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1. INTRODUCTION

1.1. General perspective of photosynthesis

Photosynthesis is a remarkable biological process that converts the solar energy
into chemical energy either by plants, algae, or photosynthetic bacteria [1-5].
Although exploring so far into the past is difficult and uncertain in interpreting,
the geochemical data suggest that the earliest versions of photosynthesis
emerged about 3.8-3.4 billion years ago [6]. This was a dawn to life that begun
to rely primarily on the abundant, ubiquitous and reliable energy source-the
sunlight. Since then the photosynthesis had an incredible impact on the evolu-
tion of our planet and the life on it [7].

The annual rate of energy captured by photosynthesis is approximately 100
TW, while the energy consumption rate by the entire human civilization is 16
TW per year, which is almost six times smaller than the energy gained through
photosynthesis [8]. At present about 85 % of the total global energy needs are
fulfilled by fossil fuels. Eventually the readily available reserves of fossil fuels
become scarce. However, rather than pending deficiency of fossil fuel, the
major problem that the world is facing is the consequences of combustion of
fossil fuels an increasing release of CO, and other greenhouse gases into the
atmosphere that has a direct impact on global climate change and well-being of
the mankind [9-11]. To this end, there is dire need for alternative energy sources
that can simultaneously meet the world’s energy demands and reduce CO, emis-
sion. In fact we have existing technologies that can directly capture sunlight and
produce electricity [12-15]. However these photovoltaic systems still need
significant improvement towards increasing their efficiency as well as to reduce
their cost in order to effectively compete with and finally replace fossil fuels.
Alternatively, one can either utilize the molecular machineries of photosynthe-
sis as an active photovoltaic material in the form of bio-hybrid devices [16, 17]
or, employing the concepts of natural photosynthesis with cheap synthetic mate-
rial into completely operational solar-to-fuel devices, in the form of artificial
photosynthesis [18, 19]. Before collecting the enormous untapped potential of
solar energy towards the global energy needs through the concepts of photo-
synthesis, one needs to learn thoroughly how it works in nature. This is a gen-
eral objective of this thesis.

The earliest version of photosynthesis was almost certainly anoxygenic, i.e.
it used inorganic compounds such as sulphide/elemental sulphur or molecular
hydrogen in the bacterial environment as the electron donor for carbon dioxide
reduction. However by about 2.3 billion years ago, oxygen began to accumulate
in significant amounts on Earth atmosphere through oxygenic photosynthesis,
which splits water in order to reduce carbon dioxide [6, 20]. Photosynthesis
carried out by higher plants, algae and cyanobacteria are oxygenic, whereas in
photosynthetic non-sulphur purple bacteria, the main interest of the current the-
sis, it is anoxygenic. In either form of photosynthesis, the primary processes
involve absorption of photons by light-harvesting complexes (LHs), a rapid and



efficient excitation energy transfer from LHs to the reaction centre (RC) and the
primary photochemical charge separation followed by the transmembrane elec-
tron transport [21, 22]. These processes are generally specified as ‘light
reactions’. Leaving details aside, further steps known as the ‘dark reactions’
towards the production of the major cellular fuel, adenosine triphosphate (ATP)
are performed, mediated by the cytochrome bcy, cytochrome ¢, and ATP syn-
thase protein complexes. The electron returns to P870 at the end of the chain so
it can be used again once light excites the reaction-center. Compared with bac-
teria, studying the complicated processes of photosynthesis is notably more
challenging in oxygenic photosynthetic organisms due to their evolutionarily
more advanced supramolecular structure [23, 24]. Hence, motivated by the
availability of high-resolution structures of the major LH and RC proteins, and a
detailed knowledge of the biogenesis and organisation of the bacterial
photosynthetic membranes, this thesis inspects the primary processes of photo-
synthesis exclusively in a photosynthetic purple bacterium, Rhodobacter (Rba.)
sphaeroides.

The relevant length scale in photosynthetic light harvesting ranges from the
size of wavefunction of a localized electron, ~ 1A, to the size of a fully func-
tional chromatophore that incorporate all the necessary pigment-protein com-
plexes, ~10° A. Likewise, the relevant timescales for an efficient excitation
energy transfer ranges from <100 fs (within the B850 and B875 ring respec-
tively of LH2 and LH1, see following sections) to 1-2 ns, the singlet excited-
state lifetime of LH1 ring [25]. In this work we study the influence of the nano-
structural arrangement of either the chromatophore or solely the constituent
transmembrane protein complexes from Rba. sphaeroides on the ultrafast exci-
tation energy transfer and trapping.

1.2. Overview of the photosynthetic machinery
of non-sulphur purple bacteria

In purple phototrophic bacteria, such as Rba. sphaeroides, the photosynthetic
apparatus is found in invaginations of the cytoplasmic membrane termed the
intracytoplasmic membrane (ICM). It is known from the earlier studies [26] that
the ICM comprised of vesicles-like structures of 40-60 nm in Rba. sphaeroides.
This aspect of ICM, in fact deny the historically proposed connectivity between
the ICM [27-29] as well as the recently reported [30] continuous three dimen-
sional vesiculated reticulum of ICM. Here we follow the more popular discrete
vesicular outlook of the ICM in Rba. sphaeroides as shown in Fig. 1.1A and
recently reviewed in [31]. Furthermore, it is important to notice that no aspect
of this thesis is directly associated with the precise topology of the ICM. The
duly purified from the cells ICM vesicles are named as ‘chromatophores’.
Being equipped with all of the proteins (detailed further below) required for
photosynthesis they can function independently [32]. A typical chromatophore
vesicle contains thousands of pigment molecules (mostly bacteriochlorophyll-a
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(BChl) and various carotenoids) distributed over hundreds of proteins to form a
well-organized network of pigment-protein complexes [33-36]. The first steps
of bacterial photosynthesis involve two basic types of pigment-protein com-
plexes, (i) the ‘core complex’ comprised of a light harvesting complex 1 (LH1)
and one or two RCs, and (ii) a ‘peripheral or distal’ light harvesting complex 2
(LH2). The photosynthetic RCs and the related LHs collectively form a func-
tional unit called the photosynthetic unit (PSU) [37-39]. Some photosynthetic
purple bacteria such as Rhodospirillum rubrum develop only core complexes.
However, those bacteria that possess distal antennae apart from the core, the
number of peripheral complexes varies with the growth light intensity [40].

The supramolecular atomic structural model of a typical chromatophore
vesicle from Rba. sphaeroides with a diameter of 50 nm grown under low light
intensities is depicted in Fig 1.1 (top) adopted from [34]. This model shows the
major components of bacterial photosynthesis as discussed above and will be
further detailed below.

The absorption spectrum of the low-light adapted (see section 1.2.2) chro-
matophore from Rba. sphaeroides in a buffer solution is presented in the panel
B of Fig 1.1. The absorption bands can be assigned to associations of different
pigment molecules within the chromatophore. A major portion of this spectrum
is due to BChl molecules; however the absorption through the spectral window
400 nm to 500 nm is mainly facilitated by carotenoids. The absorption spectrum
of the carotenoid is structured due to strong intra-molecular electron-vibrational
coupling. Besides the light harvesting function in the spectral window that is
inaccessible to BChls [41] and the role in structural stability (see section
1.2.1.1), the major function of carotenoid is to protect the bacterial photosynthe-
sis from the potentially harmful photo-destructive reaction which occurs in the
presence of oxygen [42]. The chemical structure of BChl, the dominant pigment
molecule in a chromatophore, is illustrated in the inset of panel B of Fig 1.1. Its
core is composed of four connected pyrrole rings (indicated I through IV) and a
central magnesium atom. The molecular orbitals of BChl are delocalised over a
large distance in the molecular plane (~1 nm) that determines their unique
photo-physical and spectroscopic properties utilized by photosynthesis.

The main chromatophore bands of BChl origin in the near-IR spectral range
peak around 800 nm, 850 nm and 875 nm, as shown by arrows. They are due to
the transition into the lowest singlet excited state Q,. The former two peaks,
often called B800 and B850 are related to the peripheral LH2 complex, while
the third, B875, to the LH1 complex, see Fig. 1.5 below for detailed decompo-
sition of the spectrum. The weaker absorption band peaking around 590 nm,
named the Q, band, is a composite band which results from the transition into
the second lowest excited singlet state of all the BChl molecules involved. The
transition into the two overlapping higher energy singlet states termed B, and B,
(commonly called a Soret band) gives rise to an absorption band in the near-UV
region below ~400 nm. Together the BChl and carotenoid pigments of purple
bacteria absorb the sunlight in a spectral region that is complementary to the
oxygenic phototrophs, see the grey shaded area in Fig 1.1B.
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Fig. 1.1. (A) Atomic structural model of a chromatophore vesicle depicting constituent
light-harvesting proteins. This vesicle features the low-light adapted model for Rba.
sphaeroides, containing an enhanced number of peripheral antenna complexes LH2.
The major integral membrane proteins are indicated by the following colours: LH2:
dark green; LH1: red; PufX: light green; RC: blue; cytbc; dimers: purple; ATP: syn-
thases orange. Yellow arrows illustrate the directional excitation energy transfer along
the membrane surface between different pigment-protein complexes. (B) The electronic
(or rather electron-vibrational) absorption spectrum of a chromatophore vesicle in the
near-UV, visible and near-IR spectral range with the traditional assignment of different
bands. The approximate Q, exciton band spread of the LHI and LH2 complexes is
designated by a thick black line. Decomposition of the spectrum in the Qy range into its
LH2 and RC-LHI1 components is shown in Fig. 1.5. The inset of panel B shows the
chemical structure of a BChl pigment. The direction of the Q, and Q, transition dipoles
within the BChl molecule are shown by the grey arrows. The multi-coloured vertical
arrow qualitatively indicates the “down-hill” funnelling of energy to the RC. The grey
shaded area illustrates the reference absorption spectrum of a Photosystem I from the
green plant Arabidopsis thaliana. See text for further details.
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From the point of view of the photosynthesis primary processes, which
involve excitation energy transfer and trapping, the most relevant electronic
states are the lowest-energy Q, excited electronic states of BChl. While for
monomeric BChl molecules the Q, transition appears as a single absorption
band around 770 nm — 780 nm in different solvents, the BChl pigments in
chromatophore gives rise to three separate spectral maxima belonging to two
different pigment-protein complexes as highlighted above. The nature has taken
smart care in arranging spatial and spectral coordinates of the involved chromo-
proteins such that the LH2 complexes, which absorb higher-energy light (corre-
sponding absorption maxima at 800 and 850 nm) are placed in periphery with
respect to the RC trap and the LH1 complexes absorbing lower-energy light
(875 nm), closely surround the RCs. Driven by the thermodynamic free energy
difference, this correlated spatial and spectral ordering warrants excitation
energy relaxation to the lowest-energy electronic states within each and every
pigment-protein complex as well as an almost unidirectional excitation energy
transfer between different pigment-protein complexes along the photosynthetic
membrane towards the RC with minimal losses. These processes are highlighted
in Fig. 1.1 by coloured arrows.

The major modifications in the Q, transition properties taking place upon
assembly of the pigments in a protein environment occur by the interactions
with the neighbouring pigments (causing exciton effects) and with the protein
surroundings (inducing solvation effects such as solvent shift). Instrumental for
exciton effects is precise relative positioning and orientation of the pigments in
the protein scaffold. These issues will be further detailed in the following sec-
tions.

1.2.1. Basic components of a chromatophore
vesicle involved in light reactions

This section briefly details the structural features of the individual pigment-
protein complexes of a chromatophore vesicle that are involved in the light
reactions studied.

