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Abstract

Multidimensional Ultrafast Spectroscopy of Photosynthetic Pigment-Protein Complexes

by

Eleonora De Re

Doctor of Philosophy in Applied Science & Technology

University of California, Berkeley

Professor Graham R. Fleming, Chair

This dissertation presents the application of ultrafast spectroscopy to the investigation
of pigment-protein complexes (PPCs) involved in energy transfer and energy dissipation in
photosynthetic organisms. PPCs are the building blocks of all photosynthetic organisms,
and within individual pigment-protein complexes, energy transfer dynamics occur over fast
timescales and broad spectral regions. Chapter 1 gives an introduction to the capability of
photosynthetic organisms to absorb light energy, funnel this energy to a location for charge
separation, and perform charge separation with subsequent conversion into chemical energy.
All of these functions need to be performed efficiently under different light conditions. This
chapter also includes a discussion of the different light harvesting strategies that various pho-
tosynthetic organisms have evolved. Lastly, this chapter discusses the application of ultrafast
spectroscopy as an excellent tool to study the dynamics of PPCs. The three experimental
techniques used in this dissertation are introduced in this chapter.

Chapters 2 and 3 present the application of two ultrafast spectroscopic techniques, two di-
mensional electronic spectroscopy and transient absorption spectroscopy, to the investigation
of the structure-function relationship of photosynthetic pigment-protein complexes. Chapter
2 is an investigation of the photophysics of the two forms of the Orange Carotenoid Protein,
involved in excess energy dissipation in cyanobacteria. Ultrafast spectroscopy allows us to
understand how a conformational change that modifies pigment-protein interactions is able
to generate a different biological function. Chapter 3 presents degenerate and non-degenerate
two dimensional electronic spectroscopy experiments to investigate the energy transfer dy-
namics and couplings in the bacterial reaction center, which is the location of charge separa-
tion.

Chapter 4 investigates a PPC involved in excess energy dissipation in green algae, LhcSR.
Fluorescence lifetime spectroscopy is used to investigate the excited state properties of LhcSR,
which plays a role as light harvester, pH sensor and quencher in algae. The results allow us
to identify two conformations, a light harvesting one and a quenching one. Transient absorp-
tion spectroscopy is used to investigate the energy transfer pathways involved in quenching
in the two different conformations. Finally, Chapter 5 presents conclusions and extensions to
future work, in order to improve our understanding of the energy transfer dynamics in natural
photosynthetic systems.
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Chapter 1

Introduction

Contents
1.1 Pigment Protein Complexes . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Chlorophylls and carotenoids . . . . . . . . . . . . . . . . . . . . 3

1.2 Photoprotection mechanisms . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 The interplay between carotenoids and chlorophylls in photosynthesis . 7

1.4 Ultrafast Spectroscopy Techniques . . . . . . . . . . . . . . . . . . . . . 9

1.4.1 Two Dimensional Electronic Spectroscopy . . . . . . . . . . . . . 9

1.4.2 Transient Absorption . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.4.3 Time correlated single photon counting . . . . . . . . . . . . . . . 17

Photosynthesis starts with the absorption of solar radiation, followed by conversion of
the corresponding light energy into chemical energy used for production of biomass. This
conversion is essential for survival of the photosynthetic organisms, and needs to be per-
formed with high efficiency under a variety of light conditions. Light absorption occurs in
the peripheral antenna complexes and excitation energy is transferred to a central location,
the reaction center, where a charge separation event occurs, producing chemical energy (see
Fig. 1.1). This chemical energy drives downstream photochemistry and eventually production
of biomass.

In order to perform this energy conversion efficiently under different light conditions, all
photosynthetic organisms need to regulate the light that reaches the reaction center. A variety
of mechanisms contribute to this regulation, collectively known under the word photoprotec-
tion. One type of photoprotection mechanism is the de-excitation of singlet excited states in
antenna complexes, known as non photochemical quenching (NPQ) [1, 2]. NPQ is comprised
of a variety of processes happening on a large range of timescales, from femtoseconds up to
seconds and minutes. In this thesis, I will focus on NPQ processes that turn on and off rapidly,
referred to in the literature as ’flexible NPQ’ [2]. Different photosynthetic organisms possess
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1.1. Pigment Protein Complexes Introduction

Figure 1.1: Schematic of a generic photosynthetic apparatus, highlighting absorption of sunlight in the antenna
complex (orange and green circles), transfer of energy through the antenna to the reaction center (black oval),
location of charge separation.

different light harvesting systems, and therefore have evolved different ways of rapidly dissi-
pating excess excitation energy. Section 1.2 will describe different photoprotection strategies
in more detail.

Our aim is to understand the governing principles underlying natural photosynthesis in
order to apply them to, for example:

• Engineer better artificial devices

• Improve crop yields, for example increasing their adaptability to adverse environments

• Envision better biofuel feedstocks that rely on natural photosynthesis

1.1 Pigment Protein Complexes
Light absorption, energy transfer of the absorbed energy and charge separation events are car-
ried out by specialized proteins, Pigment-Protein Complexes (PPCs). PPCs are collections of
pigments held together by a protein matrix such as to produce a specific function. Many PPCs
are transmembrane proteins, embedded in a membrane known as the thylakoid membrane.
80% of the thylakoid is occupied by PPCs [3], which are organized in specific complexes
(photosystems) to carry out their functions of energy collection and translocation to the reac-
tion center, a PPC itself. Non-transmembrane PPCs are also found playing important roles in
photosynthetic systems (i.e. the cyanobacterial PPC we will talk about in Chapter 2).

The properties of PPCs are not just the sum of their components. The particular arrange-
ment of the pigments (distances, interactions between the pigments, relative orientation) and
their interactions with the protein matrix determines their specific function. PPCs are densely

2



Introduction 1.1. Pigment Protein Complexes

packed, with dimensions of a few nm. This dense packing causes strong electrostatic inter-
actions which alter the energetic properties of the PPC from the linear sum of those of their
components, tuning them to produce broad absorption spectra and ultrafast energy transfer.

1.1.1 Chlorophylls and carotenoids
Pigments are the components responsible for light absorption, therefore are fundamental for
the functioning of all photosynthetic systems. The most common pigments found in PPCs are
chlorophylls and carotenoids. Here we will give a brief overview of their main spectroscopic
properties to ease the interpretation of the experimental results in the subsequent chapters.

Chlorophylls (Chls) are the most abundant light-harvesting pigments found in nature.
They are responsible for the green coloring of plants, as their main absorption lies in the
red (around 660 nm) (see Fig. 1.2) [4]. A structural variant of Chls are Bacteriochlorophylls
(BChl), found in anoxygenic bacterial systems. We will encounter BChls when we discuss
the bacterial reaction center in Chapter 3. The transitions observed in the absorption spectra
are HOMO→ LUMO transitions. In our measurements, we will be mostly investigating the
Qx and Qy transitions of Chl a or BChl.

Figure 1.2: Linear absorption spectrum of Chl a, Chl b and BChl. The main transitions are labeled and de-
scribed in the text.

Carotenoids play a critical role in photosynthesis [5, 6]. In particular, they have a role
in light harvesting, having absorption spectra complementary to that of chlorophylls, thus
increasing the effective utilization of the solar spectrum by photosynthetic systems. They play
an important structural role, since they are often bound with chlorophylls to light-harvesting
PPCs. They are also necessary in photoprotection, by quenching Chl triplets and singlet
oxygen and by safely dissipating excess absorbed energy as heat.

Carotenoids are linear conjugated polyenes, whose photophysical properties are gov-
erned by the C2h-like symmetry of their conjugated chain (Fig. 1.3 (a) shows the structure
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1.2. Photoprotection mechanisms Introduction

of the carotenoid zeaxanthin, which plays an important role in photoprotection in plants)
[6]. Despite decades of theoretical and experimental work, the precise electronic structure
of carotenoids remains elusive. Their basic electronic structure derives from their C2h point
group symmetry (refer to Fig. 1.3 (c)). Their ground state, commonly referred to as S0, is
of Ag− symmetry. The first excited state, S1, is of the same symmetry (2Ag−), therefore
the transition between the ground state and the first excited state is optically forbidden. The
second excited state S2 is of 1Bu+ symmetry, and the transition between S0 and S2 is strongly
optically allowed; the linear absorption spectrum of carotenoids is typically dominated by
this transition, which has a maximum in the region 400 - 500 nm, depending on the length
of the conjugated chain (Fig. 1.3 (b) reports the linear absorption spectrum of zeaxanthin).
Upon excitation of the S0→ S2 transition, the population relaxes quickly to S1, on a timescale
of less than a few hundred femtoseconds. S1 then relaxes to the ground state on a 10 - 100 ps
timescale [6]. It is important to notice that the energy of the electronic states and their lifetime
are highly dependent on the structure of the carotenoid itself (length of the conjugated chain
and end groups) and on its interactions with the environment (solvent or protein).

Figure 1.3: (a) Structure of the carotenoid zeaxanthin, which plays an important role in photoprotection (see
text). (b) Linear absorption spectrum of zeaxanthin. (c) General energy level structure of carotenoids.

1.2 Photoprotection mechanisms

All photosynthetic organisms need to be able to regulate the amount of light absorbed in
order to efficiently perform photosynthesis under a variety of light conditions [7, 8, 9]. Light
available to the organism in fact changes vastly and rapidly in time and space due to season,
time of day, weather, shading by clouds and other effects. The light response curve in Fig. 1.4
shows the amount of energy assimilated versus light intensity. At low light intensities, typical
of a cloudy day (200 µmol photons/m2s), all the light is used for productive photosynthesis
(CO2 assimilation). As light intensity increases, the rate of photosynthesis increases until
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Introduction 1.2. Photoprotection mechanisms

saturation. On a sunny day (2000 µmol photons/m2s) the amount of excess energy can be far
greater than the energy productively used.

Figure 1.4: Model curve showing the amount of absorbed energy used for productive photosynthesis (CO2

assimilation versus excess excitation energy). As the light intensity increases, the amount of photons that can
be used for productive photosynthesis saturates and the amount of excess energy increases.

Photosynthetic systems need to be able to maximize the energy sent to the reaction center
in low light conditions and dissipate excess energy in high light conditions. In case of excess
energy absorption, in fact, light energy can induce the generation of reactive oxygen species
(ROS) that can be damaging for the organism.

In order to prevent photooxidative damage, photosynthetic organisms have evolved a se-
ries of mechanisms to safely dissipate excess energy, collectively known as photoprotection.
Different photosynthetic organisms have evolved different mechanisms to cope with the di-
versity in environmental conditions, in availability of light in terms of intensity and spectral
quality, in light harvesting apparatuses. Long-term photoprotection mechanisms (photoaccli-
mation) involve changes to the composition of the photosynthetic system, with degradation
and de-novo synthesis of parts of the photosynthetic apparatus [10]. Short-term mechanisms
involve fast and reversible modifications of the photosynthetic apparatus. One subset of these
short-term photoprotection mechanisms is Non Photochemical Quenching (NPQ) of chloro-
phyll fluorescence, which corresponds to the de-excitation of singlet excited PPCs. If singlet-
excited PPCs are not rapidly quenched, they can decay to Chlorophyll triplet states, which
can interact with oxygen to form singlet oxygen, potentially damaging for the photosynthetic
proteins [11, 12]. Our interest will be on the rapidly turning on and off components of NPQ
(’flexible NPQ’) [2].

Cyanobacteria were the first oxygenic photosynthetic organisms to evolve ∼3 billion
years ago. The main light-harvesting antenna of cyanobacteria (see also Fig. 2.1) is the
phycobilisome, which exhibits NPQ responses to blue-green light absorption. Chapter 2 will
be devoted to the description of an NPQ mechanism in cyanobacteria, which involves the
Orange Carotenoid Protein (OCP), a single carotenoid-binding PPC. As will be described in
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1.2. Photoprotection mechanisms Introduction

detail in Section 2.2, upon excess light absorption, OCP undergoes a conformational change
to an active form, which binds to the phycobilisome antenna and dissipates excess energy
safely as heat.

Upon endosymbiosis, cyanobacteria have evolved, leading to the diversification of red
algae, green algae and plants. During evolution, the light harvesting systems have largely
diversified to adapt to the particular environment of the organism. This diversification of
light-harvesting systems has led to the diversification of NPQ mechanisms, with the acquisi-
tion and the specific loss of genes encoding for PPCs (see Fig. 1.5) [13].

Figure 1.5: Evolution from cyanobacteria to green algae and plants. The primary endosymbiosis is the evolu-
tionary event in which plants and algae acquired photosynthetic capabilities from cyanobacteria, which evolved
into chloroplasts. Acquisition and loss of specific genes is also highlighted.

A vast research effort has been devoted to the investigation of NPQ in plants, yet the
mechanisms that are triggered by excess light absorption, the trigger itself and the compo-
nents playing a role in energy dissipation have not been fully elucidated yet. NPQ in plants
requires the buildup of a ∆pH across the thylakoid membrane, and the presence of specific
carotenoids (conversion of violaxanthin into zeaxanthin occurs in the so-called ’xanthophyll
cycle’ [14, 15, 16]). Also, a four-helix membrane protein, PsbS, has been shown to play a
very important role in NPQ [17]. The precise molecular mechanisms of NPQ in plants remain
elusive, but the current hypothesis is that excess light absorption leads to a buildup of ∆pH
across the thylakoid membrane. This ∆pH is sensed by PsbS, which presumably promotes a
rearrangement in the membrane and the induction of a quenched state. Quenching occurs in
PPCs in the antenna system; however, the exact location and molecular mechanism of energy
dissipation is still under debate [18] (see also Section 1.3).

The photosynthetic apparatus of green algae is similar to that of plants. The main antenna
system in algae is composed of three-helix membrane PPCs and flexible NPQ is triggered
by the buildup of a ∆pH across the thylakoid membrane and by the presence of the xantho-
phyll zeaxanthin. It has been recently discovered that a specific PPC, LhcSR, is essential for
flexible NPQ in algae [19]. LhcSR from Chlamidomonas reinhardtii has been shown to be
able to perform two functions: 1) it senses the change in pH thanks to lumen-exposed pro-
tonatable residues; and 2) is capable of quenching chlorophyll fluorescence [20]. Chapter 4
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Introduction 1.3. The interplay between carotenoids and chlorophylls in photosynthesis

will present spectroscopic results obtained on LhcSR, investigating its quenching capabilities
under different environmental conditions. A comparison with a mutant on its protonatable
sites will be also presented.

Other photoprotective mechanisms, different from NPQ, have evolved at the level of the
individual PPC, as alternative energy pathways that become available under high light inten-
sities. Chapter 3 will be devoted to the investigation of the energy transfer dynamics in the
reaction center from purple bacteria. Investigating the reaction center in its oxidized state
gives information about the energy transfer pathways available in the case of a closed reac-
tion center (not capable of performing any more charge separation events). These pathways
are therefore important in high light conditions.

1.3 The interplay between carotenoids and chlorophylls in
photosynthesis

It is well accepted that Cars and Chls play fundamental roles in photosynthesis, both in light
harvesting and in photoprotection. What remains to be elucidated is the exact nature of
the interactions/interplay between Cars and Chls and how the change in their interaction is
related to the larger scale switch of photosynthetic systems between efficient light harvesting
and efficient and safe excess energy dissipation.

Cars and Chls play an essential role in light harvesting by absorbing the solar energy and
ensuring efficient funneling of the excitation energy to the reaction center and in the reaction
center itself. In particular, Cars absorb solar radiation in a spectral region complementary to
that of Chls. Upon absorption of light, they are able to transfer excitation energy efficiently to
the Chls. These energy transfer pathways have been observed in a variety of photosynthetic
systems (for example, see [21, 22, 23] for LHCII, [24] for LH1, [25] for LH2). Generally, two
main pathways for Car→ Chl energy transfer are: 1) transfer via the S2 state of Car to the Qx

state of Chls, which then relaxes to their Qy state in a few hundred fs; 2) energy transfer from
the S1 state of Cars directly to the Qy state of Chl. Other pathways which involve transfer
through intermediate carotenoid states have been proposed in LH1 and LH2 [24, 25].

Additionally, the interplay between Cars and Chls is fundamental in photoprotection. For
example, Cars are known to be very efficient in quenching the triplet states of Chls (which can
form upon excess light absorption) directly via triplet-triplet energy transfer, and to quench
singlet oxygen (formed by interaction of ground state oxygen and Chl triplet states) by ac-
cepting energy in their triplet state [26]. However, other mechanisms of energy dissipation
that are rate-competitive with Chl triplet formation exist. The idea at the basis of all of these
mechanisms is fast energy or charge transfer to a lower lying state that decays quickly to the
ground state dissipating energy as heat. Many mechanisms have been proposed to contribute
to flexible NPQ (qE) in higher plants, and it is thought that similar dissipation processes could
take place in other photosynthetic organisms as well, such as algae. The main hypotheses in
the literature are:

• Formation of a carotenoid cation and a chlorophyll radical anion (upon forming of a
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1.3. The interplay between carotenoids and chlorophylls in photosynthesis Introduction

Car-Chl heterodimer) has been proposed on the basis of transient absorption experi-
ments on intact thylakoids and isolated minor complexes from plants. Upon excitation
of the Chl a Qy transition (670 nm), a signal appears at either 980 nm (Zeaxanthin)
or at 940 nm (Lutein) in both intact thylakoid membranes and isolated minor antenna
complexes [27, 28, 29].

• Energy transfer from Chl to the Car S1 state has been proposed by [30, 31].

• Formation of excitonic states between Chl and Car [32, 33, 34, 35, 36]. This hypothesis
has been proposed on the basis of two sets of experiments: 1) transient absorption has
measured an instantaneous population of the Car S1 state upon excitation of Chl [34],
with a signature at ∼ 540 nm, showing Chl → Car transfer; 2) selective Car S1 two
photon excitation and probing of the Chl fluorescence has indicated energy transfer
Car→ Chl. Therefore, upon NPQ induction, bidirectional energy transfer between Car
and Chl is observed, which could be explained by excitonic interactions [33].

• Formation of Chl-Chl excitonic interactions both in vivo and in LHCII aggregates, with
energy transfer to a far-red emitting charge transfer state, has been proposed in [37, 38].
This hypothesis excludes any involvement of carotenoids.

Figure 1.6: The fluctuations in energies and couplings of Cars and Chl determine the direction of energy flow.
Excitonic interaction between the Car S1 state and the Chl Qy state give rise to two new energy levels, one lower
and one higher in energy than the original states. In light-harvesting conditions, energy transfer is preferentially
from the Car to the Chl, in photoprotection conditions the flow is reversed.

Holleboom and Walla [36] have recently proposed a model that unifies these experimental
observations. This model assumes that Cars are playing a fundamental role both in light har-
vesting and in photoprotection. A Car and a Chl form an excitonic interaction (see Fig. 1.6),
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Introduction 1.4. Ultrafast Spectroscopy Techniques

for which the lower lying excitonic state is energetically favorable as a trap for excitation
energy and has a lifetime intermediate between the long Chl Qy excited state lifetime (3.5
ns in LHCII [39]) and the short Car S1 lifetime (a few tens of ps). Since the excitonic in-
teraction depends on the relative energy of the states and on their coupling strength, thermal
fluctuations in these parameters need to be taken into account. Excitonic mixing would then
be an intermediate state between a case in which the lower lying state has more Car character
(thus promoting Chl→ Car energy transfer) and one in which it has more Chl character (pro-
moting Car → Chl energy transfer). How and why the equilibrium is shifted preferentially
in one direction or the other for light harvesting and photoprotection, respectively, still needs
to be elucidated. However, this model reconciles many experimental observations, under
the assumption that a variety of dissipative mechanisms can take place with different yields
depending on the particular system fluctuations. It explains the observation of Forster-like
energy transfer in both directions [31], and of an increased energy transfer in either direc-
tion upon induction of NPQ [33]. The excitonic state formation explains the instantaneous
population of Car states upon Chl excitation in [40, 34]. The excitonic mixing could be also
a precursor for a charge transfer state involved in charge transfer between a Car and a Chl
[41, 42, 27]. Also, an excitonic lower lying state would explain as well the observed red shift
in absorption [33] and fluorescence [43].

1.4 Ultrafast Spectroscopy Techniques

The processes of energy transfer inter- and intra- PPCs and energy dissipation described so
far occur on ultrafast timescales. Energy moves inside individual PPCs on a femtosecond
timescale, and the overall transfer of excitation from the periphery of the antenna system to
the reaction center takes ∼ 200 ps [44]. Moreover, as discussed in Section 1.1, for maximal
absorption of the solar spectrum, evolution has optimized PPCs to absorb over a wide range of
wavelengths in the visible region of the spectrum. In order to investigate processes occurring
on such fast timescales and over such broad bandwidths, we need experimental tools that
offer both temporal and spectral resolution.

In this section, I will present three experimental techniques that I have used in this thesis
work for studying energy transfer and quenching dynamics in photosynthetic pigment protein
complexes. Further experimental details for the specific systems under investigation can be
found in the corresponding Chapters.

1.4.1 Two Dimensional Electronic Spectroscopy

Two dimensional (2D) electronic spectroscopy is a four-wave mixing technique which aims
at retrieving the full third-order nonlinear response of a material. Three ultrashort laser pulses
interact with the material under investigation, and induce the emission of a signal. The tem-
poral ordering of these three pulses in shown in Figure 1.7, and the electric field associated
with each pulse is given by
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1.4. Ultrafast Spectroscopy Techniques Introduction

Ej(t) = Ãj(t)[e
−i(ω0t+ ~kj ·~r) + ei(ω0t− ~kj ·~r)] (1.4.1.1)

where j = 1, 2, 3, ω0 is the central laser frequency, Ã(t) = A(t)exp(−iϕ(t)) is the com-
plex envelope, with a Gaussian profile A(t) = exp(−2 ln2 (t/τP )2) of full width half maxi-
mum corresponding to the pulse duration τP and phase ϕ(t) [45].

1 2 3 4 = LO 

Waiting time Echo time 

Ground 
state 

Excited 
state 

Coherence time 

τ T t 

signal 

Figure 1.7: Time-ordering of the interactions of the three laser pulses, and emission of the signal (top). Rep-
resentative time evolution of the density matrix for a two level system after interaction with the laser pulses
(bottom).

Referring to Figure 1.7, let us assume for simplicity a 2 level system. When pulse 1 in-
teracts with the sample, its oscillating electric field induces an oscillation of the transition
dipoles of the molecules in the system, corresponding to the coherence |g〉〈e|. The frequency
of this oscillating coherence, ωeg, is proportional to the energy gap between the excited and
the ground state. This oscillation evolves during the time τ (known as coherence time) be-
tween pulses 1 and 2. When the second pulse arrives, it pushes the system into a population
state, and we can follow its evolution during the waiting time T between pulses 2 and 3.
The arrival of pulse 3 induces another oscillation in the transition dipoles of the sample, at
a frequency ωge. The interaction with the three pulses produces a macroscopic third order
polarization in the system, given by

P (3)(t) =

∫ ∞
0

∫ ∞
0

∫ ∞
0

S(3)(t1, t2, t3)E3(t− t3)E2(t− t3− t2)E1(t− t3− t2− t1) dt1 dt2 dt3,

(1.4.1.2)
where S(3)(t1, t2, t3) is the third order response function of the system (the third order

polarization in case of applied impulsive electric fields) and Ej , where j = 1,2,3, is as in
equation (1.4.1.1).

