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The photophysics of pigments is influenced, to an extent depending on its structure, by the 

properties of the environment. Proteins represent a very specific environment at least in two 

aspects: i) they are native to most of the pigments in living systems; ii) they facilitate 

modifications of pigment configuration, leading to changes not only in its spectroscopic 

properties, but also in its functional abilities. In studies presented in this thesis, femtosecond 

pump-probe spectroscopy was used to study predominantly the photosynthetic antenna 

complexes of bacteria and algae. Based on spectroscopic evidence, the structural 

modifications of pigments imposed by the protein were deduced or hypothesized, together 

with their functional relevance.   
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1.  Introduction 

1.1 General introduction  

1.1.1 Personal (scientific) philosophy 

 Keeping in mind the full form of the degree I am applying for, 
philosophiae doctor, I hope that I am within my rights to start this thesis 
more generally, with a touch of philosophy. The philosophy I will try to 
present here is summarized in the motto: 
 

Science can help, but the real change must occur in our brains, souls and 

hearts. 
 

I think there are still more people who feel that the direction the world is 
going in must change, although they are still a minority. I am a member of 
this group. I simply do not believe that we should continue down the path 
upon which we have started, egoistically exploiting this planet and 
pretending that economical growth can go on forever. We should rather try 
hard to find new, better and sustainable ways of living. We must, however, 
overcome the self-delusion that all the changes will occur without any impact 
on our living standards. That this impact will come in the near future is 
inevitable. The earlier we realize that the dogmatic quest for increased 
consumption and economic growth is wrong, the more gradual and less 
painful will be the changes. The first step everybody needs to get used to is 
the conservation of resources. This can be achieved via the support of local 
food and goods suppliers, the use of public transport instead of cars, having 
household appliances repaired instead of buying new ones etc.  
 It is generally believed that science will provide humankind with a 
“safety net” in the form of the large-scale production of electricity in deserts, 
bacteria thriving on rubbish dumps producing fuel, or even more fantastic 
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notions such as the evacuation of humankind to a paradise planet through a 
wormhole. But do we want this? Do we want to continue living in the very 
same manner? Maybe, but I personally do not wish to participate. Although I 
am not against progress in general, which is demonstrated by my scientific 
interest in photosynthesis and a belief that accumulating knowledge in this 
field can help humankind get out of the energy crisis, I think we should not 
rely on science as a universal safety net. This makes people largely passive. 
We should take any great crisis, such as the one we face now, not as a 
tragedy, but as an opportunity and instruction to change ourselves. 
 I am aware of the (maybe legitimate) criticism which is raised by 
thoughts similar to those presented above. I know the concept of “the tragedy 
of the commons”, which might serve critics as an argument against the 
conservation of resources (if you refrain from catching the last salmon in the 
river, your neighbour will do it, so it will be consumed anyway). However, I 
do not suffer from such scepticism and believe that humankind can do better 
than some bacterial colony that restricts itself to consuming resources 
without thinking about tomorrow. I think that all of us who think in the same 
or similar fashion should raise their voices, which I have tried to do with 
modesty in writing these introductory paragraphs. We should convince the 
new generations not to make the same mistakes as their parents and their 
grandparents before them. I hope they will have the ability to make good 
decisions and to be happy at even lower standards. If they succeed, they will 
be rewarded with more positive prospects than ours.  
 
 There is another difficulty with the public presentation of science as a 
universal saviour. Non-scientists can hardly recognize the basic motivation 
for research, which I believe is still the curiosity of the scientist. This is, 
however, a bit frustrating for a craftsman or farmer. Why should they support 
somebody’s curiosity? They want us to invent pills against cancer or a water-
fuelled car. The scientific community responds to these demands and adapts 
to meet public expectations. Otherwise, the budget for science would 
probably shrink. Consequently, we hear more and more often the mantra of 
applied research, research justified by reaching a definite and profitable final 
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goal. There are certainly some areas of research where one must keep such 
an aim in mind, but I do not think this should be confused with science; it 
should be given a proper name, engineering. However, this paragraph does 
not intend to criticize engineers, craftsmen, or farmers at all! If it is a 
criticism at all, then it is a criticism of scientists. We should not sell the idea 
of science for the pledge of a continuous supply of money. It is relevant to 
ask people whether they want to support science per se. Our task is to 
convince them that although science is something extra without which they 
can live, it should not be confused with luxury. Similarly, humankind could 
live without Shakespeare’s work. Shakespeare did not enrich our lives in any 
material way. However, he did enrich us somehow. He enriched what could 
be called the spirit of humanity. Thus, if nothing else, Shakespeare’s work 
and science are what makes us humans. Is it too little? 

1.1.2 Biology, physics, and biophysics 

 I view biology as a science of diversity, while physics as a science of 
generality. Although biology tends to find common patterns in living 
organisms (e. g. DNA-based genetics, the search for common ancestors), it is 
still deep in its nature to be astonished by the multitude of life forms and 
variety on levels from molecules (usage of RNA instead of DNA to store 
genetic material in the case of some viruses) to ecosystems (unique 
marsupial-based ecosystems in Australia). Not so with physics. Any 
departure from established laws is considered as a stimulus for their revision. 
This approach proved very fruitful, as demonstrated by the failure of 
Newtonian mechanics at high speeds and micro scale leading to the 
development of special relativity and quantum mechanics. The generalizing 
tendency inherent to physics is well recognized in proposed theories such as 
The Grand Unification Theory or The Theory of Everything.    
 What is then the relation of biophysics to its parent disciplines? 
Discussing mainly experimental biophysics, it is vitally dependent on 
instrumentation. The pioneer application of the experimental method to a 
biological system usually leads to observations of general impact 
(confirmation of proposed double-helix DNA structure using X-ray 
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crystallography), while the routine usage of a method leads to revealing the 
diversity (for example the structures of tens of thousands of proteins known 
today). So it is also with pulsed lasers and their application in photosynthetic 
research. With every shortening of the pulse appeared a new temporal 
window to study. Similarly, implementation of a new method has a potential 
to reveal novel mechanisms, as was, for instance, the case of multiple-pulse 
experiments.1–3 The femtosecond pump–probe spectroscopy method, mainly 
employed in studies presented in this thesis, is nowadays a well-established 
method. Although it may seem a less powerful tool than the recently 
developed state-of-the-art methods of femtosecond spectroscopy, it can still 
enrich science with interesting discoveries, as I hope will be demonstrated in 
this thesis.         

1.2 Photosynthesis 

 Photosynthesis has influenced the Earth tremendously – its geosphere, 
hydrosphere, atmosphere, and biosphere. Its appearance was really a 
breakthrough. Life ceased to be passively dependent on energy from rather 
scarce complex molecules. Instead, it has since then primarily relied on an 
inexhaustible energy source – solar radiation.     
 The earliest version of photosynthesis was almost certainly anoxygenic 
(i.e. oxygen was not produced).4 However, only the emergence of 
cyanobacterial-like oxygenic photosynthesis had a global impact. First 
affected was the geosphere, whose ferrous rocks underwent oxidation, 
serving as a buffer and preventing the massive escape of oxygen into the 
atmosphere. The presence of this and other buffers such as oceanic water has 
contributed to the restricted level of oxygen in the atmosphere. However, by 
around 2.4 Gya (giga years ago) the buffering capacity was no longer 
sufficient. As a result a massive escape of oxygen into the atmosphere 
occurred, so that about a tenth of the present-day oxygen concentration was 
reached.4,5 Such an event must have had a disastrous effect on life because, at 
that time, oxygen was nothing but poison. Undoubtedly, massive extinction 
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must have followed. Quite symptomatically, this event is known as “The 
Great Oxygenation Event” or “The Oxygen Catastrophe”; it happened in the 
period 2.4–2.0 Gya.5 Thus, no doubt the Earth was significantly influenced 
by the onset of the photosynthesis that changed its geosphere (oxidized 
rocks), hydrosphere (oxygenated oceans), atmosphere (oxygenated), and 
biosphere (extinction and many other consequences). But it was not enough. 
At ~1 Gya a second rise of oxygen concentration began, caused by increased 
photosynthetic activity mainly ascribed to photosynthetic eukaryotes.4 Over 
the likely peak in the Carboniferous era,5 the present-day oxygen 
concentration of ~21% was reached.  
 Each coin has two sides. That oxygen is poisonous is true. However, 
life turned a disadvantage, the presence of oxygen, into an advantage: it 
started utilizing oxygen as a terminal oxidant. These newly-established 
oxidative metabolic pathways provided organisms with far more energy than 
anaerobic ones. However, since then there has been a price to pay for this 
increased profit: a need to protect against the threat of oxidative damage 
(photoprotection is a central topic in Research Section B). 
 The only reason oxygen is produced in oxygenic photosynthesis is that 
it is the by-product of water oxidation which aims at electron acquisition. 
From the point of view of availability, water is definitely one of the best 
candidates as a source of electrons for photosynthesis. However, to withdraw 
electrons from water is not an easy task. Why? An oxygen/water redox pair 
has a high and positive reduction potential (0.82 V). It means that water does 
not readily donate electrons. To get electrons out of it, an even stronger 
oxidation agent must be applied. This is the oxidized special pair of 
chlorophylls (P680+) in the reaction centre (RC). To compare, oxidized 
special pair of (non-cyano)bacterial RC is not a strong enough oxidant,6 
disabling the use of water as an electron source in bacterial photosynthesis. 
They, thus, depend on other electron donors such as H2S, H2 etc. 
 Despite the large diversity of photosynthetic organisms, there are only 
two general modes of photosynthesis: RC-based and rhodopsin-based.4,7  
There are two main types of RC, which are distinguished according to the 
terminal acceptors of the electrons, a Fe-S cluster for type-1 RC (RC1) and a 
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quinone for type-2 RC (RC2). Some organisms use only one type of RC 
(RC1: green sulphur bacteria, heliobacteria, and acidobacteria; RC2: 
filamentous anoxygenic bacteria and purple bacteria), while some use both 
types (cyanobacteria and all photosynthetic eukaryotes, which are the 
endosymbiotic descendants of cyanobacteria).4,7 Compared to the substantial 
complexity of RC-based energy conversion, photosynthesis employing 
rhodopsins is much simpler. The absorption of a photon by the terpenoid 
retinal results in its isomerization and through changes in the protein it 
eventually leads to the translocation of protonsa across the membrane. So 
established electrochemical gradient can then be used to drive cellular 
processes. These “photosynthetic rhodopsins” (as opposed to rhodopsins with 
sensory or other function) are exclusively found in prokaryotes.  
 Also the pigment composition of RCs is rather conservative and is 
restricted to Chl-a, Chl-d, BChl-a, BChl-b, (bacterio)pheophytins and a 
handful of carotenoids; rhodopsin-based photosynthesis with a single 
pigment retinal does not enrich the list much. A far higher diversity in both 
structure and pigment composition is observed in light-harvesting complexes 
(Section 1.3.5). However, before diving into this diversity, the next chapter 
will address the question of its evolution.  

1.2.1 Underwater photosynthesis 

 Although competition for light also operates in terrestrial ecosystems, 
underwater conditions are much more complex. The following factors 
influence the intensity of light at a particular wavelength and depth below the 
water‘s surface: absorption and/or scattering by water, (coloured) dissolved 
organic carbon (usually <0.2 µm particles), particulate organic matter (>0.2 
µm particles), and organisms, mainly phytoplankton.9,10 The absorption of 
longer wavelengths (>600 nm) dominates in pure water, which is best 
demonstrated in >100 m depths by the prevailing blue light.10,11 It implies 

                                                 
a Chloride ions instead of protons are translocated by halorhodopsin. However, it is used to 
maintain osmotic balance. Thus the definition of photosynthesis according to Blankenship8 
is not met for this pump. 
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that light scattering by water molecules, acting predominantly on shorter 
wavelengths, is relatively less significant than water absorption. Dissolved 
organic matter influences the light conditions both by the enhancement of 
Rayleigh scattering (“standard” and coloured dissolved organic matter) and 
absorption below 500 nm (coloured dissolved organic matter), thus leading to 
the gradual attenuation of short wavelengths with increasing depth. 
Combined with the absorption of water at longer wavelengths, in coastal 
waters rich in (coloured) dissolved organic matter green light penetrates the 
deepest.10 Particulate organic matter does not influence a specific spectral 
region because Mie scattering acting on particles with sizes roughly 
matching the wavelength of light is independent of wavelength. When the 
absorption of organisms higher in the water column is taken into account 
together with all other effects, a multitude of photic niches can be identified 
based on varying relative contributions of these effects.10 
 The presence of such niches undoubtedly led to the evolution of 
pigments and light-harvesting complexes. The variety of light harvesting 
strategies among underwater organisms contrasts with the uniformity in 
terrestrial photosynthetic life, underscoring the importance of the aquatic 
environment in the development of the diversity of photosynthesis.12 

1.2.2 Photosynthetic pigments 

 From the structural point of view, there are two main classes of 
photosynthetic pigments, tetrapyrroles and terpenoids. The former group can 
be further divided into two subgroups, comprising linear (phycobilins) and 
cyclic tetrapyrroles (Chls, BChls, (bacterio)pheophytins). The distinction 
between Chls and BChls, however, does not follow a chemical, but 
“phylogenetic” logic: bacteria contain bacteriochlorophylls (excluding 
cyanobacteria); chlorophylls are employed by cyanobacteria and 
photosynthetic eukaryotes. Chemically, tetrapyrroles are classified according 
to the degree of reduction of the macrocycle into the following categories: 
porphyrins (Chl-c1, Chl-c2; least reduced), chlorins (Chls a, b, d, f; BChls c, 
d, e, f), and bacteriochlorins (BChls a, b, g; most reduced).    
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 The latter group, terpenoids (alternatively called isoprenoids), is further 
divided into many subgroups according to the number of isoprene units 
forming the molecule. However, only two of these subgroups contain 
photosynthetic pigments: diterpenoids (retinal) and tetraterpenoids 
(carotenoids). Among carotenoids purely hydrocarbon (carotenes) and 
oxygen-containing molecules (xanthophylls) are further recognized. The 
information given in this and the foregoing paragraph is lucidly summarized 
in Table 1-1. 
 Pigments used in photosynthesis serve several functions:8,13–18 

• light harvesting of photons ((B)Chls a,b,c,d, BChl-e, BChl-f, BChl-g, 
phycobilins, carotenoids) 

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

• photoprotection (carotenoids) 

• structural function ((B)Chls, carotenoids). 
The roles of carotenoids will be dealt with in more detail in Section 1.3. 

 What gives pigments their colour? It is the absorption of photons of a 
specific energy in the visible part of the electromagnetic spectrum. The 
colour perceived by humans then corresponds to the transmitted/reflected 
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Linear Phycobilins 
Phycocyanobilin, 
phycoerythrobilin... 

Cyclic 

Porphyrins Chl-c1, Chl-c2 

Chlorins Chls a, b, d, f; BChls c, d, e, f 

Bacteriochlorins BChls a, b, g 

T
er

pe
no

id
s 

Diterpenoids Retinal 

Tetraterpenoids Carotenoids 
Carotenes neurosporene, lycopene, β-

carotene… 

Xanthophylls spheroidene, spheroidenone, 
zeaxanthin, peridinin 

Table 1-1: Categories of pigments. 
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photons. The part of the molecule responsible for its colour is the 
chromophore. It consists of alternating single and double bonds, forming a 
conjugated system (N stands for the number of conjugated C=C bonds). It is 
created by connecting multiple atomic p-orbitals into a molecular π-orbital, 
whose delocalized electrons can be promoted into a higher electronic excited 
state upon photon absorption. The longer the conjugation length, the more 
are the electronic transitions shifted to lower energies. This can be in a 
simplified way rationalized using the analogy with the particle-in-a-box 
case:b the π-orbital can be seen as a box for the electron. The energy of the 
particle is proportional to 1/x2, x standing for the size of the box. This 
simplified picture is, however, directly applicable only to linear symmetric 
polyenes. Cyclization and the presence of central atoms and functional 
groups may represent a stronger effect, effectively overwhelming the trend of 
decreasing energy with conjugation length. 

