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&3l NTRODUCTI ON

Nearly all life on Earth is fundamentally sustained by energy from the Sun stored in the
process of photosynthesis. Intensifying research in photosynthesis is a logical and neces-
sary step to overcome serious challenges that humankind is facing today - satisfying the
increasing demands for food and energy, while simultaneously reducing carbon and
other greenhouse gas emissions. On one hand, further significant improvements of crop
productivity are only possible through enhanced photosynthetic efficiency (Long et al.,
2006; Kromdijk et al., 2016). On the other hand, there is a vast potential for developing
biotechnological and artificial solutions for solar energy conversion that exceed the so-
lar-to-mass efficiency of natural photosynthesis (Tachibana et al., 2012; Dogutan and
Nocera, 2019). Detailed, molecular-level understanding of the photophysical and photo-
chemical mechanisms of photosynthesis that identifies the various bottlenecks and lim-
itations existing in natural photosynthetic systems is a prerequisite to achieve either of

these goals.

Photosynthesis begins with the absorption of light by pigments in the photosynthetic
light-harvesting antenna complexes and the creation of electronic excited states. The suc-
cessful conversion of the absorbed energy into chemical form relies on the ability of the
antenna system to transfer the excitations over many molecules to the photochemical
reaction centres — of PSI and PSII in plants and algae. Achieving high quantum efliciency
of photochemistry is only possible if together excitation energy transfer and the photo-
chemical reaction are much faster than radiative or nonradiative excitation losses
(Blankenship, 2014). The biological structures supporting these processes are honed and
over more than 2 billion years of evolution (Nelson, 2011). In the past several years, ad-
vances in structural biology have greatly enriched our knowledge on the structure of the
photosynthetic machinery, including atomic or near-atomic resolution structures of
most important photosynthetic pigment—protein complexes (Lambrev and Akhtar,
2019). However, direct prediction of photophysical functions in terms of quantum chem-
istry and quantum electrodynamic theory is not possible for these systems consisting of
millions of atoms. Despite decades of intense research, gaps of our understanding and
controversial views still exist about the mechanisms and dynamics of the primary pho-

tosynthetic reactions. Fortunately, the arsenal of available spectroscopic tools to probe
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the molecular responses to light and the theoretical framework to understand them and

their structural basis have been steadily improving (Croce and van Amerongen, 2020).

Light-harvesting complex II (LHCII) is the main photosynthetic antenna complex of
plants and green algae that binds about half of all chlorophylls (Chls) in the TM (van
Amerongen and Croce, 2013). The transfer of excitation energy in and between LHCII
complexes determines the efficiency of PSII. LHCII also plays important roles in main-
taining the macroorganization of the TM and regulating the photosynthetic process in
response to the physiological conditions. Under excess light conditions LHCII can switch
from its light-harvesting function to a light-dissipation function (non-photochemical
quenching) and it can balance the excitation of the two photosystems in the process of
state transitions. These functions are based on and controlled by the inherent structural
flexibility of the complex and on intermolecular interactions in the TM. The goal of the
present work was to elucidate structure-function relationships in LHCII, especially re-
garding excited-state dynamics and its dependence on interactions between the complex
and its molecular surroundings. To this end, we performed investigations on isolated
LHCII complexes in solution and in the form of aggregates, as well as in native and arti-
ficial (model) lipid membranes, employing steady-state and ultrafast time-resolved opti-

cal spectroscopy to probe changes in the pigment excited states and excitation dynamics.

The results of this work revealed a remarkable sensitivity of the photophysical function
of LHCII to the environment - circular dichroism (CD) spectroscopy identified excited
states sensitive to aggregation or lipid and detergent interactions, activation of strong
non-photochemical quenching was demonstrated not only in LHCII aggregates but also
in lipid membranes and a common physical mechanism was proposed based on its flu-
orescence signature, the ultrafast energy transfer, measured with great detail by two-di-
mensional electronic spectroscopy (2DES), was shown to markedly depend on temper-
ature, aggregation and the substitution of specific pigments. Finally, the ability and the
limits of long-range energy transfer between multiple LHCII and between LHCII and
PSI were determined quantitatively. Thanks to these studies we have a more detailed
knowledge of the dynamics of energy transfer in the natural photosynthetic membranes,
the mechanisms of photoprotective non-photochemical quenching, and fundamental
principles and limits of the design of photosynthetic light harvesting. Technological ad-

vances made in the course of this work, for example regarding the techniques of
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anisotropic CD and synchrotron-radiation CD spectroscopy and purely absorptive
2DES, will find applications on other systems and help solve further problems in photo-

synthesis research in the future.