1.2.1.1. The peripheral light harvesting complex 2

The structure of the LH2 complex in different species of purple phototrophic
bacteria has been obtained by X-ray crystallography [43, 44]. Among these, the
structure of Rhodopseudomonas (Rps.) acidophila has been determined at a
highest resolution of 2.0 A [45], showing atomic details of the pigment and
protein molecules. Although the structure of LH2 from Rba. sphaeroides is
determined only to 8 A precision [46], it is widely speculated that it is similar to
the structure of LH2 from Rps. acidophila, the view we generally adopt in this
work.
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The crystal structure of LH2 from Rps. acidophila is shown in Fig. 1.2, left
hand side of panel A. It forms a nonameric ring of dimeric a-helical protein
subunits. These basic transmembrane building blocks bind one carotenoid and
three BChls pigment molecules. When linked together, the 27 BChl molecules
scaffolding between an inner (o-helix) and outer (B-helix) walls of a hollow
membrane-spanning protein cylinder form two separate rings of BChls, as
shown in right hand side of Fig. 1.2. The BChls are non-covalently ligated to
amino acid residues of the transmembrane helices via their central Mg atom and
the hydrogen-bonded carbonyl side-groups. The membrane-spanning carote-
noids contact BChls closely via intertwined phytol tails of the latter, important
for the stability of the complex [47, 48].

Absorption (O.D.)

0.0 T T T T 1
700 750 800 850 900 950
Wavelength (nm)

Fig. 1.2. (A) Left hand side: Structure of LH2 complex from Rps. acidophila as viewed
from the side, showing the placement of the pigment molecules. Each subunit com-
prised of two transmembrane helices, called the a-helix (orange) and the B-helix (blue),
three BChls (green/red) and one carotenoid molecule (yellow). The diameter of this
cylindrical structure is about 65 A. Right hand side: The structure of the BChl pigment
rings responsible for the two intense absorption bands in the near-IR spectral range of
LH2. The dashed arrows indicate the assignment of the rings with their corresponding
absorption bands. The structures were produced using the pdb data by PyMOL. (B)
Absorption spectrum of the LH2 complex from Rba. sphaeroides. See text for further
details.
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As mentioned in section 1.2, in contrary to monomeric BChl molecules, the Q,
transition in the LH2 complex gives rise to two absorption bands instead of one
in the former case, although the BChl are chemically identical. This is due to
the highly ordered arrangement of the BChl molecules into two concentric rings
within the protein walls, named B800 and B850 according to their main absorp-
tion band maximum position. Such an arrangement of BChl pigments within the
LH2 ring is illustrated on the right hand side of panel A in Fig. 1.2, where the
proteins and carotenoid pigments were omitted for clarity. Among the 27 BChl
pigments in LH2, the 18 red coloured pigments form a closely interacting ring
towards the periplasmic (inside) side of the membrane, with their individual
BChl molecular planes oriented perpendicular to the membrane plane. In this
ring the adjacent BChls are separated by Mg-to-Mg distance of less than 10 A.
As a result of the close arrangement of the pigments in the B850 ring, large
value of the Q, transition dipole moments, and their proper orientation, they can
strongly interact with each other via transition dipole-transition dipole (exciton)
coupling mechanism [49, 50]. Dominating excitonic effects evident in the B850
spectrum include large spectral red shift, asymmetric shape relative narrowness,
and extra strong (compared to monomeric BChl) dipole strength of the 850-nm
absorption band [51]. The remaining 9 BChls coloured green form a ring with
their individual molecular planes oriented roughly parallel to the membrane
plane. These molecules responsible for the B800 band are widely separated
holding a centre-to-centre distance of 21 A; they are thus relatively weakly cou-
pled. The observed spectral tuning of the B800 band relative to the absorption
of isolated pigments is mainly caused by the hydrogen bonding of the B800
pigments with the surrounding protein [52].

1.2.1.2. The core RC-LH1 complexes

The LH1 complex encircles the RC and forms a supra-molecular complex,
RC-LHI1, named the core complex. Although the architecture of LH2 is
relatively consistent, the core complex design varies from species to species
with different configurations of the LH1 off-heterodimers surrounding the RC. The
LH1 forms a closed ring or closed ellipse around the RC, for example, in
Rhodospirillum rubrum, Rhodopseudomonas viridis, Rhodospirillum photomet-
ricum, and in Thermochromatium (T.) tepidum [53-56], whereas some species of
photosynthetic bacteria like Rba. sphaeroides and Rhodopseudomonas (Rps.)
palustris hold an additional polypeptide, PufX in Rba. sphaeroides and W in case
of Rps. palustris, which creates a gap in the LH1 ring around the RC [57-59]. It has
been suggested that this gap enables quinones/quinols to cross the LH1 barrier [38,
60] and diffuse to the cytochrome bcl complex, a key requirement for the cyclic
electron transport and for the efficient photosynthetic growth [61]. As reviewed in
Ref. [62], the presence of PufX polypeptide in wild type (WT) Rba. sphaeroides
leads most of the core complexes to assemble into S-shaped dimeric structures [63-

15



66], while a small percentage remains as closed-ring-shaped PufX-containing
monomers [34].

Recently a high quality X-ray structure of the RC-LH1 core complex was
determined at 3.0 A from 7. tepidum [53]. This structure showed that the RC is
completely surrounded by the LH1 ring of 16 o -subunits. The LH1 forms an
elliptical double-ring. The lengths of its major and minor axes are 82A° and
73A° for the inner ring and 105A° and 96A° for the outer ring, respectively. No
such high resolution structure exists for the RC-LH1 core complex for Rba.
sphaeroides, but numerous low resolution structures exists and models have
been built [63-65, 67-69]. Figure 1.3 A shows the structure of the RC-LH1-
PufX dimer with a small gap in the LH1 structure at the RC Qg site, provided
by the positioning of PufX [63-65]. Each RC is surrounded by the LH1 antenna,
which comprises an inner ring of 14 LH1 a polypeptides, an outer ring of 14
LH1 B polypeptides, and two BChls sandwiched between each af pair of trans-
membrane helices. The two halves of the dimer have a nearly two-fold sym-
metry and are inclined towards each other (see Fig 1.3 A left hand side) at an
angle of ~146° [63] This significant bend in the complex was proposed to be
important in inducing membrane curvature.

A
g %a
% s 'im ;
\ wﬁ
B 10 B875
a
e}
3
_:E 05
S
2
0.0 et

750 800 850 900 950
Wavelength (nm)

Fig. 1.3. (A) The structure of the RC-LHI1-PufX dimer core complex viewed either
from the side (left hand side) or from the top (right hand side). To highlight the position
of the pigment molecules in the protein, 50% transparency was imposed. The LH1
BChls pigments are coloured in red. For clarity, only the BChl special pair (red), acces-
sory BChl (green) and Bphe (blue) are shown for the RC cofactors. The PufX polypep-
tide is coloured in light green. (B) Absorption spectra of the RC-LHI1-PufX complex
(black line) with the properly scaled sum spectrum (pink line) of membrane RC (shaded
area) and LH1 (red line) complexes.
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In contrast to LH2 absorption spectra, the RC-LH1-PufX core complex from
Rba. sphaeroides has a single BChl absorbance band peaking at 875 nm, called
B875 band (Fig. 1.3 B). The sum spectrum (pink line) verifies that the addi-
tional minor peaks seen in the core complex absorption spectrum at ~ 758 nm
and ~806 nm is exclusively from the RC (red shaded area), see below. These
two absorption bands of RC are respectively related to the bacteriopheophytin
(traditionally named as H) and to the bacteriochlorophyll monomer (B). The
additional band in RC, peaking at 868 nm is related to the special pair (P),
which is generally hidden under the LH1 B875 band. These bands related to the
RC are more clearly noticeable in Fig. 1.4 B.

It is further worth mentioning that the ratio of the monomeric and dimeric
core complex present in the photosynthetic membranes of Rba. sphaeroides
depends on the type of carotenoid present in the membranes [61], and that the
absence of PufX in certain native [53, 58] and mutant [70] complexes results in 16
ap-BChl, structural elements of LH1 fully encircling a single RC, the planar
monomeric core complex RC-LH1.

1.2.1.3. The reaction centre

The purple bacterial RC is a pigment-protein complex where the excitation
energy is transferred to chemical energy with quantum yield approaching 1 [71-
73]. The RC is also one of the best known structural components of the bacterial
PSU along with LH2. The Rba. sphaeroides RC was the first to be biochemi-
cally purified, from a carotenoid-less LH2-deficient mutant called R-26 [74,
75]. Here a brief outline of the crystal structure of the RC from Rba.
sphaeroides is presented. These structures were obtained first from the R-26
mutant, later from other mutants, with the resolution refined down to 2.35A [76-
82]. The RC from Rba. sphaeroides contains three protein subunits, known as
L (light), M (medium), and H (heavy), respectively. As the structures of all
purple bacterial RCs are expected to be quite similar, Fig 1.4 A shows the RC
structure of Rhodopseudomonas viridis. This structure contains eight cofactors,
which form 2 potential electron transfer (ET) chains (referred to as A and B) in
a nearly C, symmetric arrangement: two BChls (P4, Pg) of the special pair P,
two accessory BChls in close proximity to P (Ba, Bg), two bacteriopheophytins
(Ha, Hp), and a pair of quinones (Qa, Qg) [76, 83]. The absorption spectrum
presented in Fig 1.4 B clearly distinguishes three maxima peaking at 758 nm, 806
nm and 868 nm and associated with H, B and P. When P is excited by light (P*),
a multi-step ET process is initiated, where an electron is transferred only
through the A branch cofactors, and then to Qg, In the WT RC, the times for ET
from P* to Ha to Q4 to Qg are 3 ps, 200 ps, and 200 ps, respectively. The
transfer from P* to H, is thought to be via B. These processes in RC have been
extensively studied, and being the subject of numerous review articles [84-92],
they will not be further explained here.
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Fig. 1.4. (A) Structure of the photosynthetic RC cofactors of Rhodopseudomonas
viridis. The electron pathways are indicated with corresponding time constants. The
central Mg atoms of the BChl pigments are indicated with circles. (B) Absorption spec-
trum of the WT RC membranes from Rba. sphaeroides. See text for further details.

1.2.2. Adaptation of intracytoplasmic membranes
into different levels of light intensities

As detailed in section 1.1, the photosynthetic purple bacteria are anaerobic
organisms. Thus they require both light and anoxic conditions for their competitive
existence in nature according to the evolution via natural selection, the main
biological principle. These conditions are generally met in the anaerobic layers in
ponds, lakes and streams [93]. The environmental conditions such as light intensity
and its spectral distribution in these habitats vary on a large scale. To ensure
effective photosynthesis, the structural composition and the related spectral
properties of the bacterial PSU have to be versatile. Recent high resolution atomic
force microscopy studies of the ICM of bacteria have revealed variations of the
structural organization of PSU that parallel to the growth conditions [30, 94, 95]. In
the chromatophores collected from Rba. sphaeroides grown under high light
intensity (henceforth called high light (HL) adapted membranes), the number of
peripheral LH2 complexes available in PSU is relatively small, whereas in low light
(LL) adapted chromatophores, which have been harvested from the cells grown

18



under dim light, the PSU is dominated by the LH2 complexes [95-98]. In some
other species of photosynthetic purple bacteria light adaption involves significant
modification of spectral properties as well as the structure of the distal antenna [30,
98, 99]. For instance, when grown at lower light intensities and/or lower
temperature, a spectral variant of the B§00-850 LH2 called the LH3 (B800-820) is
synthesized in Rps. acidophila [100, 101]. These structural and spectral adaptations
allow the bacteria to accommaodate to different ecological niches.

A cartoon illustration of the patches of HL and LL adapted chromatophore
membranes along with their Q, electronic absorption spectra, decomposed into
their distal and core antenna parts, are presented in Fig.1.5. The general proce-
dure to quantitatively evaluate the ratio of distal and core antenna complexes
(LH2 to LHI ratio or LH2/LH1 for short) from the decomposed spectra is dis-
cussed below, see [102, 103] for more specific considerations.