1.3 Carotenoids 

 Compared to other natural pigments, carotenoids are very diverse, with 
more than 1000 different structures identified so far.19 Belonging to the class 
of tetraterpenoids, most carotenoids contain 40 carbon atoms. Their actual 
structures may differ in several aspects: the conjugation length; the presence 
of atoms other than carbon and hydrogen (oxygenated xanthophylls are the 
most common, but also sulphur-containing carotenoids exist20); the presence 
of various functional groups; symmetry. These features affect the properties 
of carotenoids, resulting in their purpose-specific utilization.  
 Carotenoids serve multiple functions in photosynthesis. As light 
harvesters, their absorption maxima are usually in the blue-green spectral 
region, thus effectively covering the window not accessible to (B)Chls. They 
also act as photoprotective agents, posing a multiple-stage defence system 
against oxidative damage. Additionally, they serve as crucial structural 

                                                 
b I thank Tjaart Krüger for drawing my attention to this analogy. 
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elements; their absence may even result in improper folding or failure in the 
higher-order structure formation of some photosynthetic pigment-protein 
complexes.21,22  
 Carotenoids are, however, employed not only by photosynthetic 
organisms. They appear in almost all organisms, highlighting their 
importance. In non-photosynthetic organisms, their role is mostly a 
paraphrase of their photoprotective function in photosynthesis, which is 
apparent from the name they are usually given in this context: antioxidants.  
 As evident from the information given so far, carotenoids are required 
by almost all organisms. Yet until recently, they have been believed to be 
synthesized only by microorganisms, plants and fungi. However, in 2010 
genes for carotenoid synthesis were found and proven to be expressed also in 
pea aphids, making these animals exceptional in being independent of dietary 
carotenoids.23 

1.3.1 Excited states of carotenoids 

 The photophysics of carotenoids is rather distinctive compared to other 
pigments. The uniqueness consists mainly in the following features: the final 
state of the strongly one-photon-allowed transition, which gives the 
carotenoids their characteristic colour, is not the lowest excited state; the 
fluorescence quantum yield is very low and for carotenoids with N ≥ 8(9)24 
fluorescence does not take place from the lowest excited state, violating 
Kasha’s rule.  
 The background of carotenoid photophysics is based on studies of 
symmetric polyenes. These compounds belong to the C2h point symmetry 
group, which is basically a set of symmetry operations relevant to the 
particular object such as the whole molecule, its orbital or molecular 
electronic state. The symmetry operations of the C2h group are the identity, 
the two-fold rotational axis, the plane of symmetry, and the centre of 
inversion (Figure 1-1). The orbitals and states express different behaviour 



 

 

under the action of symmetry operations.
given specific symbols such as Bu or A

 The quantity crucial for governing the electronic transition is the 
transition dipole moment. It is defined as
 

��� � � �����	
� 

where ψm and ψn are wavefunctions of the initial and final states, 

respectively, and �� is the electric dipole moment operator. For the transition 
to be allowed, the integral must have 
condition for this is that the overall function to be integrated must be totally 
symmetric, i.e. symmetric with respect to all s
point symmetry group.25,d In terms of the 
possess the Ag symmetry.  

                                                 
c Uppercase letters (e.g. Bu) are used for states, lowercase (e.g. b
d The integral may, however, turn out to be zero for reasons different than symmetry.

Figure 1-1: Symmetry operations of the C2h

rotational axis (C2), plane of symmetry (σh), and centre of inversion (i).
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under the action of symmetry operations. Based on this behaviour, they are 
or Ag.

c  

The quantity crucial for governing the electronic transition is the 
transition dipole moment. It is defined as 

 
( 1.1 ) 

 

are wavefunctions of the initial and final states, 

is the electric dipole moment operator. For the transition 
have a nonzero value. The essential 

condition for this is that the overall function to be integrated must be totally 
symmetric, i.e. symmetric with respect to all symmetry operations of the 

In terms of the C2h group, the function must 

) are used for states, lowercase (e.g. bu) for orbitals.25 

The integral may, however, turn out to be zero for reasons different than symmetry. 

2h point symmetry group: identity, two-fold 
), and centre of inversion (i). 
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 Thus, we are able to derive the selection rules based on symmetry. T
ground state of polyenes is of Ag, while the strongly absorbing excited state 
is of Bu symmetry. For polyenes with N

excited state. However, for longer polyenes (
has a lower energy than the Bu state. Thus the 
is the state with Ag symmetry, while the S

This order of energy states is also 
relevant to all naturally occurring 
carotenoids
the conjugation length is between 7 
and 13
selection rul
symmetry considera
application of 
the A
Ag–
selection rule emerges when 
electronic correlation (interaction 
between electrons in the mole
taken 
pseudoparity signs will appear in the 
designations of symmetries of the 
states,
will be of A
two excited singlet states of A
Bu

+

additional 
change
states involved in the allowed 
transition. 
of this section, 

photon-allowed transition of carotenoids is not the S
S2 (Ag

––Bu
+). This statement now becomes supported by theory because only 

Figure 1-2: Energy level diagram of a 
carbonyl carotenoid. The double arrow 
corresponds to excitation, while the other 
solid arrows symbolize typical transitions 
recorded during a time-resolved 
measurement (orange arrow: S1–SN, red 
arrow: ICT–Sn, black arrow: S2–Sm

transition). The dashed arrows represent

internal conversion processes. 
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the selection rules based on symmetry. The 
, while the strongly absorbing excited state 

N ≤ 3 the latter is also the lowest 
excited state. However, for longer polyenes (N > 3) a state of Ag symmetry 

state. Thus the lowest singlet excited state, S1, 
symmetry, while the S2 state is that with Bu symmetry. 

This order of energy states is also 
relevant to all naturally occurring 
carotenoids, because for most of them 
the conjugation length is between 7 
and 13 (Figure 1-2).24 The basic 
selection rule, which follows from 
symmetry considerations and 
application of Eq. ( 1.1 ), determines 
the Ag–Bu transition as allowed, but 

–Ag as forbidden. The other 
election rule emerges when the 

electronic correlation (interaction 
between electrons in the molecule) is 
taken into account. Additional 
pseudoparity signs will appear in the 
designations of symmetries of the 
states,26 so the carotenoid ground state 
will be of Ag

– symmetry and the first 
two excited singlet states of Ag

– and 
+ symmetry, respectively. The 

additional selection rule requires a 
change in pseudoparity symbols of the 
states involved in the allowed 
transition. As stated in the beginning 
of this section, the strongly one-

allowed transition of carotenoids is not the S0–S1 (Ag
––Ag

–), but S0–
This statement now becomes supported by theory because only 
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the latter transition fulfils both selection rules. However, one must keep in 
mind that the analysis given here is completely valid only for totally 
symmetric molecules with respect to the C2h point symmetry group. Any 
departure from this total symmetry results in weakening of the selection 
rules. A typical example is that the S1-S0 transition may become slightly 
allowed, as it is for the highly-substituted carotenoid peridinin.  
 The low fluorescence yield is the result of the extremely fast internal 
conversion processes. The lifetime of the S2 state is thus on the order of 
several hundreds of femtoseconds.24 The mechanistic explanation of this 
ultrashort lifetime is still a matter of debate, mainly because of its unexpected 
dependence on conjugation length. From calculations it follows that another 
electronic state, which possesses the Bu

- symmetry, is present in the S2-S1 
gap,27 which would cause rapid depopulation of the S2 state. However, 
convincing experimental evidence is still missing.28 The lifetime of the S1 
state is typically one to two orders of magnitude longer than that of the S2 
state, but it is still short enough to efficiently compete with radiative 
transition. The origin of the short S1 lifetime is better understood than that of 
the S2 state. Because the decrease of frequency of the C=C stretching mode 
in 13C labelled β-carotene led to S1 lifetime prolongation,29 the strong 
vibronic coupling between S0 and S1 states through this vibrational mode is 
the key factor determining the fast S1 deexcitation.   

1.3.2 Carbonyl carotenoids 

 I have devoted a special section to these carotenoids because they are 
of much interest in most of the studies presented in the Research Section 
(only the study presented in Section 4 does not refer to them).  
 Carbonyl carotenoids contain a carbonyl group in conjugation. Figure 
1-3 shows two important representatives: peridinin, the most extensively 
studied carbonyl carotenoid, and spheroidenone, which is central to Research 
Section B of this thesis. The conjugated carbonyl group imparts to these 
pigments a unique property not observed in other carotenoids. Carbonyl 
carotenoids exhibit polarity-dependent behaviour, which is facilitated by the 
presence of an additional electronic state in the excited-state manifold, the 
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intramolecular charge-transfer (ICT) state. Spectroscopic features associated 
with this state become more pronounced with any increase of polarity of the 
environment. Such behaviour is the consequence of the large dipole moment 
of the ICT state, which is stabilized in the polar environment.30–32 The 
spectroscopic “markers” of the ICT state are manifested in the transient 
absorption spectra as i) a positive band red-shifted from the S1-SN transition 
(Ref. 33, for definitions of the transitions see Figure 1-2) and ii) a negative 
feature associated with the stimulated emission, which can be observed in the 
NIR region.31 Moreover, the appearance of the ICT-related spectroscopic 
features is associated with S1 state lifetime shortening.31,33 The ICT state thus 
probably induces stronger coupling to the ground state.32  

 Despite extensive theoretical and experimental efforts, the structural 
nature of this state and its relation to the S1 state are still a matter of debate. 
Basically four models have been proposed: 
1) The ICT state is a separate electronic state distinct from the S1 state 

(S1 + ICT).33–35  
2) The ICT state is strongly coupled to the S1 state (S1/ICT; see Figure 

1-2).30,36–38 
3) The ICT state is indeed the S1 state with a significant charge-transfer 

character (S1 = ICT).39,40 
4) The ICT state is formed via the mixing of S1 and S2 states 

((S1 + S2)/ICT).32 
 It is beyond the scope of this thesis to analyse all aspects of the 
respective models. However, some comments may be made here. First, none 
of the models is robust enough to account for all experimental observations, 

Figure 1-3: Structures of two important carbonyl carotenoids, peridinin (above) and 
spheroidenone (below). 
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mainly the lifetime shortening with an increasing polarity of the 
environment. The early model 1) has been mainly challenged by the fact that 
both S1-like and ICT-like bands decay with identical time constants. 
Moreover, because of the problematic description of charge-transfer states by 
the time-dependent density functional theory,41 model 1) has also lost 
theoretical support.34 The uniform dynamics of the broad peridinin transient 
absorption signal has led to the proposal of model 2), in which the S1/ICT 
potential energy surface has two energy minima.30,36 Model 3) of Shima et 
al.39 has not been rejected in its entirety, although the particular findings 
related to this model were challenged, mainly due to the fact that the most 
dramatic polarity-induced changes take place in the ground state.42 However, 
we have recently revived this model by matching the S1-S3 transition of 8′-
apo-β-carotenal in hexane with the ICT-Sn transition (see Figure 1-2), 
hypothesizing that the ICT state is indeed the S1 state. The more polar the 
environment, the more is the molecule distorted from the idealized C2h 
symmetry. Therefore the S1-S3 transition, forbidden in the C2h symmetry 
group, becomes allowed. The opposite is true of the S1-SN transition. Thus, 
the more polar the environment, the stronger is the S1-S3 transition and the 
weaker the S1-SN transition, matching experimental results. Model 4) resulted 
from the logical, but so far not considered, assumption that the ICT state 
cannot be formed from the ground-state conformation. Instead, it requires a 
conformation following relaxation from the higher (S2) state.32 This 
assumption has a realistic basis in the fact that weak fluorescence from the 
lowest-lying state of peridinin has been observed,43 but corresponding 
absorption has never been observed. This model can thus be simplified as 
“from below is not the same as from above”.  
 Throughout the Research Sections only the “traditional” S1/ICT model 
is considered, which is mainly given by the restricted amount of established 
competing models at the date of origin of the contributions. I personally 
believe that the model closest to reality is #3 with some features of model #4, 
although it is still necessary to test these models on a wider range of carbonyl 
carotenoids to allow a more generalised conclusion. The crucial properties of 
model #4 are i) the mixing of the S1 (Ag

–) state with the S2 (Bu
+) state 
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resulting in the observed dipolar characteristics of the ICT state, and ii) the 
fact that “from below is not the same as from above”. Interestingly, the 
predicted doubly-excited character of the ICT state added to its Bu

+-related 
ionicity32 is achieved very elegantly in that the ICT state is the S1 (Ag

-) state, 
which is known to possess this doubly excited charactere.  

 
 The polarity-dependent behaviour described above is not expressed by 
all carbonyl carotenoids. For example for spheroidenone in solution the 
polarity-induced effects are rather insignificant, both in the spectral (almost 
no ICT-like band) and temporal (insignificant lifetime shortening) domain.42 
One could ascribe this feature to the long conjugation length of 
spheroidenone (N = 10 compared to N = 7 for peridinin, neglecting the 
carbonyl), leading to the relative weakness of ICT–Sn compared to S1–SN 
transition. However, one of the findings appearing in this thesis is that even 
spheroidenone can produce a strong ICT-related signal – not in solution, but 
in the protein (see Section 6/Ref. 44). The key difference between 
spheroidenone in solution with inactive ICT state and other carbonyl 
carotenoids (peridinin, fucoxanthin, siphonaxanthin), whose ICT state may 
be activated in polar solvents, is the configuration of the carbonyl group. 
While it is s-cis in the case of spheroidenone,45 it is s-trans in peridinin,46 
fucoxanthin,47 and siphonaxanthin.48 The s-cis position of the carbonyl group 
thus leads to its effective isolation from the conjugation. Therefore, we have 
proposed that the configuration of the spheroidenone carbonyl group in the 
LH1 complex, where the ICT state is activated, is s-trans (see Section 6/Ref. 
44). Thus the conditions for ICT state activation should be extended, both the 
high polarity of the environment and the s-trans configuration of the 
carbonyl with respect to the conjugated chain being seen as critical.        
  

                                                 
e I am aware of an apparent disagreement with the earlier statement regarding departure from 
the C2h symmetry in polar environment and thus weakening the doubly-excited character of 
the ICT state. However, this departure is probably only partial, similarly as is the ionic 
character. Overall, these tendencies may match the predicted pattern of the S1 = ICT state 
possessing both the ionic and doubly excited character. 



 

 

1.3.3 Light harvesting function of carotenoids

 Naturally occurring carotenoids have 
absorb light mainly from the blue-green region
almost inaccessible to (B)Chls24 which, being capable of photochemical 
energy conversion, are the final acceptors of excitation energy
carotenoids transfer the excitation energy to (B)Chls
serving as energy donors (Figure 1-4). 

 What governs the choice of carotenoids with specific conjugation 
lengths in light harvesting? Carotenoids with N
radiation, so the reason they are not employed may be that the photon flux 
becomes restricted for shorter wavelengths. On the other 
longer-wavelength light by carotenoids with 
However, there are limitations regarding the position of the S
one of the donor states from which energy is transferred to (B)Chls. For the 
N > 13 carotenoids the S1 state is too low to transfer energy not only to Q
Chl-a, but also to BChl-a.19 
 The energy transfer processes are strongly dependent on mutual 
orientation and the distance of the donor and acceptor pigments, which are 
fixed at proper positions thanks to the protein scaffold (see Section 1.3.5). 

Figure 1-4: Illustration of carotenoid–to–(B)Chl energy transfer
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1.3.3 Light harvesting function of carotenoids 

Naturally occurring carotenoids have N ranging from 7 to 13. They 
green region. This spectral window is 

which, being capable of photochemical 
the final acceptors of excitation energy. Thus, 

carotenoids transfer the excitation energy to (B)Chls, both S2 and S1 states 
).  

at governs the choice of carotenoids with specific conjugation 
Carotenoids with N < 7 absorb mainly UV 

radiation, so the reason they are not employed may be that the photon flux 
becomes restricted for shorter wavelengths. On the other hand, accessing of 

by carotenoids with N > 13 may be advantageous. 
e are limitations regarding the position of the S1 state, which is 

from which energy is transferred to (B)Chls. For the 
too low to transfer energy not only to Qy of 

The energy transfer processes are strongly dependent on mutual 
distance of the donor and acceptor pigments, which are 

fixed at proper positions thanks to the protein scaffold (see Section 1.3.5). 