This dissertation is organized as the following. Chapter 2 outlines the scientific back-
ground and current problems regarding photosynthetic light harvesting, briefly de-
scribes the structure and functions of LHCII, PSI and PSII, the general organization of
the TM and fundamentals of CD spectroscopy and 2DES. Chapters 3 and 4 summarize
the aims and experimental methodology. Chapter 5 presents the results on structural and
functional plasticity of LHCII - changes in the excited states in different molecular en-
vironments and mechanisms of non-photochemical quenching. Chapter 6 is devoted to
the ultrafast dynamics of energy transfer in LHCII and its dependence on the environ-
ment. This is followed by a short summary (thesis points), acknowledgements and a list

of literature sources.
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dz. Bundament al shafvéesghhbog

dz. dPlpt osymit hmeéntcs
All oxygenic photosynthetic organisms employ Chls as the primary photosynthetic pig-

ments. Anoxygenic phototrophic bacteria use closely related molecules, bacteriochloro-
phylls. Most Chls contain a chlorin ring (Figure 2.1) - a heterocyclic macrocycle, similar
to the tetrapyrrole ring of porphyrins, which coordinates a central Mg atom (Grimm et
al., 2007). Pheophytin a, the metal-free form of Chl g, is essential part of the electron-
transport chain in PSII. Functional Chls are always bound to proteins, where the Mg

atom is usually coordinated by an amino acid.

CHj CHj3 CH,3

H4C

Fi gdaB@&h e mi cal <Lthawictthurrei nogf and atom numbrerf@mlg acc
t hmet hyl TGQH@uppodsi sepha€ed by BCHOYhh g hllagrreo utph g
only Chl types foundOtmemplalngse amay. gc@eretnaiah g@lel.

Chls are remarkably versatile molecules, able to perform virtually all kinds of photo-
chemical reactions, in part thanks to their strong absorption, long excitation lifetime and
redox reactivity. The basic optical properties (electronic absorption spectra) of Chls are
understood in terms of Gouterman’s four-orbital model (Gouterman et al., 1963). Ac-
cording to it, electron transitions from one of the two highest occupied n orbitals of the
macrocycle (HOMO-1 and HOMO, ai, and az,) to the lowest unoccupied n* orbitals
(LUMO, e;) give rise to two optical bands in the visible region, Q and B (Soret). They
correspond to the Q) and By transitions with electronic transition dipole moments
within the macrocycle plane. For Chl a dissolved in acetone, the main Q and B absorp-

tion maxima are at 663 and 436 nm, respectively. More complete quantum chemical

==
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calculations, usually employing time-dependent density functional theory, predict a va-
riety of electronic and vibronic transitions making up for complex optical spectra (Konig
and Neugebauer, 2012; Curutchet and Mennucci, 2017). In addition, the excited-state
(quantum eigenstate) energies are strongly influenced by ring deformations, interactions
with the solvent and especially with the protein environment (Curutchet and Mennucci,
2018). The microenvironment also largely determines the redox properties of the Chls,
potentially stabilizing their anions or cations as well as mixed states with excited and
charge-transfer (CT) character (Frese et al., 2002; Wahadoszamen et al, 2014;
Novoderezhkin et al., 2016). The primary photochemical reactions in PSI and PSII are in
fact oxidation-reduction reactions where both the electron donor and acceptors are Chl

a molecules, resulting in a primary radical ion pair Chlp* Chla* .

Singlet excited Chls can undergo intersystem crossing and relax to a metastable low-en-
ergy triplet state, *Chl* (Figure 2.2). The triplet excited Chls are potent sensitizers of sin-
glet oxygen; this reaction is the major cause of photodamage under excess light condi-
tions (Triantaphylides et al., 2008; Vass, 2011; Pospisil, 2012; Fischer et al., 2013). For-
mation of radical pairs, CT and triplet states, interaction with oxygen and any other non-
radiative excited-state decay pathways all shorten the excited-state lifetime of Chl and
respectively reduce the fluorescence yield and lifetime and can be generally referred to

as fluorescence quenching mechanisms.
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Carotenoids (Cars) are another class of pigments ubiquitous in photosynthetic organ-
isms. They strongly absorb visible light in the blue-green to orange region of the spec-
trum and are thus well suited as accessory pigments filling the gap between the Q- and
B-band absorption of Chls. Apart from that, the highly hydrophobic Car molecules have
structure-stabilizing role in the pigment—protein complexes and their peculiar photo-
physical properties make them key photoprotective agents. Other pigments that play role
in certain taxonomic groups of photosynthetic microorganisms, such as bilins in red al-

gae and cyanobacteria, will not be discussed here.

