decay associated spectra compo-
nents. Transient spectra were measured with excitation at 740 nm.

Temperature dependence

Figure [3.23| shows temperature dependence for both components of the DAS. The
lifetime of the fast ns component seems to be a constant ~3 ns above 200 K. The
temperature dependence below 200 K exhibits a substantial rise of the lifetime
to 14.7(76) ns. However, the values were estimated with a large error due to a
weak noisy signal. Also, the laser width is &3 ns. Therefore, we suggest that the
real lifetime above 200 K is much shorter. The data below 200 K are fitted by
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equation [1.13|as we presume that the signal of the fast component describe DET
from BChl triplets to carotenoids.

Temperature dependence of the lifetime of carotenoid triplets represented by
the us slower component is shifted compared to the ns component. The rise
of the lifetime from 1.6(1) us at RT to ~8 us at 175K is followed by a constant
dependence at lower temperatures. The lifetime of carotenoid triplet relaxation at
77 K is significantly shorter compared to the other antennas, which shows that the
carotenoids must be in stronger interaction with the surrounding environment.
The data are fitted by the Arrhenius equation.

Chlorosomes show different results in comparison with acpPC and LHC-II,
which illustrates that the structure and the presence of a protein scaffold of LHC
plays an important role in the photoprotective mechanisms.
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Conclusion

In summary, our results show significant differences among the three selected
antennas in their ability to quench Chl or BChl triplets at temperatures between
77K and RT.

All three antennas show =100 % efficiency of the excitation transfer from Chl
or BChl triplets to carotenoids at RT, which is in accordance with the previously
reported results [8, 12, 87]. The apparent lifetime (=5ns) of the Chl triplets
in acpPC and LHC-IT at RT is given by the Chl singlet lifetime, which is a
consequence of the fact that the intrinsic rate of DET is fast enough to prevent
any accumulation of Chl triplets. Chlorosomes exhibit an even shorter lifetime
of the fast component of DAS at RT. The high rate of quenching of Chl triplets
in LHC-II seems to be independent of temperature, whereas the acpPC complex
and chlorosomes exhibit a significant rate decreases at low temperatures.

In acpPC, two components of DAS at 77 K were assigned to energy transfer
from Chl triplets to three subpopulations of carotenoids, most likely peridinins.
One subpopulation formed by peridinins in a non-polar environments is able to
quench Chl triplets with a rate independent of temperature. The other two sub-
populations show a significant decrease of the quenching rate resulting in the
lifetime of Chl triplets equal to =140ns at 77 K. The decrease of the quench-
ing rate is most likely connected to its intrinsic dependence on temperature.
We presume that the two subpopulations involved in the strongly temperature-
dependent quenching are formed by peridinins in a polar and non-polar envi-
ronment according to the observed spectral features in the corresponding DAS.
The ~140ns component of DAS and TA spectra of acpPC exhibit strong band
at 680 nm, origin of which was explained by stimulated emission of Chl a. We
propose a mechanism of the generation of the Sy states of Chl a at late nanosec-
ond times based on triplet-triplet annihilation. A decrease in the quenching rate
was also observed in chlorosomes. However, the quenching rate seems to be less
effected as the lifetime of Chl triplets is ~14ns at 77 K.

In addition, we have also observed the long-lived triplets of Chl with a mil-
lisecond lifetime in acpPC and LHC-II at temperatures below 200 K. We suggest
that the long-lived triplet states of Chls are located at the periphery of LHC
and are unable to transfer the singlet excitation to central Chls at 77K. At
the same time any nearby carotenoid is not able to quench the long-lived Chl
triplets at 77 K. We observed that the efficiency of quenching of all Chl triplets
in LHC-IT is >95% at 77K, which is in accordance with [8]. The efficiency of
the quenching in acpPC is strongly dependent on the excitation wavelength. The
population of long-lived triplets is around <7 % in the case of the excitation of
Chl a and peridinin. On the contrary, in the case of the excitation of Chl ¢y
around ~26 % of excitations is trapped on them. The results suggest that the
position of Chls ¢, is in the periphery of the protein complex and most likely
some free Chl ¢; molecules, which are not functionally connected to the acpPC
complex, are present at the sample.