(B)Chl energy transfer process. 
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One would not consider carotenoids as ideal partners for energy transfer. The 
lifetimes of S1 (order of units to tenths of picoseconds) and S2 (less than 300 
fs) states, which are energy donors for (B)Chls, are much shorter compared 
to other photosynthetic pigments such as (B)Chls (for Qy on the order of 
nanoseconds). Energy transfer thus must effectively compete with these short 
intrinsic lifetimes (i.e. lifetime for the case when no process with origin 
“outside” the molecule takes place). Widespread appearance of carotenoids 
as light harvestors in photosynthetic systems demonstrates that energy 
transfer is indeed successful in this competition.  
 How can one determine the energy transfer times (τET) or the related 
rate constant kET, for which the following relation 

�� � 1
��

 
 

( 1.2 ) 

 

is valid? This question is often asked because it is a prerequisite for 
determination of energy transfer efficiencies ΦET: 

�� � ��
�� + ��

� 1 − ��
��

, � � 1,2 
 

( 1.3 ) 

 

where τN is the intrinsic lifetime of the particular carotenoid excited state 

with the following relation to the associated rate constant kN: 

τ� � 1
k�

 
 

( 1.4 ) 

 

 One could think that the main difficulty in determining kET is a 
sufficient time resolution of the measuring device. Even when this problem is 
solved, from such measurements one obtains only the total rate constant kt,

f 
which is the inversed value to the total lifetime given in Eq. ( 1.3 ): 

�� � �� + �� ( 1.5 ) 

 To obtain kET, one must obviously know kN or τN. This is, however, not 
a trivial task. The most usual means is to measure the intrinsic lifetimes of 
the carotenoid in solution. Yet, two difficulties come with this approach. The 

                                                 
f Alternatively, the total rate constant is denoted as k without any index, as in Section 7. 
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first is the choice of the solvent and the other arises from the fact that the 
actual configuration of the pigment in solution may differ from that in 
protein. The former problem may be rationalized by the fact that the lifetimes 
of carotenoid excited states do not significantly depend on solvent properties. 
There is, however, an exception to this rule, i.e. the case of carbonyl 
carotenoids. Peridinin, the most extreme example from this group, has a S1 
lifetime of ~160 ps in hexane, while it is ~10 ps in methanol.31,33 One could, 
in principle, estimate the τN in protein from the relative magnitude of the ICT 
state signal with respect to that of the S1 state because it is considered as a 
measure of the charge-transfer character of the S1/ICT state, which is in turn 
related to the S1/ICT lifetime.30,33,44 The strategy would be to find a solvent 
which produces an ICT state signal of similar relative magnitude to that in 
the protein, and to use the τN from measurements in solution. The trouble 
with this approach is the potential presence of other signals in the protein, 
interfering with the desired ICT state signal.  
 Even “normal“ (non-carbonyl) carotenoids are, however, not trouble-
free, which brings us to the other problem of the actual carotenoid 
configuration in protein. Carotenoids with the conjugation extended to the 
terminal rings may be stabilized in the protein in a configuration, which 
results in a different effective conjugation length than in solution. Having 
been theoretically confirmed,49 these and similar modifications were 
hypothesized to be expressed in case of zeaxanthin in LH1 (see Section 
7/Ref. 50) and diadinoxanthin/diatoxanthin in XLH (see Section 4/Ref. 51). 
Examples combining the problem of polarity with that of extended 
conjugation length in protein are the cases of carbonyl carotenoids 
hydroxyechinenone in the orange carotenoid protein (OCP)52 and 
spheroidenone in LH1 (see Research Section B/Refs. 44 and 50).  
 There is another approach which could lead to τN determination. It is a 
modification of the so called pump-dump-probe experiment,35,53 in which 
one of the pulses pre-excites the acceptors, (B)Chls, while the other two 
pulses are used to carry out a standard pump-probe experiment, but with 
acceptors already excited, thus incapable of receiving energy from 
carotenoids. To my best knowledge, no study using this approach has been 



Section 1 
 

20 
 

published. One of the obstacles may be that all the traps in the particular 
pigment-protein complex must be pre-excited. Taking into account the size 
of the pigment protein complexes and the amount of (B)Chls (more than 20 
in LH2), extremely high-intensity pulses would need to be applied, leading to 
interference with higher-order nonlinear effects. Thus apart from the rare 
exceptions where it is possible to simply uncouple the energy transfer 
pathway,54 determination of the τN and, consequently, efficiency of the 
particular energy transfer pathway, remains only approximate. 
 Let us assume we are able to approximately determine τ1 and τ2. What 
is then the appropriate procedure for determining the efficiencies of 
particular energy transfer routes? To show the procedure, I will use 
hypothetical “measured“ values (Table 1-2), which, however, are realistic. 
Using the last part of Eq. ( 1.3 ), the efficiencies of both channels are 
calculated. Moreover, there is another approach for dealing with efficiencies, 
used e.g. in Ref. 55. In this case, the actual efficiencies are weighted by the 
branching ratio. To specify, the efficiency of the S1-Qy channel (0.75) is 
multiplied by the percentage of population arriving at the S1 level (0.5). I call 
this efficiency a weighted efficiency, which amounts to 37,5% for the S1-Qy 
channel. To add to the complexity, the sum of the weighted efficiencies 
amounts to the total efficiency. It can be alternatively calculated as a ratio of 
areas below the fluorescence excitation spectrum and the absorption 
spectrum. The independent determination of total efficiency from the 
fluorescence excitation spectra is useful because when combined with the 
known efficiency of the S2-mediated energy transfer, one can calculate k1, as 
has been done for peridinin–chlorophyll-a protein, PCP.56 Figure 1-5 
illustrates the issues mentioned above. 

Carotenoid in solution 
(measured values) 

Carotenoid in 
protein (measured 

values) 

Channel 
efficiency 

Weighted 
efficiency 

τ2 200 fs τt2 100 fs 50% 50.0% 
τ1 20 ps τt1 5 ps 75% 37.5% 
 total efficiency 87.5% 

Table 1-2: Illustration of different concepts of efficiencies of energy transfer processes. 



 

 

 The discussion held so far has not deal
transfer. The theoretical approach 
additional information and physical insights into energy transfer processes. 
The energy transfer rate can be generally expressed as

�� � 1��� ��� 
where V is the coupling between the donor and acceptor states and 
spectral overlap between donor emission and acceptor absorption ensuring 
energy conservation. Thus the only term which is specific to the particular 
energy transfer mechanism is V. Depending on its form, either a short
Dexter (electron exchange) or long
transfer occurs. The former mechanism involves an exchange of electrons 
and therefore proceeds over shorter distances (<
thought of as enabled by virtual photon exchange and thus pr
distances of up to ~100 Å with electrons remaining 
during the process (Figure 1-6).25,57  
  
 

Figure 1-5: Graphical illustration of different concepts of efficiencies of energy 
transfer processes. 
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not dealt with the mechanisms of energy 
approach may provide the investigator with 

al insights into energy transfer processes. 
The energy transfer rate can be generally expressed as 
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is the coupling between the donor and acceptor states and J is the 
spectral overlap between donor emission and acceptor absorption ensuring 
energy conservation. Thus the only term which is specific to the particular 

. Depending on its form, either a short-range 
ge) or long-range Förster (Coulombic) energy 

transfer occurs. The former mechanism involves an exchange of electrons 
and therefore proceeds over shorter distances (<10 Å), while the latter can be 
thought of as enabled by virtual photon exchange and thus proceeding at 

electrons remaining within the same molecule 

illustration of different concepts of efficiencies of energy 
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 The coupling term in the original Förster theory
terms of dipole-dipole interaction:  

� � 14!"# $%$&'(&%)  

µA and µD being the transition dipole moments of donor and acceptor, 
respectively, κ is the orientation factor taking into account the vector nature 
of µA and µD, and rAD is the distance between donor and acceptor molecules. 
From the combination of Eq. ( 1.6 ) and Eq. 
energy transfer rate for the Förster mechan

 There are, however, limitations for the use of 
this way. The dipole-dipole approximation is only applicable for 
interchromophoric distances much larger than the sizes of the chromophores. 
Otherwise this approximation breaks down and no longer reproduces the 
experimentally obtained values. In phycobilip
approximation was found to give reasonable results for interchromophore 
distances >40 Å and reproduce some aspects of energy transfer even for 
distances in the range of 25–40 Å.58 The problem is that in most light 

Figure 1-6: Förster and Dexter mechanisms of energy transfer. 
ET – energy transfer. 
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Förster theory is described only in 

 
( 1.7 ) 

 

being the transition dipole moments of donor and acceptor, 
is the orientation factor taking into account the vector nature 

is the distance between donor and acceptor molecules. 
and Eq. ( 1.7 ) it becomes clear that the 

rster mechanism scales as 1/rAD
6. 

There are, however, limitations for the use of the coupling defined in 
dipole approximation is only applicable for 

interchromophoric distances much larger than the sizes of the chromophores. 
Otherwise this approximation breaks down and no longer reproduces the 
experimentally obtained values. In phycobiliproteins, the dipole-dipole 
approximation was found to give reasonable results for interchromophore 

Å and reproduce some aspects of energy transfer even for 
The problem is that in most light 

Förster and Dexter mechanisms of energy transfer. D – donor, A – acceptor, 
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harvesting systems the donor–acceptor distance is well below 20 Å.19 
Moreover, carotenoids as donors are rather elongated molecules (>20 Å), so 
the calculations using the dipole-dipole approximation produce only rough 
estimations in most carotenoid-containing systems. 
 Another problem to tackle is the high carotenoid S1-mediated energy 
transfer efficiency. The S0-S1 transition possesses a virtually zero transition 
dipole moment (carotenoid S0-S1 absorption is not observed), which 
precludes the traditional dipole-dipole-based Förster mechanism from 
operating (see Eq. ( 1.7 )). The Dexter mechanism would be a logical 
candidate for the energy transfer mechanism because it i) operates at short 
distances and ii) does not depend on transition dipole moments.59–61 
However, calculations have proved that the Dexter contribution to the 
carotenoid–BChl energy transfer is negligible.62,63 To cope with these 
challenges, the Coulombic interaction was expanded to higher orders 
including dipole-quadrupole, dipole-octupole, and quadrupole-quadrupole 
couplings. However, such multipole approximation improved the results only 
slightly compared to the dipole-dipole approximation.57,64 The reason for this 
is, in my opinion, the same in most cases of point-form di- or multipolar 
approach breakdown: this approach is not applicable to closely-packed 
molecules. Consequently, in order to properly describe the couplings and 
energy transfer processes between closely packed molecules, the shape of the 
molecules must be taken into account.57  
 This is accomplished by the method called the transition density cube 
(TDC).65 Here, the transition densities of both donor and acceptor are 
represented by an array of discrete charges, and the Coulombic interaction 
between each pair is determined. These contributions are then summed to 
receive the overall interchromophore coupling. This method reached a 
reasonable match between experimentally and theoretically obtained values 
of kET. The full 3D information of transition densities is also accounted for in 
the method called transition charge from electrostatic potential, which was 
presented as numerically more efficient and not suffering from finite grid 
errors compared to TDC.66 These methods thus kill two birds with one stone 
– they i) do not break down at short interchromophore distances and, 
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consequently, ii) are able to reproduce carotenoid S1-mediated energy 
transfer times and efficiencies, inaccessible within the framework of dipole-
dipole approximation. 
 An additional piece of information must be mentioned here. Because in 
the Förster mechanism the electrons remain attached to original molecules, 
only processes in which no change in spin multiplicity of either the donor or 
the acceptor occurs are allowed. This rule is a consequence of the forbidden 
nature of transitions between singlet and triplet states.25 From this point of 
view, the mechanism described in the text above is the singlet–singlet energy 
transfer process:25 

 
 1D* + 1A → 

1D + 1A*. 
 
 
 The coupling term of the Dexter energy transfer mechanism scales 
exponentially with interchromophore distance rAD: 

�� ∝ +,-./01  

 
( 1.8 ) 

 

where l is the van der Waals radius of the donor-acceptor pair, which is the 
sum of the van der Waals radii of the donor and the acceptor. Compared to 
the Förster mechanism with 1/rAD

6 dependence, kET of Dexter scales 
exponentially with rAD. This explains the fact that the Dexter mechanism 
operates at rather shorter distances to the Förster mechanism.   
 As mentioned above, although the Dexter mechanism was invoked to 
account for short-range singlet–singlet energy transfer in LH2,59–61 its 
participation has later been recognized as minor.62,63 To my best knowledge, 
singlet–singlet Dexter mechanism does not dominate in any known light-
harvesting complex, although its participation in energy transfer at distances 
shorter than 10 Å cannot be ruled out.   
 The situation is, however, the reverse for energy transfer processes 
involving a change in spin multiplicity. These are forbidden for the Förster 
mechanism (see above) and are thus realm of the Dexter mechanism. Some 
of these processes relevant to photosynthesis should be mentioned: 
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 3D* + 3A → 

1D + 1A*  
(D = Chl, A = O2; generation of harmful singlet oxygen) 

 
 3D* + 1A → 

1D + 3A*  
(D = Chl, A = carotenoid: quenching of Chl triplets by carotenoids) 

 
 1D* + 1A → 

3D + 3A*  
(D = O2, A = carotenoid: singlet oxygen quenching by carotenoids). 

 
The first process is harmful and the next two are employed by photosynthetic 
organisms to prevent it and the consequent harmful processes from 
occurring. This topic will be dealt with in more detail in the next section. 

1.3.4 Photoprotective function of carotenoids 

 There is no doubt that photosynthetic organisms are vitally dependent 
on light. However, having too much of a good thing is no longer beneficial. 
This applies also to light. In fact, the problem is not in the light itself, but in 
the almost ubiquitous oxygen.  
 The process of Chl excitation can be schematically described as 
follows: 

 
 1Chl 

2345 1Chl* 

 
There are a number of scenarios for the fate of 1Chl*, say, in the 
photosynthetic antenna (Figure 1-7): 
1) it will return back to ground state while emitting a photon, i.e. 

fluorescence 
2) the excitation energy will be dissipated as heat by means of internal 

conversion 
3) the excitation energy will be finally used to drive the photochemical 

reactions of photosynthesis 
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4) Chl molecule will undergo an intersystem crossing, resulting in Chl 
triplet excited state formation: 

 
 1Chl* → 3Chl*. 

 
3Chl* can react with oxygen, whose ground state is of triplet nature, to 
produce excited singlet oxygen (see also Section 1.3.3): 

 
 3Chl* + 3O2 → 1Chl + 1O2

*. 

 Thus, in the processes described in point #4 
overexcitation by the strong light because singlet oxygen is an extremely 
reactive agent, causing damage to biomolecules including DNA and proteins. 

Figure 1-7: Multiple ways of chlorophyll deexcitation. 
is also illustrated by red circular symbols: for the responsive mechanism of NPQ, i.e. the 
one able to reflect actual needs for photoprotection, the symbol is red; the non
mechanisms are given an orange mark. 
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Chl molecule will undergo an intersystem crossing, resulting in Chl 

can react with oxygen, whose ground state is of triplet nature, to 
produce excited singlet oxygen (see also Section 1.3.3):  

in the processes described in point #4 there is a danger of 
strong light because singlet oxygen is an extremely 

reactive agent, causing damage to biomolecules including DNA and proteins. 

Multiple ways of chlorophyll deexcitation. Carotenoid photoprotective action 
is also illustrated by red circular symbols: for the responsive mechanism of NPQ, i.e. the 
one able to reflect actual needs for photoprotection, the symbol is red; the non-responsive 
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The higher the light intensity, the larger the amount of singlet oxygen 
created, and the greater the damage. Of course, photosynthetic organisms 
have developed mechanisms to prevent such photooxidative damage, the 
central role in these processes being played by carotenoids. Essentially all 
(photosynthetic) organisms employ carotenoids, so the list given above 
should be enriched by another item: 
5) photoprotective mechanisms, mediated by carotenoids, promote 

deexcitation of Chl molecules. 
 The last point is intentionally put vaguely because carotenoid 
photoprotection operates on multiple levels, capable of lowering the 
concentration of all potentially dangerous species, i.e. 1Chl*, 3Chl*, and 1O2

* 
(see Figure 1-7). The processes of 3Chl* and 1O2

* quenching are rather 
straightforward and can be simplified as follows:18 

 
 3Chl*  + 1Car → 1Chl + 3Car* 

 
 1O2

*  + 1Car → 3O2 + 3Car* . 

 
 Neither process, both requiring a change of spin multiplicity, can be 
mediated by Coulomb coupling (Förster mechanism).25,57,67,68 Instead, these 
processes proceed via the Dexter electron exchange mechanism (see Section 
1.3.3 and Refs. 16,25,68). The common feature is the formation of a 
carotenoid triplet excited state, 3Car*, which must be low enough to become 
an acceptor of excitation energy from 3Chl* and/or 1O2

*. The energy of this 
triplet state is, consequently, harmlessly dissipated as heat. The mechanism 
of 1Chl* quenching, known as non-photochemical quenching (NPQ) and 
most intensively studied in higher plants, is still a vividly debated topic. At 
present, it seems that multiple mechanisms are responsible for NPQ.69–72 
Less frequent studies on NPQ in other organisms mainly rely on the 
observation of correlations.73 An important feature of NPQ is that its 
efficiency can be regulated according to environmental conditions, making it 
a “responsive” photoprotective mechanism, as opposed to “non-responsive” 
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ones such as 3Chl* and 1O2
* quenching (see Figure 1-7). This topic is 

discussed in greater detail in the Introduction of Section 8. 
 To add to the largely physical quenching mechanisms discussed so far, 
carotenoids are also capable of the chemical quenching of singlet oxygen,74 
which must participate only to limited extent in total quenching capacity due 
to its low quenching rate.75 

1.3.5 Carotenoid–protein complexes   

1.3.5.1 Antenna complexes 

 Antennas are pigment-protein complexes whose function is to capture 
photons and to transfer energy of the light quantum into the RC. They are 
utilized by all chlorophyll-based photosynthetic organisms.76 The reason for 
employing antennas is that the photon flux is insufficient to maintain the 
costly biochemical machinery, which converts light energy into chemical 
energy, at continuous operation. Instead, the strategy is to harvest more 
photons by relatively “cheap” antennas and to supply the rare RCs with a 
sufficient energy flux.8 

 Integral membrane antennas Peripheral 
membrane 
antennas 

Fused Core Accessory 

PSI RC 

RC of GSB 

RC of heliobacteria 

LH1 

CP 43 & CP 47 

LH2 

LHC superfamily 

  acpPC 

  FCP 

  XLH 

  LHCI 

  LHCII etc. 