dz. dExz i t oni c interactions

In photosynthetic complexes, pigment molecules are located at close distances, often less
than 10 A, and interact with each other via electrostatic (Coulomb) interactions. Such
ensembles of interacting chromophores are not mere sums of individual chromophores
but their properties are modified by interaction forces. 'The photophysical and spectro-
scopic properties can be described by the theory of molecular excitons (Cantor and
Schimmel, 1980; van Amerongen et al., 2000). The basics of the theory are given for a
dimer of identical two-level (ground and excited state) systems. The total wave function
can be described as a product of the wave functions of the monomers. There are two
single-excitation wave functions, with excitations residing on each of the monomers:

%%
n A700

0
where %oand %e&aepresent ground- and excited-state monomer wave functions. The
Hamiltonian of the system is:

0 9§ Q@ w 0 &n
where Wis the interaction energy arising from Coulombic coupling of the electric tran-

sition dipoles H and H connected by the space vector »

n I HO>®$HD» .
K“-Zing_l i@ h

&)

0 8n

The excited wave functions and energies can be found by diagonalizing the Hamiltonian.
The energy eigenvalues are
O O w 8 &n

and the eigenfunctions are

B3
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/B

Thus, the excited states of the dimer, called exciton states, are linear superpositions of the

n 98 G&r]

monomer excited states. For both exciton states, the excitation is delocalized between the

two monomers. The energies of the exciton states are split by a magnitude of 2V.

The transition dipole moments of the exciton states are also linear combinations of the

monomer transition dipole moments:

n
— 8 0
H 7o Hy He gin
Thus, the transition dipole moment magnitudes, or the dipole strengths of the two tran-

sitions will depend on the geometry of the dimer.

For an aggregate of N chromophores, there are N exciton states , which are linear

superpositions of monomeric states:

& 8 8n
n

where  is a state where the n™ chromophore is excited and all other are in their ground
state. The coefficients @  of each product component of the summation represent the
contribution of each component to the excitons structure. For a system of identical mon-
omers, @ are also identical, which means that exciton states are fully delocalized —
equally distributed among all chromophores. However, if the monomer energy levels,
called site energies, are not degenerate, the coefficients @ are not equal and the excita-
tions are localized or partly delocalized. Excited states can be expressed both in terms of

monomer basis states  and in exciton basis states ~ — called site representation and

exciton representation, respectively.

The theory summarized above considers only electronic degrees of freedom. For any dy-
namic description of excited-state processes, the interaction of the electron system with
the nuclear environment must also be included. In general, the coupling of the electronic
excited states with nuclear motions (system-bath coupling or electron-phonon cou-

pling) tends to localize the excitations on monomeric chromophores.

d3dz
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dz. dExts.i t ati on energy transfer

The principal role of light-harvesting antenna pigments in photosynthesis is to deliver
the absorbed energy to the RC via excitation energy transfer (EET), wherein the excited
donor molecule interacting with an acceptor molecule returns to the ground state and

the acceptor is excited instead:
O 0090 0o 6 &n

If there is molecular orbital overlap between D and A, EET can occur via electron ex-
change mechanism (Dexter, 1953). At longer distances EET is driven by Coulombic in-
teractions. Based on the strength of coupling, three scenarios can be distinguished, as
proposed by T. Forster (1965). In the weak electronic coupling limit, i.e. the intermolec-
ular coupling term is weaker compared to the interaction between the electronic and
nuclear motions within the molecule, EET is described with Forster’s theory of resonance
energy transfer (FRET). Conversely, in the strong coupling limit, the delocalized excited
states are best treated in exciton basis as described in the previous section and EET dy-

namics is quantitated by Redfield theory.