The absorption spectra of the chromatophore samples were fitted with the sum
of the absorption spectra of the mutant membranes that contained solely either the
peripheral LH2 or the core RC-LH1-PufX complexes in the wavelength range from
700 nm to 950 nm. For a satisfactory fit the component spectra were allowed to
shift in wavelength scale and accommodate in intensity scale. The 850 nm band of
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Fig. 1.5. Decomposition of the absorption spectra of the HL (A) and LL (B) adapted
WT chrompatophores from Rba. sphaeroides. Shown in black and pink curves are the
measured and simulated absorption spectra, respectively. The fitting sub-spectra of the
LH2-only and RC-LH1-PufX-only membranes, correspondingly, are shown in shades of
green and red. Identities of the spectral maxima are the same as in Fig 1.1. The insets in
panels A and B schematically illustrate the samples. The peripheral and core antenna
complexes are respectively distinguished by green and red spheres.
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LH?2 was fitted more carefully than the 800 nm band owing to the inherent intensity
variations in the B800 absorption band of still unknown origin. Once the best fit is
achieved, the integrals, i.e. the areas below the fitted curves, of the component
spectra were used to evaluate the ratio LH2/LH1. Assuming equal absorption of the
BChl chromophores in LH2 and LH1 complexes as well as in RC’s and knowing
the number of BChls in LH2 (27 [104]), RC-LH1-PufX dimer (56 in LH1 and
4x2 in RC [53, 105]), and RC-LH1-PufX monomer (30 in LH1 and 4 in RC [62])
complexes, the LH2/LHI ratio was evaluated. In Paper II, the LH2/RC ratio was
obtained taking into account the number of RCs per core complex (2 for dimeric,
1 for monomeric case).

1.3. Exciton interpretation of the bacterial spectra

Photosynthesis involves the interaction of light with living matter and the
dynamics of the electronically excited quantum states of the pigment-protein
complexes [106-109]. Quantum mechanics is thus inevitable for the description
of the primary process of photosynthesis. The electronically excited states of the
collection of BChl molecules in the peripheral and core complexes are
described by the following Hamiltonian:

H = YN_1Ey In}Xnl 4+ Xn-1 Ymen VamIn) (m| (1)

Here, each molecule is assumed to be a two-level system consisting of a ground
state and a single electronically excited state separated by excitation energy E
(also called site energy). A molecule, n, in the electronically excited state is
denoted by |n) while all other molecules 1,2, ...,.n—1,n+ 1, ..., N are in the
electronic ground state. V,,,, represents the interaction energy between the mole-
cules in excited states located on molecule n and m. This intermolecular inter-
action is in many cases dominated by the electrostatic interactions between the
electrons and nuclei from neighboring molecules. The Coulombic interaction
between two molecules n and m in a medium characterized by the dielectric
constant ¢ can be descried by:

_ L Andm
Vo = 7 22202, @

where 13, is the distance between the electronic and nuclear charges q,, and q,,
on both molecules.

It is useful to expand the interaction energy into a power series when the
electrostatic interactions are much larger than the exchange interactions, i.e.,
when the intermolecular distance is large compared to the molecular size. (Alt-
hough this latter assumption has limited reliance for B850 and B875 assemblies
of BChls in LH2 and LH1 complexes, respectively [110, 111], the simplified
model presented here is sufficient for qualitative understanding of the under-
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lying processes studied in this work.) In the multipole expansion, provided that
one is dealing with the uncharged molecules, the interaction energy can be
approximated with the dipole-dipole term as described below:

1 |pnllpml PN PO P
Vnm = E%Knm: :Knm = [(.un-/im) - 3(#n-rnm)(.umrnm)] (3)

Here, fi is the transition-dipole moment vector of the molecules. 7;,,, is the dis-
tance between the transition dipoles fi,, and fi,,. For a complete description the
reader is referred to [51].

As a consequence of the intermolecular interaction, the eigenfunctions of the
Hamiltonian of Eq. 1 are given as the linear combinations of the localized
wavefunctions of the individual pigments, commonly known as Frenkel
(molecular) exciton wavefunctions:

k) N_e2KG |y (k= 0,..,N—1) (4)

1
TN
The exciton wavefunctions are thus delocalized over all sites of the molecular
assembly.

In Eq. 1 the site energy, E, for all pigments was taken the same. However in
reality the variations in the local electrostatic interactions within the protein
give rise to static disorder in the site energies of the pigments. This variation in
the site energy is represented by a random shift AE,, and is referred to as diago-
nal disorder. Variations of the pigment-pigment interaction, which may be static
or dynamic, are represented by Al},,,. Correspondingly this disorder is referred
to as off-diagonal disorder. Combining the diagonal and off-diagonal disorder to
Eq. 1, the Hamiltonian modifies as:

H= Zrl\l]:l(EO + AEn) |n)<n| + 211\1]:1 Zmin(Vnm + AVnm)ln) (ml . (5)

Both diagonal and off-diagonal disorders disturb excitons causing spatial locali-
zation of the exciton wavefunctions. Qualitatively, in case of diagonal disorder,
the character of the electronically excited state depends on the ratio of the rela-
tive magnitude of the interaction energy J and the site energy difference AE.

o 4 . .
When the coupling is weak, |E| « 1, the excited state wavefunctions are

mainly localised on individual pigments and the description in terms of the site
representation, [n), is a good approximation. In the opposite strong coupling

limit, |é| > 1, delocalized exciton is a better representation of the physical

situation and Eq. 4 holds. It has to be emphasized here that the energy transfer
between the pigments in the weak coupling limit can be visualized as a diffusive
hopping process, also called incoherent energy transfer, whereas in the strong
coupling case, it occurs in a wave like manner, being referred to as coherent
energy transfer.
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Let’s consider the two separate (i.e., weakly coupled) assemblies of the BChl
pigments, B800 and B850, in LH2 (see Fig. 1.2) as representative examples. In
the B80O ring, the nearest-neighbor interaction energy, V, has been estimated to
be ~24 cm™' and the variation (standard deviation) of the site energies, estimated
from the inhomogeneously broadened ensemble spectrum is ~180 cm™ [52].

. 14 . .
This results a |E| ratio of about ~0.1, consequently the respective spectrum can

be related to the optical excitation of weakly coupled B80O pigments that are
strongly localised on individual BChl pigments [52]. The estimated numbers of

Vand AE (respectively 300 and 200 cm™) for the B850 molecules give |ﬁ| >1

and suggest that the excitation energy is delocalized among the pigment
[112-117]

In order to provide an insight into the general features of the LH2 (B850)
and LH1 (B875) exciton spectra in Qy range, the disorders are for simplicity
assumed to be zero, i.e. AE = 0 and AV = 0. Starting with such idealised B850,
the interaction term, V,,,,, in Eq. 1 leads to a splitting (Davydov splitting [118])
of the initially degenerated excited sates of the 18 BChl molecules within the
B850 ring into an exciton band where the 18 exciton eigenstates, are spread
over ~1200 cm™ (Fig 1.2 B) [99, 119-121]. These excitonic states have been
indexed from k = 0, k = £1 to k = 8, k = 9, where the + indicate energetically
degenerate states having mutual orthogonal orientation of the transition dipole
moments. Due to the circular arrangement of the pigments in the LH2, of the 18
exciton states, only k=0, k==1 and k = =8, k = 9 have a non-vanishing tran-
sition-dipole moment [52]. Among these possible 6 exciton states, due to the
head-to-tail arrangement of the transition dipole moments within an individual
dimeric protein subunit and nearly in the B850 ring plane, almost all the oscil-
lator strength is concentrated on the k£ = £1 region, being also responsible for the
characteristic B850 absorption band of LH2. The upper exciton state k£ = =8 that
gives rise to a faint absorption (< 3% of the total oscillator strength) is partly
overlapping with the B800 band.

The formation of the LH1 spectra in core complexes is similar. However,
apart from greater number of exciton states, important differences of the exci-
tonic properties appear either due to PufX breaking the perfect circular sym-
metry of the core complex or because of the monomeric and dimeric build-up of
the core complexes [122]. In the full-ring monomeric core complex such as
found in chromatophores from R. rubrum, the closely doubly degenerate energy
levels are present in the B§75 excitonic band, qualitatively like in B850 of LH2.
This structure is further disturbed in the core complexes of Rba. sphaeroides as
a consequence of introducing PufX into monomeric and dimeric core com-
plexes. While in all the core complexes the major contribution to the oscillator
strength is carried by the k£ = +1 exciton states, in case of the core complexes of
reduced symmetry the non-degenerate exciton state £k = 0 acquires greater sig-
nificance.

Exciton as originally solid state phenomenon [123, 124] has usually been
considered in relation with highly ordered materials studied at low tempera-
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tures. Photosynthetic excitons were discussed in the literature over more than
half century before being firmly established in late 1990s. Present evidence of
photosynthetic excitons is massive. Although the role of various low-tempera-
ture spectroscopies (in combination with structural and theoretical studies) in
this success have been instrumental, the existing data leave no doubt that photo-
synthetic excitons survive high physiological temperatures Naturally, due to
strong dynamic (conformational) disorder prevailing at high temperatures, these
excitons are more localized than those at cryogenic temperatures [52, 125-128].

1.4. Excitation energy transfer and trapping
process in the photosynthetic unit

1.4.1. Excitation energy transfer - A brief theoretical overview

Being acquainted with the structure-function information, spectroscopic prop-
erties, and the electronic excitations of the individual pigment-protein com-
plexes, the next step towards an understanding of the PSU functioning is to
describe the excitation energy transfer (EET) processes between the individual
pigment-protein complexes. Qualitative understanding of these processes can be
obtained by the Forster resonance energy transfer (FRET) model [129]. How-
ever, as will be briefly detailed below, one should keep in mind that the classi-
cal Forster mechanism is insufficient to account for the many energy transfer
steps encountered in the PSU and it generally fails to explain the measured
energy transfer rates.

Figure 1.6 illustrates the energy transfer between a donor and an acceptor
pigment. Initially the donor pigment is in the electronically excited state, D* and
the acceptor is in the electronic ground state, A. This state is denoted by D*A.
As result of a Columbic interaction, V an excitation energy transfer occurs
between the pigments leading the donor to the ground state and the acceptor to
the excited state. This final state is named as DA*.

According to the Fermi’s Golden Rule, the transfer rate between any two
quantum states with energies E4 and Ej, is given by,

kpa = VEAS(Ep — Ep), (©6)

where Vp4 is the interaction energy between the two states. The term 6 (Ep —
E,), called the delta function ensures energy conservation for the particular
energy transfer process. In condensed phases, including biological samples, due
to the vibrational motion of the surrounding environment at finite temperature,
this last term is replaced by a spectral overlap integral and the rate Eq. 6 should
read as,

2
kpa = V4 [ dESp(E)Sa(E) (7)
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Fig. 1.6. The EET between an initially excited donor pigment, D*, and an initially unex-
cited acceptor pigment, 4, through interaction energy V. @p, @4, and @p+, @ 4+ represent
the ground state and the excited state orbitals of the donor and acceptor pigments
respectively. The downward arrow indicates a non-radiative relaxation of the donor
pigment into the ground state that induces an acceptor pigment into the excited state
(upward arrow) through the inter-molecular coupling V. See text for further explanation.

In Eq. 7, Sp and S, are the normalized emission and absorption spectrum of the
donor and the acceptor pigments, respectively. When the electrostatic inter-
actions are much larger than the exchange interactions, the interaction energy

can be approximated with the dipole-dipole term imﬂﬂﬂfl, 4, as given by
DA

Eq. 3. Inserting such an interaction energy into Eq. 7 yield the well-known for-
mula for Foster resonance energy transfer (FRET),

2,2 2
kpa = —— LREATDA [T g5 (E)S, (E) )

2 6
8mhe DA

Here the orientation factor, K 4 is often averaged over all possible directions of
fAp and fi4 to give K2, = 2/ 3» Which simplifies the Eq. 8 into

2,2
kpa = ———L2EA (Y GBS, (E)SA(E) )

- 2 1.6 -
12mhe? 1p4 x

In contrast to excitonic energy transfer described in section 1.3, the Foster reso-
nance energy transfer rate is formulated based on the assumption of weak cou-
pling limit, i.e. the interaction energy, V, between the participating pigment
molecules is smaller compared to the difference in site energy, AE. Thus in case
of FRET, the molecules can be thought of as essentially independent entities,
while in case of excitons, the donor and acceptor electronic states mix strongly
to produce new, delocalized states. If the interaction energy is approximated
with the dipole-dipole term, the matrix element of the interaction between the
donor and acceptor molecule, depends on their mutual distance, 1, as 1/r*. How-
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ever, as seen above, upon squaring the matrix element of the interaction
between the pigment molecules, the FRET rate depends on the donor acceptor
separation distance as 1/1°.