PCP 

phycobilisomes 

chlorosomes 

FMO complex 

  

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



 

 

 The classification of antennas is given in 
expresses the affinity of the antenna to the membrane: it can either be 
embedded in the membrane and thus insoluble in water (
antenna), or simply anchored to the membrane, but otherwise exposed to
water-based cellular environment (peripheral membrane antenna

former group is further divided into three subgroups. The 
inseparable part of the RC. The core antenna

the RC, but is usually biochemically separable from it. The connection of the 
accessory antenna with the RC is usually only temporary. Such antennas are 
present in variable amounts depending on growth conditions
 A single antenna contains a 
photosynthetic organism usually contains 
direction of energy flow is given by the funnel effect (
virtually a paraphrase of the law of conservation of energy. The energy is 
transferred from shorter-wavelength (higher energy) absorbing pigments to 

which transfer energy to BChls, also in agreement with the funnel concept. 
must be noted that there are exceptions 

Figure 1-8: The funnel effect depicting 
the energy flow within antennas and 
between them. 
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The classification of antennas is given in Table 1-3. The first criterion 
expresses the affinity of the antenna to the membrane: it can either be 
embedded in the membrane and thus insoluble in water (integral membrane 

ed to the membrane, but otherwise exposed to the 
peripheral membrane antenna). The 

former group is further divided into three subgroups. The fused antenna is an 
core antenna is in an intimate contact with 

the RC, but is usually biochemically separable from it. The connection of the 
with the RC is usually only temporary. Such antennas are 

present in variable amounts depending on growth conditions.8 
a number of pigment types and a 

photosynthetic organism usually contains a number of kinds of antenna. The 
direction of energy flow is given by the funnel effect (Figure 1-8). It is 
virtually a paraphrase of the law of conservation of energy. The energy is 

wavelength (higher energy) absorbing pigments to 
longer-wavelength (lower energy) 
absorbing pigments. The trap for this 
“energy in motion” is the RC. An 
excellent illustration of the funnel 
effect is provided by the purple 
bacterial photosynthetic unit (Figure 
1-9). It consists of LH2 and LH1 
complexes together with the RC. The 
shortest-wavelength absorbing BChls 
appear in the LH2 complex and are 
called B800. In the same complex are 
also found B850 BChls, to which is 
energy transferred from B800. Next, 
energy flows to LH1 (B875) and from 
there to the RC. Moreover, in each 
complex are also found carotenoids, 

which transfer energy to BChls, also in agreement with the funnel concept. It 
here are exceptions that do not follow the funnel concept 
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because in some cases the energy of the acceptor may be slightly lower than 
that of the donor. However, at physiological temperatures the energy related 
to thermal motion of molecules also adds to the donor-side energy, resulting 
in an apparent “uphill” energy transfer.  

 The pigment-protein complexes relevant to this thesis will be described 
below.  

1.3.5.1.1 Chlorophyll-a–chlorophyll-c2–peridinin protein complex 
(acpPC) 

 Chlorophyll-a–chlorophyll-c2–peridinin protein complex (acpPC) is a 
membrane-bound light-harvesting complex of peridinin-containing 
dinoflagellates (Dinoflagellata).77 Because this pigment-protein complex 
belongs to the LHC (light-harvesting complexes) superfamily, it shares 
homology with the LHCII complex of green plants. As LHCII, acpPC also 
consists of three transmembrane helices,78 but does not contain the short α-
helix found on the lumenal side of LHCII of higher plants.79 However, the 
most prominent difference between the plant LHCs and acpPC is the pigment 
composition. While plant LHCs generally bind Chl-a and Chl-b (thus, 
belonging to the Cab group of LHC superfamily), the acpPC of 

Figure 1-9: The purple bacterial photosynthetic unit consisting of LH2 and LH1 
antennas, and the RC. The figure is reprinted from Ref. 16. 
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dinoflagellates employs Chl-a and Chl-c,77 and thus belongs to the Cac 
group.80 The carotenoids in acpPC are peridinin and diadinoxanthin. The 
stoichiometric ratio (Chl-a:Chl-c:peridinin:diadinoxanthin) is 7:4:12(10):2.81 
Because the total of pigment molecules is even higher than for LHCII (Chl-
a:Chl-b:lutein:violaxanthin:neoxanthin is 7:5:2:1:1), it is argued in Ref. 38 
that the numbers from the stoichiometric ratio may be higher than the actual 
amount of pigments per monomer. The reason for this is that the expected 
tight packing of molecules would lead to excitonic interactions as in LHCII, 
where the maximum of the Qy band is consequently shifted to ~680 nm.82 No 
such shift is observed in acpPC, suggesting that the number of pigments per 
monomer is likely lower. The role of peridinin in acpPC is mainly light 
harvesting, which is almost certainly not the role of diadinoxanthin in this 
complex (see Section 5/ Ref. 38 and Ref. 83). One is tempted to conclude 
that diadinoxanthin is important for photoprotection because the 
diadinoxanthin-diatoxanthin pair constitutes the xanthophyll cycle in 
diatoms.84 There are, however, no studies so far correlating 
diadinoxanthin/diatoxanthin accumulation with 1Chl-a* fluorescence 
quenching. Regarding 3Chl-a* quenching by diadinoxanthin, recent studies of 
Ref. 85 and Ref. 86 do not support this idea. It can consequently be 
hypothesized that diadinoxanthin/diatoxanthin in acpPC directly quenches 
singlet oxygen. This idea is tempting mainly in the case of diatoxanthin 
because its effective conjugation length is close to that of lycopene (N = 11), 
the most efficient singlet oxygen quencher.87 However, experimental 
evidence on diatoxanthin accumulation in acpPC in significant amounts is, to 
my best knowledge, missing. 

1.3.5.1.2 Xanthophytes light harvesting (XLH) complex 

 Xanthophytes (Xanthophyceae) are counted among the heterokont 
algae (Heterokontophyta, Chromophyta) and their antenna thus belongs to 
the Cac group. However, xanthophytes and their antenna, XLH, are unique. 
First, they do not contain the carbonyl carotenoid fucoxanthin, which is the 
dominant carotenoid in other heterokonts; additionally, xanthophytes usually 
contain negligible amounts of Chl-c.88 Thus, although the XLH apoprotein 
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probably does not differ much from the fucoxanthin–Chl-a–Chl-c protein 
(FCP) of other groups,80,89 a distinct name and abbreviation was chosen for 
it. XLH contains Chl-a, diadinoxanthin, diatoxanthin, heteroxanthin, and 
vaucheriaxanthinester in the molar ratio of 28:11:5:4:1. Although 
diadinoxanthin-diatoxanthin are pigments considered as responsible for 
photoprotection in algae,90,91 in XLH diadinoxanthin serves as a light-
harvesting pigment, capable of energy transfer to Chl-a (see Section 4/Ref. 
51). 

1.3.5.1.3 Light-harvesting 1 (LH1) complex 

            The LH1 complex is the core light harvesting complex of purple 
photosynthetic bacteria. It is part of the photosynthetic unit, which also 
contains the LH2 complex and the RC. The RC is encircled by the LH1 
complex, so the two components form a 1:1 RC-LH1 stoichiometric 
couple.92 The basic structural organization of both LH1 and LH2 complexes 
is the same. The minimal structural unit is a pair of α-helical polypeptides 
with low molecular weight (5 – 7 kDa), called α- and β-subunit.92 The LH2 is 
a circular oligomer of αβ pairs, while LH1 can assume a number of 
configurations: it can be seen as an ellipse with 15 αβ pairs as in 
Rhodopseudomonas palustris,92 or with 16 αβ pairs as in Rhodospirillum 

rubrum;93 alternatively, it can form an S-shaped supercomplex94 consisting 
of two 14-mers of αβ pairs interconnected by the PufX protein.95 In LH2 
there are two spectroscopic sets of BChl-a molecules, with absorption 
maxima of around 800 nm (B800, one BChl-a molecule per αβ monomer) 
and 850 nm (B850, two BChl-a molecules per αβ monomer).96,97 The red-
shift of B850 BChls is achieved by an excitonic interaction established 
between closely packed molecules64 and by the interaction of BChls with the 
protein.98 In case of LH1 only one spectroscopic set of BChl-a molecules is 
accommodated. The absorption maximum of these molecules, also partially 
reached thanks to excitonic interactions, is usually around 875 nm, so their 
designation is B875.99 Two BChl-a molecules per αβ pair are accommodated. 
While only one carotenoid per αβ monomer was identified in LH2 crystal 
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structures,96,97 in LH1, using biochemical methods, either one,100 or two 
carotenoids were found.101  

1.3.5.2 Carotenoid as an antenna in xanthorhodopsin 

 As the name indicates, xanthorhodopsin (XR) belongs to the family of 
opsinsg. There are two classes of opsins. Type I opsins are employed by 
prokaryotes, algae and fungi.102 They function mainly as light-responsive ion 
pumps or photoreceptors and contain a retinal as a chromophore (opsins with 
retinal are called rhodopsins). Crucial for the action of these opsins is the 
light-induced photoisomerization of retinal from its all-trans to 13-cis 
configuration (Figure 1-10). Type II opsins are utilized by higher eukaryotes, 
where they are mainly responsible for vision.102,103 Here, the 
photoisomerization reaction is different: 11-cis retinal or its analogue104,105 is 
converted into the all-trans configuration. The two types of opsins do not 
seem to be related and have rather appeared independently in evolution.106 
This finding is surprising taken into account the similarity of their structure: 
opsins of both groups contain seven transmembrane helices;107 at least in 
rhodopsins, the retinal is covalently bound to the conserved lysine in the 
seventh helix, forming the protonated Schiff base.102,103 Such protonation is 
crucial for a red-shift of the absorption of the bound retinal. Deprotonation, 
which is of crucial importance to the function of most opsins, leads to a blue-
shift of the absorption spectrum with a maximum on the UV/VIS region 
threshold.108 It has been demonstrated that changing the local environment 
close to the Schiff base leads to dramatic changes of retinal absorption 
maximum, which can be tuned in a more than 200-nm range.109 Such amino 

                                                 
g The nomenclature is not uniform. As opsin is sometimes considered the whole pigment-
protein complex, sometimes only the apoprotein.105  

Figure 1-10: Photoisomerization reaction of retinal in Type I opsins.  
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acid alterations thus must be responsible for the wide range of spectral types 
of rhodopsins.109     
 An important functional subgroup of Type I rhodopsins are those 
capable of proton translocation across the membrane. Generally, the 
absorption of light by retinal causes not only its isomerization, but also 
initiates a sequence of structural changes and proton-transfer processes, 
which lead to the overall movement of the proton across the membrane 
against the electrochemical potential. The states of the so-called photocycle 
can also be characterized spectrally.102 The established proton gradient can 
then be used for ATP synthesis, active transport across the membrane, or cell 
motility. 
 The most thoroughly studied proton translocating rhodopsin is the 
archaeal bacteriorhodopsin.110 Another proton pump of Archaea is 
archaerhodopsin.111 Large-scale gene surveys have revealed that 
protoerhodopsin112 and related proteins are frequently used by marine 
bacteria.113,114 One must point out that not all proteorhodopsins are proton 
pumps.115 XR, on which this section is focused, seems to be a rather unique 
and interesting member of the Type I rhodopsin group.116 A eukaryotic 
representative of this functional group is the leptosphaeria rhodopsin. 
 XR is a proton pump from an extremely halophilic bacterium 
Salinibacter ruber.116 However, it has not become famous for its ability to 
transport protons across the membrane against the electrochemical gradient. 
Its fame arose from the fact that it employs the simplest known antenna, a 
single carotenoid molecule called salinixanthin. The carbonyl carotenoid 
salinixanthin is locked into the protein so that its ring containing the 
conjugated carbonyl group is effectively isolated from the rest of the 
conjugation. That is the reason why no ICT state is detected in the transient 
absorption spectra of XR. Ultrafast spectroscopic investigation has also 
revealed that energy is transferred to retinal from the S2 state of salinixanthin 
with an efficiency of ~40%.54,116 The mutual orientation of retinal and 
salinixanthin axes is 46°, which seems to be a compromise between an 
orientation best suited for maximum light capture (90°) and most efficient 
energy transfer (0°).117  
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 There are indications that the concept of carotenoid antenna is not 
unique to XR. Based on sequence similarity, it could be rather common in 
the “Xanthorhodopsin clade”.118 However, direct evidence of carotenoid 
involvement in energy transfer to retinal in another system than in XR is still 
missing, the most promising being the case of gloeobacter rhodopsin.118 
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2.  Experimental Methods and Data 
Analysis 

 In this section the experimental methods used by the author of this 
thesis, relevant to studies presented in both Research Sections, will be 
presented. 

2.1 Steady-state absorption spectroscopy 

 A spectrophotometer, a device capable of taking absorption spectra, is 
indispensable in any lab, where light-absorbing molecules are studied. It 
measures light intensity at a specific wavelength with (I(λ)) and without 
(I0(λ)) the test sample (alternatively I0(λ) is measured on a reference sample 
such as solvent). According to the means by which the two intensity values 
are obtained, the device architecture is either single-beam (I0(λ) is measured 
before the test sample is inserted and I(λ) after that), or double-beam (I0(λ) 
and I(λ) are measured simultaneously in parallel light paths). The other 
distinction is whether the whole absorption spectrum is taken in a “single-
shot” manner using a diode array or a CCD as a detector, or in successive ∆λ 
steps using (a) photodiode(s). The spectrophotometer used in our lab is of the 
double-beam type with photodiode detectors. Its scheme is presented in 
Figure 2-1. 
 There are multiple ways to present the measured data. The simplest is 
in terms of transmittance T: 

7 � 8(:)
8#(:) 

 
( 2.1 ) 

 

 Because the light intensities may vary within a wide range, the 
logarithmic scale is more appropriate. We thus define absorbance, A, as 
follows:  
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< � log 8#
8 � �@(:)A 

where ε(λ) is the molar extinction coefficient specifying the strength of light 
absorption at a given wavelength and l is the pathlength.
advantage of using the logarithmic scale 
linear dependence on the chromophore’s concentration 

 The usefulness of the absorption spectra goes beyond the determination 
of chromophore concentration. It provides a link 
the sense that it enables the calculation of a transition dipole moment, 
which is a measure of transition intensity (see Section 
absorption band, the following expression can be written

$	� � 1!B3D�@#2�& E @9F;dHF	IJ � 1!B3D�@#2�& KL��F	IJ

Figure 2-1: A scheme of a double-beam spectrophotometer with photodiode detectors.
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( 2.2 ) 

 

) is the molar extinction coefficient specifying the strength of light 
is the pathlength. Moreover, another 
 to define the measured quantity is 

on the chromophore’s concentration c. 

absorption spectra goes beyond the determination 
of chromophore concentration. It provides a link to quantum mechanics in 

calculation of a transition dipole moment, µmn, 
which is a measure of transition intensity (see Section 1.3.1). For a narrow 

g expression can be written:1 

L��
	IJ 

 
( 2.3 ) 

 

eam spectrophotometer with photodiode detectors. 
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 In this expressionh νmax is the frequency at absorption maximum and εint 
is the integrated extinction coefficient. Transition dipole moments 
determined in this way can then be used as input values for the calculation of 
rates of Förster energy transfer (see Section 1.3.3).  