The polarization is source for the signal field, emitted at time t (echo time). The signal is
recorded experimentally as a function of the conjugate frequency ωt:

Es(τ, T, ωt) ∼
iωt
n(ωt)

P (3)(τ, T, ωt). (1.4.1.3)
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The 2D correlation spectrum is eventually obtained upon Fourier transforming along the
coherence time axis:

S2D(ωτ , T, ωt) =

∫ ∞
−∞
iP (3)(τ, T, ωt)e

iωτ τ dτ . (1.4.1.4)

The 2D spectrum represents a correlation in the frequency domain between excitation
and emission energies. Figure 1.8 shows a sample 2D spectrum. The peaks along the diago-
nal correspond to transitions for which excitation energy and emission energy are the same,
thus they contain the information encoded in linear absorption (also shown on top of the
spectrum). Cross-peaks correspond to transitions for which excitation energy and emission
energy are different, so they carry information about energy transfer processes and couplings
in the system. Positive peaks correspond to bleach and stimulated emission processes, while
negative peaks correspond to excited state absorption transitions.
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Figure 1.8: Sample 2D spectrum. Positive peaks are shown in green and red, negative peaks in blue. On top,
the corresponding linear absorption spectrum is reported.

Experimental apparatus

Various implementations of 2D spectroscopy have been presented in recent years with varying
time-ordering of the pulses, geometries and methods of delay introduction [46, 45, 47, 48].
Here I will review the experimental apparatus used to perform degenerate 2D electronic spec-
troscopy experiments, in which all pulses have the same spectrum.

A home-built Ti:sapphire regenerative-amplifier laser system generates 41-fs pulses cen-
tered at 805 nm, with a spectral bandwidth of ∼30 nm. The beam is split into two replicas
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Figure 1.9: Schematic of the experimental setup. The two beam pairs 1 & 2 and 3 & 4 are split at the diffractive
optic (DO). Beams 1 and 2 go through movable wedges (delays 1 and 2), allowing the interferometric control
over the first delay τ . Beam 3 goes through a pair of glass wedges (not shown), to set the delay between pulse
3 and the local oscillator (beam 4). Beam 4 is attenuated by a factor of 4 going through a neutral density filter
(OD4). The beams are focused at sample, contained in a 200 µm cuvette. The signal is emitted collinearly with
beam 4 and detected. See Fig. 1.10 for the details of the detection system.

by a beam-splitter (1&2 and 3&4 in Figure 1.9), delayed with respect to each other by a
computer-controlled retroreflector delay stage; this allows us to control the waiting time T
between pulses 2 and 3. The two beam pairs are further split into two by a diffractive optic
(DO) optimized for first-order diffraction, that allows for phase stability between them [45].
The coherence time τ is changed using movable glass wedges, which allow for interfero-
metric precision in the control of τ . This high precision is required because of the Fourier
transform that needs to be carried along the coherence time axis. The dispersion introduced
by the glass can be compensated numerically. The beams are focused to the sample position
and have an energy of ∼4 nJ per pulse. Pulse 4 is largely attenuated by means of a neutral
density filter (OD = 4) and delayed with respect to beam 3 with another pair of glass wedges
inserted into pulse 3 path. Pulse 4 is the local oscillator (LO), necessary to perform hetero-
dyne detection of the signal field, which is emitted collinearly to the LO beam in the phase
matched direction ~ks = −~k1 + ~k2 + ~k3. The signal impinges then on a spectrometer, that spec-
trally resolves it on the pixels of a CCD camera (see figure 1.10). The Fourier transform along
the emission axis (echo time t) is therefore performed directly by the experimental apparatus,
and the signal is recorded as a spectral interferogram for fixed values of the coherence time τ
and of the waiting time T:

Isignal(τ, T, ωt) = |Es(τ, T, ωt) + E4(ωt)e
iωt∆t|2 (1.4.1.5)

where the signal electric field Es is as in equation 1.4.1.3, E4 is the electric field of the
local oscillator, ∆t = t4 − t3 [49]. By expanding this expression, we get:
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Isignal(τ, T, ωt) = |Es(τ, T, ωt)|2 + |E4(ωt)|2 +E∗s (τ, T, ωt)E4(ωt)e
iωt∆t +E∗4(ωt)Ese

−iωt∆t

(1.4.1.6)
The first term, the square of the signal field, is negligibly small; the second term, the inten-
sity of the local oscillator field, can be measured separately and subtracted. The two cross
terms, which can be rewritten as 2Re[Es(τ, T, ωt)E4(ωt)]cos(∆φ(ωt)), constitute the spectral
interferogram, that oscillates with the phase difference ∆φ between the two fields.

Figure 1.10: The detection system. (a) Laser beams geometry and detection system, showing the spectrometer
and the CCD camera. Figure based on [50]. (b) The pulse sequence used in the experiment. (c) Upon Fourier
transforming along the τ axis, the 2D spectrum is retrieved, with excitation frequencies on the horizontal axis,
and emission frequencies on the vertical axis.

The coherence time is then scanned from -390 to 390 fs (negative times imply that pulse
2 is arriving before pulse 1) in 1.3 fs steps, keeping the waiting time T fixed. Hence, for fixed
values of T, we obtain a two-dimensional interferogram, in which on the horizontal axis we
have the values of the coherence time and on the vertical axis the emission frequency ωt. A
Fourier transform along the coherence time axis is then performed and the 2D spectrum is
retrieved as in Figure 1.10 (c), where on the x axis we find the excitation frequency and on the
y axis the emission frequency. By scanning the waiting time T, we construct a series of 2D
spectra. Looking at the evolution of the features in the spectra as a function of T, we are able
to get information on the excited state dynamics of the molecular system under investigation.

The 2D spectrum shown in Fig. 1.8 represents a relaxation spectrum, for waiting times
T > 0. The relaxation spectrum is given by the combination of the photon echo contribu-
tion (rephasing signal, obtained experimentally for positive coherence times τ , when pulse
1 comes before pulse 2) and the free induction decay (nonrephasing signal, obtained exper-
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imentally for negative values of the coherence time τ , when pulse 2 arrives before pulse 1).
The individual components to the 2D relaxation spectrum contain useful information. In fact,
the particular shape of the peaks in the nonrephasing spectrum (anti-diagonally elongated)
allows us to discern closely spaced peaks, otherwise not separable in the relaxation spectrum
(see Chapter 3). Additionally, since different pathways contribute differently to the rephasing
and nonrephasing spectra, it is possible to discern the origin of specific features in the 2D
spectra by looking separately at the rephasing or nonrephasing pathways (see Chapter 2).

1.4.2 Transient Absorption
Femtosecond transient absorption spectroscopy (TA) is a well established technique in ul-
trafast spectroscopy to measure photochemical processes occurring in the excited state of
molecules. In particular, TA has been successfully used to probe the energy and charge trans-
fer dynamics related to energy transfer and quenching processes in photosynthetic systems
[51]. TA is particularly helpful in unraveling the excited state dynamics of non-emissive
states, which are not accessible to other techniques such as time-resolved fluorescence. Non-
emissive states play a very important role in photosynthesis, such as in energy transfer and
quenching processes involving dark states of carotenoids.

In a typical TA experiment, a pump pulse creates a non-equilibrium state by exciting a
fraction of the molecules to an excited state. After a controllable delay time t, a probe pulse
is sent to the sample and monitors the state of the molecules (see Fig.1.11 (a)). TA is a third-
order nonlinear spectroscopic technique, and upon two interactions with the pump beam and
one interaction with the probe beam, the signal is radiated collinearly with the probe beam,
in the direction ~ksig = +~kpu − ~kpu + ~kpr = ~kpr.

Figure 1.11: (a) Basic Setup for a TA experiment. Pump and probe pulses are separated by a controllable delay
time t, and the pump pulse goes through an optical chopper. After interaction with the sample, the pump beam
is blocked, while the transmitted probe is collected on a detector. (b) Contributions to the TA signal for a model
system, upon excitation of an electronic transition: GSB = ground state bleach; ESA = excited state absorption;
SE = stimulated emission.

By optically chopping the pump pulse, a differential absorption signal ∆A is measured
as the difference in absorption of the probe beam in the sample in presence and in absence
of the pump pulse. The delay time t between pump and probe can be varied, and the differ-
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ence absorption signal is collected as a function of t. In a degenerate TA experiment, pump
and probe pulses have the same spectrum. In order to be able to investigate energy trans-
fer and coupling processes between different chromophores, non-degenerate experiments are
usually performed. Additionally, spectrally resolved TA experiments can be performed using
a broadband detector such as a photodiode array or a CCD camera. In this case, the probe
pulse is usually supercontinuum generated in a sapphire or calcium fluoride plate, spanning
the visible and near infrared (IR) regions (from 450 up to 1200 nm). The detector collects
the differential absorption signal ∆A(t,λ) as a function of time delay t and probe spectrum λ.
The ∆A(t,λ) spectrum contains information about the excited state dynamics of the system
under investigation. Three main different types of processes can contribute to the TA signal
(see also Fig. 1.11 (b)) [51]:

• Ground State Bleach (GSB): the effect of the pump pulse is to excite a fraction of
the molecules into the excited state. This reduces the number of molecules available
for absorption in the ground state in the presence of the pump pulse, therefore the
contribution of ground state bleach effects to the ∆A(t,λ) signal is negative.

• Stimulated Emission (SE): the Einstein coefficients for stimulated emission and absorp-
tion for a two level system are the same, therefore the probe photons can also induce
the stimulated emission of additional photons from an excited state back to the ground
state if the transition is allowed. This emission occurs at the same frequency and in the
same direction as the probe photons that have stimulated the transition. This process
corresponds to an increase in the signal detected, therefore to a negative contribution
to the ∆A(t,λ) signal.

• Excited State Absorption (ESA): depending on the particular energy level structure of
the system under investigation, we can observe absorption of the probe beam if resonant
with allowed transitions to higher lying states. This process contributes with a positive
sign to the ∆A(t,λ) signal.

What the detector measures is the change in probe intensity when the pump is present
versus when it is not present. In particular, the signal that is recorded is related to the third
order polarization generated in the sample as follows [52]:

∆Iprobe(ω)

I0
probe(ω)

=
nωL

ε0c
Im

{
P (3)(ω)

Eprobe(ω)

}
(1.4.2.1)

where I0
probe(ω) is the probe intensity in absence of the pump, n is the refractive index,

L is the sample thickness and Eprobe(ω) is the electric field of the transmitted probe on the
detector. The measured intensity is related to the absorption difference by the relation:

I(ω) = I0(ω) ∗ exp(−∆α(ω)L) (1.4.2.2)

where α(ω) is the absorption coefficient.
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Experimental Apparatus

Figure 1.12 shows a schematic of the experimental setup used for the TA experiments de-
scribed in Chapters 2, 4. The details pertaining to the specific experiment are specified in the
corresponding Section.

A diode-pumped, frequency-doubled Nd:YVO4 laser (Coherent Verdi V-18) pumps a
commercial femtosecond laser system (Coherent Mira and Coherent RegA 9050) to produce
pulses of ∼ 60 fs duration, centered at 800 nm. The beam is split into two portions. The
pump pulse is produced in an optical parametric amplifier (Coherent OPA 9040). The cen-
ter wavelength is tunable from 480 up to 700 nm, with a bandwidth of 10 - 20 nm FWHM.
The duration of the compressed pulse (after prism compression) is approximately 40 fs as
measured by autocorrelation of the pump pulse in a β- barium borate (BBO) crystal. The
pump beam is optically modulated by a chopper at a frequency such as to reduce electrical
noise. The broadband probe pulse is produced by focusing the radiation from the laser system
into a 2-mm Sapphire plate, which generates a supercontinuum ranging from 450 nm - 1200
nm. After the plate, a short (long) pass filter selects the visible (near-infrared) portion of the
supercontinuum to be used as a probe.

Figure 1.12: Schematic of the apparatus used for the TA experiments described in the next chapters. The
laser system produces ∼ 60 fs pulses centered at 800 nm. The radiation is split by a beamsplitter: a portion
goes through an optical parametric amplifier to produce pulses in the visible of ∼ 10-20 nm FWHM, and ∼ 40
fs duration after prism compression. These pulses are sent through a delay stage and an optical chopper and
constitute the pump beam. The other portion of the radiation from the laser is used to generate white light in a 2
mm sapphire crystal. The generated supercontinuum is passed through an appropriate filter to select the spectral
region of interest (either visible or near infrared) and sent to the sample as the probe beam. After the sample, the
transmitted probe is either dispersed with a spectrometer on the pixels of a CCD camera for spectrally resolved
detection, or a specific wavelength is selected by a monochromator and detected on a photodiode connected to
a lockin amplifier.
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Pump and probe beams are focused at the sample, typically contained in a cuvette of 1 mm
path length (pump spot size ∼250 µm, probe spot size ∼100 µm). The delay between pump
and probe pulses is controlled by translating a retroreflector mounted on an optical delay stage
(Newport Nanomover). After the sample, the pump pulse is blocked and the probe pulse is
focused with a f =30 cm lens onto the slit of a spectrometer (Princeton Instruments). The
spectrometer can be used to disperse the beam onto the pixels of a CCD camera (Princeton
Instruments NTE2), for spectrally resolved TA experiments. The spectral response of our
CCD is such that only the visible portion of the probe spectrum can be detected, therefore
we put a short pass filter in the probe beam, before the sample, to filter out the near-infrared
portion (SPF700 or SPF750, CVI-Melles Griot). Additionally, in order to increase the signal
to noise ratio of the data collected on the CCD, a reference beam is collected simultaneously.
The reference is obtained by putting a beamsplitter in the probe beam and collecting the
transmitted portion (while the reflected portion is used as a probe). The reference beam
travels parallel to the probe beam, and hits the sample without overlapping with the pump
beam. Both probe and reference beams are detected onto the CCD and the TA signal is
measured asi:

∆OD(t, λ) = log

(
Ipr(t, λ)

Iref (λ)

)
Pump off

− log
(
Ipr(t, λ)

Iref (λ)

)
Pump on

(1.4.2.3)

It is also possible to detect the differential absorption signal ∆A(t) with a photodiode.
In this case, the spectrometer can be used as a monochromator and we are able to select
the wavelength of interest and detect the signal using either a Si photodiode (for visible
probe wavelengths, Thorlabs DET 210) or an InGaAs photodiode (for near IR wavelengths,
Thorlabs DET 410).

1.4.3 Time correlated single photon counting

Time correlated Single Photon Counting (TCSPC) is an established time-domain technique
that measures the timescale of fluorescence decay of excited states [53]. In a TCSPC ex-
periment the fluorescence intensity I(t) is measured as a function of time. In case of single
exponential decay, the intensity decays as a function of time as:

I(t) = I(0) exp(−t/τ) (1.4.3.1)

and the lifetime τ represents the inverse of the total decay rate, given by the sum of rates
that contribute to the depopulation of the excited state (fluorescence, non radiative decay).
The lifetime represents the average time that a fluorophore spends in the excited state after
excitation.

More generally, intensity decays are multiexponential, and the lifetimes can be obtained
from the intensity decay by fitting the curve to the following equation:

ithe OD (Optical Density) is equivalent to the absorbance and corresponds to the logarithmic ratio between
final and initial intensities, OD = log10( I(ω)I0(ω) )
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I(t) =
∑
i=1

Ai exp(−t/τi) (1.4.3.2)

TCSPC is based on the detection of less than one photon per excitation pulse. When
a photon is detected, its arrival time with respect to a reference start time collected on a
photodiode (see Fig. 1.13) is recorded. The photons are then binned as a function of the arrival
time. After enough photons are accumulated, a histogram representing I(t) is retrieved. This
curve then needs to be deconvolved from the instrument response function (IRF) which is
collected separately using a scattering sample. TCSPC measurements are based on Poisson
statistics: the probability of emission of a single photon after excitation is equivalent to the
actual intensity versus time distribution of all the photons emitted after excitation.

Experimental Apparatus

A commercial mode-locked Ti:Sapphire oscillator (Coherent Mira 900F) generates 150 fs
pulses at a repetition rate of 76 MHz (see Fig. 1.13). The central wavelength is tuned to 820
nm with a full width at half-maximum (FWHM) of 12 nm. The output is frequency doubled
in a 1-mm-thick BBO crystal, producing a pulse centered at 410 nm with an energy at sample
of ∼10 pJ/pulse. The repetition rate of the pulses is reduced by a factor of 8 using a pulse
picker (Spectra Physics model 3980). The fluorescence emission is sent through a polarizer
set at magic angle (54.7◦, to avoid anisotropy or rotational diffusion effects), followed by
a monochromator (HORIBA Jobin-Yvon H-20) or a long pass filter. The fluorescence is
detected with a MCP/PMT detector (microchannel plate photomultiplier tube, Hamamatsu
R3809U), electrically cooled to -30◦ C and connected to a PC computer through a DCC-
100 detector control (Becker-Hickl). The FWHM of the instrument response function (IRF),
measured with dilute non-dairy creamer, is 45-55 ps. The samples are held in 1 or 2 mm
- thick quartz cuvettes (Starna Cells) and kept at ∼12◦ using a home-built nitrogen cooling
system.

18



Introduction 1.4. Ultrafast Spectroscopy Techniques

Figure 1.13: Schematic of the apparatus used for the TCSPC experiments. The radiation from the laser is
doubled in frequency in a doubling crystal as to produce ∼ 400 nm radiation. A pulse picker reduces the repe-
tition rate of the pulse train, exciting the sample. The emitted fluorescence is detected on a MCT/PMT detector
connected to a TCSPC card on a computer. The detection wavelength is selected using either a monochroma-
tor or a band pass filter. A portion of the excitation beam is used to send a triggering signal to a photodiode,
that communicates with the TCSPC card to set the start/stop time for photon collection. A histogram is built,
plotting the number of photons arriving at the detector as a function of time.
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2.1 Photosynthesis and photoprotection in cyanobacteria
Cyanobacteria are oxygenic photosynthetic organisms that evolved at least 3 billion years
ago. According to the endosymbiotic theory, they are precursors for chloroplasts of eu-
karyotic organisms such as green algae and plants. The main photosynthetic antennae of
cyanobacteria are the phycobilisomes, which are found on the outside of the thylakoid mem-
brane, on the stromal side, and associated to Photosystem II (PSII; see Fig. 2.1) [54, 55] and
Photosystem I [56]. Phycobilisomes are large complexes composed of pigment-binding phy-
cobiliproteins, held together by linker peptides. They are composed of a core, constructed of
trimeric disks of allophycocyanin (APC), from which usually six cylindrical rods radiate. The
rods are composed primarily of phycoerythrin and phycocyanin. The main pigments bound
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are bilins, open-chain tetrapyrroles. Bilins in phycobiliproteins absorb energy in the green-
orange region of the spectrum (465 - 665nm), extending the light-harvesting capabilities of
chlorophyll. Excitation energy absorbed in the phycobilisomes is funneled from the exterior
of the rods to the core in an efficient downhill energy transfer process. From the core, energy
is transferred to PSII, where it drives charge separation in the reaction center.

Figure 2.1: Cartoon of the photosynthetic apparatus of cyanobacteria, showing the antenna system (phycobili-
some), and Photosystem II (PSII) embedded in the thylakoid membrane. OCP is shown unbound, on the stromal
side of the membrane.

As discussed in the Introduction, photosynthetic organisms need to be able to cope with
the variability in light conditions, harvesting sufficient light to drive photochemistry while
at the same time avoiding excess light absorption. In cyanobacteria, strong blue light has
been shown to induce a type of NPQ associated with the phycobilisomes [57]. The action
spectrum of this type of NPQ resembles very closely the absorption spectrum of a carotenoid
(hydroxyechinenone) [58], suggesting its direct involvement in the NPQ process. Eventually,
it was demonstrated that a carotenoid-binding protein, the Orange Carotenoid Protein (OCP)
is involved in this phycobilisome-related NPQ [59]. The NPQ mechanism associated with
OCP will be referred to in the following as OCP-NPQ. Unlike the rapid components of NPQ
in plants, OCP-NPQ is not related to the induction of a trans-thylakoid ∆pH, nor to the de-
epoxidation state of the carotenoid [60, 61]. While the involvement of OCP in blue-light
induced quenching is known, the precise molecular mechanisms of OCP-NPQ and the details
of the interactions between OCP and the phycobilisome antenna still need to be elucidated.

Other photoprotection mechanisms exist in cyanobacteria [61, 62]. Zeaxanthin plays an
important role, as mutants lacking this carotenoid are sensitive to strong light [63]. Under
iron stress conditions, the Chl-binding protein IsiA (Iron-starvation inducible protein) forms
quenching complexes [64, 65]. In high light or under temperature or nutrient stress, single-
helix Chl-binding proteins HLIPs (High Light Inducible Proteins) are expressed and play a
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photoprotective role [66, 67]. In this thesis chapter, we will focus on the OCP-NPQ quench-
ing mechanism found in cyanobacteria. In particular, Section 2.2 will be devoted to the
description of what is known about OCP-NPQ and what still needs to be described. Section
2.3 will be devoted to the description of 2DES experiments on OCP, while Section 2.4 will
describe transient absorption results obtained on this PPC. Finally, Section 2.5 will summa-
rize the results obtained and give the interpretation of these results in terms of implications
for OCP-NPQ.

2.2 The OCP-related photoprotection mechanism in cyanobac-
teria

In Section 1.2 we have discussed how evolution has diversified the light-harvesting appara-
tuses of photosynthetic organisms, and thus the corresponding photoprotection mechanisms.
The precursors of all eukaryotic photosynthetic chloroplasts are cyanobacteria, therefore the
type of flexible NPQ in this organism comes early in the evolutionary pathway.

Flexible NPQ in cyanobacteria is induced by blue-green light and mediated by a water-
soluble protein, the Orange Carotenoid Protein (OCP). The intensity and color of light de-
termines the photoprotection strategy adopted by cyanobacteria: low levels of blue light (20
µmol photons m−2 s−1) induce state transitions; higher levels (but still well below PSII activ-
ity saturation) induce OCP-dependent quenching. 440 µmol photons m−2 s−1 of light induce
OCP-NPQ, even though PSII activity is only at 30% [61]. No induction of OCP-NPQ is
observed for wavelengths longer than 520 nm [57].

As will be explained in more detail in the next Section, OCP non-covalently binds a
single carotenoid, 3-hydroxyechinenone, which spans two distinct structural domains of the
protein. OCP acts as a switch for photoprotection and combines the functions of light sensor
and quencher of excess excitation. The OCP-related photoprotective mechanism occurs as
a three-step process (see Fig. 2.2): 1) light intensity-dependent photoactivation of OCP; 2)
light-independent formation of the quenching complex by binding of OCP to phycobilisomes
(PBS) [68]; 3) detachment of OCPR from PBS mediated by the action of the Fluorescence
Recovery Protein (FRP).

In darkness, OCP is not attached to the PBS. The carotenoid is sparingly solvent-exposed,
suggesting that a conformational change of the protein, which makes the carotenoid more ac-
cessible, is necessary for binding to the antenna and for energy dissipation. The concentration
of activated protein is very low in darkness or under low light conditions [69].