Despite relative success in explaining the many aspects of EET [24, 108],
none of the relevant energy transfer steps can be completely explained by the
conventional Forster mechanism. The fundamental pre-requisite of FRET is that
the length of the transition dipole moments of donor and acceptor agents has to
be small with respect to the mutual distance of the participating pigment mole-
cules. This precondition is, for example, not fulfilled for the assembly of B850
molecules, as they form a collective excitonic state that is delocalised over a
large part of the B850 ring. In other words, in case of the EET from a B800
molecule to the B850 ring, due to the excitonic effect the acceptor ensemble is
large with respect to the intermolecular distance between the B800 molecule
and the B850 ring. Consequently the Forster approach fails and a more sophisti-
cated approach is required to characterize EET process [130]. In order to
quantitatively describe the EET in the PSU other theoretical approaches have
been applied, including generalized Forster resonance energy transfer [106, 110,
131], multichromophoric Forster resonance energy transfer [132, 133], Redfield
theory [134-136] and electron exchange (Dexter) mechanism [50, 137].
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Fig. 1.7. Illustration of the ultrafast EET processes following excitation by light beam in
the PSU of a photosynthetic purple bacterium allowing the simultaneous presence of
monomeric and dimeric core complexes. Shown for simplicity is just pigment content of
the respective pigment-protein complexes. The EET times are presented in picoseconds.
The question mark indicates the processes/times where the present knowledge is most
ambiguous and requires additional studies.
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We conclude this section with Fig. 1.7 that summarizes the different experi-
mentally observed exciton migration pathways and times of EET within the
PSU of photosynthetic purple bacteria. Different tracks of excitation energy
transfer include following energetically ‘downhill’ steps (see also Fig. 1.1):
B800 (LH2) — B800 (LH2), B800 (LH2) — B850 (LH2), B850 (LH2) —
B850 (LH2), B850 (LH2) — B875 (LH1), B875 (LH1) — RC.

As seen, the observed EET times clearly divide into two groups — those
between the closely coupled pigments within the ring antenna systems and those
between the not so strongly coupled pigments in different complexes or
different rings. The former times, which characterize the coherent exciton
transfer mechanism, are usually an order of magnitude shorter than the latter,
which reflect non-coherent EET. As seen in Fig. 1.7, where the literature data
for Rba. sphaeroides species have been gathered, the energy is transferred from
one BChl to another within the B800, B850, and B875 rings, respectively, in
about 0.5 ps, 0.1-0.2 ps, and 0.08 ps. The energy reaches the B850 ring from
the B800 ring in 1.2 ps at low temperatures and in 0.7 ps at ambient
temperatures. The further energy transfer steps B850 (LH2) — B875 (LH1),
B850 (LH2) — B875 (LH1), and B875 (LH1) — RC occur in 1-10 ps, 3 — 5 ps,
and 55 ps, respectively [108, 138-141]. The energy transfer data for the core
complexes distinguishing between their monomeric and dimeric forms are
absent to the best of our knowledge. The primary charge separation usually occurs
in about 3 ps. However, this time can be significantly elongated by genetic
engineering the RCs. For example, in the genetically modified YM210W RC,
where the native tyrosine residue is replaced by tryptophan at the site M210, it
becomes about 60 ps.

It should be emphasised that most of the above times have been determined
either in isolated complexes or in genetically modified membranes comprising
just one type of protein complexes (LH1, LH2 or RC). The data about the EET
and trapping times in intact chromatophore membranes of photosynthetic bacte-
ria available so far is rather incomplete. This is mainly because of limited
information about the complex structure of the PSU that also depends on multi-
ple external factors, as already discussed. The exciton trapping times deter-
mined as the mean fluorescence lifetime in the well-defined WT and genetically
modified chromatophores as well as in sole core complexes of Rba. sphaeroides
have been measured during the course of this thesis.

1.4.2. Factors that influence the energy
trapping time in the core complex

The overall exciton energy trapping time in WT Rba. sphaeroides chromato-
phores with active RCs was determined as 68— 82 ps [142]. In the very same
work, it was established that the trapping time of antenna excitons depends on
the functional state of RC, which can exist either in an ‘open’(active) or in a
‘closed’ (inactive) state. In the ‘open’ state, the RC special pair is reduced and
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able to promptly utilize the special pair excitation towards a charge separation.
This state hence results in a short trapping time. “Closing” of the RC is here
interpreted as photo-induced oxidation of the special pair. The oxidized RC is
unable to further utilize photo-excitations, resulting in an elongated fluores-
cence lifetime. The RC remains “closed” until it is reduced by an uptake of an
electron. In normal conditions this will take tens to hundreds of millisecond.
The extent of closed RCs in PSU thus depends on the intensity of the illumi-
nating light (i. e., the supply frequency of the absorbed photons). Although the
RC cannot photo-chemically utilize antenna excitons during the “closed” state,
it can still quench them rather effectively by non-radiative decay mechanisms
[143]. This determines that the lifetime of excitons in chromatophores with
inactive RCs is always shorter than that in isolated LH complexes.

Referring to the principal findings from this study, the next significant factor
that influence the trapping time is the structural organization of the core com-
plex (as described in sections 4.2 and 4.3). The dimeric core complex is more
efficient in excitation energy trapping compared to the monomeric core com-
plex. The trapping time in PSU additionally depends on the number of periph-
eral antenna complexes that are present in the chromatophore, which duly
depends on the growth light intensity (section 4.1).

1.4.3. Kinetic model of exciton population dynamics
in the photosynthetic unit of purple bacteria

This section details the kinetic model that has been used in this study (section
4.1 and 4.2) to describe the population dynamics of excited LH2 and LH1 chlo-
rophylls in the PSU of purple bacteria. This analysis is required in order to
comprehend the experimentally observed stationary and time resolved fluores-
cence results. The model is presented in Fig. 1.8. It defines a mathematical rela-
tion between the ‘apparent’ rate constants, y, each characterizing an exponential
component of the observed multi-exponential fluorescence decay, and the
‘microscopic’ rate constants, k, each characterizing a specific kinetic pathway.

The system of kinetic equations corresponding to the basic model shown in
the right side of Fig.1.8 is:

8 = —k1A — ks A+ k1B
& = kiA— kB — k"B (10)

where A(t) marks the population of the B850 excitons in LH2, B(?) that of the
B880 excitons in LH1, and k" stands either for k,° or for k,°, depending on the
state of RCs (see below).
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Fig. 1.8. Kinetic scheme of the exciton population dynamics in PSU of purple bacteria.
The basic scheme (right from the vertical dotted demarcation line) comprises function-
ally connected LH2 and LH1 compartments. An additional compartment (left from
dotted line) applied in the extended model represents functionally unconnected or
poorly connected LH2 pool. The total absorbed power is denoted by P. Red arrows
illustrate the branching of the absorbed power between the compartments governed by
the factors j and x, where 0<j,x<1. The factor x represents a fraction of unconnected
LH2 units. Each kinetic pathway is characterized by a rate constant.

The solution of Eq.10 describing the observed decay curves is given by

A(t) = aje V1t + aye V2t
B(t) = bje V1t + hye~V2t, (11)

where y; and y, are the apparent rate constants, and a,, a», b, and b, are the
time-independent coefficients that depend on the microscopic rate constants kj,
kioss™ 2, k.1, k¢ as well as the initial populations of excitations, 4(0) and B(0).
The factors exp (-y12) and exp (-y,t) are assumed to be zero for <0.

According to this basic model, the apparent rate constants y; (the inverse of
the spectrally dependent lifetimes measured at <850 nm) and y, (the inverse of
spectrally dependent lifetimes at >880 nm), and the microscopic rate constants
are connected as follows [144]:

1
Yi=5 [(klossLHZ +kitkq+ kzo'c)

+ J (Kioss™ % + Ky — kg — k%) + 4k1k_1J

1
Y2 = E [(klossLH2 + kl + k—l + kzo,c)

- \/ (Kioss ™™ + kg — k_y — k%) + 4k1k_1J
(12)
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In Eq. 12, &, and k., are, respectively, the forward and backward energy transfer
rate constants between the LH2 and LH1 compartments; ko2 is the total rate
constant of the excitation loss from the LH2 compartment apart from the trans-
fer of excitation energy to LH1, and k,"°, the decay rate constants of LH1 exci-
tons in case of open (k") and closed (k,") RCs. For convenience, we have also
defined that k"¢ is a sum of the trapping rate constants, &, by open or closed
RCs, and ki, the rate constant of any other kind of decay of LH1 excitons
apart from their transfer to RC, i.e.:

kg = k' + Kigss (13)

Under thermal equilibrium, the forward (LH2 -> LH1) and backward (LH1->
LH2) energy transfer rates, k; and k., (assumed to be independent from the RC
state) are related to each other via the Boltzmann factor. The equilibrium con-
stant defined as K= k/k-| is given:

AE

k1 _ LH1Nim e kgT (14)

K = =
k_y  LH2Npg,
where LH1/LH2 is the ratio of the core and peripheral antenna complexes, Ny,
and Ny, are the numbers of the BChl chromophores in the B875 and B850
arrangements in LH1 and LH2, respectively, and AE is the energy gap between
the lowest-energy exciton states of LH1 and LH2. From the structure of light
harvesting antennas of Rba. sphaeroides with PufX protein, it is known that
Ny = 18 while Ny, can be either 30 or 56 respectively in case of monomeric
and dimeric core antenna complex (see section 1.2.1.2). AE is for simplicity
defined as the difference between the LH1 and LH2 absorption maxima,
obtained by the decomposition of the absorption spectra of the membrane sam-
ples, as described in section 1.2.2.

The steady state excited state populations can be deduced from the system of
kinetic equations

(ky + klossLHz)A —k_4B=jP
—kiA+ (k_y + k;)B = (1 — )P, (15)

where P is the excitation rate that is proportional to the power of incident light,
and j and (1-j) describe the branching of excitation between the LH2 and LH1
compartments, respectively. By solving this system of equations the steady state
fluorescence yield ratio, F850/F880, can be expressed as

Fgso _ A _ k_1+jk;
Fggo B k1+klossLH2(1_j)

(16)

Once the experimentally observable parameters, such as yq, y1, klossLHz, kIOSSLHl,

7, and F850/F880, are available, all the relevant microscopic rate constants can
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be determined iteratively using Eqs. 12—14 and 16 to harmonize the calculated
and experimental fluorescence yields and lifetimes. The decay rates klOSSLHZ,
kioss™ ! were obtained by taking the reciprocal of the experimentally measured
fluorescence decay time of LH2-only and LH1-only membrane respectively.
The branching of excitation between the LH2 and LH1 compartments that occur
due to overlap of their absorption spectra at the excitation wavelength (see
Fig 1.5). The value of branching ratio, j, for 800 nm excitation for the studied
samples were obtained from their absorption spectra as in [103]. An effect of
excitation de-trapping from RC [145-148] on the LH2/LH1 branching ratio is
small [103] and has been ignored. LH1 is then the only complex that absorbs
under 915 nm excitation, i.e. j = 0 in this case. The relative contributions of the
F850 (i.e. fluorescence related to B850) and F880 (fluorescence related to
B880) components were obtained by de-convoluting the stationary fluorescence
spectra of the samples in the similar way as in Fig 1.5 but in energy scale. Thus
the ratio of the integrated fluorescence yields of the LH2 and LH1 sub-bands,
F850/F880 were obtained. More specific prerequisites considered during the
calculations can be seen in papers I and I1.