2.2 Femtosecond transient absorption spectroscopy 

 When one wants to obtain information about the dynamics of 
processes, then some form of time-resolved technique must be employed. 
Apart from this, the use of time-resolved spectroscopy enables us, for 
instance, to obtain information about one-photon-forbidden states, such as 
the S1 state of carotenoids (see Section 1.3.1).  
 There are basically two ways to reach time resolution in an 
experiment.i In the first approach, a trigger perturbing the system is used with 
consequent probing by a continuous-wave beam. The detector must then be 
fast enough to “spot” the intensity changes during the process itself (Figure 
2-2). One kind of such detector is the streak camera, which can reach a 
<200 fs time resolution.2 The other approach is to use a pulsed probe, each 
pulse “seeing” the process at a different instance. Upon repeating the 
experiment with differing timing for the probe with respect to the trigger, the 
dynamics of the process can be recorded. In this case a “slow” detector is 
sufficient because it must only operate at a frequency given by the period 
between the discrete experiments (Figure 2-2). The temporal resolution is on 
the order of the length of the trigger (pump) pulse. The femtosecond transient 
absorption spectroscopy (alternatively called femtosecond pump-probe 

                                                 
h To use Eq. ( 2.3 ) to calculate the transition dipole moment, one must know the 
concentration c and pathlength l to obtain the extinction coefficient ε because from the 
absorption spectrum one obtains a λ-dependence of absorbance A (see Eq. ( 2.2 )). One must 
also transpose the x-scale from wavelength λ into frequency ν. 
i This paragraph was inspired by Jens Bredenbeck, who gave a nice course “Dynamics of 
biomolecules“ during the summer school in Jyväskylä, 2010. 
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spectroscopy) working in the pulsed regime, which was used in majority of 
experiments presented in Research Sections

2.2.1 General considerations 

 A possible setup for a typical pump
Figure 2-3. The laser system provides femtosecond pulses with
wavelength typically around 800 nm. The main output beam is then divided 
into two, one called pump (excitation beam or “trigger” a
section), and the other probe. To reach selectivity in excitation and for 
versatile use, the pump pulse should be spectrally narrow and tuneable. This 
is usually achieved in the optical parametric amplifier

hand, the probe should be spectrally broad 
regions of interest. Thus an ideal candidate for the probe light is a w
continuum (WLC) that is generated via 
media such as sapphire, calcium fluoride,
coincide in the sample: the pump perturbs the sample by exciting the 
molecules and the other beam probes it. The probe beam then continues into 
the detector. To achieve the required 

Figure 2-2: Differences between time-resolved experiment
continuous (above) and pulsed probing (below).
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spectroscopy) working in the pulsed regime, which was used in majority of 
ections, will be described here. 

a typical pump-probe experiment is shown in 
. The laser system provides femtosecond pulses with a central 

nm. The main output beam is then divided 
(excitation beam or “trigger” as in the previous 

. To reach selectivity in excitation and for 
be spectrally narrow and tuneable. This 

optical parametric amplifier (OPA). On the other 
robe should be spectrally broad enough to cover all possible 

Thus an ideal candidate for the probe light is a white light 
 a nonlinear process achievable in 

media such as sapphire, calcium fluoride, water etc. Both beams then 
coincide in the sample: the pump perturbs the sample by exciting the 
molecules and the other beam probes it. The probe beam then continues into 

achieve the required time resolution during the 

resolved experiments accomplished by 
continuous (above) and pulsed probing (below). 
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measurement, a delay line is placed into pathway of 
which enables to vary the mutual delay between both pulses. The delay line 
consists of a corner reflector mounted on a 
motor.  

2.2.2 Experimental details 

 The detailed scheme of the setup from our laboratory is depicted in 
Figure 2-4. The source of pulses is a one
system Integra-i. It is based on an Erbium
provides <110-fs pulses at a high repetition rate (
energy (<1 nJ). These pulses are amplified in Ti
(regenerative and multipass), which are pumped by 
laser operating at 1 kHz. However, the amplification cannot be achieved with 
short pulses because high power reached in amplif
material damage. Thus the <110 fs pulses are first stretched to ~400
after amplification compressed again to final 
output pulses thus have the following 
~785 nm, power 1.6 W, duration ~120

Figure 2-3: A simplified scheme of the pump
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is placed into pathway of the pump or probe, 
mutual delay between both pulses. The delay line 

consists of a corner reflector mounted on a base, which is moved by a stepper 

The detailed scheme of the setup from our laboratory is depicted in 
. The source of pulses is a one-box multiple-component laser 

. It is based on an Erbium-doped fibre oscillator, which 
high repetition rate (50 MHz), but low pulse 

nJ). These pulses are amplified in Ti-sapphire amplifiers 
(regenerative and multipass), which are pumped by a Nd-YLF nanosecond 
laser operating at 1 kHz. However, the amplification cannot be achieved with 
short pulses because high power reached in amplified pulses would lead to 

fs pulses are first stretched to ~400 ps and 
after amplification compressed again to final pulse width of ~120 fs. The 
output pulses thus have the following parameters: central wavelength 

W, duration ~120 fs.  

A simplified scheme of the pump-probe experiment. 
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 Next the pathway of the pump beam
wavelength for specific excitation, the beam passes through the OPA. This 
device serves not only to generate the wavelength of interest from the 790
nm input in the broad 240 – 2500 nm range, but also to amplify the desired 
wavelength. The former is achieved by means
sum/difference frequency generation, while the latter by the process of 
parametric amplification. These are second
occur in non-centrosymmetric crystals. The next 
chopper, which blocks every second pump pulse and thus enables
increase the signal/noise ratio of the measurement by introducing the 
correction to laser power fluctuations (see 
to this thesis were conducted with mutual pump
54.7°, which prevents the occurrence of 
effects (for details see Section 2.2.4).3 The desired polarization is achieved 
by means of Berek’s variable wave plate

rotation of the birefringent crystal. After the 
sample, it is blocked. 
 The probe beam first passes through the delay line, which sets 
required delay between pump and probe. 

Figure 2-4: A scheme of the pump-probe setup from our lab.
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Next the pathway of the pump beam is traced. To reach the desired 
for specific excitation, the beam passes through the OPA. This 

device serves not only to generate the wavelength of interest from the 790-
nm range, but also to amplify the desired 

wavelength. The former is achieved by means of frequency doubling or 
sum/difference frequency generation, while the latter by the process of 
parametric amplification. These are second-order nonlinear processes, which 

centrosymmetric crystals. The next important device is a 
ch blocks every second pump pulse and thus enables us to 

increase the signal/noise ratio of the measurement by introducing the 
correction to laser power fluctuations (see below). All measurements relevant 
to this thesis were conducted with mutual pump-probe polarization set to 

the occurrence of polarization and photoselection 
The desired polarization is achieved 

Berek’s variable wave plate by the appropriate tilting and 
the birefringent crystal. After the pump beam interacts with the 

The probe beam first passes through the delay line, which sets the 
delay between pump and probe. It is then led through the sapphire 

probe setup from our lab. 
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crystal where WLC is generated via third-order nonlinear processes. The 
main contributor to this effect is self-phase modulation,4 whose physical 
basis consists in the variation of the nonlinear refractive index with intensity, 
the Kerr effect. Before the probe beam hits the sample, it is split into two: 
probe and reference. To focus the beam into the sample, spherical mirrors are 
used instead of conventional lenses. This arrangement prevents the 
introduction of additional chirp (time-dependent frequency distribution 
within the pulse caused by dispersion: blue light travels slower than red light 
through optical elements with normal dispersion), which is inherent to the 
probe beam owing to the process of WLC generation. Both probe and 
reference beams then continue into the spectrograph, where they are 
dispersed onto two separate diode arrays with 1024 elements by means of a 

grating. The transient absorption (ΔA) signal is then calculated using the 

expression 

Δ<(ΔN, :) � log 8OPQ8RR − log 8OPQ8�R  
 

( 2.4 ) 

 

where Iref is the intensity of the reference beam, Ipp the intensity of the pre-
pumped probe and Inp the intensity of the unpumped probe. The second term 
on the right-hand side of Eq. ( 2.4 ) is the correction for laser intensity 
fluctuations; it should ideally amount to zero. Since each data point depends 
on two variables (∆t – delay between pump and probe, λ – probe 
wavelength), the whole dataset forms a matrix, which can be depicted as a 
3D graph (Figure 2-5A). The data are typically presented as sections through 
this 3D graph either in the spectral or temporal domain (Figure 2-5B,C). 
 One can identify three main contributions to the ∆A signal: ground-
state bleaching (GSB), stimulated emission, and excited-state absorption 
(ESA).  
Ground-state bleaching. Because a fraction of the molecules is promoted 
into the excited state by the pump pulse, the probe “sees” fewer molecules in 
the ground state than the reference. Fewer photons are thus absorbed from 
the probe than from the reference beam at GSB-specific spectral region 
(Ipp > Iref), resulting in the negative signal (Figure 2-5C) according to Eq. ( 
2.4 ).  
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Stimulated emission. It is a mirror process to absorption. This fact is 
reflected in the Einstein coefficients for absorption and stimulated emission 
being equal in a two-level system (A12 = A21). Both processes will also occur 
to a significant extent only for allowed transitions. When the molecule is 
promoted into the excited state, an incident probe photon can induce the 
stimulated emission, resulting in a return of the molecule into the ground 
state and the production of a photon identical (including the direction) to that 
which triggered the process. Ipp will thus be larger than Iref, leading again to a 
negative signal according to Eq. ( 2.4 ). Because of vibrational relaxation in 
the excited state, most of the stimulated emission events occur from the 
relaxed higher state. Consequently, the stimulated emission signal is usually 
red-shifted with respect to GSB.5 
Excited-state absorption. Molecules in the excited state generally absorb 
photons of different energy than those in the ground state. In some spectral 
regions the excited molecules will thus absorb extra photons compared to 
reference, resulting in a positive signal (Figure 2-5C), as follows from Eq. ( 
2.4 ) for Ipp < Iref. 
 It is worth mentioning here that there are still other possible sources of 
transient signals, i.e. those from the energy acceptors or photoproducts. The 
energy acceptor can modulate the transient absorption spectra via all of the 
above-mentioned contributions, i.e. GSB, stimulated emission, and ESA. 
One example is (B)Chl bleaching, which appears after carotenoid excitation 
in light-harvesting complexes (see Sections 4, 5, and Figure 2-5). The 
photoproduct can influence the final signal also by its steady state absorption 
because it generally differs from that of the reactant. This absorption will 
decrease the intensity Ipp with respect to Iref promoting a positive ∆A signal. 
An example of this contribution is the signal of 13-cis retinal as a 
photoproduct of the retinal isomerization reaction (see Section 3 and Ref. 
44). 
 To prevent photoinduced degradation, samples are placed in a 
rotational cuvette and spun at a rate ensuring that each pump pulse hits a 
fresh sample.  
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2.2.3 Time resolution and spectral selectivity

 The instrument response function (IRF) gives the time resolution of the 
pump-probe experiment. The IRF is in turn given by the cross
between the pump and probe pulses, which can be monitored as a 

Figure 2-5: A) 3D graph depicting the result of a time
performed on an antenna complex containing carotenoids and chlorophylls. Sections 
through this graph: B) the kinetics, C) the transient absorption spectrum. 
arrows indicate the position of the section in the 3D graph. In 
contributions to the transient signal specific to the carotenoid (
This dataset was recorded after carotenoid excitation, so Chl bleaching is the result of an 
energy transfer process. SE – stimulated emission. 

Experimental Methods and Data Analysis 

55 

2.2.3 Time resolution and spectral selectivity 

The instrument response function (IRF) gives the time resolution of the 
probe experiment. The IRF is in turn given by the cross-correlation 

nd probe pulses, which can be monitored as a sum-

3D graph depicting the result of a time-resolved measurement 
performed on an antenna complex containing carotenoids and chlorophylls. Sections 
through this graph: B) the kinetics, C) the transient absorption spectrum. The coloured 

ion of the section in the 3D graph. In panel C are also shown the 
contributions to the transient signal specific to the carotenoid (car) and chlorophyll (Chl). 
This dataset was recorded after carotenoid excitation, so Chl bleaching is the result of an 

stimulated emission.  
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frequency signal generated in an anisotropic crystal. Even if the probe pulse 
is chirped, the time resolution is not affected. This is so because one could 
think of the pump-probe experiment as composed of many single-wavelength 
partial experiments, each of them having its own instrument response 
function. From that follows, broadly speaking, that the duration of the pump 
pulse, which mainly governs the time resolution, is crucial here. A logical 
path towards higher resolution is thus further compression of the pump pulse. 
Although 5-fs pulses are available even for spectroscopy,6 they are not 
employed in pump-probe experiments because spectral selectivity is lost. The 
uncertainty relation  

ΔSΔN ≥ ℏ
2 

 
( 2.5 ) 

 

applies also to laser pulses, so short pulses become spectrally broad. More 
precisely, the uncertainty relation takes the form of the time-bandwidth 
product. For a Gaussian shape of pulse, the following relation is valid 

�RΔF ≥ 0.441 
 

( 2.6 ) 

 

where τp is the pulse duration and Δν the consequent bandwidth. At the same 

time, the relationship between energy, frequency and wavelength is 

S � ℎF � ℎ �
: 

 
( 2.7 ) 

 

which gives after differentiation and dividing by h, 

ΔF � �
:� Δ: 

 
( 2.8 ) 

 

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

�R�Δ:
:� ≥ 0.441 

 
( 2.9 ) 

 

For a 5-fs pulse with a central wavelength of 800 nm, the spectral bandwidth 
is at least 180 nm. For a 100-fs pulse, the minimum bandwidth is 8 nm. One 
thus must keep in mind when planning the experiment that high spectral 
selectivity and high time resolution cannot be achieved simultaneously. 
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 It should be mentioned, however, that the disadvantage of the broad 
spectrum from the point of view of limited selectivity can become an 
advantage and even a requirement for modern spectroscopic techniques such 
as electronic 2D spectroscopy.7 

2.2.4 FAQ 

 This section contains some of the questions I frequently asked in the 
course of the time spent in our lab, accompanied by the respective answers. 
Some of the findings may seem trivial, but might still serve as a quick 
reference for those starting in the field of time-resolved spectroscopy. 
 
How can the lifetime be approximately determined from the kinetic trace? 

 Let us assume a single-exponential decay as in Figure 2-6. The signal 
S(t) can be mathematically described as  

W(N) � <+,X� � <+,Y
Z 

 
( 2.10 ) 

 

where A is the amplitude, k the rate constant, and τ is the reciprocal value of 
the rate constant, the lifetime. At the time when signal is e-times lower than 
the amplitude, Eq. ( 2.10 ) becomes 

<
+ � <+,Y

Z 
 

( 2.11 ) 

 

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

N � � 
 

( 2.12 ) 

 

 It, thus, means that when taking an e-times lower value than the 
maximum on y-axis, the corresponding value on the x-axis gives the lifetime. 
This method of lifetime determination is of course precisely valid only for 
single-exponential decays. However, it can also be applicable for 
multiexponential decays when one of the exponentials dominates, which is, 
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for instance, usually the case of decay of the S1-SN ESA signal in 
carotenoids. 

 
Normal dispersion causes a delay of the blue part of the probe spectrum with 

respect to the red part. Why then does the signal in the blue region precede 

the signal in the other regions?j 

 In the right part of Figure 2-7 is shown the sequence of signal evolution 
in the data acquisition window of the program, which enables real-time 
signal observation. It is obvious that the signal moves “from blue to red”. 
This seemed counterintuitive to me taking into account the fact that “blue” is 
delayed with respect to “red” in the probe pulse. Figure 2-7 illustrates the 
explanation. Each measurement starts with negative delay times, i.e. the 
probe precedes the pump. As the delay line moves (regardless of whether it is 
placed in the pathway of probe, or pump), both pulses get closer both in time 
and space. Notice that the first interaction takes place between the “blue part” 
of the probe and pump! Therefore, the spectrograph will first record the 

                                                 
j I am thankful to Marcel Fuciman, who answered this question. 

Figure 2-6: Visualization of the approximate determination of the time constant from 
the exponential decay. The lifetime is 20 ps in this case. 
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signal in blue, and the lower-energy spectral contributions
the pump interacts with the reddest part of the probe, 
spectrum recorded (Figure 2-7D).  

Why is the bleaching always (at least in case of Chl) red

to the corresponding steady-state absorption band?

 The formulation of this question is not precise because, as mentioned in 
section 2.2.2, stimulated emission also contributes to the negative signal
Because the stimulated emission signal 
Stokes shift (similarly to the fluorescence spectrum
GSB with the stimulated emission leads to an overall red
signal with respect to the steady-state absorption band. 
 

Figure 2-7: Illustration of the dependence of signal appearance on the delay time 
between pump (green) and probe (multicoloured).
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energy spectral contributions follow. Only after 
st part of the probe, is the first complete 

Why is the bleaching always (at least in case of Chl) red-shifted with respect 

state absorption band? 

uestion is not precise because, as mentioned in 
also contributes to the negative signal. 

signal is usually red shifted due to the 
the fluorescence spectrum),5 convolution of the 

GSB with the stimulated emission leads to an overall red-shift of the negative 
state absorption band.  

dependence of signal appearance on the delay time 
between pump (green) and probe (multicoloured). 
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What is the precise reason for measuring the anisotropy-effects-free data at 

the magic angle (54.7°) between pump and probe? 