1. Photoconversion: Upon absorption of blue-green light, OCPO undergoes conforma-
tional changes at the level of the pigment and of the protein and converts to a metastable
form, OCPR. OCPR is able to bind to the phycobilisome antenna and quench fluores-
cence. The quantum yield of OCPO to OCPR conversion is estimated to be 1% in vitro
[69]. Gorbunov et al. estimate a quantum yield for formation of quenching complexes
(OCPO to OCPR photoconversion followed by binding of OCPR to the PBS) of 0.1%
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Figure 2.2: Three state model for the OCP-NPQ mechanism. (1) Upon light absorption, OCPO undergoes
photoconversion, switching to its red form (OCPR), with conformational changes at the level of both the protein
and the pigment. (2) Subsequently, formation of a quenching complex with the phycobilisome antenna can
occur (see text for yield), followed by quenching of excess absorbed energy. (3) Back conversion dynamics
are independent of temperature and break the quenching complex and induce the conversion back to the OCPO
conformation.

in vivo [70]. Photoconversion of OCP to the red form is not sufficient for formation of
a quenching state in vivo, as the binding to the PBS is also required.

2. Formation of quenching complex and quenching: After photoconversion, OCPR is
able to bind to the core of the phycobilisome; the phycobilisome rods stabilize OCPR
binding [68]. The interaction occurs via the N-terminal domain of the OCP [71]. Exci-
tonic energy is transferred away from the phycobilisome core, suppressing the pathway
from PBS to Chl a and reaction centers in PSII. NPQ reduces the amount of absorbed
light energy transferred from the PBS to the RC by 52% [70]. The amplitude of fluo-
rescence quenching depends on OCP concentration; WT contains 1 OCP per 2-3 PBS
and the quenching of maximal fluorescence is ∼30% [69]. High light stress and iron
starvation cause an increase in fluorescence quenching, correlated with an increase in
OCP concentration relative to Chls and phycobiliproteins [72].

3. Back-conversion and role of the Fluorescence Recovery Protein: Isolated OCPR
spontaneously converts back to OCPO in darkness, with strong temperature depen-
dence (30 sec at 32 C to ∼45 min at 11 C) [69]. In vivo, attachment of OCPR to the
PBS stabilizes OCPR and another protein, the Fluorescence Recovery Protein (FRP), is
needed for detachment from the PBS and back-conversion to OCPO [68]. FRP is a sol-
uble protein that does not bind pigments. In vitro, FRP accelerates the back-conversion
of OCPR to OCPO [73]. In vivo, FRP undocks OCPR from the phycobilisome and is
essential to recover the full antenna capacity [73]. FRP interacts with the C-terminal
domain of the OCP [74], possibly driving the N- and C- terminal domains back to-
gether or otherwise triggering the conformational change of the protein back towards
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OCPO. FRP has a higher affinity for OCPR, suggesting that the conformational change
occurring upon photoconversion is required not only for OCP docking to the PBS, but
also for FRP interaction [73]. Most likely, FRP acts by lowering the activation en-
ergy of the OCPR to OCPO reaction, but the molecular mechanism of this reaction is
still unknown [75]. FRP cannot be activated/deactivated by light, as it binds no chro-
mophore, and therefore needs to be present in lower concentration than the OCP to
ensure maximal NPQ efficiency [73].

2.3 Broadband 2D Electronic Spectroscopy on the two forms
of OCP

This Section is reproduced (adapted) with permission from:
”Insights Into the Structural Changes Occurring upon Photoconversion in the Orange

Carotenoid Protein from Broadband Two-Dimensional Electronic Spectroscopy”
by Eleonora De Re, Gabriela S. Schlau-Cohen, Ryan L. Leverenz, Vanessa M. Huxter,

Thomas A. A. Oliver, Richard A. Mathies and Graham R. Fleming,
accepted for publication to the Journal of Physical Chemistry B
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Copyright 2014 American Chemical Society

Abstract
Carotenoids play an essential role in photoprotection, interacting with other pigments to
safely dissipate excess absorbed energy as heat. In cyanobacteria, the short timescale pho-
toprotective mechanisms involve the photoactive Orange Carotenoid Protein (OCP), which
binds a single carbonyl carotenoid. Blue-green light induces the photoswitching of OCP
from its ground state form (OCPO) to a metastable photoproduct (OCPR). OCPR can bind
to the phycobilisome antenna and induce fluorescence quenching. The photoswitching is ac-
companied by structural and functional changes at the level of the protein and of the bound
carotenoid. Here, we use broadband two-dimensional electronic spectroscopy to study the
differences in excited state dynamics of the carotenoid in the two forms of OCP. Our results
provide insight into the origin of the pronounced vibrational lineshape and oscillatory dy-
namics observed in linear absorption and 2D electronic spectroscopy of OCPO, and the large
inhomogeneous broadening in OCPR, with consequences for the chemical function of the
two forms.

2.3.1 Introduction
Light absorption can be dangerous to photosynthetic organisms when it exceeds their capa-
bility to convert light energy into chemical energy. To avoid formation of damaging species
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upon excess light absorption, photosynthetic organisms adopt a series of mechanisms to dis-
sipate light energy safely as heat, collectively referred to as non-photochemical quenching
(NPQ). Carotenoids play a critical role in NPQ, as validated by a variety of biochemical
[76, 77], spectroscopic [78, 40, 27, 31, 33] and theoretical studies [41, 42]. The mechanistic
role of carotenoids in NPQ, however, is still not fully understood [18]. In cyanobacteria, ex-
cess light absorption induces a photoprotective mechanism that involves a carotenoid-binding
photoactive protein, the Orange Carotenoid Protein (OCP), which both senses light intensity
and directly triggers photoprotection [58, 59, 2].

OCP is a soluble 35 kDa protein found in the inter-thylakoid region, on the same side
of the membrane as the phycobilisome antenna, the major light-harvester in cyanobacteria
[59, 79]. OCP non-covalently binds a single pigment, the carotenoid 3′-hydroxyechinenone
(3′-hECN). Absorption of blue-green light by OCP induces conformational changes in both
the pigment and the protein, as experimentally demonstrated by Raman, FTIR experiments
and native mass spectrometry [69, 80]. These changes convert the protein from its dark stable
photoactive form, the orange OCPO, to a metastable form, the red OCPR. OCPR has been
suggested to adopt an ”open” conformation with increased accessibility of the carotenoid to
solvent [81, 71, 82, 83] and a weaker protein-carotenoid binding interaction [80]. OCPR has
been shown to bind to the phycobilisome antenna and induce fluorescence quenching [59,
69, 68]. Isolated OCPR spontaneously converts back to the orange form in darkness and the
back-conversion kinetics are independent of illumination but very sensitive to temperature.
The conversion takes a few seconds at room temperature (298 K) and ∼ 40 minutes at 283 K
[69].

OCPO binds the carotenoid 3′-hECN in an all-trans configuration (see Fig. 2.3 (a)) [79].
The carbonyl on the 4-keto-β-ionylidene ring of 3′-hECN forms hydrogen bonds at the C-
terminal domain of the protein. This carbonyl group is essential for OCP photoactivity, as
OCP with zeaxanthin or β-carotene bound (which do not have a carbonyl group) is unable to
photoconvert [84]. The roles of specific pigment-protein interactions responsible for tuning
the spectroscopic and photochemical properties of 3′-hECN in OCP remain largely unchar-
acterized. Moreover, the conformation of the carotenoid and its interactions with the sur-
rounding protein in OCPR are not conclusively known, as crystal and NMR structures are
unavailable for this form.

In this paper, we investigate the photophysics of 3′-hECN in the two forms of OCP us-
ing two-dimensional electronic spectroscopy (2DES), to understand how the protein envi-
ronment modulates the pigment energetics and dynamics in OCPO and OCPR, and relate
this to the different biological function of the two forms (photoactive vs. quenching). OCP
is an ideal minimal system for the study of protein-pigment interactions, as it binds a sin-
gle carotenoid. In contrast to other pigment-protein complexes that bind both carotenoids
and chlorophyll pigments, the optical response of this minimal system is not complicated by
inter-chromophore interactions, allowing direct observation of how the protein environment
tunes and alters the properties of the pigment. Carotenoid photophysics are highly dependent
both on the structure of the pigment and on the surrounding environment [6]. Therefore, ob-
served differences in the photophysics of the two forms of OCP must arise from changes in
the structure of the carotenoid bound to the protein pocket and in the pigment-protein binding
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interaction.
Previous time-resolved fluorescence [85] and transient absorption experiments [86, 87,

82] have investigated the mechanism played by OCP in energy dissipation. Transient absorp-
tion experiments in the visible [86, 82] suggested that OCPR could accept excitation energy
from the phycobilisome bilin S1 state to the carotenoid intramolecular charge transfer (ICT)
state. The ICT state can subsequently relax to the ground state directly or via the S1 state
of 3′-hECN and then decay. Many open questions remain about the molecular origin of the
different spectroscopic behavior observed for OCPO and OCPR. For example, the origin of
the broadness and red-shifting of the OCPR linear absorption has not been fully elucidated,
and the origin of the ICT character enhancement in OCPR [86, 82] is incompletely described.

2DES presents numerous advantages over other nonlinear spectroscopic techniques such
as transient absorption (for recent reviews see [50, 49, 88, 89]). 2DES affords time and spec-
tral resolution over both excitation and emission processes and has been very successful in
unraveling the complicated structure-function relationship of natural photosynthetic systems
[90, 91, 92, 93, 94]. Broadband 2DES probing the visible region allows us to investigate
and disentangle a spectral region usually congested in carotenoid photophysics and simulta-
neously provides the time resolution to investigate the ultrafast processes associated with the
excited state relaxation of carotenoids [95].

Our 2DES results for the two forms of OCP are remarkably different. OCPO shows
pronounced vibrational dynamics, while OCPR gives a highly inhomogeneously broadened
signal. We discuss how the differences in protein environment for the carotenoid in the two
forms might relate to their specific biological roles (photoactivity and quenching).

2.3.2 Experimental Methods

Sample Preparation

OCP was purified from a frozen paste of Arthrospira platensis cells (a generous gift of Dr.
Gerald Cysewski, Cyanotech Corporation) using a procedure similar to that described by
Holt and Krogmann [96], with isoelectric focusing omitted. Following anion exchange and
gel-filtration chromatography, the purified OCP had an A496:A280 ratio of 1.8:1. To prepare
OCP for spectroscopic measurements, purified OCP in 50 mM Tris-HCl, 100 mM NaCl, pH
8 (24 ◦C) was concentrated to OD 30/cm in a centrifugal spin concentrator. For the OCPR
sample, a 30 µL volume of concentrated OCP was initially converted to OCPR by 15 minutes
of illumination with a 505 nm LED (Luxeon Rebel LXML-PE01-0070, Philips Lumileds, 40
nm FWHM) at 273 K. The illuminated sample was thoroughly mixed with 70 µL of chilled
glycerol and illuminated for an additional 5 minutes. The sample was then transferred to a
200 µm path length quartz cuvette and cooled down to 77 K in an optical cryostat (Oxford
Instruments). The OCPR sample was continuously illuminated with the LED during the
cooling to cryogenic temperature. The OCPO sample was prepared similarly but in complete
darkness. The maximum OD was 0.28 at 502 nm for the OCPO sample, and 0.25 at 518
nm for the OCPR sample. Linear absorption traces were collected before and after every
2DES measurement to check for sample stability at 77 K, and no measurable difference was
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observed in either sample. We cannot exclude a minor presence of RCP (red carotenoid
protein [59, 96, 97]) in our OCP preparations based on the linear absorption alone. However,
its contribution would be the same in both OCPO and OCPR spectra, and we do not expect it
to contribute to any observed differences in the dynamics of 3′-hECN in the two forms.

2D Electronic Spectroscopy

The 2DES experimental apparatus has been described in detail previously [95, 98, 45]. A
home-built Ti:sapphire regenerative-amplifier laser system pumped a home-built non-collinear
optical parametric amplifier, producing laser pulses centered at 540 nm (550 nm for OCPR
measurements) with 60 nm FWHM. The combination of a prism compression line followed
by a diffraction-based SLM (Spatial Light Modulator) pulse shaper compressed the pulses to
a duration of 12 fs, as characterized by TG-FROG (Transient Grating-Frequency Resolved
Optical Gating) [99]. The beam was split into two replicas by a beam-splitter, delayed with
respect to each other via a retroreflector delay stage; this allowed the control of the waiting
time T between pulses 2 and 3. The two beam pairs were further split into a total of four
beams by a diffractive optic optimized for first-order diffraction, allowing for passive phase
stabilization [45]. The delay between pulses 1 and 2, which corresponds to the coherence
time τ , was implemented by means of movable glass wedges, allowing for interferometric
precision in the control of τ [45].

The beams were focused to the sample position in a box geometry and had an energy of
∼10 nJ per pulse. The interaction with pulses 1, 2 and 3 generates a third-order signal in
the phase-matched direction, ~ks = −~k1 + ~k2 + ~k3, collinear with beam 4, the local oscillator
(attenuated by four orders of magnitude as to prevent any strong interaction with the sample).
This signal was spectrally dispersed and heterodyne-detected on a CCD camera.

The coherence time τ was scanned from -360 to + 360 fs in 0.8 fs timesteps, for fixed
values of waiting time T. The resulting array of interferograms collected for each value of T
was Fourier-transformed to produce the final 2DES spectrum. Negative values of the coher-
ence time generated the nonrephasing signal (free induction decay), while positive coherence
times generated the rephasing signal (photon echo signal). The two signals were obtained
experimentally by inverting the ordering of pulses 1 and 2. The total 2DES spectrum, the
relaxation spectrum, corresponds to the combined rephasing and nonrephasing components.

Dynamics were monitored by varying the waiting time T; spectra were collected every
10 fs from 0 to 100 fs, then at 120, 150, 300, 450, 1000, 2000, 5000, 7000, 10000, 15000,
20000 fs. In order to phase the 2DES data, spectrally resolved pump-probe experiments
were collected separately for the same values of T under the same experimental conditions
[100, 45].

2.3.3 Results
Linear Absorption

Fig. 2.3 (b) shows the linear absorption spectrum of the two forms of OCP at 283 K and at
77 K. OCPO, represented by an orange line, has resolvable features that corresponds to the
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vibronic structure of the optically bright S0-S2 transition. The 0-0 transition is at 499 nm at
283 K, and is red-shifted to 502 nm at 77 K. The OCPO sample appears orange, as shown in
the inset on the left in Fig. 2.3 (b). The structure of 3′-hECN in OCP is shown in Fig. 2.3 (a)
[101]. The linear absorption spectrum at 283 K is asymmetrically broadened towards longer
wavelengths. This broadening is reduced in the 77 K spectrum.

Upon blue-green light illumination, the absorption spectrum broadens and red-shifts. The
main peak for the red form OCPR is at 512 nm at 283 K and red-shifts to 522 nm at 77 K.
The vibrational structure that was visible in OCPO is lost and the spectrum appears nearly
Gaussian, as seen in Fig 2.3 (b). No apparent band narrowing or increased resolution of
vibronic structure is observed in the OCPR spectrum at 77 K.

Figure 2.3: (a) Structure of the carotenoid 3′-hECN in the protein pocket in OCPO [101]. (b) Normalized
linear absorption spectra of OCPO (orange line) and OCPR (red line) at 283 K (dashed line) and at 77 K (solid
line). Pictures of the cuvettes containing the samples are shown next to the corresponding absorption spectra.
(c) Energy level scheme of the key transitions within the main molecular pathways for the carotenoid 3′-hECN.
The numbered transitions are: (1) S0 → S2 ground-state bleach; (2) S2 → Sm excited-state absorption; (3) S2

emission; (4) S1 excited-state absorption. The experimentally observable transitions are described for the two
forms of OCP in the text.

2D Electronic Spectroscopy of OCPO

Fig. 2.4 (a) shows the laser spectrum used in the experiment, superimposed on the absorption
spectrum of OCPO at 77 K. The laser pulse is resonant with the S0-S2 electronic transition of
the carotenoid, covering the 0-0 vibrational transition and the red edge of the 0-1 transition.

Fig. 2.4 (b-d) display representative 2DES real-valued relaxation spectra of OCPO. The
corresponding absolute-valued spectra are shown in the Supporting Information. Spectra
acquired at long waiting times T (see T = 7 ps in Fig. 2.4 (d)), have two main features, A and
B, with opposite signs. Short time spectra (T ¡ 1 ps) are more complex (see Fig. 2.4 (b)-(c)),
with multiple overlapping positive and negative features.
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Figure 2.4: (a) Linear absorption spectrum of OCPO at 77 K (black line) and laser spectrum used in the
experiment (red line). (b),(c),(d) Real-valued relaxation 2DES spectra of OCPO for selected waiting times T.
Positive signals are displayed in red and green, negative signals in purple and blue (see colorbar). The letters
and boxes highlight key peaks, described in the text.

The laser pulse excites the system into the S2 state; the positive feature centered around
515 nm (boxed region in Fig. 2.4 (b)) is assigned to a ground state bleach (GSB)/stimulated
emission (SE) signal from the S2 → S0 transition. At early waiting times T we observe
the presence of a negative signal centered around 502 nm excitation, 527 nm emission (see
Fig. 2.4 (b), circled region in T = 50 fs spectrum). At this waiting time the negative signal
has mostly decayed, so it appears blue shifted along the excitation axis, as the bleach signal
becomes stronger. Given the spectral position of this negative band and the timescale of decay
(the signal disappears after ∼ 50 fs), we assign it to an S2 → Sm excited state absorption
(ESA). ESA from S2 has previously been observed in the visible region in 2DES experiments
on β-carotene in solution [102, 95]. As the decay of the S2 ESA signal proceeds, we see
the appearance of two separate regions of intensity in the GSB/SE band, labeled A1 and A2

in the T = 50 fs spectrum in Fig. 2.4 (b). A1 and A2 have an energy separation of ∼ 1000
cm−1 and they oscillate in intensity with a period of ∼ 30 fs. The integrated intensity of the
2DES relaxation spectra in regions A1 and A2 is plotted as a function of waiting time T in
Fig. 2.5. The oscillation frequency is close to the frequencies of C=C and C-C stretching of
the ground state of the carotenoid 3′-hECN (21 and 28 fs, respectively [69]). We might also
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expect the intense 1008 cm−1 methyl rocking and 980 cm−1 hydrogen-out-of-plane (HOOP)
wagging modes observed in prior Raman studies [69] to contribute to this oscillatory signal,
the latter being unique to 3′-hECN in OCPO. The two peaks A1 and A2 are part of the same
band, and decay with the S2 lifetime, therefore are most likely due to stimulated emission
rather than ground state bleach processes. They likely oscillate in phase due to the creation
of ground-state wavepackets.

Figure 2.5: Evolution in time of the integrated intensity from the 2D spectra for regions centered at λt = 527
nm, labeled as A1 and A2 in Fig. 2.4 (b).

Even at early waiting times T, the A band (see Fig. 2.4) is well rounded, meaning it does
not exhibit any diagonal elongation. This can be explained as a very fast randomization on
the S2 potential energy surface of molecules that unsuccessfully pass through the conical
intersection with the S1 state and are scattered in a range of trajectories [103, 104, 105].

At later times, the system undergoes ultrafast internal conversion to the S1 state. A neg-
ative feature centered at λt = 550 nm (feature B, T = 7 ps spectrum in Fig. 2.4 (d)) appears,
corresponding to S1 → SN ESA. The spectra at waiting times T larger than ∼ 2 ps show
little evolution of the two main GSB/SE and ESA features. By 20 ps the signals have entirely
decayed, corresponding to the complete relaxation of the population from S1 to the ground
state (spectra not shown).

At early times T, in the region of emission wavelengths between the GSB/SE and the
ESA signals (emission wavelength between 535 and 565 nm), we observe the presence of
additional positive and negative features, overlapping spectrally and evolving in time. This
region is highlighted by a rectangular box in the T = 100 fs spectrum in Fig. 2.4 (c). This
spectral region would be difficult to resolve or interpret in a 1D transient absorption exper-
iment (which integrates over the excitation axis), as there are multiple overlapping signals
of opposite sign arising from S2, S1 and possible contributions from other states such as S*
[24, 6, 106, 107]. 2DES, however, can resolve the evolution of all these features and track
them as a function of waiting time, T.
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To understand the origin of these peaks, we refer to the rephasing and nonrephasing com-
ponents of the early time spectra. Fig. 2.6 shows the rephasing and nonrephasing components
of the T = 100 fs spectrum, with a rectangular box highlighting the spectral region of inter-
est. The rephasing spectrum shows a similar pattern to the relaxation spectrum in the boxed
region, with alternating positive and negative peaks, while in the nonrephasing component a
single positive peak appears. The peaks are observable in the spectra for waiting times shorter
than T = 1 ps (data not shown), longer than the S2 lifetime [82]. A dispersive lineshape for
crosspeaks in the rephasing component of 2DES spectra has been previously observed in
both theoretical and experimental work [102, 108, 95]. This particular lineshape has been
attributed to coupling of an electronic transition to a high frequency vibration. In 2DES ex-
periments on β-carotene in solution, an analogous signal has been assigned to the population
of a hot ground state via Impulsive Stimulated Raman Scattering (ISRS) [95]. Given the
similarity in dynamics, lineshape and spectral position of the crosspeaks in our spectra, we
propose that they arise from the formation of a wavepacket on the hot ground state.

Figure 2.6: 2DES spectra of OCPO for T = 100 fs: relaxation, rephasing and non-rephasing components.

2D Electronic Spectroscopy of OCPR

Fig. 2.7 shows absolute valued 2DES spectra for selected waiting times T for OCPR at 77 K.
Fig. 2.8 shows real-valued spectra for T = 30 fs and T = 7 ps i. The laser pulse excites the S0

→ S2 transition and a positive signal appears in the 2D spectra, corresponding to GSB/SE.
After excitation, the S2 population undergoes ultrafast internal conversion to the S1 state, but
the S2 lifetime cannot be determined with precision. Due to the spectral position of our laser
pulse, we are not able to observe the negative peak corresponding to the S1→ SN excited state
absorption signal in our 2D spectra. This ESA signal is in fact red-shifted in OCPR and falls
outside the bandwidth of our laser pulse [86, 82]. No additional features appear: the GSB/SE
signal decays as the molecule relaxes back to S0, and this relaxation is complete by 20 ps. The

iIt was only possible to retrieve the phase factor from pump-probe data for 2DES spectra at select waiting
times T, as shown in Fig. 2.8. For comparison, absolute-valued OCPO spectra are shown in the Supporting
Information
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Figure 2.7: : (a) Linear absorption spectrum of OCPR at 77 K (black line) and laser spectrum used in the
experiment (red line). (b),(c),(d) Absolute-valued relaxation 2DES spectra of OCPR for selected waiting times
T.

OCPR 2D spectra are significantly different from the OCPO 2D spectra, being structureless,
as well as exhibiting no evidence of vibrational wavepackets on S2 nor signatures of ISRS
between S0 and S2.

The shape of the 2D spectra for the red form can help elucidate the origin of the broad
static lineshape observed in the absorption spectrum (see Fig. 2.3 (b)). The OCPR spectra
have a pronounced diagonal elongation (see the T=30 fs spectrum in Fig. 2.8), suggesting the
large contribution of inhomogeneous broadening.