In order to evaluate the relative fraction of the unconnected or poorly con-
nected LH2s, the basic kinetic model were extended by adding the left part of
Fig. 1.8. In this case, the steady state excited state populations in the presence of
disconnected or poorly connected LH2s can be extracted from the following
system of kinetic equations:

LH2

kioss C =jxP,
(ky + kioss™*)A = k_1B = j(1 - x)P,

where A and C are the populations of excited LH2 complexes that are, respectively,
connected and disconnected with the core complexes, B is the population of excited
LH1 complexes, P is the excitation rate that is proportional to the power of incident
light, and x is the relative fraction of disconnected LH2s (0<x<1). The system of
equations 17 can be solved for A, B and C, for instance, by the method of
determinants. The steady state fluorescence yield ratio is then given by:

Fgso _ A+C K_y+jka(14+xky /K1pss™11%)

Fggo B k1 (1=jx)+kioss -2 (1)

(18)

1.4.4. Quantum efficiency of energy trapping

The quantum efficiency of the primary stage of photosynthesis, defined as the
probability that an absorbed photon leads to the charge separation in a RC
[149], can be calculated as the ratio of the trapping rate of the LH1 excitons by
open RCs divided by P, the rate of excitation by the incoming light. Under
steady state excitation the trapping rate by open RCs is given by (kg -
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klossLHl)B, where (kg - klossLHl) is the trapping rate constant in case of open
RC and B is the steady state population of LH1 excitons. By expressing B from
Eq. 15 through the rate constants the equation for the quantum efficiency takes
the form:

_ (k3 —Kioss"")B — (10 _ LH1 ( L+koss " (1) /ky )
= P = (k8 ~kioss™) Wtieoss 2k k) (0

In case of klossLHz =0, Eq. 19 reduces to 17 = (kg — klossLHl)/kg that accounts
only the population losses in LH1 [145-148].

Using the microscopic rate constants evaluated in section 1.4.3, one can eas-
ily calculate the quantum efficiency of active photosynthesis by Eq. 19. In the
presence of unconnected or ill-connected LH2s the quantum efficiency can be
calculated using the following equation:

1_jX+klossLH2 (1_j)/k1
K9 +kioss "2 (1/K+k9/Kk4)

n= (kS —kipss""") (20)

By expanding Eq. 20 to the Taylor series by k,ossLH % and keeping only the first
order term the quantum efficiency can be approximated as:

_ (S—kioss™™) 1 LH2 (JA-%) | 1-jx
n= k9 [1 Jx = kKioss ( Ky +k§K)]’ (1)

B

where the reduction in efficiency due to disconnected (x>0) or “leaking’
(klossLH2>0) LH2 complexes is explicit. A calculation by the approximate
Eq. 21 using typical parameters from this study revealed less than 2% difference
compared with that by exact Eq. 20.

1.5. Steady state and picosecond time resolved
fluorescence spectroscopy as the method to study
primary processes of photosynthesis

Optical methods have contributed extensively in gaining insight in the molecu-
lar mechanisms of photosynthesis over at least the last century. In view of the
key role of the fluorescing pigment chromophores in photosynthesis, optical
methods will certainly continue to enlighten the photosynthetic research. The
main experimental methodology that has been used during the course of this
thesis was based on fluorescence. Fluorescence emission occurs when an
excited molecule decays spontancously to the ground state, if the radiative tran-
sition occurs between electronic states of the same spin. As mentioned in sec-
tion 1.1, the main probe in this study was native chromophores from a photo-
synthetic purple bacterium, Rba. sphaeroides, either present in the chromato-
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phore or in the sole constituent transmembrane protein complexes. It has long
been observed that the fluorescence either from chlorophylls or bacteriochloro-
phylls, a waste when assessed from the point of view of photosynthesis effi-
ciency, provides useful evidence of the mechanisms and dynamics of the pri-
mary events in photosynthesis. Thus, using fluorescence as the carrier of infor-
mation, optical methods provide the possibility of non-invasive measurement of
photosynthetic systems, as this information is in principle extracted without
interfering with the sample’s physiology. The recorded fluorescence from the
pigment molecules may have been excited by the photon absorption directly,
received its excitation energy by transfer from other pigment molecules or it
may be excited by the return of excitation from the traps causing a delayed fluo-
rescence. Time-resolved measurement can be used to elucidate these processes
in many cases. The steady-state measurements also provide useful guides to
investigating and interpreting the excited state relaxation, nevertheless, it aver-
ages the time-dependent behaviour. Both of these experimental approaches have
been extensively used in this study, as will be detailed in section 3.3.
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2. RESEARCH OBJECTIVES

This thesis explores the primary light harvesting processes in bacterial photo-
synthesis on the example of a photosynthetic non-sulphur purple bacterium Rba.
sphaeroides. The photosynthetic apparatus of this bacterium has been exten-
sively studied over the last 5 decades using biochemical, genetic engineering,
molecular and structural biology, and spectroscopic methods, which also deter-
mines its prominent standing as one of the favorite model systems in the field.
However, while our knowledge of the structure and function of each and every
component of PSU of this bacterium is extensive, there is still much we do not
fully understand in its integral (ultrastructural) functioning as well as in the
dynamics of the respective processes. Recent advances in atomic force micros-
copy combined with innovative synthetic biochemistry have provided evidence
for nanoscale structural adaptation of photosynthetic membranes in response to
changing their habitats. Examples include mutable stoichiometry of the LH and
RC complexes with the light intensity experienced during the membrane devel-
opment as well as varying architecture of the protein complexes such as dimeric
and monomeric core complexes. Therefore, this work addressed some of the
central unresolved issues, concerning the nanoscale structural constraints for the
ultrafast excitation energy migration and trapping in photosynthetic membranes
of bacteria. The main aims of this work can be formulated as follows:

v" To find out how the peripheral antenna size (the relative number of
peripheral antenna complexes per core complexes) influence the rates of
energy migration towards the RC traps and the efficiency of charge sep-
aration at the RCs.

v To investigate the impact of the monomeric/dimeric structural organiza-
tion of the core complex on the energy transfer rates and on the effi-
ciency of trapping of antenna excitons.

v To elucidate the spectral and kinetic changes accompanying the assem-
bly of the LH1 complex with the RC complex into monomeric or/and
dimeric core complexes.

In order to solve these problems, the chromatophores extracted from several
mutant species of purple bacteria Rba. sphaeroides grown under various light
conditions were interrogated with a combination of optical absorption, steady
state and time resolved fluorescence spectroscopy as detailed in section 3.3. The
data were analysed as specified in section 3.4 using the models described in
section 1.4.3. The results discussed in section 4 imply a robust photosynthetic
apparatus that functions surprisingly effectively under a wide variety of condi-
tions.
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3. EXPERIMENTAL
3.1. Samples

The spectroscopic measurement performed in this thesis is either on the ICM or
solely on the purified pigment-protein complexes (LHs and RCs) extracted
exclusively from the photosynthetic purple bacterium Rba. sphaeroides. The
cultivation, isolation and purification of these samples were carried out by the
laboratories of two collaboration partners: Prof. C. Neil Hunter, University of
Sheffield and Dr. Mike Jones, University of Bristol. The order of the samples
detailed below is according to the publications i.e. the samples employed in
paper I, described first and so on. Table 3.1 outlines complete set of the samples
studied along with the buffers and detergent used in their preparation for the

measurements.

Table 3.1. The list of buffers and detergents used for the preparation of the samples."

Sample Buffer Detergent

WT chromatophore 20 mM TRIS? pH 7.8 Nil

pseudo WT green 20 mM HEPESY pH 7.5, 5 mM EDTAY  Nil
chromatophore

mLH2 20 mM HEPES pH 7.5 Nil

mLHI 10 mM TRIS-HCI pH 7.9, ImM EDTA  Nil

iLH1 10 mM TRIS-HCI pH 7.9, ImM EDTA 3 mM DHPC”
mRC-LHI1 10 mM HEPES pH 7.8, ImM EDTA Nil

iRC-LH1 10 mM TRIS-HCI pH 7.9, ImM EDTA 3 mM DHPC
mRC-LH1-PufX 20 mM HEPES pH 7.8 Nil
iRC-LHI-PufX 20 mM HEPES pH 7.8 0.03% B-DDM?
mYM210W 20 mM TRIS pH 7.8 Nil
iYM210W 20 mM TRIS pH 7.8 0.1% LDAO”

Y m/i denotes membranes embedded or detergent isolated complexes, respectively.

) TRIS: Tris(hydroxymethyl)amino methane.

) HEPES: N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid).
Y EDTA: Ethylenediaminetetraacetic acid.

%) DHPC: 1,2-diheptanoyl-sn-glycero-3-phosphatidylcholine.

% B-DDM : N-dodecyl-B-D-maltoside.

) LDAO: Lauryldimethylamine-N-oxide.
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The gene expression for photosynthesis complexes in the WT Rba. sphaeroides
strain 2.4.1 is dependent upon oxygen levels and light intensity during the
growth of the bacterium, with full expression reached under anaerobic condi-
tions and under low light intensity [150, 151]. The WT chromatophore samples
used in paper I were prepared according to the method described in [152] from
the strain 2.4.1 grown anaerobically using the growth light intensities between
100 pE/m*/s and 1500 pE/m?/s. Following the cell disruption by French press-
ing the cell extracts were loaded onto 15%/40% (w/w) sucrose step gradients
and centrifuged for 10 hours at 27,000 rpm. Each intracytoplasmic membrane
fraction was harvested from the 15%/40% interface and concentrated by cen-
trifugation.

The chromatophores for paper II were prepared under semi-aerobic condi-
tions in an orbital shaker incubator, as described in [153] either from the strain
DPF2G[pRKEH] or DPF2G[pRKEHXA12] that contain respectively dimeric or
monomeric core complexes together with controlled high or low LH2 contents.
The LH2/LHI1 ratio is controlled by changing the degree of aeration of the cul-
ture; a high degree of aeration produced a low LH2/LHI ratio whereas a low
degree of aeration formed a high LH2/LHI1 ratio [154]. Both of the strain,
DPF2G[pRKEH] and DPF2G[pRKEHXA12], were genetically manipulated by
deleting the carotenoid D in the carotenoid biosynthesis pathway. This mutation
results a green coloration of cultures rather than the usual red observed under
semi-aerobic conditions and hereafter they referred as ‘pseudo WT green chro-
matophores’. Furthermore, this mutation ensures a higher core dimer/monomer
ratio in the first strain, DPF2G[pRKEH], while the carotenoid composition is
not influenced by the levels of aeration [61]. However the second mutant strain,
DPF2G[pRKEHXA12], harbours a twelve-residue N-terminal truncation of
PufX, giving core monomers that still have PufX [155]. These monomers repre-
sent one half of the RC-LHI1-PufX core dimer, the structure of which was
reported in [63, 64]. Biochemical data and atomic force microscopy data
showed that the N-terminal truncation of PufX prevents dimerization of the core
monomers [155-157], with 1 PufX and an estimated 15 LH1 subunits per mono-
mer. These two mutants were grown so they had either high or low LH2 levels,
and for simplicity these chromatophore samples will be referred to as dimeric
low LH2 (DL) and dimeric high LH2 (DH), and monomeric low LH2 (ML) and
monomeric high LH2 (MH), according to their core structure (monomeric or
dimeric) and the high or low levels of LH2 present.

The DD13 double deletion strain of Rba. sphaeroides [70] for paper 111 was
complemented with the desired genes to produce photosystems containing only
the RC, only the LH1 or only the monomeric closed-ring RC-LH1 complexes
devoid of PufX. All these materials contain spheroidenone as the main carote-
noid. The RC-LH1-PufX complexes were extracted and purified from the WT
Rba. sphaeroides strain 2.4.1 that has been genetically manipulated by deleting
the neurosporene hydroxylase gene (CrtC) of the native carotenoid
biosynthetic pathway. This strain develops core complexes mainly in dimeric
RC-LH1-PufX form, irrespective whether the cells were grown photosyntheti-
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cally or semiaerobically [61], and expresses a green carotenoid neurosporene
rather than pheroidene/spheroidenone due to the complete deletion of the CrtC
gene. The membrane samples with RC-LH1-PufX used here were also from this
strain.