Hr ster theory

Forster theory (Forster, 1965) describes the hopping of excitation energy between local-
ized and thermally equilibrated excited states. The efficiency of transfer @ is given by:
@ i h 08

T @ @n
where Y; is the Forster radius — the distance at which half of the excitation energy of
the donor D is transferred to the acceptor A. The Forster radius depends on the fluores-
cence quantum yield of the donor in the absence of acceptor "Q U , the refractive index
of the solution £, the dipole angular orientation factor Il ®, and the spectral overlap inte-

gral, in frequency space, U, of the fluorescence "Q U of Dandthe - U ofthe A as given

by the following equation:
Yool% * Qo - 00 QU CR: Nt

Forster’s equation is accurate in many experimental systems and conditions, but its va-

lidity is limited by a number of assumptions:

B
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{ The interaction is between two molecules only, isolated from the environment.
1 The molecules are sufficiently separated so that there is no overlap between their
electronic wave functions.
{ The wavelength corresponding to the electronic transitions is significantly longer
than the distance of FRET (near field).
The Forster equation is not sufficient to describe EET in photosynthetic systems, where
due to the very close distances between the pigment molecules, the point-dipole approx-
imation is inaccurate and, more importantly, strong electronic couplings (excitonic in-
teractions) violate the weak-coupling condition holding that EET occurs from thermally

equilibrated states.

Excitonic energy transfer

Redfield theory (Redfield, 1957) is used for the case of strong excitonic coupling and
weak exciton-vibrational coupling. The system is described in exciton state basis (excita-
tions are delocalized among all pigments). The weak exciton-vibrational interactions are
described by perturbation theory. Coupling of the individual transitions with uncorre-
lated vibrational motions leads to uncorrelated fluctuations in the individual site ener-
gies. These site energy fluctuations interact with different exciton levels and allow tran-
sitions between them. If the site energies are identical, the excitations are delocalized
over all chromophores, but if the site energies are not identical the delocalization is only
partial and transitions between exciton energy levels are equivalent to transfer of energy
in space. Redfield theory helps to describe the efficiency of energy exchange between
proteins and pigments in photosynthetic pigment-protein complexes. The protein can
either accept energy, in the case of downhill exciton relaxation (dissipation of excess en-

ergy) or provide energy, for uphill exciton relaxation (thermal activation).

Modified Redfield theory (Zhang et al., 1998; Yang and Fleming, 2002; Renger and
Marcus, 2003) describe the dynamics of EET in systems of strong excitonic and strong
excitonic-vibrational coupling. For such system, it is necessary to include both types of
couplings into theory non-perturbatively. Modified Redfield theory describes the transi-
tions between delocalized excited states, while including nuclear reorganization effects
without invoking perturbation. Because the electronic charge density is different for the
different excitonic states, the nuclei, which are not in equilibrium with the electrons in

the final exciton state, relax toward new equilibrium positions. The diagonal elements of

iy
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the exciton-vibrational coupling are used to introduce potential energy surfaces of exci-
ton states (Renger and Marcus, 2002). Then the excitonic potential energy surfaces are
mutually shifted along the vibrational coordinates to describe the nuclear reorganization

effect. The standard Redfield theory neglects these nuclear reorganization effects.

Modified Redfield theory has been successfully applied to model the EET in a number
of pigment-protein complexes - Dbacterial light-harvesting antenna LH2
(Novoderezhkin et al., 2006), LHCII (Novoderezhkin et al., 2004) and the water-soluble
Chl binding protein (Renger et al., 2007). The authors concluded that if the energy gap
between the exciton states is larger than approximately 200 cm™, the modified Redfield
theory should be used. However, this theory does not describe coherence dynamics, un-
like the full Redfield approach, as it is based on a diagonal projection operator approach.

This limits its applications to population dynamics in the exciton basis.

Generalized Forster theory (Sumi, 1999; Scholes and Fleming, 2000) can be applied for
large photosynthetic pigment—protein complexes, in which not all pigments are coupled
strongly. Such system can be described by formation of delocalized states in certain do-
mains of strongly coupled pigments. The exciton relaxation within the domains of exci-
tonically coupled molecules can be described by Redfield or modified Redfield theory,
and the EET between the exciton states in different domains is described as incoherent

hopping (Forster regime).

dz. &pect r oysctoepc hni ques t oo np rsothaet eesx caintd
dynami cs

dz. did3.cul ar sdpiecchrrooisscno py

Excitonic CD basics

CD spectroscopy is an extension of absorption spectroscopy. Absorption of light causes
an electronic transition in the optical material to an excited state of higher energy corre-
sponding to the photon energy. The probability of the transition, @ , is proportional to
the squared scalar product of the electric field vector of the light and the electric transi-

tion dipole moment

W ¢ sFHPe P HE A TS (6 @O

dte
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Hence, absorption is maximal if the light polarization is parallel to the transition dipole
moment. The squared transition dipole moment, called dipole strength, is proportional

to the spectrally integrated absorption coefhicient:

0 H 9 H ¢ og&meo 'ﬂ—’m 0 @p

This relates to the famous Beer-Lambert law

~

0 - wa 6 89
where ¢ and [ are the chromophore concentration and the pathlength, respectively.