2.3.4 Discussion

Linear absorption

The origin of the asymmetric broadening towards lower energies in the 283 K OCPO spec-
trum has been previously assigned to the stabilization of the ICT state common to carbonyl
carotenoids [101]. Conversely, a more recent study by Polivka et al. [87] assigns this to
ground state heterogeneity, assuming at room temperature the existence of a mixture of the
two forms (OCPO, OCPR). Due to the observed reduction in asymmetric broadening at low
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Figure 2.8: Real-valued 2DES spectra of OCPR for T = 30 fs and T = 7 ps.

energies in the 77 K versus the 283 K OCPO linear absorption, we believe that the low en-
ergy broadening in the 283 K spectrum could be caused by either the thermal population of
low-frequency vibrational modes with energies lower than kBT (∼ 200 cm−1 at 283 K), or a
distribution of conformers resulting from rotations about C-C bonds in 3′-hECN.

Concurrently, no narrowing is observed in the OCPR spectra upon lowering of the tem-
perature. The static lineshape is highly broadened in this form even at 77 K. Interestingly,
previous studies have shown that even upon absence of the C-terminal domain the shape and
width of the spectrum is unchanged [109, 83]. This suggests that the origin of this particu-
lar lineshape is not highly dependent on the interactions between the C-terminal domain and
the carbonyl group of 3′-hECN. Further investigation of the molecular origin of the static
broadening will be provided in the discussion of the 2D results.

2D Electronic Spectroscopy

2DES allows us to compare 3′-hECN photophysics in OCPO versus OCPR, decongesting
vibrational and electronic dynamics occurring on femtosecond to picosecond timescales over
∼100 nm bandwidth. Our ultrashort (< 15 fs) pulses have allowed us to directly investigate
with high time resolution the early time dynamics of 3′-hECN in the protein environment of
OCP.

Vibrational activity is visible in both real and absolute-valued 2DES spectra of OCPO.
Multiple vibrational modes are initially photoexcited on the S2 state, and the action of ground
state wavepackets persists for up to ∼1 ps. The 2DES results for OCPO resemble those
obtained at cryogenic temperatures on β-carotene in a 2-methyl tetrahydrofuran glass [95].
OCPR, on the other hand, has no observable vibrational features and appears largely broad-
ened, as expected from the linear absorption spectrum.

The precise molecular origin of the observed large inhomogeneous broadening requires
further investigation. Conformational heterogeneity could play an important role if 3′-hECN
is exposed to bulk solvent due to a loss of pigment-protein interactions attributed to the C-
terminal domain of OCPO [83]. Solvent-induced broadening of the electronic absorption
spectra of carbonyl carotenoids has previously been attributed to mixtures of conformational
isomers preferentially formed in polar versus non-polar solvents [110, 111]. Exposure of
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the carbonyl group of 3′-hECN to bulk solvent may create a distribution of conformers at
the carbonyl-containing end ring (from s-trans, as in OCPO, to s-cis, as in solution [87]).
Additionally, fluctuations in the electrostatic environment of the chromophore produced by
an ensemble of protein conformations or differences in H-bonding interactions with amino
acids or water molecules could create a distribution of 0-0 energies that could further broaden
the absorption spectrum in this form. Further experiments on OCP reconstituted with non-
carbonyl carotenoids (such as β-carotene or zeaxanthin) and lacking the C-terminal domain
could help disentangle these different possible contributions to the inhomogeneous broaden-
ing.

Our 2DES data on isolated OCP do not provide evidence for a direct role of 3′-hECN in
OCPR-based quenching. We do not, for example, observe any significant shortening of the
S1 lifetime in OCPR vs. OCPO, consistent with the results in [82]. And while it is gener-
ally accepted that 3′-hECN plays a direct role in the quenching process [85, 112], the precise
mechanism by which excess energy is dissipated remains under debate. 3′-hECN could play
a direct role via energy- or charge-transfer [85, 82], or the OCPR complex could act alloster-
ically to initiate quenching within the phycobilisome in analogy to the mechanism proposed
for zeaxanthin in plant nonphotochemical quenching by Horton et al. [113]. Polivka et al.
[87] recently determined only a small energetic advantage for the S1 state of 3′-hECN in
OCPR versus OCPO relative to the phycobilisome bilin S1 state. We are not able to observe
signatures of the ICT state in our data, due to the bandwidth of the laser pulse used, so we
cannot make conclusions on the enhancement of the ICT character for 3′-hECN in OCPR nor
draw conclusions regarding its potential involvement in a quenching mechanism. Our data
does, however, provide insight into the perturbed local environment provided by the protein
pocket in OCPO and OCPR.

Interestingly, it has not been conclusively demonstrated that the 4-keto-β-ionylidene ring,
nor the ICT state resulting from the presence of the conjugated carbonyl group, is neces-
sary for quenching activity in an OCP-phycobilisome complex. Could the presence of the
4-keto group be more strictly required for photoactivity rather than quenching activity? OCP
is a photoswitch and the unique photochemistry of 3′-hECN in OCPO must be responsible
for driving structural changes in the protein that ultimately lead to formation of the OCPR
form, binding of OCP to the phycobilisome, and induction of the quenching mechanism. It
is known that interactions between the 4-keto group and absolutely conserved residues in the
C-terminal domain (Y203 and W290) are strictly required for OCP photoactivity [84, 114].
While a relevant modulation of 3′-hECNs conformation(s) and/or photophysical properties in
the OCPR form certainly may occur in the context of quenching activity, we must also con-
sider the possibility that the photophysical properties of OCPR’s 3′-hECN chromophore in
vitro could simply arise as a secondary consequence of other mechanistically critical changes
in protein structure and chromophore solvent accessibility that occur during the photochemi-
cal mechanism and allow OCP to bind to the phycobilisome. Further studies of the quenching
complex formed by OCP bound to the phycobilisome antenna [68] are clearly needed to elu-
cidate the specific nature of the quenching mechanism.
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2.3.5 Conclusions

Here we have presented 2DES results comparing the excited state dynamics of 3′-hECN
in OCPO and OCPR. The study investigates the photophysics of a carbonyl carotenoid in
two different electrostatic environments following photoconversion of the OCP holoprotein.
Our results show resolvable and rich vibrational dynamics in OCPO, consistent with the
carotenoid being held in a tightly locked conformation by the protein environment, with con-
sequences for the photoactivity of this form. OCPR, on the other hand, shows a highly inho-
mogeneously broadened behavior. The origin of this large inhomogeneous broadening can be
attributed to conformational heterogeneity due to exposure of the pigment to free solvent or
to variations in the electrostatic environment experienced by the carotenoid. Further studies
targeted to the investigation of the specific pigment-protein interactions in the C-terminal do-
main of OCP should help elucidate the role of the carbonyl group and the protein environment
in tuning OCP photochemistry.

2.3.6 Supporting Information

Figure 2.9: (a) 2DES absolute-valued spectra of OCPO for the waiting times of Fig. 2 (T = 50 fs, 100 fs and 7
ps)

2.4 Transient Absorption results on OCP
In order to better investigate the structural and spectroscopic differences between the two
conformations of OCP, we have performed transient absorption experiments on OCPO and
OCPR at 77 K. These experiments are complementary to the 2DES results presented in the
previous section. In fact, transient absorption provides better resolution on the decay kinetics
than 2DES, but worse spectral resolution, since there is no resolution over the excitation axis.
Additionally, the longer pulses produced by the OPA offer worse time resolution, but better
selective excitation, and transient absorption gives a broader probe bandwidth than 2DES,
due to the supercontinuum light used as probe.
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In particular, we are interested in investigating the role of the intramolecular charge trans-
fer state of 3′-hECN in the two forms of OCP. Such state appears in the electronic structure of
carotenoids containing a carbonyl group, which π-conjugates with the carotenoid backbone,
thus changing the symmetry of the system and the energy level structure [115, 116]. Car-
bonyl carotenoids, such as 3′-hECN, are the most abundant Cars in nature (see Fig. 2.3 (a)
for the structure of 3′-hECN in OCP). Their behavior is highly dependent on their environ-
ment [115], therefore we might expect to observe different photophysics associated with the
ICT state in the two forms of OCP since the protein environment is different, as we have sug-
gested in the previous Section. ICT states play an important role in energy transfer (i.e. in the
peridinin-chlorophyll a protein complex [117] and in an artificial carotenoid-phtalocyanine
dyad [118]), so the role of the ICT state in OCP might be relevant for its biological quenching
function.

In OCP, the ICT state in stabilized by the protein environment, since the carbonyl group
is s-trans with respect to the conjugated backbone [101] and it is hydrogen-bonded to the
protein. However, in the related Red Carotenoid Protein (RCP), an OCP lacking the C-
terminal and with absorption almost identical to that of OCPR [83], no signature of the ICT
state has been detected [109], suggesting the importance of the bonding to the protein pocket
in enhancing the ICT characteristics.

The carbonyl group of 3′-hECN plays potentially a very important role in the photoac-
tivity capabilities of OCPO versus OCPR (see Section 2.3). Moreover, Berera et al. [86, 82]
proposed that the ICT state plays an important role in energy dissipation in OCPR. On the
basis of transient absorption results at room temperature and at 77 K, the authors proposed
that the ICT state in OCPR acts as mediator in the quenching process, accepting excitation
energy from the bilin S1 state and partly decaying to the ground state (on a 0.6 ps timescale)
and partly to the S1 state (which recovers to the ground state with a 3.2 ps lifetime).

The details of the experimental apparatus used for our transient absorption experiments
are described in Section 1.4.2. Briefly, the pump pulses were generated in an optical para-
metric amplifier pumped by a Ti:sapphire laser system. The visible pulses were centered at
520 nm for both OCPO and OCPR experiments, with 12 nm FWHM and compressed to a
duration of 60 fs with prisms. The energy at sample position was approximately 10 nJ. The
probe is white light obtained via supercontinuum generation in a 2 mm sapphire crystal. The
visible portion of this supercontinuum (450 - 800 nm) was selected via use of a lowpass filter
(SPF750) before the sample. The sample was contained in a 200 µm cuvette in an optical
cryostat (Optistat, Oxford Instrument) and cooled down to 77K. The details of the sample
preparation are the same as described in Section 2.3.

Figure 2.10 shows spectrally resolved transient absorption data for OCPO at 77 K upon
excitation of the 0-0 transition of the S0 → S2 transition of OCPO (black solid arrow in
Fig. 2.11 (b)). The ∆OD is shown as a function of the probe delay (horizontal axis) and the
probe wavelength (vertical axis). The data has been manually corrected for the chirp in the
white light probe. Horizontal traces of the two dimensional map at selected probe delays
are shown in Figure 2.11 (a). We can observe the appearance of three main bands in the
signal, labeled as A, B and C in both the two dimensional map and the spectra. Band A has
a negative sign and appears immediately at time zero. It extends spectrally from 500 nm to
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Figure 2.10: Spectrally resolved transient absorption data for OCPO at 77K. The ∆OD is plotted as a func-
tion of the time delay between pump and probe pulses (horizontal axis) and the probe wavelength (vertical
axis). Horizontal slices of the map represent kinetic traces at selected probe wavelengths, while vertical slices
represent transient absorption spectra at selected pump probe delays. Positive signals correspond to excited
state absorption transitions, while negative peaks correspond to bleaching/stimulated emission transitions (see
Section 1.4.2 for a more detailed explanation) The physical origin of bands A, B and C is discussed in the text.

570 nm. As time progresses, the A band blue-shifts due to the grow-in of the band B, with
opposite sign. We assign the origin of band A to bleaching/stimulated emission of the S0 →
S2 transition. Band B is positive, and starts being populated around ∼ 100 fs, reaching its
maximum around 500 fs. Band B extends spectrally between ∼ 580 nm and 720 nm. We
assign the origin of this band to excited state absorption from the S1 state to higher lying SN
states, upon relaxation of S2 to S1 (shown in Fig. 2.11 (b) as a black thin line). This explain
also the blue-shift of the maximum of band A with time: as S2 relaxes into S1, vibrational
relaxation into the S1 potential surface happens on a ∼ 500 fs - 1 ps timescale.

Band C appears on the same timescale as band B, with lower intensity, and decays on a
similar timescale. It extends spectrally between 725 nm and 800 nm (the CCD is sensitive
up to 750 nm, but data collected on a photodiode confirms that this band in fact extends to
wavelengths higher than 750 nm).ii. We assign the origin of this peak to the excited state
absorption of the ICT state of 3′-hECN to a higher lying state, labeled as SN ′ . Figure 2.11 (b)
shows the ICT state as part of a S1/ICT state (as suggested by the kinetics similar to the ones
observed for S1) [115, 86, 82], and it is possible that SN ′ is part of the same SN manifold, if
the symmetry of the S1 and S1/ICT states is not significantly different. It is also possible that
the ICT state is a separate state absorbing to the same SN manifold, but this data does not

iiDue to the filter used in our experiment, we have no indication whether this band extends above 800 nm
into the NIR
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Figure 2.11: (a) Vertical traces from the two-dimensional map of Fig. 2.10 at selected probe delays. The three
main features shown in Fig. 2.10 are reported on the spectra as well. (b) Energy level scheme for 3′-hECN in
OCPO and main transition observed in the TA data. The physical origin of transitions A, B and C is explained
in the text.

allow us to distinguish between the two possibilities, and the similar kinetic suggest instead
a mixed state.

Wavelength-specific data collected on a photodiode connected to a lock-in amplifier (see
Fig. 2.14 in Section 2.4.1 for the measured traces with corresponding kinetic fits) allows us
to determine the kinetics of the various transitions. At 520 nm (A band), the maximum of
the GSB/SE region, we observe a biexponential decay, with decay constants of 1.7 ps and
6.3 ps. These two components correspond very closely to the decay components at 640 nm
(part of the ESA band B), which are approximately 2 ps and 8 ps. The similarity in decay
of the two transitions suggest that the ground state recovers with two time constants, as both
the S2 bleach and the S1 state recovery occur with similar time constants. At 580 nm we are
able to observe population of the S1 state, upon relaxation of S2. The fit of the kinetic trace
at this wavelength gives a rise time of approximately 200 fs, followed by a decay with a time
constant of approximately 9 ps. We can assign the shortest lifetime to the relaxation of S2.
This is in agreement with the results we have obtained from 2DES (see previous Section).
Fits of kinetic traces in the C band (between 730 and 800 nm) show two main components of
decay, of∼ 1 ps and∼ 6 ps (see 755 nm decay in Fig. 2.14), shortening to approximately 500
fs and 5 ps at lower energies (775 nm, data not shown). The rise time at 775 nm is shorter with
respect to 640 nm (below 100 fs), suggesting that the ICT state might be populated before
the S1 state upon S2 relaxation. Since the lifetimes of rise/decay correspond very closely
between bands B and C, we suggest that our results confirm what proposed previously by
Berera and coworkers [86, 82]: the S1 and ICT state form a mixed excited state S1/ICT. Band
B has dominant S1 character, while band C has dominant ICT character, which explains why
band C is populated right after time zero, and decays on a slightly shorter timescale than band
C.
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Figure 2.12: Spectrally resolved transient absorption data for OCPR at 77K. The ∆OD is plotted as a function
of the time delay between pump and probe pulses (horizontal axis) and the probe wavelength (vertical axis).
Horizontal slices of the map represent kinetic traces at selected probe wavelengths, while vertical slices represent
transient absorption spectra at selected pump probe delays. The color bar is as in Fig. 2.10. The physical origin
of bands A, B and C is discussed in the text.

Fig. 2.13 shows spectrally resolved transient absorption data for OCPR at 77K upon ex-
citation of the maximum of the S0→ S2 transition. Vertical traces from the map, showing the
transient absorption spectra at selected probe delays, are shown in Figure 2.13 (a). The two
main transitions are indicated as A and B in the Figures. Upon population of S2, we observe
the appearance of a ground state bleach/stimulated emission signal (band A) between S0 and
S2, which extends between 500 nm and 600 nm. The maximum of this band is around 560
nm, and the decay occurs with a time constant of ∼ 6 ps (see Fig. 2.15 in the Appendix for
time traces of OCPR with the corresponding fits). Data collected on a Si photodiode at 540
nm gives a biexponential decay (see Fig. 2.15, top left): the shorter component (∼ 230 fs)
can be assigned to decay of SE from S2 as it relaxes to S1, while the longer component (∼
4.7 ps) can be assigned to ground state recovery. As in OCPO, we observe a blue shift over
the first ∼ 1000 fs of band A, due to overlap with band B. Band B extends between 600 and
700 nm and its origin can be assigned to the ESA between S1 and SN (see Fig. 2.13 (b)).
The maximum of this band is around 650 nm, and fitting the decay trace at this wavelength
(Fig. 2.15, bottom left) gives a rise time of less than 100 fs, and a decay constant of ∼ 5 ps
(ground state recovery). The rise time can be assigned to population of the S1 state as the S2

state relaxes. As in OCPO, this rise time is very short, suggesting a very short excited state
lifetime of S2 in the red form as well.

In the two dimensional map in Fig. 2.13, we can observe the presence of a third feature
(labeled as C), starting around 760 nm. Due to the limited bandwidth allowed by the CCD,
we are not able to fully characterize its time evolution or its spectral extension . However,
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Figure 2.13: (a) Vertical traces from the two-dimensional map of Fig. 2.12 (smoothed data) at selected probe
delays. Features A and B of Fig. 2.10 are reported on the spectra as well. (b) energy level scheme for 3′-hECN
in OCPR and main transitions observed in the TA data.

we can hypothesize its assignment to the ICT state, in analogy to what observed in OCPO.
A fit of the time trace at this wavelength is shown in Fig. 2.15, bottom right. The rise time
is below 100 fs, while the decay occurs on a 4 ps timescale. Analogously to OCPO data, we
observe shorter lifetimes for band C with respect to band B, confirming that this signal is due
to excited state absorption from the S1/ICT state, with more pronounced ICT character.

A comparison of the photophysics of 3′-hECN as measured by transient absorption in the
two forms of OCP does not reveal significant differences. The signals observed are similar,
if not red-shifted for OCPR, as expected from the linear absorption. Both forms show signals
that can attributed to the ICT state of the carotenoid. However, we cannot make conclusions
about the relative importance of this state in the two forms of the PPC. Since we do not have
kinetic traces for wavelengths above 760 nm for OCPR, we are not able to fully characterize
the strength ICT transition for this form. It would be valuable to extend these measurements
to cover that spectral region. A comparison between OCPO and OCPR ICT transitions could
help elucidate the role played by the carbonyl group in the biological function of the two
forms. In fact, the intensity of the ICT-like transition is an indicator of the charge-transfer
character of the S1/ICT state [119].

If we assume the hypothesis of an ”open” conformation in OCPR, with reduced interac-
tions at the C-terminal (presented in the previous Section and proposed by [62, 83],), then we
would expect to observe a reduced contribution of the ICT state in OCPR. In fact, the car-
bonyl group in this form is more solvent exposed, as expected from the large inhomogeneous
broadening observed in the linear absorption and 2DES spectra for OCPR, producing a large
heterogeneity in the conformations of the carbonyl-containing end ring (see Section 2.3). In
combination with the fact that in solution (where the carbonyl group is s-cis with respect to
the backbone) [101] and in RCP (which lacks the C-terminal) [109] there is no signature of
an ICT state, this indicates that we should observe a reduced contribution from this transition
in the transient absorption spectra. What we observe is that the broadness of the excited state
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absorption band is narrower in OCPR versus OCPO (compare bands B and C in the two di-
mensional maps of Figs. 2.12 and 2.10, respectively), which could indicate a weaker mixing
of the ICT and S1 states in this form. In this case, we could hypothesize an important role
for the carbonyl group and its interaction with the protein pocket in the photoactivity of the
OCPO form. A reduced contribution of the ICT state in the red form would then be expected,
as this form is not photoactive. Additional experiments, extending the probing of OCPR to
the near infrared, are needed to confirm or refuse this hypothesis. Additionally, transient
absorption experiments in phycobilisome-bound OCPR versus phycobilisome-bound RCP
proteins binding non-carbonyl carotenoidsiii would be needed to elucidate whether the ICT
state plays a role in excess energy dissipation.

2.4.1 Appendix
Figures 2.14 and 2.15 show the transient absorption traces recorded on a Si photodiode con-
nected to a lockin amplifier for OCPO and on a Si photodiode and CCD camera for OCPR,
respectively, at 77 K. The 95% confidence intervals are shown in square parenthesis next to
the corresponding fit parameter.

iiiThe carbonyl group is, in fact, essential for photoconversion, and RCP resembles very closely OCPR (the
linear absorption spectra are identical) [83].
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Figure 2.14: Normalized kinetic traces of decay of OCPO at 77 K at selected wavelengths (data points are
indicated by magenta circles) with corresponding fits (solid black line). The 95% confidence intervals are
indicated in parenthesis next to the fit results. The decay at 520 nm has negative amplitude since it corresponds
to the ground state bleach/ stimulated emission transition indicated as A in Fig. 2.11 (b). The decays at 580 and
640 nm are part of the excited state absorption indicated as B, while the 755 nm decay is part of the C excited
state absorption band.
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Figure 2.15: Normalized kinetic traces of decay of OCPR at 77 K at selected wavelengths (data points are
indicated by magenta circles) with corresponding fits (solid black line). The 95% confidence intervals are
indicated in parenthesis next to the fit results. The decays at 540 and 650 nm have been recorded on a Si
photodiode connected to a lockin amplifier, while the traces at 560 and 760 nm have been obtained as horizontal
traces of the two dimensional map shown in Fig. 2.12. The decay at 540 and 560 nm have negative amplitude
since they correspond to the ground state bleach/ stimulated emission transition indicated as A in Fig. 2.13 (b).
The decay at 650 nm corresponds to the excited state absorption signal indicated as B, while the 760 nm decay
is at the blue edge of the excited state absorption band C in Fig. 2.12.
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2.5 Conclusions
This Chapter presents 2DES and transient absorption experiments on the two forms of OCP, a
single-carotenoid binding PPC involved in cyanobacterial photoprotection. As a summary of
the experimental results, these are the main points known about OCP-NPQ and the hypothesis
on the role played by OCP in cyanobacteria.

• The model for OCP-NPQ consists of three states [70] (see Fig. 2.2): 1) OCPO is the
dark form, which can convert to 2) OCPR upon excess blue-green light absorption. 3)
OCPR can bind to the phycobilisome antenna and quench excitation energy.

• The configuration of OCPO is such that it does not bind to the phycobilisome.

• The temperature-dependence of OCP photoactivation remains an open question. NPQ
in cyanobacteria is temperature independent according to [61]. However, the rate of
formation of quenching complexes depends on temperature according to Fig. 7 in
[70]. It is possible that the overall NPQ is temperature-independent, but the kinetics of
photoactivation/formation of quenching complex depend on temperature.

• We propose that the conversion OCPO-OCPR is continuous upon light absorption and
we have an equilibrium population of OCPO and OCPR even at room temperature.

• We hypothesize that increased temperature increases the probability of OCPR docking
to the phycobilisome antenna, as it can find a binding configuration faster.

• For incident red light, or for low light levels, OCP does not photoconvert and therefore
does not dock to the phycobilisome. This fact, together with the particular structure
of OCPO (with the carotenoid tightly bound to the protein and minimally solvent-
exposed), suggests that OCP does not play a role in light harvesting.

• The current hypothesis in the literature is that, upon formation of the quenching com-
plex OCPR+phycobilisome, energy is dissipated via energy transfer from the Qy state
of the bilin pigment in the phycobilisome core to the S1/ICT state of the carotenoid in
OCP [86, 82].