3.2. Sample Preparation for Optical Studies

All the samples were stored in freezer at -78°C until used. The defrosted con-
centrated samples were diluted before the experiments with the buffer solutions
to obtain an optical density <0.1 in the cuvette to avoid emission reabsorption
effects. The more concentrated samples (optical density up to 0.3) were used in
fluorescence lifetime measurements to provide a greater signal, as necessary. To
mimic the fluorescence decay times typical of the active RC condition, the
membranes were mixed with 5 mM sodium ascorbate and 25 pM phena-
zinemethosulfate (PMS) along with the buffer solution. In case of the RC prepa-
rations, these chemicals were mandatory in every measurement to keep the RCs
without being photo oxidized.

The sample solutions were placed in different holding cells depending on the
specific need of the experiments. Most of the emission spectra were measured
by placing the sample in a quartz cuvette. An additional homebuilt rotating cell
of diameter 5 cm was used as a sample container along with quartz cuvette in
intensity dependent fluorescence yield measurement (sections 4.1 and 4.2). The
thickness of both sample holders was 2mm. The use of the two different kinds
of sample cells, a stationary quartz cuvette and a rotating cell, enabled to cover
the several orders of magnitude excitation intensity span from active (all RCs
open) to saturated (all RCs closed) photosynthesis at reasonable signal to noise
ratio. This is because like stirring, the rotating cell brings constantly into the
excitable volume fresh portions of the sample with open RCs. Thereby, by
reducing the saturation conditions for active photosynthesis are effectively
achieved at higher average excitation intensity.

Increasing the excitation intensity beyond the saturated level results two or
more excited states simultaneously available either in the same protein complex
or in accessible radius for energy transfer. Double excitation of excitons leads to
exciton annihilation due to ultrafast non-radiative relaxation of the doubly-
excited states and both the fluorescence yield and lifetime of excitons will drop.
This kind of quenching observed previously in WT membranes of Rba.
sphaeroides under high repetition rate picosecond pulse excitation was assigned
to annihilation between the singlet and triplet excitons [139, 158-161]. In this
thesis we deliberately avoided exciton quenching by using the excitation inten-
sities below the onset of non-linear excitation quenching range.

Most measurements in this thesis were performed at ambient (physiological)
temperatures, 295 + 3 K. However, the spectrally dispersive effects distin-
guishing the assembly of photosynthetic membranes described in section 4.3
can only be observed at cryogenic temperatures. To control the sample temper-
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ature in these measurements, either a liquid nitrogen cryostat (Optistat DN,
Oxford Instruments) or a liquid helium cryostat (Utreks) was used. The temper-
ature was controlled with the precision of +0.5 K. In the low temperature meas-
urements either gelatine capsules of 4 mm diameter or plastic (polymethyl
methacrylate) cuvettes of 10 mm path length were used as sample container and
glycerol was added to the buffer with a 2:1 volume ratio to secured transparent
glassy samples. One has to be aware that co-solvents such as glycerol tend to
coagulate purified proteins. This frequently manifests itself in steady state fluo-
rescence measurements of the complexes as a red shift of the spectrum and in
time-resolved fluorescence measurements as dispersive decay kinetics with
shorter lifetime showing up at the blue side of the spectrum. Increasing the
detergent (LDAOQ) concentration to ~1% usually prevents these artefacts when
working with purified LH2 or LH1 complexes from Rba. sphaeroides.

3.3. Spectroscopy

For general characterization of the samples that has been studied in this thesis, a
steady state absorption spectrometer (Model V-530, JASCO Corporation) was
used. The absorption spectra of the samples in buffer solution were measured
with a spectral resolution of 0.5 nm.

3.3.1. Steady-State Fluorescence Spectroscopy

Spectrograph

™

Fig. 3.1. The steady-state fluorescence spectrometer set-up, see text for details.

£
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A schematic diagram of the steady-state fluorescence spectrometer is presented
in Fig. 3.1. It consists of a narrow band (0.03 nm) continues wave Ti:sapphire
laser with tuning range of 675—-1000 nm (3900S, Spectra Physics) pumped by a
Millennia Prime diode pumped solid state laser (Spectra Physics) and a spectro-
graph (Shamrock 303i, Andor Technology) coupled with a CCD camera
(DV420A-0OE, Andor Technology). In intensity dependent fluorescence yield
measurement, the maximum output power of the excitation laser was succes-
sively attenuated by an appropriate combination of neutral density filters. The
fluorescence was collected at 90" with respect to the direction of excitation
beam. The spectral resolution of the recorded signal was of 0.3 nm. The laser
beam spot varied between 0.45-2 mm depending on the experiments.

3.3.2. Picosecond Time-resolved Fluorescence Spectroscopy

The general set-up of the time-resolved fluorescence spectrometer is schemati-
cally similar to the steady-state spectrometer, except that in the time-resolved
version (i) the excitation light source is a pulsed laser, (ii) the spectrometer is
either a subtractive-dispersion monochromator or a suitable set of band-pass
filters, and (iii) photons are recorded by either a streak camera system in the
synchroscan mode or a photomultiplier/avalanche photodiode in the time cor-
related single photon counting (TCSPC) system. Both of these recording sys-
tems are detailed in the following section. Irrespective of the recording tech-
nique, the samples were excited either using a continuous wave mode-locked
Ti:sapphire laser (Coherent Mira-900) with the tuning range of 690—1000 nm,
pulse repetition rate of 76MHz, and pulse duration of ~100 fs (corresponding to
an excitation spectral bandwidth of ~15 nm) or using a continuous wave pico-
second dye laser (Coherent 700, tuning range 570-880 nm, 76 MHz, 2-3 ps, ~5 nm).
In intensity dependent measurements the fluorescence was sent to the recording
system through a specially selected band-pass filter (F42-900 Emitter HQ
900/50, AHF Analysentechnik). In spectrally dependent kinetic measurements,
the fluorescence was recorded through a double subtractive-dispersion mono-
chromator (DTMc300, Bentham Ltd.). In different time-resolved measurements,
the recording spectral window varied between 2 to 5 nm.

The simplified schematic of a synchroscan streak camera based picosecond
fluorescence spectrometer is presented in Fig. 3.2. This scheme emphasise the
operation of the streak camera as follows. The fluorescence excited by the high
repetition rate laser source directed to the photocathode of the streak camera.
The photocathode converts the incident light photons into electrons proportional
to the incident light intensity. The electrons are accelerated through a pair of
accelerating electrodes and enter the deflecting field between a pair of
deflecting plates. A high-amplitude (~3 kV peak to peak) sinewave voltage,
synchronized with the excitation source, is applied to the deflection plates to
sweep the electron depending on the phase of the deflecting voltage. The shorter
electron bunch resulting from shorter light pulse feel the sweeping field for a
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short time, and correspondingly, gets spatially deflected only a little bit. The
longer pulses on the other hand get proportionally more deflect. This way the
vertical spatial coordinate is transformed into a time axis. The swept electron
image projected into the micro-channel plate (MCP) amplifier is electronically
intensified to get a crisp luminescence image in a phosphor screen. The
unchanged signal intensity along the horizontal spatial coordinate is just
summed up/averaged by the CCD camera electronics and the digitalized read-
out signal is directed into a computer for analyses.
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Fig. 3.2. The synchroscan streak camera based picosecond fluorescence spectrometer.
Two versions of picosecond time-resolved streak camera set-ups, one home-built [162]
and another commercially available (C1587, Hamamatsu) system were employed to
obtain the time-resolved fluorescence data presented in this thesis. The temporal resolu-
tion, determined as the full width at the half maximum of the instrument response func-
tion, in the current experiments was 10 ps and 20 ps, respectively, in C1587 and in
home-built streak camera system.

The high repetition rate operation of the streak camera is known as the syn-
chroscan mode operation. The main advantage of this technique is that very
faint emissions can be measured with high (order of 1 ps) time resolution,
achieved by precise synchronization of the high repetition rate excitation laser
pulses and the detection system. In the context of this thesis, this means that
rather low-energy excitation pulses can be applied, perfectly safe for the protein
materials studied. A downside of this technique, at least in current implementa-
tion, is relatively low achievable signal to noise ratio.
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The TCSPC technique is an excellent replacement for longer (tens of pico-
seconds to nanoseconds duration) fluorescence lifetime measurements, as it
provides a better signal-to-noise ratios than the streak camera. The principle
of a classical TCSPC is the detection of single photons and the measurement
of their arrival times in respect to a reference signal, usually the light source.
TCSPC is a statistical method requiring a high repetitive light source to
accumulate a sufficient number of photon events for a required statistical data
precision. TCSPC electronics can be compared to a fast stopwatch with two
inputs. The clock is started by the START signal pulse (usually the pulse from
the excitation source) and stopped by the STOP signal pulse corresponding to
detection of a photon. The time measured for one START — STOP sequence
will be represented by an increase of a memory value in a histogram, in which
the channels on the x-axis represent time. With a high repetition rate light
source millions of START — STOP sequences can be measured in a short
time. The resulting histogram counts versus channels will represent the
fluorescence intensity versus time. In this classical configuration of TCSPC,
since the single photon condition should be met, there are many pulse periods
in which no photon is detected. In these periods the time-to-amplitude
converter (TAC, see Fig. 3.3) is started but not stopped. As a result there must
be a circuit in the TAC that detects the out-of-range condition, and resets the
TAC for the next signal period. The frequent START-only events and
subsequent resets are no problem at low pulse repetition rates. However,
application of the classical START — STOP scheme in case of high pulse
repetition rate light source (like the 76 MHz Coherent Mira-900) is
impractical and should be replaced by the reversed START — STOP configu-
ration [163, 164]. In the reversed START — STOP configuration, the START
signal is derived from the photon event and the STOP signal is delivered by
the pulse from the excitation source. Therefore, the TAC has to work only at
the rate of photon detection event, not at much higher rate of the excitation
pulses.

The TCSPC fluorescence spectrometer used in this study is presented in Fig.
3.3. The fluorescence followed by an excitation pulse from the sample is rec-
orded by a detector and analysed by the device highlighted with the dotted line
box. The pulse delivered by the detector as well as the reference (synchronisa-
tion) light signal is processed by a constant fraction discriminator (CFD) which
avoids a pulse-height induced timing jitter. The output pulses of the CFDs are
used to START (when a photon is detected) or STOP (with next reference
pulse) the TAC circuit. The TAC uses a current source to switch on and off a
capacitor in relation to the START and STOP pulse respectively, and generates
an output signal proportional to the time between the START and the STOP
pulses. The TAC signal is then fed to the analog-to-digital converter (ADC) and
further processed by a multi-channel analyzer (MCA) to produce the final data
output.
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Fig. 3.3. The TCSPC picosecond time-resolved fluorescence spectrometer set-up.
A commercially available TCSPC (SPC-150, Becker& Hickl GmbH) system was
utilized to measure the longer fluorescence lifetime with high signal to noise ratio. Two
different fluorescence detectors were used along with the TCSPC system: a hybrid
photomultiplier detector (HPM-100-50, Becker& Hickl GmbH) with ~140 ps
instrument response function and an avalanche photodiode (ID 100-50, ID Quantique)
with ~70 ps instrument response function.

3.4. Data Analysis

The absorption spectra were corrected by subtracting the reference spectrum
that was measured using the buffer solution in similar condition as the sample
measured. In order to remove the residual light scattering, which primarily
affects the spectra of chromatophores at A < 550 nm, a mild correction was
additionally applied by multiplying the measured spectra by 1. The stationary
fluorescence spectra were corrected for the spectral sensitivity of the set-up.