CD is the difference in absorption of left and right circularly polarized light
#$ O 0 30 (6 &P

Defined as such, CD is a unitless quantity but can also be expressed in terms of molar

absorption coeflicients

30 "Af N (6 &8P
w- - - DA
) wda
In analogy to the dipole strength, the CD can be expressed via the rotational strength,

which is proportional to the spectrally integrated differential extinction coeflicient

31
1

e QT 6 &P

As CD is essentially absorption, the same rules and conditions governing absorption ap-
ply to CD as well. In addition, CD requires that the transition is associated with circular
movement of electrons, i.e. the orbital angular momentum, which enters the rotational

strength via the magnetic dipole operator [ [0)(¢ VIR S—

Y ¢ )lwHY Owow ¢ )IioXH 6 &P

The scalar product means that the circularly polarized electromagnetic field induces a
helical oscillation of charges, which is only possible if the optical material is asymmetric,
or chiral, and explains why helical biological macromolecules and assemblies typically

have intense CD. We refer to the CD of individual chiral molecules as intrinsic CD.

Molecular aggregates can exhibit CD even if they are composed of molecules that are not

themselves chiral, as long as there is excitonic coupling between their transition dipole

a3
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moments (Tinoco Jr, 1963). The excitonically coupled transitions of the amide backbone
of polypeptides have made CD spectroscopy an indispensable tool in the analysis of pro-
tein folding and secondary structure (Woody, 2005; Siligardi and Hussain, 2015). In the
simplest case, the rotational strength of an excitonically coupled dimer of chromophores
(Figure 2.3) contains a term dependent only on the distance vector connecting the two,

P, o and the respective electric transition dipole moments:

#$ mgH, H 6 &P

This scalar triple product is often the dominant term for excitonically coupled molecules.
The sign denotes that the dimer has two CD bands of opposite sign but equal rota-
tional strength (spectrally integrated intensity), i.e. a conservative spectrum. Because the
excitonic transition energies are split apart by a gap equal to twice the interaction energy,
the oppositely signed CD bands do not (completely) cancel each other and the excitonic
CD spectrum of many photosynthetic antenna complexes is at least an order of magni-
tude stronger than the CD arising from the chirality of the photosynthetic pigments
(termed intrinsic CD). In section 5.1 the excitonic CD of light-harvesting complexes in

different molecular environments will be examined.

CD

I
FigdisEexci tonic CD. a:ofgetownetirdemmtfi @aaldi bewt €hi ochl
the monomeric transition dipole moments represer
transition dipole moments with red/blue arrows;
sitions have CD of equal madg mrietdy d e whbhu tc ho pcpoarsbii tnee
i sotropic CD spectrum of the dimer (yellow); mea
probe the two traAdapt edLsifnedeoprafreart eallyd Renger , dzdz
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The excitonic CD is extremely sensitive to the interaction energy and to the mutual ge-
ometry of the coupled chromophores and a useful structural probe for multi-chromo-
phore aggregates. It is the dominant contribution to the visible-range CD of isolated pho-
tosynthetic pigment—protein complexes. However, in large three-dimensional assemblies
of densely packed and structurally ordered chromophores, such as DNA condensates,
viruses, and especially TM, intense CD can be generated, exceeding in magnitude both
the intrinsic CD of the chromophores and the short-range excitonic CD of the pigment-
protein complexes (Keller and Bustamante, 1986; Garab, 1992). This type of induced CD,
termed “giant” or “psi-type” (polymer- or salt-induced), is an emergent property of the
supramolecular organization of the assembly and cannot be represented by merely the
sum CD of its constituent parts. Intact leaves, chloroplasts and isolated stacked TM con-
tain all three types of CD (intrinsic, excitonic and psi-type) superimposed on each other,
with characteristic psi-type CD bands in the Chl Qy and in the blue-green wavelength
region (Garab and van Amerongen, 2009; Lambrev and Akhtar, 2019). Although the psi-
type CD contains some contribution from circular intensity differential scattering, espe-
cially giving rise to characteristic long tails flanking the absorption bands (Garab et al.,
1988; Garab et al., 1988), it is not merely an optical artefact but an intrinsic spectroscopic
signature uniquely depending on the three-dimensional macroorganization and there-
fore carries meaningful physical information (Garab and van Amerongen, 2009). 'The
psi-type CD, as a sensitive and accessible probe for the macroorganization and flexibility
of the TM, has been used to assess the response to physiological conditions and abiotic

stress (Garab, 2016; Lambrev and Akhtar, 2019).