In order to gain insight into the molecular mechanism of quenching by OCPR, it would
be interesting to look at the phycobilisome-OCPR complex, as mentioned at the end of Sec-
tion 2.3. Due to the overlap between OCP signals and phycobilisome absorption, the spectral
resolution over the excitation axis offered by 2DES has the potential to elucidate which dissi-
pative pathways turn on upon selective excitation of the carotenoid or of the phycobilisomes
in quenching (OCPR) and non-quenching (OCPO) conditions. Additionally, data analysis
techniques such as global and target analysis would be required to elucidate these dissipative
pathways [120, 121].

In conclusion, OCP is a very interesting PPC under multiple aspects. 1) OCP is a mini-
mal system, composed of a single carotenoid in a protein pocket, and we have shown that it
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is possible to directly investigate the role of pigment-protein interactions in tuning the pho-
tophysics and spectral properties of its pigment. 2) It has evolutionary importance since it
combines the function of light sensor and, possibly, of quencher, which are performed by
different PPCs in higher plants. 3) It undergoes a conformational change upon excess light
absorption, which seems common to various photosynthetic organisms upon induction of
flexible NPQ (see Chapter 4 for a more detailed discussion).
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The Bacterial Reaction Center
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3.1 Introduction
Purple bacteria are a class of anoxygenic photosynthetic organisms which have been exten-
sively studied biochemically, structurally and spectroscopically, making them the most well-
understood photosynthetic organism in terms of energy and electron transfer processes [4].
The primary photosynthetic structure for most purple bacteria is the chromatophore, a lipid
vesicle of 30-60 nm diameter [122] which contains embedded the main light harvesters (LH1
and LH2), the reaction center (RC) and other important photosynthetic components.

LH1 and LH2 are both integral membrane antenna complexes (see Fig. 3.1) which are re-
sponsible for light absorption and efficient energy transfer to the RC. Both LH2 and LH1 have
a characteristic ring structure. Energy is absorbed in the LH2 and LH1 rings and transfers
downhill energetically to lower lying states in LH2 and to LH1 on a 1 ps and 3 ps timescale,
respectively. LH1 surrounds the reaction center and energy transfer between LH1 and the RC
occurs in ∼ 35 ps (see Figure) [4, 123].

The bacterial reaction center is the best characterized photosynthetic reaction center in
terms of its structure, energy and electron transfer dynamics. Unlike the structure of antenna
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Figure 3.1: Cartoon of the photosynthetic apparatus of purple bacteria, showing the transmembrane antenna
complexes LH2 (orange disks), LH1 (green disk) and the reaction center RC (purple) in the lipid membrane.
The main energy transfer timescales are indicated in the figure and taken from [123].

systems, the structure of reaction centers is highly conserved across species, therefore the
bacterial reaction center is a good model for the functionality of this type of PPC.

Fig. 3.2 shows the structure of the bacterial reaction center (the protein scaffold is in
grey, to highlight the pigment composition and arrangement). The bRC was the first PPC for
which a crystal structure was obtained [124]. The bRC has a quasi-symmetrical structure with
two branches, A and B. Each branch is composed (going downhill energetically and uphill
structurally) by a Quinone (Q), a Bacteriopheophytin (BPh, H in the Figure), an accessory
Bacteriochlorophyll (BChl, B in the Figure). The two branches reunite at the special pair
(P870, named after the absorption maximum of their Qy transition), composed of two strongly
coupled Bacteriochlorophylls. The special pair excited state loses an electron and forms the
primary ion state in the chain of electron transfer processes. Branch A also contains a cis
carotenoid [125] to the side of the accessory Bacteriochlorophyll BB, usually spheroidene or
neurosporene.

Energy transfer occurs along both branches A and B, going downhill energetically from
the BPh to the BChl to the special pair. H to B energy transfer has been measured to take
< 100 fs [126] (∼ 240 fs from calculations [127]), while B to P energy transfer takes 100 -
200 fs (experimentally measured to take 180 fs in [126], 124 fs in [128], and calculated as
164 fs in [127]). The carotenoid can also harvest excitation energy and transfer to the BChl,
even though it is thought that its main role is photoprotection, as will be discussed in the
following.

While energy transfer occurs along both branches, electron transfer has been shown to
occur only along the A branch. Fig. 3.2 shows the main electron transfer pathways (black
arrows) overlaid to the structure of the bRC, with their relative timescales. The observation
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of this asymmetry in electron transfer has been made possible by the fact that the two BPhs
have different spectral signatures for their Qx transitions due to slightly different protein
environments. Upon excitation of the special pair, the excited P870∗ state decays losing an
electron to form P870+. A new state is formed (P870+BPh−A) and the electron is transferred
to the BPh on the A branch (an intermediate, short lived P870+BChl−A state is also formed).
The electron is then transferred to QA in 200-300 ps, and to QB in ∼ 200 µs. All of these
steps, except the last transfer between the two quinones, are independent of temperature.
The electron on the special pair is replenished by a cytochrome in a reaction that takes a
few hundred nanoseconds, much longer than the time required to transfer energy from the
antenna or the other RC pigments. Until this occurs, the reaction center is closed and the
primary donor is oxidized.

Figure 3.2: Pigment composition, structure and electron transfer dynamics for the bRC. The protein scaffold
is shown in gray. The structure has two quasi-symmetric branches A and B. P = special pair; BA, BB =
Bacteriochlorophyll; HA, HB = Bacteriopheophytin; QA, QB = quinone; Fe = non-heme iron. The main electron
transfer steps (black arrows) and their associated timescales at room temperature [4, 129] are shown on the
structure as well.

The carotenoid plays a very important role in the case of closed reaction centers. In fact,
while the carotenoid is not essential to the electron transfer processes [26], it can quench
the triplet state of the special pair. If the quinone is oxidized, or otherwise unavailable to
accept an electron from the BPh, a back reaction can take place, which leads to the formation
of a triplet state of the special pair. This has been observed in carotenoidless mutants of
the bacterial reaction center [130]. For carotenoid-containing reactions centers, instead, a
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Car triplet state quenches directly the special pair triplet state as it is formed [131], thus
preventing the potential formation of damaging singlet oxygen species (see Section 1.3).

The unidirectionality of the electron transfer reactions is ensured by the fact that the
backward rates are 50 times slower [4], making the bRC very robust in terms of efficiency of
electron transfer. However, the molecular origin of this asymmetry in the rates and the reason
for which electron transfer occurs only along one of the two branches are not understood yet.

In this Chapter, I will present two dimensional electronic spectroscopy experiments per-
formed on the bacterial reaction center from Rhodobacter sphaeroides. The experiments
address the following questions:

• Investigate the energy level structure that causes the functional asymmetry between the
two branches (both active in energy transfer, only one active in electron transfer). The
linear absorption spectrum of the bRC (see Fig. 3.3 (b)) contains overlapping transitions
from the two branches. We are interested in learning how the overlapping states of the
A and B branches are different in terms of energy levels and dynamics.

• Elucidate the ultrafast energy transfer dynamics occurring over broad spectral regions.
We have discussed in previous Chapters the importance of the interplay between Chl
and Car for energy transfer and energy dissipation. We want to investigate the strength
of the coupling between the Car and the BChl in the bacterial reaction center, and what
the possible pathways and timescales of energy transfer are between the Car and BB.

Section 3.2 will present the results of 1-color 2DES experiments on the bacterial reaction
center from Rhodobacter sphaeroides. Probing of the B band reveals for the first time a
spectroscopic signature of the two accessory BChl in the B band of the bRC, and of ultrafast
energy transfer between them. In Section 3.3 we present a powerful experimental technique,
2-color 2DES, which allows us to elucidate ultrafast energy transfer dynamics occurring over
broad spectral ranges. We apply this technique to the bRC: excitation of the Car region
(around 500 nm) is followed by monitoring of the evolution of the energy transfer to the B
region. This represents the first example of a fully non collinear two color 2DES experiment.

3.2 2D electronic spectroscopy of the B band of the bRC
This Section is reproduced with permission from:

”Determination of Excited-State Energies and Dynamics in the B Band of the Bacterial
Reaction Center with 2D Electronic Spectroscopy”

by Gabriela S. Schlau-Cohen, Eleonora De Re, Richard J. Cogdell, and Graham R. Fleming,
Journal of Physical Chemistry Letters 3, 2487-2492 (2012).

Copyright 2012 American Chemical Society

Abstract
Photosynthetic organisms convert photoenergy to chemical energy with near-unity quantum
efficiency. This occurs through charge transfer in the reaction center, which consists of two
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branches of pigments. In bacteria, both branches are energy-transfer pathways, but only one
is also an electron transfer pathway. One barrier to a full understanding of the asymmetry is
that the two branches contain excited states close in energy that produce overlapping spectro-
scopic peaks. We apply polarization- dependent, 2D electronic spectroscopy to the B band
of the oxidized bacterial reaction center. The spectra reveal two previously unresolved peaks,
corresponding to excited states localized on each of the two branches. Furthermore, a previ-
ously unknown interaction between these two states is observed on a time scale of ∼ 100 fs.
This may indicate an alternative pathway to electron transfer for the oxidized reaction center
and thus may be a mechanism to prevent energy from becoming trapped in local minima.

In photosynthesis, absorbed sunlight is converted to chemical energy with near-unity
quantum efficiency [4, 132]. After absorption, which occurs primarily in the antenna com-
plexes in the outer regions of the photosynthetic apparatus, the excitation energy is transferred
to a central location, the reaction center. In the reaction center, an initial charge separation
event occurs, which initiates a subsequent chain of electron-transfer reactions [133, 134]. The
antenna complexes and the reaction center are pigment protein complexes (PPCs), which con-
sist of densely packed pigments surrounded by a protein matrix. Although antenna complexes
exhibit a large amount of architectural and size diversity [135, 136, 137, 138], the molecular
structure of the reaction center is highly conserved across species [139]. The bacterial reac-
tion center (bRC) is an ideal model system for studying the functionality of reaction centers
because it has been extraordinarily well-characterized by numerous spectroscopic techniques,
biochemical experiments, and structural studies [4, 134]. The bRC consists of two branches
of chromophores, called A and B, that are arranged with pseudo-C2v symmetry (shown in
Figure 3.3 (a)). Each branch contains two bacteriochlorophylls (BChl), a bacteriopheophytin
(BPheo), and a quinone (Q), with a carotenoid found next to the B branch [4, 139, 140]. The
linear absorption spectrum, shown in Figure 3.3 (b), exhibits a series of well-separated peaks.
Most of these peaks contain two states, one from each of the two branches. The two branches
are structurally similar, and both serve as efficient energy-transfer pathways, meaning the
excitation moves up the branches to the two BChls known as the special pair (labeled as P in
Figure 3.3 (a)), where charge separation is usually initiated. Strong pigment-pigment interac-
tions, which have been predicted theoretically and observed experimentally, give rise to these
energy-transfer processes [141, 142]. Upon charge separation, however, electron transfer oc-
curs only down the A branch to QA [143, 144]. From QA, the electron transfers to QB, after
which, when QB is fully reduced, it leaves its binding pocket to drive downstream biochem-
istry [133]. Extensive investigations into the structure, biochemistry, and photophysics of the
bRC [145, 146, 147, 148, 149] have examined the differences in protein environment and the
resultant functional asymmetry. Despite this effort, the differences in excited-state energies
and dynamics remain incompletely described.

Two-dimensional electronic spectroscopy maps the electronic structure and dynamics of
condensed phase systems [50, 89, 49]. Two-dimensional spectra are frequency-frequency
correlation plots, where the dependence of emission energy on excitation energy is repre-
sented for a selected set of time delays between excitation and emission events. These plots
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Figure 3.3: Structural model and linear absorption of the bacterial reaction center. (a) Structure of the bacterial
reaction center from Rb. sphaeroides as determined by X-ray crystallography (PDB code: 2J8C). For clarity, the
phytol tails of all bacteriochlorins are truncated. The two branches of pigments both transfer photoenergy to the
special pair, P. Upon charge separation, electrons transfer down the A branch. (b) Linear absorption spectrum
of the oxidized bacterial reaction center from Ga-strain Rb. sphaeroides at 77 K. The excitation laser spectrum
is shown as the red line.

display excited-state energies, excited-state couplings, and energy transfer with femtosecond
time resolution [150]. From the resultant enhanced spectral resolution across both the exci-
tation and emission axes, this technique can reveal features that are buried in other linear and
nonlinear spectroscopies [92]. In particular, the antidiagonal elongation in the nonrephasing
component of 2D spectra provides a means to separate closely spaced excited states [151].

Here we describe 2D experiments on the B band of the oxidized bRC (the peak at ∼
800 nm or 12 500 cm−1, in Figure 3.3 (b), arising from the BChl labeled as BA and BB in
Figure 3.3 (a)). Under high light conditions, a large percentage of the reaction centers are
oxidized (closed), and if left unquenched, excited BChl can convert to a triplet state, which
can generate deleterious reactive oxygen species. Regenerating the reaction center carries
both metabolic (production of new pigments) and opportunity (lost charge separation events
during regenerative time) costs. Understanding the dynamics in the oxidized bRC can reveal
how it is protected in the absence of the electron transfer pathway. We have investigated
the two states proximal to the site of charge separation, the Qy (S0 → S1) transitions of BA
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and BB, which correspond to the final steps in the energy transfer chain before the excita-
tion reaches the oxidized special pair. These two states appear as a single peak in linear and
nonlinear spectra, which has obscured efforts to investigate their separate dynamics. Spec-
troscopic studies have, however, indirectly indicated differences in the energies of BA and
BB. Three-pulse photon echo peak shift (3PEPS) experiments observed two separate bath
correlation time scales within the B band of 60 and 90 fs determined under 790 and 810 nm
excitation, respectively [129]. Additionally, results from transient absorption experiments
with both oxidized and neutral bRCs suggested that, after excitation of the B band, energy
transfer along the A branch is slightly faster [152, 128, 153]. Finally, transient absorption
spectra suggest an alternate charge separation pathway, with an initial state of B+

AH−A, that
forms only along the A branch. As this charge-separated state has been observed primarily
in the Hx region, this branch-specific effect will fall outside the spectral window of the ex-
perimental results discussed in this work [154]. Here we exploit the spectral resolution in
excitation and emission provided by 2D spectroscopy as well as the antidiagonal elongation
seen in nonrephasing 2D spectra to achieve direct observation of two separate excited-state
energies for the first time and relaxation dynamics for the two states within the B band.

Two-dimensional real, nonrephasing spectra of the Qy region are shown in Figure 3.4. In
the linear absorption spectrum shown in Figure 3.3 (b), the two B-band states appear as one
peak centered close to 800 nm (12 500 cm−1). In the nonrephasing component of the 2D
spectra, two distinct excited states and the dynamics of these two states can be observed. As
labeled in the T = 40 fs spectrum, the 2D nonrephasing spectra exhibit two separate positive,
diagonal peaks, corresponding to the two states in the B band that are labeled D1 (12 325
cm−1) and D2 (12 450 cm−1). The B-band peak observed in the 2D nonrephasing spectra
is slightly red-shifted from the linear absorption peak due to the partial overlap with the
negative, excited-state absorption (ESA) feature at ∼12 550 cm−1. A second, less intense
ESA peak lies at lower energy (∼12 200 cm−1). The ESA peaks increase in intensity relative
to the positive diagonal peaks until ∼ 50 fs and then show near constant intensities relative
to the positive diagonal features through the 150 fs waiting time, which is the time window
discussed here. On the basis of previous assignments, D1 most likely corresponds to the BB

transition, and D2 most likely corresponds to the BA transition [129, 154]. Using polarized
linear absorption on neutral bRC crystals, the excited-state energies were determined to be
800 nm (12 500 cm−1) for BA and 810 nm (12 345 cm−1) for BB, which compare favorably
to our values of 12 450 and 12 325 cm−1 [154]. The small shifts may be from the ESA
peaks that contribute to nonlinear spectra or from the change in local environment due to
formation of P+. Energy transfers out of the B band (to states localized on P+) by the T =
300 fs spectrum (not shown). This is also in accordance with previous results, in this case
transient absorption measurements [152]. As energy transfers out of D1 and D2, the positive
signal from stimulated emission decreases and so cancels out less and less of the negative
ESA, resulting in an increase in relative intensity of both negative peaks. However, a second
notable feature from the separation of the two peaks is that, as seen in the T = 120 fs spectrum
in Figure 3.4, energy transfers out of the D1 state at a slightly faster rate than out of D2.

In the early time spectra (<100 fs), population moving between these two states can
be observed by the presence of cross-peaks connecting these two transitions. (The below-
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Figure 3.4: Real, nonrephasing 2D spectra of the B band at selected waiting times at 77 K taken under the all-
parallel polarization. Each spectrum is normalized to its own maximum. These spectra exhibit two separated
states along the diagonal, labeled D1 and D2 in the T = 40 fs spectrum. Energy transfer between these two
states appears in the increase in intensity of the cross-peak labeled CP in the T = 70 fs spectrum. The T = 100
and 120 fs begin to show energy transferring out of band, first from D1.

diagonal peak is labeled as CP in the T = 70 fs spectrum.) There are cross-peaks above and
below the diagonal, indicating population transfer in both directions between the two states in
the B band. The maximum intensity of CP occurs at T = ∼70 fs, as population then transfers
out of band with a similar time scale as D1. Two distinct transitions as well as interactions
between them were not previously observed with other techniques.

The polarization dependence of CP provides further evidence of energy transfer and a
greater ability to quantify energy transfer [155]. We investigate the cross-peak below the di-
agonal. Within a 2D spectrum, each peak is scaled by an orientational prefactor based on the
angles between the transition dipole moments in the molecular frame and the angles between
the laser pulse polarizations in the lab frame. This has been extensively described elsewhere
[92, 155, 156, 157]. Except in the case of energy transfer between a donor and acceptor
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with parallel transition dipole moments, cross-peaks will scale differently with changes to
the polarization of the incident beams than will diagonal peaks corresponding to absorption
and emission from the same state. Spectra were recorded under the all-parallel (0,0,0,0) and
cross-peak-specific (π/3,-π/3,0,0) polarization sequences, which are polarization sequences
that maximize intensities for energy-transfer steps between parallel transitions and between
perpendicular transitions, respectively. We refer to the latter as the cross-peak-specific se-
quence. Absolute value, nonrephasing spectra taken under the cross-peak-specific polariza-
tion sequence are shown in the Supporting Information. The change in scaling of energy-
transfer peaks relative to diagonal peaks under these two polarization sequences has been
described in detail in previous work [92, 158].

Horizontal slices at the emission energy of D1 (12 325 cm−1) are shown in Figure 3.5
for both the parallel and cross-peak-specific polarization sequences. CP contains intensity
from both energy transfer and the dispersive tails of the diagonal peaks. In the all-parallel
slices, there are similar relative amplitudes of CP and D1, and compression and spectral fluc-
tuations produce the small intensity fluctuations as a function of waiting time. Under the
cross-peak-specific polarization, however, the suppression of the diagonal peaks also sup-
presses the dispersive tails. This allows a relative enhancement of energy-transfer peaks, and
the energy-transfer step appears much more clearly. Specifically, there is a clear increase
in relative intensity as amplitude moves from D1 to D2, or as the cross-peak grows in, as
shown in Figure 3.5 (b). The CP increases in relative intensity between 40 and 150 fs. This
strongly suggests that energy transfer occurs in ∼100 fs. If there was no population transfer
between these two states, then the difference in polarization sequence would not change the
relative intensities of the two peaks. These spectra provide, for the first time, direct evidence
of interaction between the two states within the B band.

Whereas the spectra show that amplitude initially on one state in the B band ends up
localized on the other, the underlying mechanism remains unknown. There are several pos-
sibilities, which we will now discuss, along with an evaluation of their probability. The
simplest possibility is that energy could transfer directly from BA to BB. On the basis of the
calculated BA to BB coupling (J = 45 cm−1) [159], the energy gap between the two excited
states (125 cm−1), and the reorganization energy due to electron-phonon coupling (80 cm−1),
an energy-transfer time scale of a few hundred femtoseconds would be expected. This deter-
mination of a rough time scale was made by comparison to the extensive theoretical modeling
of each energy-transfer step in the Fenna-Matthews-Olson (FMO) complex [160]. Therefore,
the sub-100 fs time scale observed experimentally most probably does not arise from standard
energy transfer between the two states.

The second possibility is some component of the energy transfers before localization oc-
curs. The energy eigenstates, or excitons, are delocalized excited states constructed from
linear combinations of the excited states of the individual BChl. Calculations on the oxidized
bRC have produced the two excitons localized primarily on the B band. The major site basis
contributions to these two states are 0.52 and 0.15 from BA, 0.21 and 0.74 from BB, and
0.16 and 0.06 from P+

5 (one of the states localized on the oxidized special pair) [159]. There-
fore, these two eigenstates, which are the initially excited states, both have contributions from
BA, BB, and P+. Previous experimental and theoretical work has shown that energy transfer
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Figure 3.5: Normalized, horizontal slices from the absolute value, nonrephasing 2D spectra at ωt = 12 325
cm−1 for (a) all-parallel and (b) cross-peak-specific polarization sequences. The difference in scaling with
polarization, as appears in the clear grow-in of the cross-peak (ωτ = 12 450 cm−1) under the cross-peak-specific
sequence, indicates the existence of an energy-transfer pathway. The suppression of other features also allows
the appearance at 70 fs and relative increase in the cross-peak to be more clearly observed.

can occur rapidly (∼ 100 fs) in the event of spatial overlap between excitons. Energy-transfer
rates are determined by a balance of electronic coupling and electron-phonon coupling, which
is coupling to the protein bath [161, 162]. When the electron-phonon coupling is greater than
the electronic coupling, the excitation localizes and energy transfer occurs via hopping from
one state to another. There is a time scale associated with localization as phonon reorganiza-
tion dynamics take place after excitation or re-equilibration of the nuclei in response to the
electronic excitation. Before localization, some component of the population can exploit the
spatial overlap of these two excitons and transfer rapidly between them.

A third possibility is that the population transfers via two individual energy-transfer steps.
Theoretical results have shown several weakly optically allowed states localized on P+, the
oxidized special pair, that have energies close to the B band [159]. Therefore, energy can
transfer from BA first to these states on P+, and then to BB. In the case of two sequential
incoherent energy transfer steps, the first step (BA to P+) is 200 fs. The second step is longer
because although the P+ to BB rate cannot be directly measured, the BB to P+ rate, which
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should be faster because it is a downhill transfer, is 400 fs [153]. These two time scales make
it unlikely that a component would be visible via this pathway in <100 fs.

The fourth possibility is that there is a coherent sequence of BA de-excitation, P+ exci-
tation and de-excitation, and finally BB excitation. With this sequence, the rate can increase
[163, 164] according to a superexchange or a ”through bond” mechanism, where a linker can
mediate indirect coupling between two states. Energy transfer from BA to BB can be me-
diated by these P+ states serving as a bridge [165]. Experimental and theoretical work has
shown that superexchange can produce drastic increases in energy and electron transfer rates
[163, 164, 165].

At this point, there is no direct experimental tool to determine whether superexchange or
direct energy transfer gives rise to the observed peak. Regardless of mechanism, the exper-
imental results suggest that there is more interaction between the two branches than is often
included in the general description of two isolated energy transfer pathways.