 The answer to this question is usually restricted to the explanation that 
“magic-angle detection was performed in order to avoid anisotropy effects”. 
However, this statement does not really explain much, so a more rigorous 
answer is presented here. 
 The pump pulses are linearly polarized. The probability of absorption 
is then also affected by the orientation of the transition dipole moment of the 
chromophores in the sample in respect to the polarization of the pump beam 
– the closer the orientation to that of the pump polarization, the higher the 
probability.8 The fact that not all chromophores are affected equally is called 
photoselection. The absorption probability of the probe pulse, which can be 
considered as an analyser in the polarizer-analyser setup, then does not only 
depend on the similarity between orientations of the (excited-state) transition 
dipole moment versus the probe polarization, but also on the time delay 
between pump and probe due to the rotational motion of the chromophores 
(the longer the delay, the more the transition dipole moments move off the 
original position until an equilibrium value is reached). The aim is thus to 
avoid another delay-dependent photoselection by the probe beam, which can 
be achieved by recording the total, and not the polarized, probe intensity. 
How to achieve this will be explained next. 
 The vector of the chromophore’s transition dipole moment has three 
spatial components. Owing to this, arbitrarily chosen polarizations of the 
probe beam generally result in varying transient absorption intensities, ∆A. 
One way to prevent this is to conduct two measurements, one with a parallel 

(∆A∥) and one with a perpendicular (∆A⊥) polarization with respect to the 
pump. The total ∆A is then free of polarization effects: 

Δ< � Δ<∥ + 2Δ<] 
 

( 2.13 ) 

 

To realize why the perpendicular term is taken twice follows from the fact 
that without such a treatment only transient absorption contributions along 

two axes, say, z- (∆A∥) and x- (∆A⊥) axis, but not the y-axis, would be taken 
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into account. Because the absorption probability along the y-axis is the same 

as that of along the x-axis, ∆A⊥ is taken twice in Eq. ( 2.13 ).8 
 There is, however, a simpler way to get ∆A. For that purpose, one must 
know that for a measurement with an angle φ between pump and probe, the 
following relations apply:8 

Δ<∥ ∝ cos�` 
 

( 2.14 ) 

 

Δ<] ∝ 1
2 sin� ` 

 
( 2.15 ) 

 

To follow the logic of Eq. ( 2.13 ), one must conduct the measurement under 

such an angle for which ∆A⊥ is weighted twice with respect to ∆A∥. We will 
thus get the conditions  

2cos� ` � sin� ` 
 

( 2.16 ) 

 

or, alternatively put 

tan� ` � 2 
 

( 2.17 ) 

 

which will return  

` ≐ 54.74° 
 

( 2.18 ) 

 

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

2.3 Global fitting analysis 

 The term global fitting, as opposed to single-decay analysis, refers to 
the simultaneous fitting of the whole spectro–temporal dataset, which arises, 
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for instance, from the pump-probe experiment. The main advantage of the 
global fitting approach is that it requires a smaller amount of parameters.9 
 The most straightforward method of global fitting is a simple extension 
of the single-decay analysis approach. Here, the data are fitted to a sum of 
exponentials, each of which is weighted by the amplitude Aj:  
 

W(N, :L) � i <j(
�

jkl
:L)+, Y

Zm 
 

( 2.19 ) 

 

This formula alone, however, basically describes the multi-exponential decay 
at each detection wavelength λi. The global fitting is accomplished so that 
such single-decay fitting is simultaneously conducted at all detection 
wavelengths λi. The amplitudes Aj plotted as a function of λi constitute the so 
called decay-associated difference spectra (DADS). They are interpreted as a 
loss or gain of absorption with a certain lifetime.10 This kind of global fitting 
is sometimes called mathematical9 or parallel-model-fitting.10  
 Although we can obtain a perfect fit using such a purely mathematical 
approach, the outcomes of this procedure match the behaviour of the physical 
system only rarely. Let us take into account a simple example of the 
carotenoid in solution. Here the population flows in cascade from the initially 
excited S2 state via the S1 state down to the ground state (Figure 1-2). When 
using the mathematical fitting, one inherently assumes the parallel, but not 
the realistic sequential scheme of system evolution, inevitably leading to 
skewed results.10 To reflect the properties of the studied system, a physical 
modelk is constructed. It consists of multiple compartments (the electronic 
state can for instance be considered as a compartment), which mutually 
communicate due to population flows characterized by rate 
constants/lifetimes. Very frequently, the sequential model is applied, in 
which the compartments irreversibly decay into each other: 
 

< nop q n-p r nsp t … 

                                                 
k Because the simultaneous fitting to a sum of exponentials inherently assumes the parallel 
model, this kind of fitting is sometimes described as parallel-model-fitting.  
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The resulting evolution-associated difference spectra (EADS) represent the 
spectral evolution, i.e. the second EADS appears with the first lifetime (τ1) 
and decays with the second lifetime (τ2), and so on. 
 To return to our example, the presented sequential scheme now 
perfectly matches the physical properties of the carotenoid molecule: the 
compartments (states) follow one after another and the time constants 
represent the reciprocal values of the internal conversion rates. When the 
condition for proper physical representation of the system by the model is 
met, as it would be in the carotenoid in solution example, the EADS 
correspond to the pure spectra of the intermediate states, species-associated 

difference spectra (SADS), the acquisition of which is the ultimate aim of the 
researcher. The first EADS thus matches the SADS of the carotenoid S2 
state, which decays with τ1 into the second EADS, which is the SADS of the 
carotenoid S1 state, returning to ground state with τ2. The sequential scheme 
is even applicable in more complicated situations, e.g. when branching due to 
energy transfer occurs. Although the EADS then do not represent the SADS, 
one can still use the total time constants τt obtained from the global fit to 
calculate other parameters of interest, such as the energy transfer time τET 
(see Section 1.3.3). This operation is analogous to splitting of the population 
route, which was artificially considered as coupled due to the application of 
the sequential model. Generally, one should test multiple models and then 
consider the physical relevance of the results. From such target analysis 
should arise a model, which best characterizes the system under study.l 
 The global fitting analysis was used in most of the studies presented in 
the Research Sections. It was implemented using the program DAFit 

                                                 
l The author is aware that the terminology used here may be different than elsewhere in 
literature. Global fitting is sometimes considered as an equivalent to mathematical fitting to 
the sum of exponentials, or, alternatively put, to the analysis when the parallel model is 
applied. Anytime another model is used (e.g. sequential), the fitting procedure is considered 
as target analysis.10 However, here the term global fitting is used in a wider context, 
including the application of the sequential model. Only the advanced model testing is 
considered as target analysis, consistently with numerous studies.11,12 
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(Pascher Instruments). Before the fitting alone, the data were adapted by the 
program: the background was subtracted, the deconvolution of the IRF was 
conducted, and the data were corrected for chirp. The only kinetic model 
available in this software is the sequential model. 
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 This part of the thesis is based on six studies to which I contributed 
(see page VIII). The motivation for dividing it into two sections is that the 
latter (Research Section B) forms a very coherent ensemble. The former 
section (Research Section A) then contains separate studies which do not 
directly contribute to the story presented in Research Section B. Although the 
style and format of the following chapters may slightly differ from the 
original publications, its content is maintained. 
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3. Carotenoid Response to Retinal 
Excitation and Photoisomerization 

Dynamics in Xanthorhodopsin 

This chapter is based on Paper I.:  
Šlouf V, Balashov SP, Lanyi JK, Pullerits T, Polívka T (2011) Carotenoid response to retinal 
excitation and photoisomerization dynamics in xanthorhodopsin. Chem Phys Lett 516: 96–
101. 

Abstract 

 We present a comparative study of xanthorhodopsin, a proton pump 
with the carotenoid salinixanthin serving as an antenna, and the closely 
related bacteriorhodopsin. Upon excitation of retinal, xanthorhodopsin 
exhibits a wavy transient absorption pattern in the region between 470 and 
540 nm. We interpret this signal as due to electrochromic effect of the 
transient electric field of excited retinal on salinixanthin. The spectral shift 
decreases during the retinal dynamics through the ultrafast part of the 
photocycle. Differences in dynamics of bacteriorhodopsin and 
xanthorhodopsin are discussed. 
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4. Role of Carotenoids in Light-
Harvesting Processes in an Antenna 

Protein from the Chromophyte 
Xanthonema debile 

This chapter is based on Paper II.: 
Durchan M, Tichý J, Litvín R, Šlouf V, Gardian Z, Hříbek P, Vácha F, Polívka T (2012) 
Role of carotenoids in light-harvesting processes in an antenna protein from the 
chromophyte Xanthonema debile. J Phys Chem B 116: 8880−8889. 

Abstract 

 Chromophytes are an important group of microorganisms that 
contribute significantly to the carbon cycle on Earth. Their photosynthetic 
capacity depends on efficiency of the light-harvesting system that differs in 
pigment composition from that of green plants and other groups of algae. 
Here we employ femtosecond transient absorption spectroscopy to study 
energy transfer pathways in the main light-harvesting complex of 
Xanthonema debile, denoted XLH, which contains four carotenoids, 
diadinoxanthin, heteroxanthin, diatoxanthin and vaucheriaxanthin, and Chl-a. 
Overall carotenoid-to-chlorophyll energy transfer efficiency is about 60%, 
but energy transfer pathways are excitation wavelength dependent. Energy 
transfer from the carotenoid S2 state is active after excitation at both 490 nm 
(maximum of carotenoid absorption) and 510 nm (red edge of carotenoid 
absorption), but this channel is significantly more efficient after 510 nm 
excitation. Concerning the energy transfer pathway from the S1 state, XLH 
contains two groups of carotenoids: those that have the S1 route active 
(~25%) and those having the S1 pathway silent. For a fraction of carotenoids 
that transfer energy via the S1 channel, energy transfer is observed after both 
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excitation wavelengths, though energy transfer times are different, yielding 
3.4 ps (490 nm excitation) and 1.5 ps (510 nm excitation). This corresponds 
to efficiencies of the S1 channel of ~85% that is rather unusual for a donor–
acceptor pair consisting of a non-carbonyl carotenoid and Chl-a. Moreover, 
major carotenoids in XLH, diadinoxanthin and diatoxanthin, have their S1 
energies in solution lower than the energy of the acceptor state, Qy state of 
Chl-a. Thus, binding of these carotenoids to XLH must tune their S1 energy 
to allow for efficient energy transfer. Besides the light-harvesting function, 
carotenoids in XLH also have photoprotective role; they quench Chl-a 
triplets via triplet–triplet energy transfer from Chl-a to carotenoid. 
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5. Low-Temperature Time-Resolved 
Spectroscopic Study of the Major Light-

Harvesting Complex of 
Amphidinium carterae 

This chapter is based on Paper III.: 
Šlouf V, Fuciman M, Johanning S, Hofmann E, Frank HA, Polívka T (2013) Low-
temperature time-resolved spectroscopic study of the major light-harvesting complex of 
Amphidinium carterae. Accepted in Photosynth Res, doi: 10.1007/s11120-013-9900-8. 

Abstract 

 The major light-harvesting complex of Amphidinium (A.) carterae, 
chlorophyll-a–chlorophyll-c2–peridinin protein complex (acpPC), was 
studied using ultrafast pump-probe spectroscopy at low temperature (60 K). 
An efficient peridinin–Chl-a energy transfer was observed. The stimulated 
emission signal monitored in the near-infrared spectral region was stronger 
when redder part of peridinin pool was excited, indicating that these 
peridinins have the S1/ICT state with significant charge-transfer character. 
This may lead to enhanced energy transfer efficiency from “red” peridinins 
to Chl-a. Contrary to the water-soluble antenna of A. carterae, peridinin–
chlorophyll-a protein (PCP), the energy transfer rates in acpPC were slower 
under low-temperature conditions. This fact underscores the influence of the 
protein environment on the excited-state dynamics of pigments and/or the 
specificity of organization of the two pigment–protein complexes. 
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6. Photoprotection in a Purple 
Phototrophic Bacterium Mediated by 

Oxygen-Dependent Alteration of 
Carotenoid Excited-State Properties  

This chapter is based on Paper IV.: 
Šlouf V, Chábera P, Olsen JD, Martin EC, Qian P, Hunter CN, Polívka T (2012) 
Photoprotection in a purple phototrophic bacterium mediated by oxygen-dependent 
alteration of carotenoid excited-state properties. Proc Natl Acad Sci USA 109: 8570–8575. 

Abstract 

 Carotenoids are known to offer protection against the potentially 
damaging combination of light and oxygen encountered by purple 
phototrophic bacteria, but the efficiency of such protection depends on the 
type of carotenoid. Rhodobacter sphaeroides synthesizes spheroidene as the 
main carotenoid under anaerobic conditions, whereas in the presence of 
oxygen the enzyme spheroidene monooxygenase catalyses the incorporation 
of a keto group forming spheroidenone. We performed ultrafast transient 
absorption spectroscopy on membranes containing RC-LH1-PufX complexes 
and show that when oxygen is present the incorporation of the keto group 
into spheroidene, forming spheroidenone, reconfigures the energy transfer 
pathway in the LH1, but not the LH2, antenna. The 
spheroidene/spheroidenone transition acts as a molecular switch, which is 
suggested to twist spheroidenone into an s-trans configuration, increasing its 
conjugation length and lowering the energy of the lowest triplet state so it 
can act as an effective quencher of singlet oxygen. The other consequence of 
converting carotenoids in RC-LH1-PufX complexes is that S2/S1/triplet 
pathway for spheroidene is replaced with a new pathway for spheroidenone 
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involving an activated ICT state. This strategy for RC-LH1-PufX-
spheroidenone complexes maintains the light-harvesting cross-section of the 
antenna by opening an active, ultrafast S1/ICT channel for energy transfer to 
LH1 Bchls, while optimizing the triplet energy for singlet oxygen quenching.  
We propose that spheroidene/spheroidenone switching represents a simple 
and effective photoprotective mechanism, of likely importance for 
phototrophic bacteria that encounter both light and oxygen. 
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Introduction 

 Carotenoids are natural pigments that absorb light in the 450–550 nm 
spectral region and transfer the energy to (B)Chls, thereby acting as 
important energy donors in photosynthesis.1 In addition to extending the 
spectral range for absorption of solar energy, carotenoids play a structural 
role in light-harvesting (antenna) complexes.2,3 Finally, carotenoids play a 
photoprotective role by dissipating unwanted excited states in antenna 
complexes.4,5 It is well documented that carotenoids in purple phototrophic 
bacteria perform both light harvesting and structural roles, and the 
availability of carotenoidless mutants showed early on that carotenoids are 
essential for protection against oxygen radicals.6,7 The present study 
demonstrates the mechanistic basis for photoprotection in photosynthetic 
bacteria, using the purple bacterium Rhodobacter (R.) sphaeroides as a 
model. The photosynthetic complexes of this bacterium form interconnected 
membrane domains representing ~4,000 BChl molecules;8–10 the membranes 
are found within the cell as hundreds of spherical intracytoplasmic 
membrane vesicles ~50 nm in diameter.11 Light-harvesting LH2 complexes 
form the bulk light harvesting antenna, which donates energy to RC-LH1 
complexes.12 
 In terms of their light-harvesting function, it is now well-established 
that carotenoids have two excited states that serve as energy donors: the S2 
state, responsible for the strong absorption in the 400–550 nm region, and the 
dark S1 state, which is located below the absorbing state and is forbidden for 
one-photon transitions from the ground state.13 In LH2 complexes both the S2 
and S1 states act as energy donors. The actual energy transfer efficiency, 
however, depends on the conjugation length N (the number of the conjugated 
C=C bonds) of the carotenoid. While the S2-mediated energy transfer is 
nearly constant (~50%) for carotenoids with N = 9–11 and decreases to ~30% 
only for N > 12,1 the S1 route reaches 90% efficiency for N = 9 and drops to 
less than 10% for N > 11.14–16 This strong dependence is ascribed to 
unfavourable spectral overlap between the carotenoid S1 state and Qy band of 
BChl-a.1 Essentially the same situation was found for either native LH1 
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complexes17 or LH1 reconstituted with different carotenoids,18 or for 
genetically modified LH2 complexes.19 
 In other types of light-harvesting complexes such as the peridinin-
chlorophyll protein from dinoflagellates, carotenoids with a conjugated C=O 
group facilitate S1-mediated energy transfer by coupling to an ICT state.20 
This light-harvesting strategy seems common among certain genera of 
marine algae that utilize carbonyl carotenoids.21-23 
 The existence of different paths of energy transfer from carotenoids in 
nature, involving either the S1/S2 or the S1/ICT states, raises the possibility 
that a biosynthetic transition from spheroidene to spheroidenone (see Fig. 6–
S1 for structures) in R. sphaeroides, known to occur when anaerobically 
grown cells are aerated, could act as a molecular ‘switch’ to a 
photoprotective mode. Spheroidenone is known to be very effective in 
protecting against singlet oxygen.24 Furthermore, photostability studies on 
spheroidenone-containing LH1 and LH2 complexes in the presence of 
oxygen, and attached to gold surfaces in either the membrane-bound or 
purified state, showed a remarkable resilience, but only for the LH1 
complex.25,26 In the present study we used an LH2-minus crtA mutant that 
only contains spheroidene to demonstrate that in anaerobic, photosynthetic 
cells energy transfer in membrane-bound RC-LH1-PufX complexes proceeds 
via the S1/S2 states. When oxygen is present, the CrtA enzyme spheroidene 
monooxygenase present in the wild-type bacterium catalyses the 
incorporation of a keto group forming spheroidenone,27 which transforms 
energy transfer within the LH1 complex by shutting off ultrafast triplet 
formation and initiating an S1/ICT pathway. Furthermore, a specific 
spheroidenone configuration in LH1 decreases the energy of the triplet state, 
promoting photoprotective quenching of triplet BChl, or singlet oxygen. This 
effect is specific for the RC-LH1-PufX complex, and is not observed for the 
peripheral LH2 complex. We propose that spheroidene/spheroidenone 
switching in RC-LH1-PufX complexes represents a simple and effective 
photoprotective mechanism, of likely importance for phototrophic bacteria 
that encounter both light and oxygen. 
 