Ani sotropic CD

'The CD signal of excitonic systems depends simultaneously on the geometry, the transi-
tion energies of the uncoupled chromophores and the strength of coupling (the interac-
tion energy). Different combinations between these parameters can result in nearly in-
distinguishable CD spectra, making it difficult to derive the structure from the spectra.
Even if the basic structure is known, as is the case for the major plant photosynthetic
complexes, because of the delocalised nature of the excitonic states, the spectral bands
have contributions from multiple coupled chromophores (Georgakopoulou et al., 2007).

Finally, each chromophore contributes with multiple excited states with mixed electronic

(05474
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and vibrational nature - some of which may lie outside the measured wavelength region,

tremendously complicating the energy landscape (Dinh and Renger, 2015).

An extension of CD spectroscopy, the anisotropic CD (ACD) of oriented samples, also
termed oriented CD (OCD), can potentially help with these problems. ACD has been
elaborated for large molecules and liquid crystals (Kuball and Hoéfer, 2000; Kuball, 2002;
Kuball et al., 2005) but not frequently used for photosynthetic systems. Conceptually
ACD is simple - if the molecules of interest can be macroscopically aligned or oriented,
the measured ACD can give additional information about the spatial orientation of the
transitions giving rise to the CD signal, hence about the molecular configuration. In the
simplest terms, we can interpret the ACD of the excitonic dimer illustrated in Figure 2.3,
by only considering the electric transition dipole coupling, which gives rise to two exci-
tonic states with transition dipole moments pop = p £ w2, i.e. perpendicular to each other.
From Eq. 2.2.1 it follows that absorption is zero if the light polarization and the transition
dipole moment are orthogonal, which will be the case for light propagating parallel to
the transition dipole moment. Therefore, if the molecules have fixed orientation in the
laboratory frame of reference, we can find such measurement beam angles where one or
the other excitonic transition is selectively suppressed. For example, with light propagat-
ing parallel to the p, direction (Figure 2.3a), only the [ exciton transition is probed. Gen-
erally, if the measuring light is parallel to vector n, the ACD of the dimer is (Hansen,
2005; Lindorfer and Renger, 2018)

#$6 » t= H, H ts O,6=  Hp t= (6 BDP
where 0 n is the electric quadrupole moment calculated from the three-dimensional tran-
sition density of the pigment. For isotropic, or random solutions, the quadrupole terms
cancel out and Eq. 2.2.9 reduces to the Rosenfeld equation (2.2.8). In practice, the meas-
urement of ACD can be problematic because of distortions from linear dichroism and
birefringence, which can be much more intense than the CD signal. However, this is not

an issue of ACD if the sample has rotational symmetry along the measurement axis (so

linear dichroism is zero).

ACD allows for independent measurement of the excitonic CD bands (Figure 2.3b),
which brings valuable information, otherwise lost by rotational averaging, such as the

exact peak positions and hence the excitonic split. More importantly, ACD “labels” the
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excitonic CD bands with orientations of the underlying transitions, which dramatically
reduces the possible geometries that can fit the spectra and the degrees of freedom in
model fitting. A simple and clear example of using ACD to separately probe exciton tran-
sitions is the CsmA baseplate protein found in the chlorosome antenna of green-sulfur
photosynthetic bacteria, where bacteriochlorophyll a effectively forms exciton dimers
(Nielsen et al., 2016). The ACD spectra of the CsmA protein were theoretically calculated
following the molecular exciton approach (Hansen, 2005). Based on these data the NMR
structure of the protein could be validated (Nielsen et al., 2016). In the ACD calculations,
an earlier theory by Hansen (2005) was used that includes the full spatial variation of the
electromagnetic field and is referred to as fully retarded description. Recently, Lindorfer
and Renger (2018) presented simplified formalism to calculate the ACD spectra of chlo-
rosome baseplate that can be applied to describe the ACD of molecular aggregates.

Membrane and lamellar structures are naturally amenable to ACD spectroscopy because
of their planar geometry. ACD of membranes and membrane-embedded complexes can
be easily measured with light perpendicular to the membrane plane, which is termed
face-aligned position (Garab, 1996; Garab and van Amerongen, 2009). In the edge-
aligned position, with light parallel to the membrane plane, the measurement of ACD is
more difficult because of crosstalk with linear dichroism (Kuball et al., 2005). The iso-
tropic CD is a linear combination of the face- and edge-aligned contributions (Kuball et

al., 2005; Miloslavina et al., 2012):

#$P!#$ o #$ © B
'The two right-hand side terms are a basis set that fully determines the ACD of uniaxial
samples (Kuball et al., 2005). Alignment of membranes in the laboratory frame of refer-
ence can be achieved by a variety of methods - by orienting in magnetic field (if they
have sufficient diamagnetic anisotropy), Langmuir-Blodget films, surface-supported bi-
layers, or in compressed gels (Garab and van Amerongen, 2009). Section 5.3 deals with

the ACD of plant TM and light-harvesting complexes.