The transfer of amplitude from BA to BB observed here could offer insight into how the
reaction center prevents photodamage by using these states as an alternative pathway for exci-
tation energy. Additionally, this transfer pathway does not interfere with the major dissipation
mechanism, whereby the oxidized special pair quenches excitation energy. Photosynthetic
systems, however, have multiple levels of safeguards to protect themselves against damage.
Whereas there are mechanisms for dissipating harmful photoproducts, such as carotenoids
dissipating BChlT states [166, 26], the energy-transfer pathways are designed to minimize
the initial formation of these photoproducts. One mechanism by which this is accomplished
is by ensuring that the excitation does not remain trapped in local minima. Experimental and
theoretical results show that in purple bacteria around 20% of photoenergy that reaches the
bRC is detrapped from the bRC [167, 168, 169, 170]. Calculations suggest that only 13% of
the detrapped photoenergy is retrapped by the same bRC. Instead, the vast majority migrates
to other bRCs [170]. The pathway observed here may aid in preventing the accumulation of
photoproducts because the excitation does not remain trapped on a single BChl but can move
around the bRC. Either of the BChl could be better positioned for the excitation to transfer
back to LH1, depending on PPC to PPC variation in site basis contributions, energies, and
transition dipole moments of the low-energy excited states due to protein fluctuations. From
LH1, the excitation can then transfer to neighboring antenna and bRCs.

By exploiting the antidiagonal elongation of 2D nonrephasing spectra, the energies of the
two distinct, previously inseparable states within the B band were determined, and transfer of
amplitude most simply described as energy transfer between these two states was observed
for the first time. Furthermore, the energy-transfer process was characterized by compar-
ing results taken under the all-parallel and cross-peak-specific polarization sequences. The
observation of a second energy-transfer pathway may inform on how excitations can easily
migrate around the photosynthetic apparatus, thus preventing the formation of deleterious
photoproducts. The observation of two separated excited states directly displays the dif-
ference in electronic structure of the two branches and thus provides a much more direct
reporter of difference in the effective molecular structure of the two branches. The observed
excited-state energies and dynamics can benchmark microscopic modeling of how small dif-
ferences in molecular structure, that is, differences between the two branches, give rise to
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tuned pigment-pigment or pigment-protein couplings. Overall, these results illustrate the
wealth of information provided by the addition of spectral resolution along both excitation
and emission axes provided by 2D spectroscopy and the potential to access previously un-
known dynamics through the extension of the technique into polarized pulse sequences.

3.2.1 Experimental Methods

Previously described methods were followed in preparing and isolating the reaction centers
of Rhodobacter sphaeroides, strain Ga [131]. The samples were suspended in 20 mM Tris
HCl and 0.1% LDAO buffer (pH 8.0), and 100 mM K3Fe(CN)6 was added to the buffer to
oxidize the primary electron donor, P. The sample was diluted 30:70 (v/v) with glycerol and
cooled to 77 K. The OD at 800 nm was 0.2 to 0.3 per 200 µm.

A home-built Ti:sapphire regenerative amplifier, seeded by a home-built Ti:sapphire os-
cillator, produces a 3.4 kHz pulse train of 45 fs pulses centered at 805 nm with 27 nm of
bandwidth, as measured by SHG-FROG [45]. The energy on the sample from each of beams
1, 2, and 3 was 4 nJ per pulse, and beam 4 was attenuated by four orders of magnitude. The
beams were focused to a 70 µm beam waist. For the polarization experiments, true zero-
order waveplates (CVI) were inserted into beams 1 and 2 and set with a precision of ±2. All
measurements were performed at 77 K.

The details of the experimental apparatus, data acquisition, and analysis have been de-
scribed in detail elsewhere[45]. The laser beam is split into four beams using a beamsplitter
and a diffractive optic. The use of the diffractive optic allows for phase stability between pulse
pairs. The four ultrafast beams are incident on the sample in a box geometry. The interaction
of three of the beams with the sample generates the signal, emitted in the phase-matched
direction, ks = −k1 + k2 + k3, collinear with the fourth beam, a local oscillator pulse. The
local oscillator is attenuated by four orders of magnitude to ensure that it does not interact
strongly with the sample. Using spectral interferometry, the signal is heterodyne-detected in
the frequency domain [171].

The measured electric field is a function of the three time delays between the pulses
[150, 172]. The time delay between the first two pulses is known as the coherence time, τ ,
and is controlled to interferometric precision with movable glass wedges, which were scanned
from -390 to 390 fs in 1.3 fs steps. Negative coherence times generate the nonrephasing
signal, and positive coherence times generate the rephasing signal. Between the second and
third pulses, the system evolves dynamically during a so-called ”waiting time”, T. The third
time delay, between pulse 3 and the signal emission, is the rephasing time, t. The frequency-
frequency 2D spectrum at fixed T is produced by spectrally resolving the signal along ωt
and then Fourier-transforming along the scanned coherence time axis, τ . In this frequency
domain representation, the spectrum directly correlates excitation and emission energies. The
ensemble of PPCs evolves in a coherence during both the coherence time and the rephasing
time. If the system progresses in conjugate frequencies during these two time periods, then
this allows for the reversal of dephasing and the generation of a photon echo signal. To
produce a nonrephasing signal, the ensemble of PPCs evolves with a phase factor of the
same sign during the coherence time and the rephasing time, thus generating a free induction

57



3.3. 2 color 2D Electronic Spectroscopy The Bacterial Reaction Center

decay signal. The rephasing and nonrephasing signals are separated experimentally by the
time ordering of pulses one and two. The signal generated over the entire scan, or the sum of
the photon echo and free induction decay contributions, produces a relaxation spectrum for
T>0. Phasing was performed using the projection-slice theorem by separately measuring the
spectrally resolved pump-probe signal for each waiting time [150].

3.2.2 Supplemental Information

Figure 3.6: Absolute value, nonrephasing spectra of the B band of the bacterial reaction center at selected
waiting times at 77 K taken under the cross-peak specific polarization. Each spectrum is normalized to its own
maximum. These spectra exhibit two separated states along the diagonal, labeled as D1 and D2 in the T = 40 fs
spectrum. Energy transfer between these two states appears in the increase in intensity of the cross-peak (CP in
the T = 70 fs spectrum).

3.3 2 color 2D Electronic Spectroscopy
As we have discussed previously in this thesis, two dimensional electronic spectroscopy is
a powerful experimental technique that allows us to elucidate energy transfer dynamics and
coupling between electronic transitions with both spectral and temporal resolution. An ex-
tension of 2DES to a non degenerate experiment, in which the pulses have different spectra,
allows us to investigate electronic transitions that are spectrally well-separated.
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There have been previous implementations of non-denegerate 2DES experiments. In par-
ticular, the group of Jennifer Ogilvie [173] has developed a system based on an acousto-optic
pulse shaper that generates phase-locked pulses, where the two colors were obtained from
two independent non-collinear optical parametric amplifiers (NOPAs). Additionally, imple-
mentations of 2DES with a continuum probe (analogous to a spectrally resolved transient
absorption experiment) have been shown [174, 175], as well as implementations in which all
four pulses are generated from a supercontinuum [176, 177].

Here we present the first fully non-collinear implementation of 2DES where pulses 1 and
2 have a different color from pulses 3 and 4. Pulses 1 and 2 are obtained in this experiment as
the output of a non collinear optical parametric amplifier, so are tunable over the visible range.
Pulses 3 and 4 are the direct output of the regenerative amplifier, therefore they are centered
around 800 nm. The non-collinear geometry has advantages over other implementations. It
allows for easy separability of the rephasing and nonrephasing components of the 2D spectra
(see Section 1.4.1). Also, it allows for independent control of the polarization of the four
pulses, which has been exploited positively in degenerate 2DES experiments to separate out
specific energy transfer pathways (see Section 3.2 and [158, 151, 92]).

Figure 3.7: (a) Structure of the bRC highlighting the excitation of the Car (green oval) and the investigation of
the accessory BChls (red oval). (b) Linear Absorption spectrum of the oxidized bRC, which shows the excitation
of the Car (green) and the probing of the accessory BChl Qy transition (red).

In this Section, I will present the results of 2-color 2DES experiments on the bRC, in
which excitation of the Car band is followed by probing of the B band (see Fig. 3.7). The
goal of these experiments is to investigate the energy transfer pathways between spectrally
separated transitions. Upon excitation of the Car, we are interested in elucidating the en-
ergy transfer pathways available to transfer excitation energy efficiently to the BChl and how
fast this energy transfer occurs. To investigate wavelength regions with an energy separation
larger than the laser spectrum, we need to have the flexibility of ”pumping” and ’”probing”
the two transitions independently, such as in a non-degenerate transient absorption experi-
ment. We present here the extension to the experimental setup used for the degenerate 2DES
experiment presented in Section 1.4.1.

Since the Car in the RC is in a cis configuration, its electronic structure is altered with
respect to the C2h point group symmetry discussed in Section 1.1. However, singlet energy
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transfer between the Car and the BChl has been observed in the RC from purple bacteria to
occur with high efficiency (∼ 80 %) [178, 179], therefore the cis geometry must not have a
strong effect on the energy transfer capabilities of the Car in the RC.

As we have mentioned, the Car plays an important role in closed reaction centers by
quenching BChl triplet states that can form. We will investigate here the dynamics in a closed
reaction center (in which the primary donor is oxidized). If the special pair is completely ab-
sent, the lifetime of the BChl is longer than a nanosecond [149], but if the oxidized donor P+

is present, the excited BChl is quenched in a few hundred femtoseconds [180, 148, 126, 153].
Recent measurements on oxidized reaction centers [153], however, have shown how species
emitting at 800 nm, upon excitation at 495 nm, take picoseconds to decay. These results were
interpreted assuming that BB generates a picosecond lifetime intermediate state, suggesting
different decay processes or newly populated BB excited states, upon Car excitation. We
will exploit the spectral resolution across excitation and emission here to map out the energy
transfer dynamics in an oxidized bRC.

3.3.1 Experimental Apparatus

Figure 3.9 shows a schematic of the experimental apparatus. The setup is based on the exper-
imental apparatus described in Section 1.4.1. As shown in Fig. 3.9, a home-built Ti-Sapphire
regenerative amplifier generates 41 fs pulses centered at 805 nm, with ∼ 30 nm of band-
width, as characterized by SHG FROG. The radiation out of the amplifier is split into two
by a combination waveplate/thin film polarizer. A portion of the radiation is sent through
a non collinear optical parametric amplifier (NOPA) to generate broadband pulses (50 nm -
100 nm FWHM) centered at 490 - 720 nm. The pulses can be compressed with a combina-
tion of prisms and a diffraction-based spatial light modulator (SLM) pulse shaper [181] to
a duration close to their transform-limit [95]. Characterization of the pulses is obtained via
transient grating frequency-resolved optical gating (TG-FROG) [99] on a 2-mm quartz plate
at sample position [95]. In this experiment, the NOPA pulses are centered at 495 nm, with 40
nm bandwidth FWHM, and compressed to 24 fs with the prism compressor. Due to the high
losses of the diffraction-based SLM, we could not make use of this system to further com-
press the pulses. The NOPA output corresponds to pulses 1 & 2 in the 2DES pulse sequence
(see Fig. 3.10).

The remaining portion of the radiation is taken directly as the output of the regenerative
amplifier and constitutes beams 3 & 4. The pulses are sent through a delay stage, which
controls the waiting time T with respect to pulses 1 & 2 (see Fig. 3.9). Each of the two beam
pairs is further split into two by a diffractive optic (DO) optimized for first-order diffraction,
allowing for phase stability between the two pulse pairs. The coherence time τ is again
controlled with movable glass wedges, as in the degenerate experiment (see Section 1.4.1).
Beams 1 & 2 are then in the visible, centered around 500 nm, while beams 3 & 4 are centered
at 800 nm. Beam 4 is the local oscillator and is attenuated by four orders of magnitude, and
delayed with respect to beam 3 by an additional pair of glass wedges inserted into the beam
3 path. The beams are focused to the sample position to a spot size of ∼ 120 µm for beams 1
& 2, and ∼ 70 µm for beams 3 & 4. Fig. 3.8 shows the spectrum of pulses 1 & 2 and 3 & 4,
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Figure 3.8: Spectrum of pulses 1 and 2 from the NOPA (green thin line) and of pulses 3 and 4 from the regen
(red thin line) superimposed to the linear absorption spectrum at 77 K of the sample (black thick line). Pulses 1
and 2 are resonant with the Car peak, pulses 3 and 4 with the B band, Qy transition.

superimposed to the linear absorption spectrum of the sample.
The signal is emitted in the phase matched direction, and dispersed on a spectrometer

onto the pixels of a CCD camera. The retrieval of the 2D spectrum is as described in Section
1.4.1. The coherence time is scanned from -390 to 390 fs in 1.3 fs steps, keeping the waiting
time T fixed. The waiting time T is fixed and we collected spectra at T = -1000 fs, -500 fs,
-200 fs, 0 fs, 40 fs, 70 fs, 150 fs, 200 fs, 300 fs, 400 fs, 600 fs, 750 fs, 800 fs, 900 fs, 1000 fs,
1200 fs, 1500 fs, 2000 fs.

3.3.2 Results and Discussion

Fig. 3.11 shows 2 color 2D relaxation spectra (absolute value) for selected values of the
waiting time T. The excitation axis corresponds to the main Car transition, while the detection
spectral region is centered on the Qy transition of the B band. The T = 40 fs spectrum shows
four main peaks, all emitting at 800 nm. The excitation wavelengths are 490 nm (peak A in
the figure), 493 nm (peak B), 497.5 nm (peak C) and 510 nm (peak D). Peaks A, C and D are
present even before time zero and at time zero (see the spectrum at T = -200 fs in Fig. 3.11),
and their physical origin remains to be elucidated. At early times (T < 600 fs), most of the
intensity is in peak D. Peak B appears for the first time in the T = 40 fs spectrum and becomes
a dominant peak at longer delay times (T > 600 fs).

At T = 750 fs, the most intense peak becomes peak A, while peak D completely disappears
and new peaks (E and F in the Figure) appear. These peaks have excitation at 501 and 510 nm
respectively, and emission at 820 nm. Emission at these wavelengths most likely corresponds
to emission from states localized on P+ (we are looking at energy transfer in a an oxidized
reaction center, where no charge separation can occur). Peak E appears in the T = 600 fs
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Figure 3.9: Schematic of the experimental apparatus used for the 2-color 2D Electronic Spectroscopy exper-
iments explained in this Chapter. The main components are: the home-built oscillator/regenerative amplifier
combination; the NOPA (Non-collinear Optical Parametric Amplifier), which generates broadband pulses in the
visible. The compressor has two stages: a prisms compression line is followed by a diffraction-based spatial
light modulator (SLM) pulse shaper. Upon retrieval of the phase of the pulse with frequency detected optical
gating (FROG), an arbitrary phase can be applied with the pulse shaper to the pulse, thus ideally reducing the
dispersion on the pulse to zero. Beams 3 and 4, coming directly from the regenerative amplifier, are sent through
a delay stage controlling the waiting time T. Then the two pulse pairs are sent to the stage of Signal Generation
and Detection, described in detail in Fig. 3.10.

spectrum (not shown) and is completely gone by the T = 1500 fs spectrum. Peak F, on the
other hand, appears at T = 750 fs and is gone by T = 1200 fs. Peaks A, B, and D are present
until T = 2 ps.

In order to interpret the physical origin of the peaks listed, it’s important to remember
that peaks in a 2-color spectrum are off-diagonal peaks that correspond to either transitions
between states different from the excitation transition (in this case, transitions coupled to the
S0 - S2 transition for the Car and emitting in the same wavelength region as the B band) or to
energy transfer peaks (Car to BChl). The laser pulse excites the 0-0 transition of neurosporene
(see Fig. 3.11). Higher-lying vibrational levels of the Car are not excited due to the bandwidth
and spectral position of our excitation pulse. Also, since the measurements are performed at
77 K, we can assume that all of the population is initially in the lowest vibrational level of the
ground state. Upon excitation of the S0 → S2 transition of the Car, we expect to see energy
transfer peaks to appear in the 2 color spectrum following two separate pathways. One of
them is from the Car S2 via the BChl Qx, which subsequently relaxes to the BChl Qy on a
timescale of ∼ 200 fs [insert reference]. A second pathway follows the relaxation of the Car
to its S1 state, followed by energy transfer from the Car S1 to the BChl Qy. The BChl Qy state
then transfers energy to states localized on P+ on a ∼ 300-400 fs timescale (see our results in
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Figure 3.10: Details of the Signal Generation and Detection portion of the 2 color 2DES apparatus shown in
Fig. 3.9. The two pulse pairs are sent through a diffractive optic (DO), which is a grating optimized for -1
order dispersion. Beams 1 and 2 are sent through movable glass wedges, which control the coherence time τ .
Beam 4 is attenuated (local oscillator), while beam 3 is sent through a pair of glass wedges to control the delay
with respect to the local oscillator. The four beams are focused at the sample position and the signal, emitted
collinearly with the local oscillator, is collected on a spectrometer/CCD combination. The inset shows the pulse
sequence used in the experiment. For details on the detection system and the reconstruction of the 2D spectrum,
see Section 1.4.1.

the previous Section and [153]).
The presence of peaks before time zero (see peaks labeled A, C, and D in the T = -200

fs spectrum in Fig. 3.12) and at time zero is unclear. These peaks might be due to 1) a long-
lived state that survives between different laser pulses (thus a state for which its lifetime is
longer than 294 µs); 2) the formation of an excitonic state between two transitions, giving rise
to new energy levels that do not appear in the linear absorption (for short-lived excitons) but
that are populated instantaneously. The formation of these transitory excitonic states could be
assigned to a local change in the energy of the contributing transitions or to a change in their
local environment due to excitation. This second possibility would explain the presence of
the peaks at time zero, but does not explain as well their appearance in the T = -1 ps spectrum
(data not shown).

It is unclear why the peaks appear as separate peaks, rather than a single peak, especially
if their origin is due to initial population of a Car excited state (see below). In particular,
the origin of the state absorbing at 510 nm is confusing, since the absorption of the bRC at
this wavelength is almost zero, even though most of our excitation energy is at this wave-
length (see spectrum of the excitation pulse in Figs. 3.11, 3.8). This peak must be due then
to instantaneous population of an otherwise dark state, which could be either S1 or the dark
state X identified by Ostromouv et al. [121]. Alternatively, this peak might be due to popu-
lation of a carotenoid triplet state, which has been observed at these wavelengths previously
[131]. Population of this state could occur either directly upon excitation of the Car, or from
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Figure 3.11: 2D absolute valued relaxation spectra for selected values of the waiting time (T = -200 fs, 40 fs,
750 fs, 1500 fs). On top of the spectra, the linear absorption spectrum of the bRC in the excitation spectral
region (Car band, H band) is shown (black line), together with the spectrum of the excitation pulse (pulses 1 and
2, green line). On the left side, the linear absorption spectrum in the emission spectral region (B band) is shown
(black line), together with the spectrum of pulse 3 (red line). The main peaks in the 2D spectra are labeled A,
B, C, D, E and F and their physical origin is discussed in the text. The (excitation, emission) wavelengths for
the peaks are, respectively: A (490.4 nm, 800 nm), B (493 nm, 800 nm), C (497 nm, 800 nm), D (510 nm, 800
nm), E (501 nm, 820 nm), F (510 nm, 820 nm).

charge-recombination of a partially non-oxidized population of the bRC, via BChl triplet
state formation (see point (3) below for further explanation). However, the half-time decay
of this triplet state has been shown to be around 5 µs [131], therefore much shorter than the
pulse-to-pulse time interval.

In order to discern the physical origin of the features observed in the 2D spectra, we
have drawn Feynman diagrams that elucidate the possible observed pathways (see Fig. 3.12).
These are the possible contributing pathways that could contribute to the features observed
in the 2DES spectra, however we believe that pathways (3) and (4) are the main pathways
contributing.

• (1) T < 0, pulse sequence: 3, 1, 2. Peaks A, C and D. For negative values of the
waiting time, pulse 3 arrives before pulses 1 and 2. Following the Feynman diagram,
we observe excitation to the Qy state of the BChl upon arrival of pulse 3, followed by
excitation to a Car excited state generically referred to as Car* in the Figure. This state
could be either S2, S1 (higher vibrational state that borrows oscillator strength from S2)
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Figure 3.12: Feynman diagrams for three possible pathways given rise to the peaks observed in the 2 color
2DES spectra shown in Fig. 3.11. (1) Pathways for T < 0, pulse sequence 3, 1, 2. (2) Pathways for T > 0,
|T | < |τ |, pulse sequence 1, 3, 2. (3) Pathways for T > 0, pulse sequence 1, 2 (from laser pulse 1, labeled
as 1(1), 2(1)), 3 (from next laser pulse, labeled as 3(2)). (4) Pathways for T > 0, pulse sequence 1, 2, 3. Car*
indicates an excited state of the Car excited by the laser pulse 1 or 2: Car* can be either S2, a hiher-lying
vibrational state of S1, or X. See text for a description of the pathways.

or the X state. Upon arrival of pulse 2, the Car* decays to the ground state, and after
a time t, we observe emission from the Qy state. This pathway explains the 2D spectra
before time zero, where only peaks A, C and D are present. The presence of multiple
cross-peaks suggests that all the Car excited states indicated above can be populated
and each of these pathways contributes to the 2D spectrum. Additionally, we cannot
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exclude some relaxation of the Car* state before the arrival of pulse 2 (such that, for
example, pulse 1 could excite S2, which relaxes onto S1 on a ∼ 300 fs timescale, and
pulse 2 stimulates emission from S1).

• (2) T > 0, pulse sequence 1, 3, 2. Peaks A, C and D.. For positive values of the waiting
time T, but smaller than the coherence time τ , a possible pathway is the following.
Pulse 1 excites the Car* state (defined above), and upon arrival of pulse 3, excitation
to a coherent Car*-Qy state is observed. This state evolves until the arrival of pulse 2,
which stimulates the decay of the Car excited state, and eventually we observe emission
from Qy. Again, evolution of the Car* state cannot be excluded. This explains the 2D
spectra at and immediately after T = 0. This pathway should give features in the 2D
spectra identical to those observed for case (1), which would explain why we do not
observe much evolution in peaks A, C and D before and after time zero. Additionally,
right after time 0, a new cross-peak (peak D) is populated. The origin of this peak can
be explained with scheme (4) below.

• (3) T > 0, pulse sequence 1, 2 (laser pulse 1), 3 (next laser pulse). Peaks A, C and
D. Given the absence of time evolution in peaks A, C, and D, we believe that the main
pathway contributing to their presence is actually a pulse-to-pulse effect. Pulses 1 and
2 generated from laser pulse ’1’ induce population of a Car excited state (as defined
above). Subsequently, evolution occurs before the arrival of a second laser pulse. Dur-
ing this time (240 µs), evolution to a state indicated as B* occurs. The nature of this
state is still under investigation. It could be due to a charged-separated state arising
from a non-completely oxidized subpopulation of the sample, or to a recombined state
that leads to formation of a BChl and Car triplet state (BChl triplet states, however,
have been measured to decay on a ∼ 6 µs timescale [182]). Similar charge-separated
states have been previously observed emitting around 800 nm [183]. Upon arrival of
pulse 3 from the subsequent laser pulse, emission occurs from this B* state. This path-
way contributes to all spectra, for T < 0 or T > 0, but with T′ = T + 240 µs, where 240
µs is the interval between two subsequent laser pulses in our experiment. This explains
why peaks A, C, and D are observed in all spectra, before and after time zero, and not
much evolution is observed.