The three selected antennas exhibit also different temperature dependence of
carotenoid triplet relaxation via ISC to the ground state. The LHC-II antenna
and chlorosomes show the same dependence, which can be easily fitted by the
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Arrhenius equation. Both complexes show a smooth prolongation of lifetimes
with a decreasing temperature, which is followed by saturation at ~12 us (200 K)
for LHC-IT and ~9 us (150 K) for chlorosomes. The situation is different in acpPC,
which is most likely due to a different protein structure compared to LHC-II. This
results in the constant value of the lifetime (=9 us) between 200 and 250 K.

We also confirm the double exponential decay of carotenoids in the LHC-IT un-
der aerobic conditions as reported in [8, [I4]. Moreover, we have explained the ori-
gin of two spectrally-shifted components assigned to the relaxation of carotenoids
in acpPC, which were reported in [12]. The observed spectral shift is due to the
signal from Chl ¢y triplets, which were most likely present as free monomers in
the sample.

Minor outcomes of this thesis are the attached guidelines for measurements
with the cryostat, modification of the setup for low-temperature measurements,
the sample holder for thin quartz low-temperature cuvettes and the holder of the
cryostat in the steady-state absorption spectrometer.
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List of Abbreviations

10,: molecular oxygen in the first singlet excited state

e 30,: molecular oxygen in the ground state

e acpPC: chlorophyll a-chlorophyll ce-peridinin-protein complex
e A: acceptor

e ATP: Adenosin triphosphate

e BChl(s) aand c: bacteriochlorophyll(s) a and ¢

e Car: carotenoid

e Chl(s) a and b and c¢y: chlorophyll(s) ¢ and b and ¢,

e Clf.: Chloroflexi

e CU: control unit

e D: donor

e DAS: decay associated spectra (singular: DA spectrum)
e DDM: n-Dodecyl -D-maltoside

e DET: Dexter energy transfer

e DF: delayed fluorescence

e DG: delayed generator

e DM: n-decyl 5-D-maltoside

e Em.: emission

e ESA: excited state absorption

e ET: energy transfer

e FRET: Forster resonant energy transfer

e FWHM: full width at half maximum

e GSB: the ground state bleaching

e HOMO: the highest occupied molecular orbital

e [C: internal conversion

e iCCD (camera): an intesified charge coupled device (camera)

e ICT (state): intramolecular charge transfer (state)
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IRF: instrument response function

ISC: intersystem crossing

LHC(s): light-harvesting complex(es)

LHC-II: light-harvesting complex II of higher plants
LUMO: the lowest unoccupied molecular orbital
M(-porphin): metal(-porphin)

M;: molecule denoted as

NAD(H): nicotinamide adenine dinucleotide (in reduced form)
ND (filter): neutral density (filter)

NPQ: non-photochemical quenching

OD: optical density

OPO: optical parametric oscillator

P: turbomolecular pump

PCP (complex): peridinin-chlorophyll-a-protein (complex)
PS: photosystem

PTG: timing generator

R: reference

RC(s): (the) reaction centre(s)

RT: room temperature

RTSH: room temperature sample holder

S: (the) sample

So (state): (the) ground siglet (state)

Sn (state), n > 0: (the) n-th singlet excited (state)
S/N (ratio): the signal to noise (ratio)

T, (state), n > 0: (the) n-th triplet excited (state)
T-S (spectra): triplet minus singlet (spectra)

TA (spectrum): transient absorption (spectrum)
TTA: triplet-triplet annihilation

UV (spectrum): ultraviolet (spectrum)

VIS (spectrum): visible (spectrum)
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