UVACD

The UV CD of peptides and proteins is widely used to study their structure, folding, and

conformational dynamics; membrane insertion; and effects of ligand binding (Towell

dzdz
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and Manning, 1994; Woody, 2005; Siligardi and Hussain, 2015). The far-UV CD spectra
of a-helices, aromatic peptides and P-sheets has specific characteristics below 240 nm
that have made CD spectroscopy a standard tool for monitoring the secondary structures
of proteins. Below 240 nm the spectra are dominated by n-n* and n-n* transitions of
the peptide backbone (Woody and Tinoco Jr., 1967; Woody, 1968). The n—m* transition
gives rise to a negative peak in the CD spectrum at about 224 nm. According to Mofhtt’s
theory (1956) excitonic interactions in d -helices result in three n—m* transitions with
split energies: one gives rise to the negative peak at around 210 nm and the other two are
degenerate, at around 190 nm, with amplitudes strongly depending on the probing di-
rection. The ACD of oriented polypeptides can provide additional information regarding
the angle of orientation of the secondary structures (Wu et al., 1990; Dave et al., 2005;
Biirck et al., 2008; Biirck et al., 2016). Helical peptides inserted into lipid bilayers exhibit
a specific ACD spectrum. As the 210 nm transition is polarized parallel to the helix prin-
cipal axis, a distinguishing feature of the ACD of a-helices is the presence or absence of
210 nm negative band, being indicative of surface or transmembrane helix alignment,
respectively (Wu et al., 1990). For polytopic transmembrane proteins, the average incli-

nation angle of the transmembrane helices can be extrapolated.

dz. A vdml i mensi onal el ectronic spectroscopy

Principles of d&DES

Two-dimensional electronic spectroscopy and its related techniques have become an im-
portant and essential tool in the study of various physical, chemical, and biological sys-
tems (Jonas, 2003; Fassioli et al., 2014; Fuller and Ogilvie, 2015; Oliver, 2018; Petti et al.,
2018; Gelzinis et al., 2019). Here I will summarize the principles of the method, as out-

lined in (Lambrev et al., 2020).

A 2DES spectrum Y] AYR  is typically presented as a contour map spread in two
frequency axes] and] for a certain waiting time, or population time, Y. 2DES can
be considered as an extension of the pump-probe or transient absorption (TA) spectros-
copy. In TA, an ultrashort pump pulse excites a system, and the differential absorption
of an ultrashort broadband probe pulse with delay time "Y after the pump pulse is then

measured (Figure 2.4) to give a TA spectrum Y “YR  along frequency axis] . Due

dzd3
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to the inherent broad bandwidth of the ultrashort pump pulse, there is no frequency

resolution in the excitation.

;
/\ Detactor
FEn .
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Sample

Fi gddf 8c he me opfr oppuempt r ansi ent absorption spectros
Sheprutl se | aser is split into two beams, pump and
the two beams are fddadegedton ntchaemnamminglets.d The
is detected -bgnsai wavel eeagedbtor.

2DES’s enhancement of the TA technique is its ability to provide an extra frequency axis
1 that represents the frequency resolution in the excitation pulse. This allows experi-
mentalists to have frequency-resolved correlation between excitation and detection and
is particularly important for complex systems with multiple donor and acceptor exciton
states with overlapping absorption profiles that often cannot be resolved during excita-
tion in TA spectroscopy. Hence, 2DES has advantage over conventional pump-probe
spectroscopy providing separate spectral information of donor and acceptor molecules

involved in the EET process.