• (4) T > 0, pulse sequence 1, 2, 3. Peaks B, E and F. Upon arrival of pulses 1 and
2, a Car excited state is populated. The Car* state evolves during time T, and energy
transfers to Qx (from S2; subsequently, Qx relaxes to Qy over ∼ 200 fs) and Qy (from
S1). After arrival of pulse 3, we observe, after a time t, emission from the Qy state. This
pathway explains population of peak B, as energy transfer from the Car* to the BChl B
band. However, it is unclear why peaks B is present even in the T = 2 ps spectrum, since
we would expect energy transfer between the carotenoid and the BChl to be completed
faster. Additionally, this pathway explains the cross-peaks E and F observed at later
times: upon population of S2, this transfers energy either directly from S2 to Qx and
then to Qy and P+ (peak E), or relaxes to S1, and subsequently energy is transferred to
Qy and P+.
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The precise origin of the observed peaks and their dynamics remain not completely un-
derstood. Further analysis of the 2D spectra, combined with theoretical modeling, will help
elucidate the physical origin of the peaks observed in the spectra and their dynamics. These
results show that non collinear 2 color 2DES is a powerful and flexible technique to investi-
gate energy transfer between spectrally separated transitions and characterize the relaxation
of excited states in a multi-chromophoric system. Multiple pathways of energy transfer be-
tween the Car and the BChl have been identified. This would have been not possible with
other techniques, such as transient absorption, which lack spectral resolution over the excita-
tion axis.

3.4 Conclusions
This Chapter shows the application of 2DES to the investigation of the energy transfer dy-
namics in the oxidized reaction center from purple bacteria. 2DES is an excellent technique
to probe the structure-function relationship of photosynthetic systems. In this Chapter, in
particular, the capability of 2DES to discern closely spaced states has allowed us to see clear
signatures of the two BChl on the two branches of the RC, establishing the presence of ul-
trafast energy transfer between them for the first time. Additionally, we have presented the
first implementation of non-collinear 2 color 2D electronic spectroscopy. This technique has
allowed us to look at the energy transfer pathways available for energy transfer between the
Car and the BChl in the bacterial reaction center, a step of great importance since it pre-
cedes charge separation at the special pair. The feasibility of this technique opens up a large
amount of possibilities in terms of investigating energy transfer dynamics and coupling be-
tween transitions that are spectrally separated. This is particularly relevant for photosynthetic
PPCs, where the relative positions of the pigments and their coupling with other pigments
and with the protein environment ensure the efficient and robust functioning of photosyn-
thetic organisms under a variety of light conditions. The extension of this technique to other
pulse sequences and to polarization studies is very promising for elucidating the structural
and energetic changes occurring in individual PPCs upon variation in light intensity and en-
vironment.
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Chapter 4

LhcSR: photoprotection in green algae
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4.1 Introduction

Green algae are a group of eukaryotic organisms from which plants evolved [4]. Their evolu-
tionary position as intermediates between cyanobacteria and plants makes them particularly
interesting to study. The biochemical strategies adopted by algae for survival in aquatic en-
vironments are significantly different from those of plants. In particular, with respect to
flexible NPQ (see Section 1.2), while for both plants and algae the formation of ∆pH is re-
quired for the induction of quenching, the pH sensing and quenching strategies adopted in the
two organisms are different. In higher plants, a four-helix protein, PsbS, which does not bind
pigments, is able to sense the change in pH and trigger a series of conformational changes
that eventually lead to quenching. Quenching itself occurs at the level of the PSII antenna
(either in the major light harvester, LHCII, or in the minor complexes, or in both). In algae, a
single protein combines the functions of pH sensor and quencher: the Chl/Car-binding three-
helix protein LhcSR [19]. In this respect, LhcSR, like OCP in cyanobacteria (see Chapter 2),
is able to sense excess light and quench excess excitation. Interestingly, mosses, which are
intermediates between algae and higher plants, possess genes for both LhcSR and PsbS, and
the two proteins are responsible for independent quenching processes in this organism [184].

The role played by LhcSR in algal NPQ was identified in 2009 by Peers et al. [19]: the
authors showed that a mutant of C. reinhardtii with decreased quenching capabilities was
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lacking two of the three genes encoding for LhcSR. LhcSR is accumulated in algal cells ac-
climated to high light, and is substochiometric with respect to PSII (the ratio LhcSR/PSII is
calculated to be 0.17 ± 0.11 in [20]). Due to the low amount of LhcSR3 in C. reinhardtii,
difficulties in its isolation from light-acclimated cells exist because of its physicochemical
similarities with other PPC [20]. An alternative approach is to study the recombinant protein:
the encoding gene is expressed in bacteria and the apoprotein is refolded in vitro with pig-
ments. This technique produces PPCs with analogous biochemical and spectral properties as
the isolated proteins [185, 28].

While it has been shown that LhcSR presence is correlated with flexible NPQ (LhcSR is
accumulated in high light and its presence is correlated with quenching of chlorophyll fluo-
rescence [20]), the precise molecular mechanism of quenching and its relation with LhcSR
quenching capabilities remain incompletely understood. This Chapter will be devoted to the
spectroscopic investigation of LhcSR3 from C. reinhardtii. LhcSR3 is one of the isoforms
of LhcSR encoded in the C. reinhardtii genome and in the following the terms LhcSR and
LhcSR3 will be used interchangeably. The questions that we want to address are the follow-
ing:

• Is LhcSR capable of quenching chlorophyll fluorescence in isolation, i.e. outside of the
membrane/cell environment?

• Are LhcSR quenching capabilities related to its pH sensitivity?

• Is the quenching observed in isolated proteins the same as qE in vivo? What is the
photophysical mechanism of qE in C. reinhardtii compared to plants?

4.2 LhcSR3 is a quencher
LhcSR is a three-helix transmembrane PPC, binding 6 Chl a, 1 Chl b (Chl a to Chl b ratio
of 8), and two to three carotenoids (2 Lutein (Lut) and 1 Violaxanthin (Viola)) (see Fig. 4.1).
LhcSR is able to bind Zeaxanthin (Zea) but the substitution of Zea for Viola does not change
its spectroscopic properties [20] in contrast to other PPCs, such as CP29 [186]. LhcSR has
nine acidic residues [187], four of which are sufficiently lumen-exposed, and thus are most
likely responsible for the pH sensing capabilities of this PPC. Because of this, DCCD binding
experiments have shown how the affinity for pH sensing of LhcSR is higher than in other
PPCs, such as CP29 [20]. DCCD is a chemical agent that can covalently bind to a protein’s
protonatable residues, thus providing information on the potential pH sensing capabilities of
the protein.

Previous time-resolved fluorescence experiments on LhcSR3 measured a very short flu-
orescence lifetime [20]. The average lifetime at pH 7.5 was measured to be 0.9 ns, much
shorter than the one measured for CP29, which has an average lifetime of 3.5 ns [186]. Such a
short value for the average lifetime was attributed to the strong contribution (65% amplitude)
of the shortest lifetime component, measured to be less than 100 ps (below the instrument
response function). Lowering the pH to 5.5 gave an even shorter average lifetime of 0.5 ns
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Figure 4.1: Structure of LhcSR3 as determined from the homology model to LHCII. LhcSR binds 6 Chl a,
1 Chl b and two to three carotenoids. For comparison, an LHCII monomer binds 8 Chl a , 6 Chl b and 4
carotenoids (1 neoxanthin, 1 violaxanthin and 2 luteins) [137]. The red residues represent lumen-exposed
protonatable residues. These residues sense the ∆pH induced upon excess light absorption. Figure courtesy of
Matteo Ballottari.

for LhcSR, while no difference was observed for the minor light-harvesting complex CP29.
These results suggest the existence of two conformations for LhcSR at different pH values. A
similar conformational switch between light-harvesting and quenching forms has been pro-
posed for LHCII upon induction of a transthylakoid ∆pH [188], and supported by resonance
Raman results [31].

However, it is unlikely that pH alone could induce a conformational switch in LhcSR.
The pH sensitivity of LhcSR is in fact lower than for LHCII, as measured by steady-state
fluorescence emission at 680 nm (Ballottari). Another factor that has been shown to play a
role in inducing a dissipative state in LHCII and other PPCs [31, 3, 189, 190] is aggregation,
which can be induced in vitro by varying detergent concentration.

In order to investigate the quenching capabilities of isolated LhcSR as a function of envi-
ronmental parameters, we have performed TCSPC experiments on LhcSR varying detergent
concentration and pH. We define as ”quenching conditions” the combination of low pH (to
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mimic lumen acidification that occurs upon qE induction [191]) and low detergent concentra-
tion (to mimic aggregation conditions). We refer to these conditions as LL. ”Light harvesting
conditions” are instead obtained at neutral pH (pH 7.5) and high detergent concentration
(above the critical micelle concentration, corresponding to 0.02% concentration for the de-
tergent used, n-dodecyl-α-D-maltopyranoside (α-DM) ). We refer to these conditions as HH.

Fig. 4.2 shows the fluorescence decay for reconstituted LhcSR3 wild type (WT) in high
detergent at different values of pH, as measured by TCSPC (see Section 1.4). As can be
observed in the figure, the decays are very similar at all values of pH. As further confirmation,
we fit the decays to the sum of exponentials. The fit is optimized on the basis of the χ2

parameter, and the best results are obtained by fitting to three lifetimes. The results of the
fit are shown in Table 4.1. The longest lifetime component, of ∼4 ns, can be assigned to
free pigments in solution, as determined by measuring the fluorescence decay for unfolded
LhcSR3 (data not shown) and similar to what was concluded for isolated LHCII [192]. The
average lifetime for recombinant LhcSR3 at all pH values is of ∼2.7 ns, confirming that pH
alone is not sufficient to induce a dissipative state for LhcSR3 in high detergent. Similar
results have been obtained on LHCII measuring its fluorescence lifetime as a function of
pH at high detergent concentration: no variation from an average lifetime of ∼ 3.5 ns was
observed [192].

Figure 4.2: Fluorescence decays for LhcSR WT at different values of pH at high detergent concentration (0.03%
α-DM). We observe very similar decay at all pH values.

Upon induction of quenching conditions (low pH, low detergent concentration - 0.003%
α-DM) the lifetime of LhcSR3 WT is strongly decreased, shortening to an average value of
∼ 1 ns (see Fig. 4.3 and Table 4.2). A new lifetime component of∼0.85 ns appears, while the
long lifetime component assigned to free pigments is lost and the amplitude of the shortest
component is highly increased (from 8% to 42%).
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Sample A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τave (ns)
WT pH 7.5 High det 44% 4.04 47.5% 1.88 8.5% 0.21 2.68
WT pH 6.4 High det 48.8% 4.02 46.85% 1.87 4.3% 0.25 2.85
WT pH 5.8 High det 40% 4.04 51% 1.86 9% 0.19 2.58
WT pH 5.3 High det 44% 4.1 46% 1.84 9% 0.17 2.68
WT pH 5.1 High det 39.8% 4.22 50.5% 1.91 9.7% 0.19 2.71

Table 4.1: Amplitude and lifetime components for the fluorescence decays shown in Fig. 4.2: LhcSR WT in
high detergent concentration (0.03% α-DM) at different values of pH.

Figure 4.3: Fluorescence decay for LhcSR WT in light harvesting (pH 7.5, high detergent concentration) and
quenching (pH 5.1, low detergent concentration) conditions. We observe a significant shortening of the decay
in quenching conditions.

Sample A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τave (ns)
WT pH 7.5 High det 44% 4.04 47.5% 1.88 8.5% 0.21 2.68
WT pH 5.1 Low det 25% 2.5 33% 0.84 42% 0.14 0.97

Table 4.2: Amplitude and lifetime components for the fluorescence decays shown in Fig. 4.3: LhcSR WT
in light harvesting (pH 7.5, high detergent concentration) and quenching conditions (pH 5.1, low detergent
concentration).

On the basis of these results, we can conclude that LhcSR3 is an effective quencher of
chlorophyll fluorescence upon induction of a dissipative state. Our data support the existence
of two conformations, a light-harvesting conformation, with an average fluorescence lifetime
of 2.7 ns, and a dissipative conformation, with 1 ns average lifetime, which require different
pH and aggregation conditions. The existence of two separate conformations for LhcSR3
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resembles what has been hypothesized for LHCII upon induction of quenching. Additionally,
the group of Roberta Croce has recently performed fluorescence lifetime experiments on
LhcSR embedded in synthetic polymers (NAPols) [187] and proposed the existence of a
reversible switch between the two conformations (light harvesting and quenching).

4.3 The pH sensing capabilities of LhcSR
Work in the groups of Kris Niyogi and Roberto Bassi has identified the presence of conserved
protonatable residues in the lumen-exposed portion of the protein. Mutation in whole C.
reinhardtii cells on three of these protonatable sites (two glutamates and one aspartate are
mutated to glutamine and asparagine, respectively) shows highly reduced quenching. The
same type of mutation has been expressed in vitro by recombinant methods. We refer to this
triple mutant as MUT. We have measured with TCSPC the fluorescence lifetime of MUT in
light-harvesting and quenching conditions (as defined above) and compared the results with
the WT. The decay curves are shown in Fig. 4.4, while the results of the fitting are given in
Table 4.3.

Figure 4.4: Fluorescence decay for LhcSR mutant MUT in light harvesting (pH 7.5, high detergent concentra-
tion) and quenching (pH 5.1, low detergent concentration) conditions and comparison with the decays in WT
under the same conditions. We observe very similar decay for WT and MUT in light harvesting conditions, and
a shortening of this decay in quenching conditions for both WT and MUT. The decay in MUT is longer than in
WT in quenching conditions.

We find that in light-harvesting conditions the decays of WT and MUT are identical (on
top of each other in Fig. 4.4). The fit gives for MUT an average lifetime of 2.63 ns, essen-
tially the same obtained for WT. Upon induction of a dissipative state, the average lifetime
of MUT drops to ∼1.4 ns, shorter than in light-harvesting conditions but longer than for
quenched WT. The free pigment lifetime contribution is lost and we observe again three life-
time components: ∼ 2.6 ns, ∼ 1 ns and ∼ 140 ps, very similar to those obtained for WT. The
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Sample A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τave (ns)
WT pH 7.5 High det 44% 4.04 47.5% 1.88 8.5% 0.21 2.68

MUT pH 7.5 High det 36% 4.37 54% 1.93 10% 0.18 2.63
WT pH 5.1 Low det 25% 2.5 33% 0.84 42% 0.14 0.97

MUT pH 5.1 Low det 41% 2.63 30% 0.99 29% 0.14 1.4
Table 4.3: Amplitude and lifetime components for the fluorescence decays shown in Fig. 4.4: LhcSR WT
and MUT in light harvesting (pH 7.5, high detergent concentration) and quenching (pH 5.1, low detergent
concentration) conditions.

amplitude of the shortest lifetime component is decreased in MUT (from 42% to 29%), while
the longest component amplitude increases proportionally (from 25% to 41%).

It’s important to note that some residual quenching is observed in the triple mutant even
in vivo. In order to completely assess the contributions to quenching due to qE (as measured
in vivo, and referred to in the remainder of this Chapter as qE-quenching), versus those due
purely to concentration quenching [193], we would need a mutant completely unable to sense
pH. The type of quenching observed in this mutant could then be assigned solely to concen-
tration quenching, while in our in vitro measurements on MUT we need to take into account
the presence of both concentration quenching and of some residual qE-quenching.

Nonetheless, the fact that the quenching abilities of LhcSR are reduced in vitro as well as
in vivo, even for the triple mutant, allows us to conclude that the pH-sensing capabilities are
related to its quenching properties, as the protonatable residues modulate the induction of a
quenched/aggregated state. DCDD-binding experiments by our collaborators have shown that
the pH-binding abilities of the MUT version of LhcSR are largely reduced. Given this obser-
vation, we make the assumption that all quenching observed in MUT is due to concentration
quenching, while in WT we have contributions from both qE quenching and concentration
quenching upon induction of dissipative conditions.

4.4 Molecular mechanisms of quenching in LhcSR
It is known that LhcSR plays a role in quenching in algae, and that LhcSR3 is able to perform
Chl quenching even in isolation, however it is still unknown whether the quenching performed
by LhcSR3 in vitro resembles in vivo quenching, and what the photophysical mechanism of
quenching consists of. Section 1.3 reviews the proposed hypotheses for energy dissipation
mechanisms in plants. Similar processes are thought to occur in algae as well.

We have performed transient absorption experiments in order to elucidate the possible
mechanisms of quenching in this PPC. Upon excitation of the Chl Qy transition, at 670 nm,
we have investigated the energy transfer pathways in the visible and near-IR regions. The
experimental setup is described in Section 1.4.2. Our pump pulse, centered at 670 nm, had
a FWHM of 23 nm and was compressed to a duration of ∼ 45 fs, with an energy at sample
of 15-25 nJ. Figure 4.5 shows the pump pulse spectrum, overlaid with the linear absorption
spectrum of the sample. The probe is broadband white light, extending from 480 to 1100 nm,
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generated in a 2 mm sapphire plate and filtered out with a short pass 750 nm (long pass 850
nm) filter to select the visible (near IR) portion of the spectrum. Pump and probe pulses are
focused at the sample to a spot size of ∼ 260 µm and ∼ 125 µm, respectively. The sample is
held in a 1 mm cuvette, and cooled down to ∼ 11-14 ◦C with a home built nitrogen cooling
system.

Figure 4.5: Linear absorption spectrum of LhcSR in light-harvesting conditions (blue solid line, high detergent
concentration, high pH) and in quenching conditions (red solid line, low detergent concentration, low pH). The
spectrum of the pump pulse, resonant with the Chl a Qy transitions, is shown as a black dashed line.

Probing in the near infrared allows us to investigate the possibility of formation of a
carotenoid radical cation. Given that LhcSR does not bind zeaxanthin, we looked for signa-
tures of a lutein radical cation state, which has a maximum at 940 nm. We compared LhcSR
in its two putative conformations, light-harvesting (at high detergent concentrations and pH
7.5, denoted in the following as HH) and quenching (at low detergent concentrations and
pH 5.1, referred to as LL). Detergent removal can be obtained experimentally using SM-2
absorbent biospheres (BioRad), which are neutral macroporous polymeric spheres that ab-
sorb non-polar substances from aqueous solutions. The differences observed in WT between
light-harvesting and quenching conditions can be assigned to quenching, with contributions
both from qE quenching and concentration quenching due to aggregation in LL conditions.
The differences observed in MUT, on the other hand, can be assigned purely to concentra-
tion quenching, under the assumption that all qE quenching is inhibited in the mutant on the
protonatable sites.

Figure 4.6 reports the transient absorption traces for light-harvesting and quenching con-
ditions in the near infrared region, which investigate the formation of carotenoid cation in
WT and MUT LhcSR. The signal in the 920 - 980 nm region is always lower in quenching
conditions (aggregation and lower pH) compared to light-harvesting conditions. The traces
show contributions due to both Chl excited state absorption (only decay components) and
Car+ formation (rise and decay components). Traditionally, Car+ formation is investigated
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by looking at the difference traces between the kinetics in the dark and the kinetics in the
light [27]. However, LhcSR shows a rise component attributable to Lut+ formation under
both light-harvesting and quenching conditions, therefore we report the traces and their rela-
tive fits (see Table 4.4) rather than their difference [20].

We observe the presence of a ∼ 5 ps rise time for LhcSR WT at 920, 940 and 960 nm,
together with decay components, in HH conditions (a similar rise time of 6 ps was assigned
to carotenoid radical cation formation in isolated CP29 by kinetic modeling of experimental
data [194]. This rise time disappears or becomes faster upon induction of quenching condi-
tions. The data for LhcSR MUT are similar, but at 960 nm in MUT we only observe decay
components. The decay components become shorter upon induction of quenching conditions.
At 980 nm, both WT and MUT show only decay components and no rise component can be
detected. Induction of quenching conditions makes the shorter decay component faster at
this wavelength, and the longer component slower (see Table 4.4). Given its spectral posi-
tion (centered around 940 nm) and value (around 5 ps) we hypothesize the assignment of
the observed rise component to the formation of a lutein radical cation. At 980 nm, no sig-
natures of the cation are observed, and we only observe the decay of the Chl excited state.
This is consistent with the lack of zeaxanthin in our reconstituted proteins, as zea has been
shown to not play an essential role in this process in LhcSR [20]. We interpret these results
as follows: while carotenoid cation formation is a pathway that is always open in LhcSR
(even in light-harvesting conditions), upon induction of quenching conditions new dissipa-
tive channels open. These channels are competitive with formation of the cation and Chl
excited state population, which explains the reduction/disappearance of the rise component
and the reduction in the overall signal.
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Figure 4.6: Transient absorption traces at selected wavelengths in the near infrared region for reconstituted WT
(left) and MUT (right) LhcSR, upon excitation at 670 nm (Chl Qy transition). The probe wavelengths are (top
to bottom): 920 nm, 940 nm, 960 nm, 980 nm. 77
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Wavelength WT MUT
HH LL HH LL

920 nm

τ1 = 0.35 ps ± 0.03 ps τ1 = 0.787 ps ± 0.18 ps τ1 = 0.32 ps ± 0.02 ps τ1 = 0.37 ps ± 0.03 ps
A1=-0.81 ± 0.04 A1 = -0.38 ± 0.07 A1=-0.64 ± 0.02 A1 = -0.802 ± 0.08
τ2 = 5.05 ps ± 1 ps τ2 = 41.6 ps ± 9 ps τ2 = 5.1 ps ± 0.5 ps τ2 = 3.04 ps ± 2 ps
A2=-0.24 ± 0.02 A2 = 0.37 ± 0.05 A2=-0.26 ± 0.02 A2 = -0.14 ± 0.04

τ3 = 70.6 ps ± 12 ps τ3 = 441 ps ± 51 ps τ3 = 135 ps ± 9 ps τ3 = 72 ps ± 9 ps
A3=0.35 ± 0.04 A3 = 0.60 ± 0.05 A3=0.44 ± 0.01 A3 = 0.44 ± 0.03

τ4 = 678 ps ± 62 ps τ4 = 1072 ps ± 0.8 ps τ4 = 781 ps ± 1 ps
A4=0.715 ± 0.04 A4=0.60 ± 0.01 A4 = 0.52 ± 0.02

940 nm

τ1 = 0.37 ps ± 0.04 ps τ1 = 0.2 ps ± 0.02 ps τ1 = 0.35 ps ± 0.03 ps τ1 = 0.14 ps ± 0.03 ps
A1=-1.04 ± 0.05 A1 = -3.26 ± 0.03 A1=-0.99 ± 0.03 A1 = -1.91 ± 0.08

τ2 = 4.16 ps ± 1.3 ps τ2 = 3.47 ps ± 1.9 ps τ2 = 5.06 ps ± 0.6 ps τ2 = 57 ps ± 0.9 ps
A2=-0.18 ± 0.03 A2 = -0.17 ± 0.03 A2=-0.31 ± 0.03 A2 = 0.49 ± 0.06
τ3 = 206 ps ± 17 ps τ3 = 80 ps ± 22 ps τ3 = 156 ps ±11 ps τ3 = 745 ps ± 205 ps
A3=0.68 ± 0.015 A3 = 0.45 ± 0.09 A3=0.51 ± 0.01 A3 = 0.48 ± 0.07

τ4 = + inf τ4 = 644 ps ± 185 ps τ4 = 1307 ps ± 0.6 ps
A4=0.33 ± 0.02 A4=0.54 ± 0.1 A4=0.54 ± 0.02

960 nm

τ1 = 0.1 ps ± 0.02 ps τ1 = 32 ps ± 5 ps τ1 = 0.406 ps ± 0.03 ps τ1 = 0.1 ps ± 0.05 ps
A1=-0.75 ± 0.06 A1 = 0.36 ± 0.02 A1=-1.2 ± 0.03 A1 = -0.21 ± 0.1
τ2 = 4.9 ps ± 2.6 ps τ2 = 773 ps ± 0.05 ps τ2 = 50 ps ± 7.3 ps τ2 = 44.5 ps ± 5.8 ps

A2=-0.1 ± 0.025 A2 = 0.142 ± 0.018 A2=0.6 ± 0.07 A2 = 0.31 ± 0.02
τ3 = 107 ps ± 17 ps τ3 = 345 ps ± 62 ps τ3 = 1184 ps ± 0.1 ps
A3=0.68 ± 0.015 A3=0.51 ± 0.01 A3 = 0.48 ± 0.07
τ4 = 946 ps ± 2 ps
A4=0.46 ± 0.02

980 nm

τ1 = 0.37 ps ± 0.04 ps τ1 = 35 ps ± 7 ps τ1 = 0.28 ps ± 0.04 ps τ1 = 49 ps ± 15 ps
A1=-1.5 ± 0.1 A1 = 0.53 ± 0.04 A1=-0.68 ± 0.04 A1 = 0.2 ± 0.02

τ2 = 48 ps ± 16 ps τ2 = 1433 ps ± 0.01 ps τ2 = 63 ps ± 14 ps τ2 = 996 ps ± 0.5 ps
A2=0.38 ± 0.07 A2 = 0.203 ± 0.03 A2=0.35 ± 0.06 A2 = 0.3 ± 0.02

τ3 = 596 ps ± 161 ps τ3 = 702 ps ± 148 ps
A3=0.53 ± 0.11 A3=0.519 ± 0.08

Table 4.4: Kinetic fits for the transient absorption traces in the near infrared of Fig. 4.6 (the fits are on the
normalized curves).