Photoprotection in a Purple Phototrophic Bacterium Mediated by Oxygen-
Dependent Alteration of Carotenoid Excited-State Properties 

147 
 

Materials and methods 

 Preparation of intracytoplasmic membranes. The R. sphaeroides deletion strain 
DD13 was complemented with the plasmid p(RKEHWT).28 The resultant transconjugant 
DD13[pRKEHWT], contains WT RC-LH1-PufX core complexes but no LH2 complexes. 
Cultures of this strain were grown in the dark semi-aerobically at 30°C with shaking, so that 
the carotenoid spheroidenone was incorporated into the core complexes. The LH2-minus 
crtA mutant DBCΩ ∆crtA was constructed by in-frame deletion of the crtA gene, using an 
LH2-minus background, DBCΩ,28 so spheroidene became the dominant carotenoid in the 
core complexes; this mutant was grown photosynthetically. Intracytoplasmic membrane 
vesicles were then prepared from both LH2-minus mutants according to published 
methods.46 PufX-minus membranes were prepared from a PufX-minus mutant with 
monomeric core complexes.29 
 Time-resolved spectroscopy. The femtosecond laser setup is based on mode-locked 
Ti:sapphire oscillator (Tsunami, Spectra Physics) and Nd:YLF pumped Ti:sapphire amplifier 
(Spitfire Pro XP, Spectra Physics) with central output wavelength of 795 nm and 1 kHz 
repetition rate (6 mJ per pulse), delivering ~80 fs pulses. The output beam was split into two 
parts, one for pumping a collinear optical parametric amplifier (TOPAS-C, Light 
Conversion) to generate the pump beam while the second one was led through a computer-
controlled delay line and focused onto a 2-mm sapphire plate to generate a white light 
continuum. Subsequently, the probe pulses were split into two parts, the former overlapping 
with the pump pulse in the sample volume and the latter serving as a reference, while not 
passing through the sample. The probe and the reference beams were then brought to the slit 
of a spectrograph and dispersed onto a double photodiode array, each with 512 elements. All 
samples were measured in a quartz shaking cuvette preventing sample degradation caused by 
long-term exposure to laser light. The intensity of excitation pulses was kept below 
4×1014 photons pulse-1 cm-2. Absorption spectra were measured before and after experiments 
to check for possible sample degradation, which did not exceed 6% in any case. Mutual 
polarization between pump and probe beams was set to the magic angle (54.7°). All data 
from time-resolved measurements were fitted globally (DAFit, Pascher Instruments) to a 
sum of exponentials using a sequential kinetic scheme with increasing lifetimes.30 

Results and discussion 

 Absorption spectra of membrane-bound RC-LH1-PufX complexes, 
containing either spheroidene or spheroidenone and hereafter referred to as 
RC-LH1-PufX(sph) and RC-LH1-PufX(spn), respectively, are shown in 
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Figure 6-1. The PufX 
polypeptide is an integral 
component of the R. sphaeroides 

RC-LH1 core complex, and is 
essential for efficient photosyn-
thetic growth.31 The spectra are 
dominated by BChl-a Qy and 
Soret bands peaking at ~876 and 
~372 nm, respectively; the 
BChl-a Qx band appears at 590 
nm. The RC contributions to the 
absorption spectra are also very 
similar in both complexes; the 

BChl monomers in the RC give rise to ~805-nm bands, while those around 
~760 nm are due to RC bacteriopheophytins.32 Differences between the RC-
LH1-PufX complexes are most pronounced in the blue-green region where 
carotenoids absorb. Spheroidene has three well-resolved vibrational bands in 
the RC-LH1-PufX(sph) complex. The lowest energy transition due to the 0–0 
band is readily identified at 507 nm. The absorption spectrum of 
spheroidenone in the RC-LH1-PufX(spn) complex is shifted to longer 
wavelengths; moreover, the resolution of its vibrational bands is significantly 
diminished, as seen in other LH complexes binding the carbonyl carotenoid 
spheroidenone14,15 or okenone.33 The weakly pronounced 0–0 band of 
spheroidenone in RC-LH1-PufX(spn) appears at ~545 nm. 

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

 To search for possible identifiers of an ICT state in RC-LH1-PufX 
complexes, we recorded their transient absorption spectra after excitation of 
carotenoids at 475 nm (spheroidene) and 514 nm (spheroidenone).  Figure 
6-2A shows a comparison of transient absorption spectra of both complexes 
recorded at 500 fs after excitation. The spectrum of the RC-LH1-PufX(sph) 

Figure 6-1: Absorption spectra of RC-LH1-
PufX complexes containing spheroidene (sph) 
and spheroidenone (spn). The excitation 
wavelengths are indicated by vertical arrows. 
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complex is dominated by a band at 553 nm, which is typical of the S1-SN 
band of spheroidene.14,15 In addition, a shoulder appears on the high-energy 
side of the main peak, which we attribute to the transition associated with the 

S* state.34 However, the 
transient absorption spectrum of 
the RC-LH1-PufX(spn) complex 
is significantly different, and a 
new spectral band, reminiscent 
of the ICT-like transition of 
carbonyl carotenoids in polar 
solvents,35,36 is observed around 
750 nm. While the broadening 
of the S1-SN transition of 
spheroidenone is observed in 
LH2 complexes, the band at 750 
nm has never been observed in 
LH2,14,15 although a similar, but 
much weaker, band was detected 
in the spheroidenone-containing 
LH4 antenna of Roseobacter 

denitrificans.37 
 In Figure 6-2B we 
compare the transient absorption 
spectra of spheroidenone in 
acetonitrile, and in the RC-LH1-
PufX(spn) and LH2 complexes. 
It is clear that spheroidenone in 
LH2 resembles that in solution, 
exhibiting only a weak feature 
around 690 nm attributable to 
the ICT-Sn transition. On the 
other hand, in RC-LH1-
PufX(spn) the ICT-Sn transition 

Figure 6-2: Transient absorption spectra 
recorded after excitation of the S2 state of 
carotenoid in (A) RC-LH1-PufX complexes 
containing spheroidene (sph) and 
spheroidenone (spn). The transient absorption 
spectra were recorded 0.5 ps after excitation at 
475 nm (sph) and 514 nm (spn). (B) 
Comparison of transient absorption spectra of 
the RC-LH1-PufX(spn) complex, LH2 
complex containing spn, and spn in 
acetonitrile. Excitation wavelengths were 
514 nm (RC-LH1-PufX), 515 nm (LH2), and 
500 nm (acetonitrile). Data on LH2 and 
spheroidenone in solution are taken from Refs.
15 and 36. All spectra are normalized to S1-SN

maximum. 
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of spheroidenone is far more intense and shifted to ~750 nm. Thus, binding 
of spheroidenone to the RC-LH1-PufX complex stabilizes the ICT state that 
consequently must play a role in excited-state dynamics. Since no such effect 
is observed in spheroidenone-containing LH2 complexes, there must be 
significant differences in spheroidenone-protein interactions between RC-
LH1-PufX and LH2 complexes of R. sphaeroides. Because a high-resolution 
atomic structure of the RC-LH1-PufX complex is not available, it is not 
possible to identify the origin of the difference between RC-LH1-PufX and 
LH2 complexes from structural data. Yet, there are spectroscopic indicators 
that allow us to hypothesize about possible origins of the observed 
differences in excited-state properties. 
 First, it must be noted that the intensity of the ICT-like transition of 
spheroidenone in the RC-LH1-PufX(spn) complex is significantly stronger 
than that observed in the most polar solvents (Figure 6-2B). It is known that 
although it is possible to separate the S1-like and ICT-like transitions in 
transient absorption spectra, the S1 and ICT states of carbonyl carotenoids are 
strongly coupled in the S1/ICT state,35,38 and the intensity of the ICT-like 
transition is a measure of a degree of charge-transfer character of the S1/ICT 
state. It was recently shown that the intensity of the ICT-like transition 
significantly increases if a single conjugated carbonyl group of a carotenoid 
is positioned in an s-trans configuration with respect to the main conjugated 
backbone.39 However, this is not the case for spheroidenone in solution, 
where the carbonyl group is in an s-cis orientation as evidenced by molecular 
modelling showing that s-cis configuration is far more stable (Fig. 6–S2). 
Consequently, the significantly stronger ICT band in the RC-LH1-PufX(spn) 
complex could be explained if the binding site in the RC-LH1-PufX(spn) 
‘twists’ the carbonyl group of spheroidenone into the s-trans configuration 
(Fig. 6–S2). 
 Further support for this hypothesis is provided by a comparison of 
transient absorption spectra of spheroidenone in the RC-LH1-PufX(spn) 
complex with those of the carotenoid hydroxyechinenone in the OCP from 
cyanobacteria, which exhibits very similar behaviour. Whereas no ICT-like 
transitions are detected for hydroxyechinenone in solution, a red-shifted ICT 
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band dominates the transient absorption spectrum of hydroxyechinenone 
bound to OCP.40 Unlike the RC-LH1-PufX complex, the atomic structure of 
OCP has been determined to 1.65 Å resolution,41 allowing identification of 
the changes leading to ‘activation’ of the ICT state. The carbonyl group of 
hydroxyechinenone is in the s-cis orientation in solution, minimizing the 
charge-transfer character of the S1/ICT state.39 However, the 
hydroxyechinenone binding site in OCP forces the terminal 4-keto-β-
ionylidene ring of hydroxyechinenone to twist, aligning the conjugated 
carbonyl group into the s-trans orientation with respect to the rest of the 
conjugated bond system.40 Moreover, the conjugated carbonyl group of 
hydroxyechinenone in OCP forms hydrogen bonds to nearby tryptophan and 
tyrosine residues. These structural changes result in the appearance of the 
ICT band in the transient absorption spectrum; however, it disappears in the 
closely related red carotenoid protein, where the part of the protein forming 
the carbonyl binding site in OCP is missing.42 
 Thus, comparison of data recorded for the RC-LH1-PufX(spn) 
complex and the OCP protein suggests that a conformational change of 
spheroidenone in RC-LH1-PufX(spn), which does not occur in LH2, causes 
the enhancement of the charge-transfer character of the S1/ICT state of 
spheroidenone, resulting in observation of the ICT-like band at 750 nm. It is 
likely that hydrogen bonding to the carbonyl group also contributes to this 
effect, however, hydrogen bonding alone cannot generate an ICT band of 
such magnitude, as is seen when comparing the intensity of the ICT band of 
spheroidenone in the hydrogen bonding solvent methanol35 and in aprotic 
acetonitrile;36 the ICT bands in both solvents are weak and of comparable 
magnitude. Thus, the magnitude of the ICT band of spheroidenone in RC-
LH1-PufX(spn) complexes cannot be reproduced in any solvent, suggesting 
that the introduction of the keto group probably twists the carotenoid 
molecule, a significant structural change that has to be accommodated by an 
alteration of the binding site within the LH1 complex. 
 Based on the arguments presented above we propose that 
spheroidenone bound to the RC-LH1-PufX(spn) complex of R. sphaeroides 
has the keto group in the s-trans orientation, whereas the s-cis orientation 
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most likely occurs in LH2. In addition, hydrogen bonding of LH1 side chains 
to the carbonyl oxygen may further enhance the charge-transfer character of 
the S1/ICT state of spheroidenone in the RC-LH1-PufX(spn) complex. 

Carotenoid excited-state dynamics 

 Having established that the 
750 nm band in transient 
absorption spectra of the RC-
LH1-PufX(spn) complex arises 
from the ICT state, we may 
proceed with an analysis of 
excited-state dynamics. Results 
of global fitting of data recorded 
for both RC-LH1-PufX 
complexes are shown in Figure 
6-3. For the RC-LH1-PufX(spn) 
complex (Figure 6-3A) the first 
EADS corresponding to the S2 
state decays in <0.1ps to the 
second EADS (red) that is 
clearly due to the S1/ICT state, 
because it contains both S1-like 
(600 nm) and ICT-like (750 nm) 
transitions. Interestingly, this 
second EADS contains only a 
weak signal attributable to Qx 
bleaching (~590 nm), suggesting 
that the S2 channel is of minor 

importance in this complex. This also implies that S2-S1/ICT internal 
conversion occurs in s-trans spheroidenone in the RC-LH1-PufX(spn) 
complex significantly faster than for spheroidene in the RC-LH1-PufX(sph) 
complex (see below). This observation agrees with a previous study of S2 
decay of hydroxyechinone, where activation of the ICT state significantly 

Figure 6-3: EADS resulting from global fitting 
the data in the visible spectral region 
measured for (A) RC-LH1-PufX(spn) and (B) 
RC-LH1-PufX(sph) complexes. The data at 
wavelengths shorter than 550 nm are omitted for 
the RC-LH1-PufX(spn) complex due to strong 
scattering from excitation. n.d. - non-decaying 
component. 
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shortens the S2 lifetime in the OCP in comparison with the lifetime in 
solution.40 The S1/ICT state decays in 0.4 ps during which process the 
appearance of a dip is clearly visible, superimposed on the broad S1-SN 
transition. This feature is due to the Qx bleaching and identifies the 0.4 ps 
process as energy transfer from the S1/ICT state. The next EADS (green) 
decays in 2.4 ps. The EADS generated by the 2.4 ps process (cyan) does not 
contain any spheroidenone bleaching and is thus solely due to BChl-a; the 
45 ps time constant of the decay of this EADS is associated with the overall 
trapping time of excited states in these photosynthetic membranes. It is 
important to note that the monomer/dimer status of the spheroidenone 
complexes has no influence on the carotenoid excited state dynamics. Both 
the activation of the ICT state and excited-state dynamics of spheroidenone 
in the PufX-minus and PufX-containing RC-LH1(spn) complexes are 
essentially identical (Fig. 6–S3).  
 Global analysis of data measured for the RC-LH1-PufX(sph) complex 
(Figure 6-3B) reveals that the S2 state decays on the sub-100 fs timescale 
(black EADS). When going to the next EADS (red), the clear dip around 
590 nm indicates that the S2-mediated energy transfer is far more important 
here in comparison with the RC-LH1-PufX(spn) complex. This EADS 
decays in 0.3 ps, which is nearly the same time constant as for RC-LH1-
PufX(spn), but the spectral properties are qualitatively different as it exhibits 
the characteristics of a hot S1 state.15,43 The pathway from the hot S1 state of 
carotenoids has been observed in other LH complexes.34,44,45 Whether or not 
this energy transfer channel is active in RC-LH1-PufX(sph) needs to be 
elucidated by complementary measurements of BChl-a dynamics in the NIR 
spectral region (see below). The EADS of the hot S1 state relaxes to form the 
EADS associated with the S1 state (green) which decays in 1.8 ps. The shape 
of the next EADS (blue) is reminiscent of the S* state.34 The last dynamic 
process (cyan to orange EADS) occurs with a 70 ps time constant and again 
reflects the overall trapping time for these membranes. At present, we cannot 
explain the slower trapping time for RC-LH1-PufX(sph) than for RC-LH1-
PufX(spn) membranes, and a systematic study of trapping times in the 
presence of LH2 complexes will be required to examine this point further. 
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The final, non-decaying EADS of the RC-LH1-PufX(sph) contains a clear 
band at 530 nm that arises from the triplet state of spheroidene. 