A schematic illustration of a 2D spectrum is presented in Figure 2.5, for a hypothetical
system of two coupled chromophores with exciton energies corresponding to the fre-
quencies a and b (a > b). In simplified terms, the 2D signal intensity reflects the condi-
tional population of excited states absorbing at the detection frequency w;, if the initially
excited states are ones absorbing at the excitation frequency w.. The two cross-peaks (w;
# w;) indicate coupling between the electronic transitions. The cross-peak at w; = a and
w; = b indicates that upon initial excitation of the exciton level a, after waiting time T,

the system can be found in the state corresponding to frequency b.

dzdz
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'The 2D spectra contain all information recorded by conventional TA spectroscopy - the
projection-slice theorem (Gallagher Faeder and Jonas, 1999; Jonas, 2003) holds that the
2D spectrum Y] AYR  integrated over w: is identical to the pump-probe TA spec-
trum Y “YA (Hamm and Zanni, 2011). The 2D spectrum also provides valuable in-
formation about the fundamental inhomogeneous/homogeneous lineshapes of the tran-
sitions. Inhomogeneously broadened absorption bands (in an ensemble of molecules
with energy disorder persisting over the course of the measurement) result in 2D peaks
elongated along the diagonal, since the excitation and detection frequencies are corre-
lated. 'The inhomogeneous and homogeneous broadening can be determined from the
anti-diagonal and diagonal width of the 2D peak. Spectral diffusion induced by random
fluctuations of the transition energies, cause the diagonal elongation to disappear over

time as the system loses memory of the initial excitation frequency.

Ti rRleomai n -Foanséorm W&DES

In a 2DES experiment, the sample interacts with three pulses as illustrated in Figure 2.6
— the first pulse creates coherence between the ground state and an electronic excited
state. If the second pulse at time delay 7 (sometimes denoted #) is in phase with the co-
herent oscillation, it creates population. The third (probe) pulse causes the emission of a
photon echo signal, which will generally oscillate in time ¢ (also denoted ;) with the
same frequency as the initial excitation frequency. However, during the waiting time T,
(£2), the system may undergo changes, or population transfer to a different state, causing

a frequency shift of the echo signal.

dzts
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The optical signal is described in terms of nonlinear response theory. The laser pulses
transiently alter the polarization state of the medium 0 0, which is the electric dipole
moment per unit volume. In the case of linear response, the polarization is proportional

to the electric field:

00 -;2.000 0 &0
where .. is known as linear optical susceptibility. In nonlinear optics, the polarization is

generalized as power series in the field strength:

00 -Zf)”b 0o 0' o E h 0 &®
where:

v o0 .. 200 e &6
'The nonlinear optical response of the system can be theoretically calculated by equating
polarization with the expectation value of the quantum-mechanical electric transition
dipole operator * HU

0o 80 & osBUOG 0 B
In time-domain Fourier-transform 2DES, the emitted signal is a third-order nonlinear
polarization signal, which is a convolution of the three laser fields and the third-order

nonlinear optical response function (Mukamel, 1995; Hamm and Zanni, 2011):

C
o-

@ QW @WQOo Qo § $Qo a4 & Y qmm 6 B
SR ¢

'The nonlinear optical response can be calculated by equating polarization with the ex-

pectation value of the quantum-mechanical electric transition dipole operator * HU
0o 60 & osk o 0 &#6u
'This is the basis for the theory of nonlinear spectroscopy used to describe various spectro-

scopic techniques (Mukamel, 1995).
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In the frequency domain, the polarization is determined by the third-order nonlinear sus-

ceptibility, which is the Fourier transform of the response function:

Uy @y @Y gy o oee o 0 BOy

The frequency-domain 2D electronic spectrum is the Fourier transform of the emitted
signal with respect to 7 (#1) and ¢ (£3) at a fixed waiting time T, (%.). In practice, Fourier
transformation with respect to t is done physically by a spectrometer (diffraction grat-
ing). Transformation with respect to 7 is done numerically after scanning over a range of
7 values. It is necessary that the first two interaction pulses have very well-defined phase,
and the signal is heterodyne-detected. The 2D signal must also be separated from all other
background signals, including the interacting laser pulses and other responses, such as
TA. There are generally two approaches to this purpose — phase matching and phase cy-
cling (see below), which are applied depending on the beam geometry used in the 2DES

experiment.

The most common 2DES implementation is the noncollinear beam geometry, wherein
all three interacting pulses arrive at the sample at different angles of incidence. Due to
the phase matching condition, the desired nonlinear signal emits in a distinct direction
different from the three interacting pulses. In order to measure the full amplitude and
phase profile of the signal, a fourth “measurement” pulse, known as a local oscillator
pulse, is introduced collinearly with the emitted signal before being detected in a spec-
trometer with a square-law detector. This detection process is known as heterodyne de-
tection (Jonas, 2003). An alternative 2DES approach is to use pulses in a collinear beam

geometry. In this approach, the relative phases of the first two collinear pulses are ma-

I (

“Ye  BIAYR . “Ye , BIHYR
*ne ¢ B] ¢ CJ
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