No significant differences are observed between the WT and the MUT sample, except
at 960 nm, where in MUT we only observe decay components in both light-harvesting and
quenching conditions. This suggests that, while Car+ formation contributes to quenching,
its origin can be correlated mostly to concentration quenching rather than to qE (if it was
solely due to qE, we would expect it to disappear or strongly decrease in the mutant). The
difference kinetics at 960 nm (data not shown) show a rise component in WT of ∼ 11 ps that
is completely lost in MUT, which could indicate that the rise observed in WT is due to cation
formation correlated to qE quenching (Lut+ has been observed to peak around 960 nm in
LhcSR3 in [20]). However, we don’t observe the same behavior at any other wavelength, and
it is known that the spectral width of Car+ is larger than ∼ 20 nm [20]. Therefore, we have
no evidence from our data that Lut+ formation can be directly correlated to qE quenching
in LhcSR, but rather we propose that it is constitutive in LhcSR due to Chl-Car heterodimer
formation. It is important to notice that this conclusion is derived under the assumption that
MUT shows no residual qE quenching, which is not completely accurate in vivo.
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Nevertheless, we observe that upon induction of quenching conditions, new dissipative
pathways open up. In order to investigate the molecular origin of these pathways, we have
performed transient absorption experiments with excitation of Chl a Qy transition and prob-
ing in the visible spectral region (500-700 nm). These measurements investigate a possible
involvement of energy transfer to a carotenoid or the formation of an excitonic state between
a Chl and a Car. Measurements in the visible are made more difficult by strong photobleach-
ing effects (discussed later) and by the fact that Chl excited state absorption extends over the
whole visible spectrum, making the detection of carotenoid signals on top of it complicated.

Figure 4.7: Transient absorption spectra obtained on WT LhcSR3 in LL (quenching) conditions at selected
delay times, upon excitation at 670 nm.

We have collected transient absorption data using both spectrally-resolved detection on
a CCD (see Introduction Chapter) and wavelength-specific data on a Silicon photodiode.
Spectrally resolved data obtained on the CCD on the WT sample in LL conditions are shown
in Fig. 4.7. We observe the strong negative signal due to Chl a bleach/stimulated emission.
For wavelengths below ∼ 665 nm and above ∼ 710 nm, we observe a positive signal which
we can assign to Chl excited state absorption. Below 535 nm, an additional negative signal is
observed, which we can attribute to bleach/stimulated emission of carotenoids. Data obtained
on the WT sample in HH (light harvesting) conditions is similar, only more noisy (data not
shown), which complicates the comparison of the sample under the two different conditions.
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Figure 4.8: Transient absorption traces at selected wavelengths in the visible region for reconstituted WT (left)
and MUT (right) LhcSR, upon excitation at 670 nm (Chl Qy transition). The probe wavelengths are (top to
bottom): 510 nm, 540 nm, 600 nm.

80



LhcSR: photoprotection in green algae 4.4. Molecular mechanisms of quenching in LhcSR

Wavelength WT MUT
HH LL HH LL

510 nm

τ1 = 0.64 ps ± 0.12 ps τ1 = 15.9 ps ± 2.7 ps τ1 = 0.35 ps ± 0.06 ps τ1 = 0.54 ps ± 0.14 ps
A1=-1.3 ± 0.15 A1 = 0.526 ± 0.04 A1=-1.16 ± 0.11 A1 = -0.89 ± 0.1
τ2 = 4.9 ps ± 1 ps τ2 = 2725 ps ± 0.01 ps τ2 = 12 ps ± 1.9 ps τ2 = 16.4 ps ± 3.8 ps
A2 = 0.86 ± 0.13 A2 = 0.313 ± 0.015 A2 = 0.51 ± 0.03 A2 = 0.585 ± 0.05
τ3 = 124 ps ± 20 ps τ3 = + inf τ3 = 659 ps ± 214 ps
A3 = 0.445 ± 0.04 A3 = 0.43 ± 0.01 A3 = 0.328 ± 0.04

540 nm

τ1 = 0.126 ps ± 0.023 ps τ1 = 0.38 ps ± 0.12 ps τ1 = 0.36 ps ± 0.11 ps τ1 = 0.137 ps ± 0.071 ps
A1=-0.85 ± 0.07 A1 = -1.06 ± 0.17 A1 = -0.928 ± 0.15 A1 = -0.38 ± 0.14

τ2 = 12.5 ps ± 1.5 ps τ2 = 3.7 ps ± 1.1 ps τ2 = 50.1 ps ± 8.1 ps τ2 = 24 ps ± 9 ps
A2 = 0.36 ± 0.02 A2 = 0.72 ± 0.13 A2 = 0.528 ± 0.03 A2 = 0.37 ± 0.06

τ3 = 1078 ps ± 125 ps τ3 = 66.7 ps ± 12.4 ps τ3 = 2139 ps ± 1 ps τ3 = 461 ps ± 221 ps
A3 = 0.426 ± 0.01 A3 = 0.475 ± 0.06 A3 = 0.26 ± 0.03 A3 = 0.23 ± 0.06

600 nm

τ1 = 0.12 ps ± 0.03 ps τ1 = 0.452 ps ± 0.09 ps τ1 = 0.205 ps ± 0.023 ps τ1 = 0.183 ps ± 0.02 ps
A1=-0.83 ± 0.1 A1 = -0.737 ± 0.11 A1 = -0.99 ± 0.06 A1 = -0.55 ± 0.04

τ2 = 2.36 ps ± 1.2 ps τ2 = 5.1 ps ± 1.7 ps τ2 = 3.14 ps ± 1 ps τ2 = 3.9 ps ± 1 ps
A2 = 0.23 ± 0.05 A2 = 0.47 ± 0.08 A2 = 0.23 ± 0.03 A2 = 0.27 ± 0.03
τ3 = 31 ps ± 6 ps τ3 = 55 ps ± 20 ps τ3 = 31.3 ps ± 6 ps τ3 = 55 ps ± 9 ps
A3 = 0.26 ± 0.03 A3 = 0.26 ± 0.08 A3 = 0.275 ± 0.02 A3 = 0.22 ± 0.02

τ4 = 1034 ps ± 0.1 ps τ4 = 1748 ps ± 0.3 ps τ4 = 659 ps ± 81 ps τ4 = 2432 ps ± 0.1 ps
A4 = 0.315 ± 0.015 A4 = 0.28 ± 0.02 A4 = 0.42 ± 0.01 A4 = 0.35 ± 0.01

Table 4.5: Kinetic fits for the transient absorption traces in the visible shown in Fig. 4.8 (the fits are on the
normalized curves).

Fig. 4.8 shows traces obtained at selected wavelengths in the visible region below 600
nm. Table 4.5 reports the corresponding fits on the normalized kinetic curves. As can be
observed in the Figure, the data are noisy, especially at 510 and 540 nm, where Car and Chl
signals overlap. For the WT sample, we observe at 540 and 600 nm a very similar decay, with
a reduction of the amplitude in LL conditions. At 510 nm WT, the decay to the ground state
is much faster in HH conditions (5 ps and 124 ps), and in LL conditions a new long lived
component appears (2725 ps). For the MUT sample, at 510 nm, we observe the presence of a
long lived component in HH conditions, which disappears in LL conditions. At 540 nm, the
signal amplitudes are similar under both conditions, but the decay is faster in LL conditions
(the longest decay component shortens from 2140 ps to 460 ps). At 600 nm, the situation is
reversed and we observe a faster decay to the ground state in HH conditions (660 ps in HH
versus 2430 ps in LL).

Noise and experimental difficulties hamper the quantitative comparison of the two confor-
mations for both WT and MUT samples. LhcSR is very sensitive to irreversible photobleach-
ing effects, which makes the experimental measurement of dynamics complicated. Figure 4.9
shows the photobleaching effects on WT over a 5 min 35 sec period (typical duration of a
single scan for our measurements). The stage is fixed at T=10 ps and the transient absorp-
tion signal is measured at 680 nm (maximum of the bleach region, where the photobleaching
effects are worst). The signal decays by ∼ 35% over the time period of a scan collection,
indicating high instability of the sample under the laser pulse.

Additionally, LhcSR is an unstable protein in isolation. Its melting temperature (estimate
of the temperature at which half of the proteins are unfolded) is much lower than the melting
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Figure 4.9: Transient absorption signal of LhcSR WT upon excitation at 670 nm and probing at 680 nm,
measured over a 5 min 35 sec period, for a fixed value of delay of T=10 ps. The decay of the signal in time
shows the effect of irreversible photobleaching effects.

temperature of LHCII (37.8◦C for LhcSR versus 77◦C for LHCII [195]) (Ballottari). One
possible solution to reduce photobleaching could be the use of a flowing system that would
allow new sample at each new excitation pulse. However, that would require not only high
flow velocities, but also a large amount of sample, which is extremely hard to produce. Both
LhcSR3 isolation from C. reinhartdii cells and LhcSR3 reconstruction are extremely chal-
lenging, therefore the samples used in our experiments have low OD (0.08-0.15 at 675 nm),
the amount of sample is quite limited (∼ 25-50 µL) and some gets lost during sample mixing
with buffer. These factors make this experiment challenging, and a quantitative comparison
between the traces almost impossible. We don’t observe the presence of any rise component
in our signals in the Car region (at 510 or 540 nm), so we can exclude the energy trans-
fer between Chl and Car S1 on a few picosecond timescale, as has been observed in LHCII
aggregates in [31]. However, we cannot draw conclusions about the formation of excitonic
states between a Chl and a Car. The formation of an excitonic state has been observed as an
instantaneous population of Car S1 states upon Chl excitation in intact thylakoids [40] and in
LHCII [34] in the difference signal between quenched and unquenched conditions. Due to
the noise in our data and the photobleaching of the sample, we cannot make a similar analy-
sis. In Section 4.5, we will propose a possible solution to the photobleaching problem. Until
detailed quantitative information (amplitude and lifetime of the signals) can be extracted with
precision from these measurements, it is very difficult to draw conclusions about the possi-
ble photophysical mechanism of quenching in LhcSR and whether this resembles the type of
quenching observed in vivo.
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4.5 Conclusions and future work
LhcSR is both a pH sensor and a quencher, and has an evolutionary importance being present
in green algae and mosses and having been lost in plants. In this Chapter, we have presented
a spectroscopic investigation of the quenching properties of reconstituted LhcSR3 WT and
of its mutant MUT, with diminished pH sensitivity. We have shown that under quenching
conditions LhcSR3 is capable of effectively quenching in vitro Chl fluorescence. The investi-
gation of the mutant on three of the lumen-exposed protonatable sites has allowed us to prove
that these pH-sensitive residues modulate the amount of quenching that LhcSR3 can perform,
both in vivo and in vitro. Due to experimental challenges, we are not able to draw any defini-
tive conclusion about the possible quenching mechanisms occurring in LhcSR. We observe
that upon induction of quenching conditions, the signal amplitude decreases. This suggests
the opening of one or more new dissipative channels upon induction of quenching conditions.
Since we observe formation of Car+ in both WT and MUT, we cannot conclude that it is pos-
itively correlated with qE quenching in LhcSR. Additionally, we cannot make conclusions
on possible energy transfer pathways or excitonic states between Chl and Car. The transient
absorption measurements in the visible should be repeated adding a glucose catalase oxidase
enzyme to the sample, which consumes oxygen, thus reducing photobleaching effects.

Further work is needed to elucidate the energy transfer pathways of LhcSR in its two con-
formations. Broadband two-dimensional electronic spectroscopy on LhcSR in light harvest-
ing and quenching conditions will allow us to distinguish the energy transfer pathways in the
two configurations The comparison with MUT will allow us to subtract out the energy trans-
fer pathways that are due to aggregation (upon detergent removal) and that are not directly
correlated with qE. The combination of these experiments with polarization-dependent two-
dimensional electronic spectroscopy experiments on LhcSR (similar to the measurements
performed on CP29 by Ginsberg et al. in our group [50]) in the quenching vs. light harvest-
ing conditions will infer the structural differences between the two conformations giving rise
to potentially different dissipation pathways. These experiments will help answer the bigger
question of what are the conformational changes occurring in isolated PPCs upon induction
of a dissipative state.
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Chapter 5

Conclusions

This thesis discusses the application of different ultrafast spectroscopic techniques to the in-
vestigation of the energy transfer dynamics in PPCs involved in the first steps of photosynthe-
sis: efficient collection of solar energy, efficient transfer to the location of charge separation,
and efficient and safe energy dissipation in case of excess light absorption. All of these pro-
cesses occur on ultrafast timescales (fs-ps) and over large bandwidths (over the visible and
near infrared spectral regions). Transient absorption and 2D electronic spectroscopy are ideal
techniques to study these processes because they follow the evolution of excited states with
high temporal resolution and over broad spectral regions. Additionally, time-resolved fluores-
cence spectroscopy distinguishes between different conformations of a PPC upon a change in
the local environmental conditions, due to the technique sensitivity to the lifetime of excited
states.

The aim of ultrafast photosynthesis research is to understand the governing principles un-
derlying natural photosynthetic systems so they they can inform the development of artificial
devices and the engineering of crops for production of biofuels [196, 197]. The driving force
is the ever-growing energy demand on our planet, which cannot be sustainably satisfied by
fossil fuels. Sunlight is the most abundant energy source readily available, and it powers all
of natural photosynthesis. While natural photosynthetic systems are quite inefficient in terms
of sunlight absorbed versus energy stored, they are extremely efficient at functioning under a
variety of light and environmental conditions, and able to repair themselves. These properties
make them extremely interesting to investigate.

The first steps of photosynthesis correspond to the collection of sunlight and efficient
transfer of the excitation energy to the location of conversion into chemical energy. Antenna
complexes in photosynthetic systems are optimized to maximally absorb light energy over
the spectral range available to the particular organism, and to funnel such energy very effi-
ciently to the reaction center. Additionally, antenna complexes and specialized PPCs provide
photoprotection capabilities in the event of excess light absorption (we have discussed two
examples in this thesis: a specialized PPC from cyanobacteria in Chapter 2, and a PPC able
to switch between light harvesting and quenching functions in green algae in Chapter 4). The
structure, size and composition of antenna systems is highly variable, and depends on the
specific organism and the environmental conditions of growth. A good artificial antenna sys-
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tem should satisfy the following requirements [196]: 1) uniform absorption cross the solar
spectrum; 2) efficient transfer of excitation energy to the reaction center; 3) fast and reversible
switching to a dissipative state in case of excess absorption.

Reaction centers are the PPCs specialized for charge separation and unidirectional flow
of electrons (in Chapter 3 we have investigated the reaction center from purple bacteria).
Their molecular construction is highly conserved across different species, as it allows efficient
collection of excitation energy from the antenna, efficient charge separation and efficient and
unidirectional flow of electrons, largely avoiding recombination of charge-separated states.
Even in case of recombination, safety mechanisms are in place even in reaction centers, for
example in the form of Cars, which can quench damaging species. The steps in this process
are kinetically regulated by a fine tuning of the different lifetimes and steps of energy transfer,
to minimize the probability of damage. Still, even in the presence of damage, plants and
other photosynthetic organisms have strategies in place to self-repair their photosynthetic
system [198, 199]. An artificial reaction center would satisfy the following requirements
[196]: 1) easy and efficient interfacing with the antenna system to accept excitation energy;
2) efficient and stable electron transfer; 3) robust to recombination of the charge-separated
states.

Successful implementations of artificial antenna/reaction center complexes have made use
of components such as tetrapyrroles, coumarin antenna chromophores, phorphyrins, hexads
and/or fullerenes [200, 201, 202, 203].

Another photosynthesis-related research field that is in continuous development is biofuel
research. The possibility to utilize the sucrose produced by natural crops for biofuel produc-
tion (usually ethanol) brings along good prospects for alternatives to fossil fuels. So far in our
discussion we have focused our attention only on the first steps of photosynthesis. A more
complete description of photosynthesis includes the absorption of solar energy, followed the
removal of electrons from water and the use of these electrons to reduce carbon dioxide into
carbohydrates. While the first steps of photosynthesis have a very high quantum efficiency
(∼ 100% in optimal conditions [132] for the amount of absorbed photons that produces sta-
ble charge separation events), the overall efficiency of photosynthesis is around only a few
percents. A recent review [204] investigates the main inefficiencies of natural photosynthe-
sis and potential ways of overcoming these inefficiencies. A lot of the solar energy is lost
upon absorption. Cars and Chl only absorb in the visible portion of the solar spectrum (see
Sec. 1.1), thus making the organism transparent to approximately 50% of the incident solar
energy [204]. One way of improving the overall efficiency of light collection would be to
incorporate new artificial pigments or tune the light absorption properties of natural pigments
(by modified interactions with the protein, for example) to cover the entirety of the solar
spectrum [204].

Due to these inefficiencies, a lot more needs to be developed before reaching the same
levels of robustness and efficiency that natural photosynthetic systems achieve. Continuous
research in natural photosynthesis will allow us to design and engineer devices that are pos-
sibly even more energetically advantageous than what can be found in nature.

In order to more accurately derive the governing principles behind natural photosynthe-
sis, it would be interesting to use the same experimental techniques discussed in this thesis
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to look at systems that are much larger in size than isolated PPCs, exploiting their ability of
discerning energy transfer over broad bandwidths with ultrafast time resolution. Transient ab-
sorption spectroscopy has been applied successfully to larger scale systems such as thylakoid
membranes [40, 27] and even whole leaves [205]. However, these experiments are compli-
cated by the fact that the increased size of the samples under investigations carries significant
scattering problems, as the size of the particles becomes comparable with the wavelength of
light used. Due to the technical difficulties associated with this experiment, an extension to
2D may be experimentally challenging. 2DES has been used to investigate energy transfer
pathways in larger scale systems such as live cells [206]. However, the number of over-
lapping transitions in these systems is very high. Nonetheless, it would be valuable to use
polarization sequences (an example is shown in Chapter 3) to get to the structure of molecu-
lar systems and elucidate which particular set of pigments is involved in forming dissipative
states. This could help locate the site (sites) of quenching in the thylakoid membrane, which
is the smallest isolatable unit capable of performing quenching.

Another direction for technique development is similar to what has been recently devel-
oped in our lab for fluorescence lifetime spectroscopy by Amarnath et al. [207] and applied
to algae [207] and Arabidopsis leaves [Sylak-Glassman]. The ability of taking fluorescence
snapshots at different times during the acclimation and relaxation process of plants and al-
gae, combined with mutant studies, has helped the elucidation of different contributions to
quenching appearing and disappearing on different timescales. A similar ’light acclimation’
time axis can be applied to transient absorption. This would allow us to investigate the precise
physical mechanism(s) of quenching and their appearance at different points in the acclima-
tion to light, together with their relative timescale of disappearance upon recovery of quench-
ing. The implementation of this new technique has started in our lab, but it is complicated by
the experimental issues related to scattering from the thylakoid samples mentioned above.

One particular question that would be interesting to address is the interplay between PsbS
and zeaxanthin in the induction/relaxation of qE in plants. Recent fluorescence snapshot ex-
periments by Sylak-Glassman on whole leaves have shown how the interplay between these
two components is what allows wild-type Arabidopsis plants to be so efficient at turn-on,
maintenance and rapid turn-off of quenching. When one of these components is missing,
a reduced amount of quenching is observed, together with different dynamics of induc-
tion/relaxation. In order to better understand the interplay between PsbS and zea, we pro-
pose to use a transient absorption snapshot technique on thylakoids isolated from Arabidop-
sis wild-type, npq1, npq4 and npq1npq4 mutants. npq1 is a mutant that lacks the ability
of synthesizing zeaxanthin from violaxanthin [208]; npq4 lacks PsbS [209]; npq1npq4 is
the double mutant lacking both PsbS and zea [210]. These experiments could help elucidate
what is the photophysical mechanism of interaction between PsbS and zea that leads to excess
energy dissipation. The results can further aid membrane modeling, by establishing the num-
ber/positioning of quenching sites. In particular, the specific questions that we are interested
in addressing, are: 1) in the npq4 mutant, can you still observe the formation of excitonic
states between Chl and Cars, or of carotenoid cations (see Section 1.3), or is PsbS required
for induction of those interactions? Are these cations/states enhanced at all by the putative
conformational change induced by PsbS and so we do not expect to observe them in an npq4
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mutant?i Or are the interactions taking place between Chl and Car completely different in
this case? 2) In the mutant npq1, which lacks zeaxanthin, can you see formation of excitonic
states in membranes due to other Cars such as lutein and/or violaxanthin, as observed iso-
lated PPCs [211, 77]? 3) In the double mutant npq1npq4, can you observe similar signatures
for quenching? If quenching only depended on the particular interaction between PsbS and
zea, we should not see the same signatures. However, we cannot exclude the presence of
other dissipative channels, and it would be interesting to look at the relative amplitude of
these alternative channels that might be present, but just less important, in wild-type plants.
Additionally, being able too look at all of these signals as a function of acclimation time will
allow us to see at which point in the induction of quenching different pathways appear, and
on what timescales they become less relevant if other pathways become available.

iPrevious measurements on npq4 thylakoids by Holt et al. [27] have shown no cation formation upon
induction of quenching.
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