Two different data analysis methods were applied to obtain the lifetimes
from the experimentally measured time-resolved fluorescence signal, viz single
decay and global decay analysis. The global analysis is nothing but the single-
decay fitting performed simultaneously at all detection wavelengths. The main
advantage of employing global analysis is that it allows extracting from the data
set only the information consistently evident at all detected wavelengths,
reducing possible number of parameters. The two analysis methods were used
here for consistency test of each other.
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A major part of the time-resolved fluorescence experiment in this study has
been performed using single decay analysis. The fluorescence kinetic signal,
S(t), recorded at certain detection wavelength, A, can be approximated
mathematically as follows:

t

St,A)=Y"A;(1) xe T, (3.1)

where A; and t; are the amplitudes and decay times of individual decay compo-
nents. Every measured decay kinetics trace was fitted separately using the
Spectra Solve (Version 2.0, LASTEK Pty. Ltd) software with an experimental
instrument response function. The kinetic traces were appropriately corrected to
the spectral and spatial sensitivity of the instrument in prior to the analysis.
Most of the observed decays were double-exponential. For those the weighted
lifetime was evaluated as follows:
_ A1T1+ALT,

T(lV - A +4, ) (32)

where A;, 4, 7; and 7, are the amplitudes and decay times of individual decay
components.

Global analysis was performed using open-source software Glotaran. In
Glotaran, there is three way of analysing the spectrally dependent lifetime data.
These are parallel decay fitting, sequential decay fitting and target analysis
(a compartmental model). The target analysis provides the relative intensity
contribution of each decay component as well as the relative intensity contri-
bution from individual species as a function of wavelength, respectively known
as decay associated spectra (DAS) and species associated spectra (SAS). All the
lifetimes determined in this work have an experimental uncertainty from 5 to
10% of the obtained lifetime values, depending on the signal to noise ratio.
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4. RESULTS

4.1. Efficiency of Light Harvesting in Rhodobacter sphaeroides
Adapted to Different Levels of Light (Paper I)

This thesis was started by addressing the following fundamental question — how
does the addition of peripheral antenna influence the rate of delivery of excita-
tion energy to the RCs and the quantum efficiency of charge separation? This is
not a new problem. A numbers of such studies can be found in the literature, see
for example [165] and references therein. However, little quantitative data are
available. In the present work, we have studied the excitation intensity depend-
ent spectral and kinetic fluorescence responses of the chromatophore mem-
branes from Rba. sphaeroides grown under carefully controlled lighting condi-
tions. A special kinetic model was worked out and applied for analysis of the
experimental data, as described in sections 1.4.3 and 1.4.4. The analysis yielded
the microscopic rate constants that characterize the energy transfer and trapping
efficiency in PSU on the ratio of the peripheral LH2 and core LH1 antenna
complexes as well as on the wavelength of the excitation light.

The above Fig. 1.5 provides a sense how the absorption spectrum in the
near-infrared spectral range changes in dependence whether the samples have
been prepared under high (1500 uE/m?/s) and low (100 uE/m?/s) actinic irradia-
tion, respectively. The detailed procedure to quantitatively evaluate the ratio of
distal and core antenna complexes (LH2 to LH1 ratio or LH2/LH]1 for short) is
explained in section 1.2.2 (also in [105]).

Figure 4.1 and Table 4.1 outline the spectrally integrated (875-925 nm, see
section 3.2) fluorescence lifetime in the WT membrane samples with different
LH2/LHI ratio and in core-only complex (at LH2/LH1=0). The fluorescence
quenching time increases as the LH2/LH1 ratio increases irrespective of the
state of the RC, i.e. either open (active) or closed (saturated). It also appears that
despite the systematic increase of the lifetimes corresponding to closed and open
state, their ratio is within the experimental uncertainty constant and close to 3.

These observations can be justified as follows. The peripheral antenna
network found in LL adapted membranes is more extended in comparison with
HL adapted membranes. Under low excitation light intensity almost all RCs are
active, the explored membrane region before trapping is minimal, and corre-
spondingly, average exciton lifetime is short. At high excitation intensity most
of the RCs are closed, allowing larger portions of the membrane to be explored
before trapping which increases the average lifetime of excitons. The RC-LH1-
PufX-only membrane has no distal antenna [63, 69] resulting in the shortest
possible fluorescence lifetimes. The fact that the saturated state lifetime in RC-
LH1-PufX-only membranes appears significantly shorter than in LH1-only
membranes speaks for quenching of excitons by closed RCs, as explained in
[63, 69].
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Fig. 4.1. The spectrally integrated fluorescence decay time corresponding to active
(green open circles) and saturated (red spheres) phases of photosynthesis as a function
of LH2 to LH1 ratio. The arrows indicate lifetimes in tubular membranes comprising

sole dimeric core complexes. The fluorescence was excited at 590 nm. The lines repre-
sent linear fits of the data points.

Table 4.1. Fluorescence lifetimes corresponding to active and saturated ranges of pho-
tosynthesis.

Sample Tap (PS) Ty (closed)/T,,(0Open)
(LH2/LHI) Active Saturated
RC-LH1-PufX (0) 55+£2 183+5 33+04
HL116 (2.15) 68+2 198 =4 29+04
HL133 (2.79) 66 £2 184 +7 28+04
LL181 (4.79) 71£2 215+5 30+04
LL196 (6.06) 82+3 256 +7 3.1+04

High quantum efficiency of trapping over 80% was observed in most cases,
which decreased toward shorter excitation wavelengths within the near infrared
absorption band, as can be seen in Fig. 4.2. The maximum calculated efficiency
of n =88.1% was found in case of the core-only complexes, by assuming there
were no losses in exciton transfer. The general behaviour in the chromatophore
efficiency is that decreases with increasing the peripheral antenna size, i.e.
increasing LH2/LH1 ratio. Although the drop of efficiency upon 915 nm exci-
tation on LH2/LH1 ratio is small, only ~1-2%, it is significantly enhanced at
800-nm excitation. The reduced efficiency in the latter case is conceivable
because the exciton now probes the longer LH2->LH1->RC pathway involving
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LH2, compared to only LHI->RC transfer with 915 nm excitation. This indi-
cates that any difference in the calculated efficiency in monomeric and dimeric
chromataphores excited at 800 nm and 915 nm, notifies us about the LH2->LH]1
transfer. The decline in efficiency upon 800 nm excitation on LH2/LH1 per-
fectly follows the LH2 to LH1 transfer rate, k;, see section 1.4.3. The calculated
efficiency further decreases if there is any disconnected or poorly connected
LH2 units present in the sample.
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Fig. 4.2. The calculated quantum efficiency of active photosynthesis relative to the LH2
to LH1 protein ratio upon excitation at 800 nm (squares) and at 915 nm (rhombi). The
efficiency of sole core complexes (RC-LH1-PufX) is designated by the open data point
at LH2/LH1=0. The green triangles and right hand scale relate to the forward energy
transfer rate, k. The lines represent the linear fits of the data points. The estimated
standard deviation of about 2% in calculated efficiency is highlighted by the shaded
area.

4.2. Dimerization of Core Complexes as an
Efficient Strategy for Energy Trapping (Paper II)

In Rba. sphaeroides, light harvesting LH2 complexes transfer the absorbed
solar energy to RC-LH1-PufX core complexes, which are mainly found in the
dimeric state. Many other purple phototrophs have monomeric core complexes
and the basis for requiring dimeric cores is not fully established. Therefore, we
set to analyse mutant strains of Rba. sphaeroides that contain either native
dimeric core complexes or altered monomeric cores harbouring a deletion of the
first 12 residues from the N-terminus of PufX. This retains the PufX polypep-
tide but removes the major determinant of core complex dimerization. The
chromatophore membranes for our experiments were purified from strains with
dimeric or monomeric cores, and with either high or low levels of the LH2
complex. The samples were interrogated with picosecond time-resolved fluo-
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rescence kinetic spectroscopy at varying excitation intensity and wavelength to
reveal their light-harvesting and energy trapping properties. A graphical sum-
mary of the experiments presented in this section is shown in Fig. 4.3.

Photosynthesis:

Time (ps)

Photosynthesis:
active
saturated

Time (ps)

Fig. 4.3. Graphical summary of the experiments presented in section 4.2.

The excitation light intensity dependence of the fluorescence yield and lifetime
in monomeric and dimeric core samples are presented in Fig. 4.4. This result
shows a generic increase of the fluorescence yield and lifetime with the excita-
tion light intensity. It is noticeable that the fluorescence lifetimes from the sam-
ples containing monomeric cores (ML and MH) have almost twice higher val-
ues than those from the samples with dimeric cores (DL and DH) at all excita-
tion intensities. Compared to that great difference, the difference in fluorescence
lifetimes between the samples having different LH2 content but similar core
structures (MH vs. ML or DH vs. DL), as discussed in paper I, appears rela-
tively insignificant.

The physical reason behind the dissimilarity in exciton trapping time
between these core complex organizations is not quite clear. However the
shorter lifetime for dimeric complexes can be suggested due to excitation shar-
ing across a larger LH1 antenna with access to two traps, i.e. the presence of
two RCs instead of one per LH1 assembly, resulting in increased trapping or
quenching probability of LH1 excitons at low or high excitation intensity,
respectively. Another effect that can vary the lifetime may arise from core mon-
omers reorganising the photosynthetic membrane, as shown in the atomic force
microscopy topographs recorded in a previous study [156]. Comayras et al
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[166] previously showed that such excitation sharing occurs; the current study
explains how this may improve the photosynthesis efficiency.
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Fig. 4.4. Excitation intensity dependence of the fluorescence yield (open circles, right
Y-axis) and the dominant short fluorescence lifetime component (filled spheres, left Y-
axis) in the dimeric (blue) and monomeric (red) core samples. The data of high and low
LH2 content samples respectively presented in panel A and B. In order to visualize the
proportionality between the yield and the lifetime, the yield data are scaled until
matching with lifetime values. In kinetic measurements the fluorescence was excited at
590 nm while in stationary fluorescence yield measurements it was at 800 nm.

Figure 4.5 shows the calculated quantum efficiency in the dimeric and mono-
meric core samples. It is evident that the quantum efficiency is consistently
found higher in the samples with dimeric core. Like established in paper I, the
efficiency drops as the LH2/RC ratio increases and the absolute efficiency is
always higher at 915-nm excitation compared with 800-nm excitation irrespec-
tive of the structure of the core complex. Alternatively, the quantum efficiency
of the sole core complex should be the same, irrespective of the excitation
wavelength. Indeed within the experimental uncertainty, the linear fits of the
data points in Fig. 4.5 converge at LH2/RC = 0. The relatively poorer conver-
gence in case of monomeric core samples most probably results from function-
ally disconnected or poorly connected LH2 units in these samples. Such units
can be traced back by long lifetime components of the fluorescence decay
kinetics, being observed to be relatively more significant in the kinetics of the
monomeric-core samples than in the dimeric-core ones.
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Fig. 4.5. The calculated quantum efficiency of active photosynthesis relative to the LH2
to RC ratio in dimeric (A) and monomeric (B) core samples upon 800 (squares) and 915
nm (rhombi) excitation. The unfilled data points at LH2/RC=0 represent the quantum
efficiencies of the model membranes containing either only dimeric or only monomeric
core complexes. The coloured area displays the ~2% estimated standard deviation in the
efficiency. The lines show linear fits of the data points.

4.3. Spectral and Kinetic Effects Accompanying
the Assembly of Core Complexes (Paper lll)

One of the prime motivations for this work was that the many literature data on
the excitation energy transfer and trapping in photosynthetic bacterial mem-
branes appear fragmented, irregular, and sometimes even controversial. This
unsatisfactory situation is frequently vaguely assigned to “biological variabil-
ity”. To make order in at least some of these data, we systematically studied a
range of core complexes from one and the same species of Rba. sphaeroides,
using similar, carefully selected and controlled experimental conditions over the
broad temperature range of 4.5-300 K. Secondly, we wanted to see whether the
increased energy trapping efficient found in the specific mutant chromatophore
membranes consisting dimeric core complexes persists in the case of the mem-
branes comprising sole core complexes.

To set the stage, Fig. 4.6 reviews the spectrally dispersive emission kinetics
at cryogenic temperatures on the core complexes that devoid of RC both in iso-
lated or membrane embedded state. It is evident that in sole LH1 complexes the
fluorescence kinetics is radically different, depending on whether the complexes
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are organized into the functional membrane network or isolated into the deter-
gent micelles. The fluorescence lifetime recorded in case isolated LH1 complex
shows a moderately long fluorescence lifetime of ~1.4 ns at the blue edge of the
emission spectrum that gradually shortens toward longer wavelengths. Past
about 895 nm the lifetime stabilizes at the level of ~1 ns. In contrast, in the
membrane embedded sample the lifetime at the blue edge of the emission spec-
trum greatly shortens, being limited by the temporal resolution of our set up.
The lifetime gradually elongates toward longer wavelengths until past ~915 nm
it stabilizes at the same level (~1 ns) as in the isolated LH1 complex.

The data in Fig. 4.6 corroborate the records for peripheral LH2 proteins
[141, 167-169]. In these earlier works the distinctive longer lifetime observed at
the short-wavelength in case of isolated complexes was assigned to fundamental
properties of exciton polarons in an energetically heterogeneous ensemble of
individual complexes [170]. In an energetically connected membrane networks
due to the possible excitation energy transfer and funnelling towards energeti-
cally lowest complexes, the lifetime distribution characteristic for individual
complexes turns out to be completely hidden [171-173].
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Fig. 4.6. Dependence of the fluorescence lifetime on the recording wavelength in iso-
lated and membrane LH1 complexes measured at 5 K. The data for isolated and native
membrane-embedded LH1 complexes are distinguished by black and red, respectively.
Reference fluorescence spectra of the samples using similar colour codes are shown in
the background. The fluorescence was excited at 860 nm and recorded with spectral
resolution of 2 nm. The lines connecting data points are for leading the eye only.

Figure 4.7 confirms that the dispersive fluorescence kinetics observed in the
core membranes lacking RCs is also qualitatively followed in the core mem-
branes that include RCs. Yet quantitative numbers are rather different. This is
most clearly seen when the limiting long-wavelength (past 915 nm) lifetimes
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are compared. In the RC-less mLH1 sample this lifetime is ~1 ns, while in the
membrane-embedded core complexes complete with RCs it is 300400 ps,
more than twice shorter. This significant shortening of the fluorescence lifetime
is no doubt caused due to added quenching of antenna excitons by the RCs,
either in closed or open state as described in Introduction. Even more note-
worthy is that the fluorescence in the monomeric system decays consistently
slower than in the dimeric system, validating the data of paper II at cryogenic
temperatures.
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Fig. 4.7. Fluorescence lifetime as a function of recording wavelength at 5 K for the
membrane-embedded monomeric (green) and dimeric (blue) core complexes in the
presence of RC. The fluorescence was excited at 860 nm and recorded with spectral
resolution of 4 nm. Saturating excitation intensity was used corresponding to closed RC
state (most RCs photo-oxidized). The reference fluorescence spectra in the background
are drawn with matching colours.

Temperature dependence of the fluorescence decay time is presented in Fig 4.8.
In isolated complexes, irrespective the presence of RC, the decay time stays
constant up to relatively high temperatures. In membrane samples, in contrast,
thermal quenching of the lifetime sets in already at very low temperatures and
the drop continues all the way up to ambient temperatures, where the lifetime
value reaches about half of its value at 5 K. Similar thermal behaviour was pre-
viously observed in membranes of LH2 complexes [141, 167-169] and
explained within the already introduced paradigm of inter-connected network of
protein complexes, where the occasional quenchers localized in separate mem-
brane areas become increasingly available for quenching with the raising tem-
perature. It is also evident from Fig. 4.8 that in the same broad temperature
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range the fluorescence lifetime in monomeric (mRC-LH1) core complexes is
longer than in dimeric (mRC-LH1-PufX) core complexes. One thus might con-
clude that at all temperatures the solar excitation energy harvesting by dimeric
core complexes is more efficient than it is by monomeric complexes.
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Fig. 4.8. Temperature dependence of the fluorescence decay time in various indicated
core complexes. The fluorescence was recorded at red side of the fluorescence spectrum
(at 920 nm between 5 and 230 K and at 890 nm above 230 K) following the excitation
at 860 nm with spectral resolution of 4 nm.

51



5. SUMMARY AND FURTHER CHALLANGES

Recent studies by scanning tunnelling microscopy on the intracytoplasmic
membrane of purple anoxygenic photosynthetic bacteria at sub-nanometer res-
olution provided remarkable images showing the nano-scale structural adapta-
tion of photosynthetic membranes in response to their changing habitats. This
thesis deals with the effects of such nano-scale structural arrangements of the
photosynthetic membrane on the delivery rate of photo-excitations into the RC
traps and on the quantum efficiency of charge separation at the RCs. In order to
gain information about such connections, the photosynthetic membranes
extracted from native and genetically mutated species of Rba. sphaeroides were
interrogated with a combination of optical absorption, steady-state and time-
resolved fluorescence spectroscopy. The major outcomes of this research are
summarized below.

1. From the perspective of the ecological habitat of the photosynthetic pur-
ple bacteria, the formation of a higher concentration of peripheral
antenna is facilitated by growth under dim light even though the energy
trapping is slower in low light adapted membranes. The similar values
for the trapping efficiencies in all samples imply a robust photo-
synthetic apparatus that functions effectively at a variety of light inten-
sities.

2. In the native membranes of the photosynthetic purple bacterium Rba.
sphaeroides, the presence of PufX protein in the core complexes causes
most of them to assemble into an S-shaped dimeric structure. Only a
small percentage of core complexes have been found to form open-ring-
shaped PufX-containing monomers. At the same time, in several other
purple bacteria the closed- or open-ring-shaped monomeric core com-
plexes dominate. The reason for this structural disparity is unknown.
We discovered by experimenting with specially designed species of
Rba. sphaeroides that the energy trapping time in the mutant chromato-
phore membranes containing mostly monomeric core complexes along
with LH2 complexes is significantly longer compared with that in the
membranes with dimeric cores and LH2s. This result was confirmed on
the mutant membranes that contained just monomeric or dimeric core
complexes. We conclude that at least in Rba. sphaeroides species the
energy trapping is more efficient when the photosynthetic membranes
incorporate dimeric-core complexes.

3. The multiple factors that influence mostly the fluorescence lifetime of
the core complexes either in detergent-isolated or membrane-embedded
form have been revealed, providing a more comprehensive understand-
ing of the field. These factors include the presence or absence of RC,
the supramolecular architecture (monomeric or dimeric) of the com-
plexes and whether the complexes were studied in native membrane
environment or in detergent- purified state.
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One of the most unexpected results of this study is the observed elongated
energy trapping time by the monomeric core complexes compared to that of the
dimeric core complexes. This effect evades straightforward explanation if sim-
ilar antenna exciton hopping time between LH1 and RC compartments holds in
both types of core complexes. Future efforts are, therefore, in order by expand-
ing towards well-characterized monomeric and dimeric core complexes from
other species studied under well-defined experimental conditions. In full scale,
however, this goal would require concerted advancement of biochemical,
structural and theoretical methods.

53



SUMMARY IN ESTONIAN

Ergastusenergia pikosekundilise migratsiooni ja
I6ksustamise nanostruktuursed piirangud bakterite
fotosiinteetilistes membraanides

Mitteoksiigeensete fotosiinteesivate bakterite tsiitoplasmasiseste membraanide
hiljutised uuringud sub-nanomeetrilise eraldusvéimega skaneeriva tunnelmikro-
skoobiga on ndidanud fotosiinteesivate membraanide nanostruktuurset kohastu-
mist erinevatele keskkonnatingimustele. Kéesolev dissertatsioon késitleb foto-
slinteesivate membraanide nanostruktuuride imberkorralduste moju esmastele
fotosiinteetilistele protsessidele: valgusergastuste iilekande kiirusele reakt-
sioonitsentrite suunas ja nende 16ksustumise efektiivsusele. Nende seoste avas-
tamiseks viidi 14bi modtmised purpurbakterite Rba.sphaeroides looduslikest ja
geneetiliselt muundatud tiivedest eraldatud membraanidega, kasutades nii opti-
lise neeldumise kui ka statsionaarse ja aeglahutatud fluorestsentsi meetodeid.
Dissertatsiooni pohilise tulemused on kokkuvotvalt jargnevad.

1. Fotosiinteetiliste purpurbakterite elukeskkonnas soodustab hémar valgus
suuremat perifeersete antennide moodustumist, kuigi ndrgale valgusele
kohanenud membraanides on valgusenergia 16ksustumise kiirus langenud.
Samas valgusenergia loksustumise sarnased kasutegurid kdikide uurimise
all olnud erinevatele elukeskkonna tingimustele kohanenud objektides
viitavad laias valguse intensiivsuste vahemikus efektiivselt toimiva
voimeka ja vastupidava fotosiinteetilise aparatuuri olemasolule.

2. PufX wvalgu olemasolu loodusliku fotosiinteesiva purpurbakteri Rba.
sphaeroides‘it membraanide LH1 tuumkompleksides pdhjustab enamikul
juhtudel nende komplekside S-kujulise dimeerse struktuuri moodustumist.
Ainult viike osa PufX-sisaldavatest tuumkompleksidest moodustab avatud
ringi kujulise monomeeri. Mitmetes teistes purpurbakterites domineerivad
suletud v&i avatud ringi kujulised monomeersed tuumkompleksid. Sellise
struktuurse erinevuse pdhjus on teadmata. Uurides spetsiifiliselt modi-
fitseeritud Rba. sphaeroidese objekte, avastasime, et energia 10ksustumise
acg membraanides, mis koosnevad pohiliselt monomeersetest tuum-
kompleksidest ja LH2 kompleksidest, on tunduvalt pikem vdrreldes
dimeersete kompleksidest ja LH2’dest koosnevate membraanidega. See
tulemus leidis kinnitust ka ainult monomeersetest voi dimeersetest
tuumkompleksidest koosnevate mutantsete membraanide korral. Siit jérel-
dame, et vdhemalt purpurbakteri Rba. sphaeroides korral on energia
loksustumine efektiivsem kui fotosiinteesivates membraanides sisalduvad
dimeersed tuumkompleksid.

3. Toos on vélja selgitatud mitmed tuumkomplekside fluorestsentsi eluiga
oluliselt mdjutavad tegurid nii detergendiga isoleeritud kui ka memb-
raanisiseste komplekside jaoks. See annab vdimaluse antud uurimis-
valdkonna paremaks mdistmiseks. Mdjuteguritena voib nimetada reakt-
sioonitsentrite olemasolu v6i puudumist tuumkomplesides, komplekside
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supramolekulaarset arhitektuuri (monomeerne vdi dimeerne) ning kesk-
konda, milles komplekse uuriti (membraani integreeritud voi detergen-
diga isoleeritud).

Selle t66 kdige ootamatumaks tulemuseks on monomeerse struktuuriga tuum-
kompleksides jdlgitud energia 16ksustumise kiiruse oluline aeglustumine vorrel-
des Idoksustumise kiirusega dimeerse struktuuriga tuumkompleksides. Seda
efekti on keeruline seletada, eeldades, et antenni ergastuse hiippe aeg tuum-
kompleksidelt reaktsioonitsentritesse kestab sama kaua molemat tiilipi tuum-
komplekside korral. Edasised piilidlused on seotud ka teistest bakteriliikidest
valmistatud hésti karakteriseeritud struktuuriga komplekside uurimise edasi-
arendamisele selgelt méératletud eksperimentaalsetes tingimustes. Siiski, sellise
iilesande realiseerimine tiies mahus eeldab biokeemiliste, struktuursete ja teo-
reetiliste uurimismeetodite kooskolastatud edasiarendamist.
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