Carotenoid to BChl-a energy transfer 

 In order to confirm that the 
0.4 ps (spheroidenone) and 0.3 
and 1.8 ps (spheroidene) 
components observed in the 
visible spectral region are 
associated with energy transfer, 
we carried out experiments 
probing the NIR region, 
monitoring the signal of the 
BChl-a Qy band. The global 
fitting results are depicted in 
Figure 6-4; for membranes 
containing the RC-LH1-
PufX(spn) complex (Figure 
6-4A) the first EADS (red) 
contains some BChl-a signal, but 
its contribution is smaller in 
comparison with the RC-LH1-
PufX(sph) sample (Figure 6-4B). 
This observation confirms the 
hypothesis that the S2 state of 

spheroidenone is a minor donor of excitation energy for BChl-a in RC-LH1-
PufX(spn) complexes. The magnitude of the BChl-a bleaching in the NIR 
region increases greatly with a 0.6 ps component that matches the 0.4 ps 
component associated with the S1/ICT state observed in the visible region. 
Thus, energy transfer from spheroidenone to BChl-a in the RC-LH1-
PufX(spn) complex proceeds predominantly via the S1/ICT route. The 
second EADS (green) decays with a 2.5 ps component; during this process 
there is only a slight decrease of the BChl-a signal, indicating that no energy 

Figure 6-4: EADS resulting from global 
fitting the data in the NIR spectral region 
measured for (A) RC-LH1-PufX(spn) and 
(B) RC-LH1-PufX(sph) complexes. n.d. -

non-decaying component. 
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transfer occurs with this time constant. Virtually the same component of 2.4 
ps was observed in the visible region (Figure 6-3A) and its presence in the 
NIR region indicates that it is associated with BChl-a dynamics. Indeed, the 
2.4 ps EADS in the visible region has a shape similar to the 45 ps EADS, 
except in its intensity, and is clearly due to BChl-a (Figure 6-3A). The next 
EADS (cyan) has a lifetime of 44 ps and evidently corresponds to the 
trapping time in RC-LH1-PufX(spn) complex. 
 Figure 6-4B shows the EADS obtained from global fits of the data 
measured in the NIR region for the RC-LH1-PufX(sph) complex. Unlike the 
RC-LH1-PufX(spn) complex, the first EADS (black) already contains a 
significant BChl-a bleaching component, which increases further during the 
<100 fs step. These observations indicate that a substantial part of the energy 
is transferred from the S2 state of spheroidene. A further increase (red to 
green EADS) is characterized by a 0.3 ps component that matches the decay 
of the hot S1 state observed in the visible region (Figure 6-3B), supporting 
the notion of energy transfer via the hot S1 state of spheroidene. The green 
EADS has a 1.7 ps lifetime and the process associated with this component 
increases the BChl-a signal further. The match between this time constant 
and that observed in the visible region allows an assignment as energy 
transfer from the relaxed S1 state of spheroidene. During the next process, 
associated with the 7 ps time constant, the cyan EADS is formed. Because it 
is accompanied by the decrease of the BChl-a signal, this EADS is most 
probably associated with relaxation of BChl-a excited states. Although it 
would be tempting to couple the ~7 ps time constants in the visible and NIR 
regions, the dominating processes are most probably unrelated. Whilst the 
NIR decrease of the signal is unequivocally associated with BChl-a 
relaxation, the 7.6 ps EADS in the visible region exhibits characteristic 
carotenoid features. The cyan EADS decays with an 80 ps time constant, 
again due to trapping events in RC-LH1-PufX(sph) complex. 
 Thus, three energy transfer pathways, via the S2, hot S1 and relaxed S1 
states, are active in the RC-LH1-PufX(sph) complex, whereas only two 
pathways, mediated by the S1/ICT state and to a lesser extent by S2, exist in 
RC-LH1-PufX(spn) complex (see Fig. 6–S4 for a scheme of energy transfer 
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pathways). Multiple pathways involving both S2 and S1 routes are common 
in LH2 and LH1 complexes of purple bacteria binding carotenoids with 
N < 11.1,15,18 When carotenoids with a longer conjugated bond system, such 
as lycopene16,18,19 or spirilloxanthin,18,34 are bound to LH2 or LH1 complexes 
the S1 route becomes inactive, but the S2 pathway is functional in all purple 
bacterial antenna studied so far. It is worth noting that the S2 route is 
significantly diminished in light-harvesting complexes of dinoflagellates or 
diatoms binding the carbonyl carotenoids peridinin or fucoxanthin; then, the 
pathway through the S1/ICT state becomes the major pathway,20-22 
reminiscent of the situation studied here in RC-LH1-PufX(spn) complexes. 
 The RC-LH1-PufX(spn) complex represents a unique light-harvesting 
system among purple bacteria. The biosynthetic incorporation of a single 
keto oxygen into the structure of spheroidene changes the energy transfer 
pathways, and the S1/ICT route becomes dominant. Because the ICT state is 
not active in LH2 complexes binding the same carotenoid, spheroidenone, an 
LH1-specific interaction must exist between the keto group of spheroidenone 
and amino acid residues such as tryptophan and tyrosine, as found for 
interactions of these residues with LH1 BChls.46,47 There is evidence that the 
Trp residue of the highly conserved Lys-Ile-Trp (KIW) motif, found in the 
N-terminal domain of the LH1α polypeptide, plays a role in binding 
spheroidenone in the LH1 complex of R. capsulatus;48,49 however, the same 
KIW motif is found in LH2, and no ICT state is found in this complex. It is 
possible that the neighbouring αTyr–27 residue provides the hydrogen bond 
to the C2 keto group of spheroidenone that stabilizes the s-trans 

configuration as the corresponding residue in LH2 is a Gly. 

Carotenoid triplet state formation in RC-LH1-PufX 
complexes 

 The transient absorption data in Figure 6-2A and the EADS in Figure 
6-3 show that also the blue parts of these spectra differ significantly in the 
two RC-LH1-PufX complexes. While spheroidenone bleaching dominates 
below 560 nm, the transient absorption spectrum of the RC-LH1-PufX(sph) 
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complex contains a positive signal below 540 nm that does not decay within 
the time window of the experiment. This non-decaying signal forms a narrow 
peak centred at 530 nm and is generated within the first picosecond after 
excitation; the same signal was observed in LH1 complexes of 
Rhodospirillum rubrum reconstituted with spheroidene and it was identified 
as a T1-Tn transition due to a spheroidene triplet state.18 
 However, the observed picosecond dynamics of the 530 nm band are 
not consistent with known lifetimes of the triplet state. Thus, Papagiannakis 
et al. (Ref. 34) interpreted the early signal as arising from the S* state that is 
the precursor of the triplet state in native LH complexes of R. sphaeroides. In 
fact, the time constants extracted here from global fitting of the RC-LH1-
PufX(sph) data are remarkably similar to those obtained for LH2 complex 
from the same organism.34 Consequently, we assign the 7.6 ps component to 
decay of the S* state, formed from the S2 state of spheroidene. Since the 
process associated with the 7.6 ps component is accompanied also by a loss 
of ground state bleaching (Figure 6-3B), it implies that the S* state decays 
into both triplet and ground states. Comparing the amplitudes of the 
components obtained here (Figure 6-3B) and in LH2,34 the branching ratio is 
shifted more towards the triplet state in RC-LH1-PufX(sph) complex. The 
underlying dynamics are, however, essentially identical in RC-LH1-
PufX(sph) and LH2(sph) complexes.  
 Whereas in the RC-LH1-PufX(sph) complex the resulting triplet yield 
is higher than in corresponding LH2 complexes, the change of spheroidene to 
spheroidenone, which involves only the addition of a keto group to the 
carotenoid conjugated system, switches off the pathway toward the triplet 
state completely. Although the scattering prevents the inclusion of <550 nm 
data in the global fitting (Figure 6-3A), comparison of transient absorption 
spectra at 100 ps recorded for RC-LH1-PufX(sph) and RC-LH1-PufX(spn) 
complexes (Fig. 6–S5), clearly shows that no triplet signal is observed in the 
RC-LH1-PufX(spn) complex. Consequently, incorporation of spheroidenone 
in RC-LH1-PufX(spn) not only alters energy transfer pathways but also 
prevents ultrafast triplet formation. 
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A possible biological role for spheroidene/spheroidenone 
conversion in photosynthetic bacteria  

 The conversion of spheroidene to spheroidenone, mediated by 
spheroidene monooxygenase, alters the conformation of the carotenoid, 
which twists in the s-trans configuration that is likely stabilized by a 
hydrogen-bonding interaction within the LH1 binding site. The effect of this 
change is to increase the conjugation length of the carotenoid, lowering the 
energy of the lowest triplet state50 so it can act as an effective quencher of 
singlet oxygen and/or BChl-a triplet states. The other consequence of the 
conversion of spheroidene to spheroidenone is a modification of the energy 
transfer properties of RC-LH1-PufX complexes, which switch from an 
S2/S1/triplet mechanism to one involving mainly the S1/ICT state. The s-trans 

configuration of spheroidenone leads to activation of the ICT state, which 
maintains an active S1-channel for energy transfer to LH1 Bchls while 
allowing the triplet energy drop to effectively quench singlet oxygen. This 
functional flexibility contrasts with that of lycopene, which has effective 
conjugation comparable to spheroidenone in s-trans configuration, and is 
found in some other light-harvesting complexes.51 This carotenoid evidently 
has an ideal triplet energy for scavenging singlet oxygen and, indeed, 
lycopene is the most effective carotenoid for singlet oxygen scavenging;52 
however, the S1 energy of lycopene is too low to transfer energy to BChl-
a.1,16 
 The basis for biological role of this process probably originates in the 
differing levels of light and oxygen encountered by purple phototrophic 
bacteria. As they move from a low-light, anaerobic environment to one 
nearer the surface where both the light and oxygen levels increase, there is a 
need to protect the photosynthetic apparatus. Similar requirements are found 
in the aerobic anoxygenic phototrophs that represent almost 10% of microbes 
in the oceans.53 The proposed quenching mechanism offers effective 
protection against singlet oxygen without sacrificing the light-harvesting 
cross-section of the antenna, in line with work on other systems involving the 
ICT state.20 Quenching of BChl-a triplet states that may lead to singlet 
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oxygen formation, or quenching the singlet oxygen itself, are of vital 
importance in conditions when light and oxygen is present. This is 
underlined by the recent study of Magis et al. (Ref. 26), which compared the 
photostability of surface-immobilized LH1 and LH2 complexes with 
spheroidenone as the major carotenoid. LH1 complexes withstood 180 min 
of irradiation at 650 W.cm-2, whereas LH2 complexes were destroyed in less 
than 2 minutes. Thus, the ability of spheroidenone to optimize triplet energy 
in RC-LH1-PufX(spn) complexes and simultaneously maintain energy 
transfer channel between spheroidenone and BChl-a is a vital environmental 
response mechanism for this bacterium and likely for the many other 
phototrophic bacteria that also contain spheroidenone. In conclusion, we 
suggest that spheroidene/spheroidenone conversion in RC-LH1-PufX 
complexes represents a simple and effective photoprotective mechanism, to 
add to other photoprotective mechanisms found in nature such as the OCP of 
cyanobacteria and the xanthophyll cycle of plants. 
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Supporting information 
 

 
 
Figure 6–S1: Chemical structures of spheroidene and two configurations of spheroidenone. 
Numbers 1-4 indicate first four carbon atoms; rotation around the C2-C3 bond (yellow) 
produces the s-cis and s-trans configurations.  
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Figure 6–S2: (A) Calculated dependence of the heat of formation on the rotation of the 
dihedral C1-C2-C3-C4 system. (B) Optimized geometry of the s-cis and s-trans 
configurations of spheroidenone, corresponding to the minima in (A). Oxygen atoms are 
marked in red. 

 
A semi-empirical QM method AM1 incorporated in MOPAC2009 
(http://OpenMOPAC.net) was used for energy minimization. The dihedral 
angle for C1-C2-C3-C4 was rotated with a step size of 5 degrees, keeping the 
rest of the parameters for other atoms in the molecule, such as bond distance, 
bond angle and dihedral angle, open for optimization during the calculation 
for each step. The most stable configuration was found for each rotational 
step, and the total heat of formation of the configuration was calculated, then 
plotted against the rotated dihedral angle. The minimum heat of formation 
(5.99 Kcal.mol-1) is at 175 degrees rotation, near the s-cis configuration, and 
the maximum is at 95 degrees (9.44 Kcal.mol-1). The s-trans configuration is 
found at a local minimum at 25 degrees rotation, with a heat of formation of 
8.27 Kcal.mol-1. The total energy barrier for moving from s-cis to s-trans is 
3.45 Kcal.mol-1. 
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Figure 6–S3: EADS extracted from global fitting the data measured on LH1-RC complexes 
containing spheroidenone. 

 
It is obvious that lacking the PufX complex does not affect the activation of 
the ICT state and overall spheroidenone-to-BChl-a energy transfer as the 
time constants obtained from the complex lacking PufX matches those 
shown in Fig. 6–3A and 6–4A. However, there is a slight difference in the 
time constant associated with the trapping time that yields 30 ps in the RC-
LH1(spn) complex and 40 ps in the RC-LH1-PufX(spn) complex. As the 
RC-LH1(spn) complex cannot form dimers, it confirms our hypothesis that 
variations in trapping time are due to different degree of dimerization of the 
core complexes. n.d. - non-decaying component. 
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Figure 6–S4: Energy transfer pathways in RC-LH1-PufX(sph) and RC-LH1-PufX(spn) 
complexes.  

 
Excited-state processes involving carotenoid spheroidene are shown in red 
while blue arrows denote energy transfer and relaxation channels involving 
the carotenoid spheroidenone. The dashed arrows represent internal 
conversion and intersystem crossing pathways and solid arrows depict energy 
transfer channels. Thickness of the arrows representing energy transfer is 
proportional to the efficiency of the particular energy transfer channel. Rates 
of excited-state processes whose time constants could be inferred from 
experiment are also shown. In RC-LH1-PufX(sph) complex the major energy 
transfer pathway is via the S2 state and a side-relaxation channel populating 
spheroidene triplet via the S* state is active. On the other hand, in RC-LH1-
PufX(spn) the activation of the S1/ICT state, which also slightly increases the 
energy of the S1/ICT state,1 facilitates energy transfer via this coupled state, 
which becomes the major pathway, and the side-channel leading to the triplet 
state is switched off completely.  However, the longer effective conjugation 
induced by the proposed linearization of the conjugated chain of 
spheroidenone in RC-LH1-PufX(spn) decreases the triplet energy of 
spheroidenone,2 resulting in better quenching of singlet oxygen and/or BChl-
a triplet than in RC-LH1-PufX(sph). 
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Figure 6–S5: Comparison of transient absorption spectra of RC-LH1-PufX(sph) and RC-
LH1-PufX(spn) at 100 ps. 
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7. Carotenoid Charge Transfer States and 
Their Role in Energy Transfer Processes 
in LH1−RC Complexes from Aerobic 

Anoxygenic Phototrophs  

This chapter is based on Paper V.: 
Šlouf V, Fuciman M, Dulebo A, Kaftan D, Koblížek M, Frank HA (2012) Carotenoid charge 
transfer states and their role in energy transfer processes in LH1–RC complexes from 
aerobic anoxygenic phototrophs. J Phys Chem B 117: 10987−10999. 

Abstract 

 Light-harvesting complexes ensure necessary flow of excitation energy 
into photosynthetic reaction centres. In the present work, transient absorption 
measurements were performed on LH1-RC complexes isolated from two 
aerobic anoxygenic phototrophs (AAPs), Roseobacter sp. COL2P containing 
the carotenoid spheroidenone, and Erythrobacter sp. NAP1 which contains 
the carotenoids zeaxanthin and bacteriorubixanthinal. We show that the 
spectroscopic data from the LH1-RC complex of Roseobacter sp. COL2P are 
very similar to those previously reported for Rhodobacter sphaeroides, 
including the transient absorption spectrum originating from the ICT state of 
spheroidenone. Although the ICT state is also populated in LH1-RC 
complexes of Erythrobacter sp. NAP1, its appearance is probably related to 
the polarity of the bacteriorubixanthinal environment rather than to the 
specific configuration of the carotenoid, which we hypothesize is responsible 
for populating the ICT state of spheroidenone in LH1-RC of Roseobacter sp. 
COL2P. The population of the ICT state enables efficient S1/ICT-to-BChl 
energy transfer which would otherwise be largely inhibited for 
spheroidenone and bacteriorubixanthinal due to their low energy S1 states.  In 
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addition, the triplet states of these carotenoids appear well-tuned for efficient 
quenching of singlet oxygen or BChl-a triplets, which is of vital importance 
for oxygen-dependent organisms such as AAPs. 
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8. Activation of the Intramolecular 
Charge-Transfer State in LH1 Complexes 

of Various Purple Bacteria 

 
This chapter is based on Paper VI.: 
Šlouf V, Chábera P, Cogdell RJ, Cranston L, Dulebo A, Hunter CN, Kaftan D, Koblížek M, 
Martin EC, Olsen JD, Polívka T. Activation of the intramolecular charge-transfer state in 
LH1 complexes of various purple bacteria. Manuscript in preparation. 

Abstract 

 We have recently observed a specific spectroscopic feature associated 
with a keto carotenoid, spheroidenone, in LH1 complexes of Rhodobacter 

sphaeroides. It is a strong transient absorption peaking around 750 nm, 
which we attribute to the ICT state of spheroidenone. We hypothesize that 
the crucial factor for the ICT state activation is the interaction of the 
carotenoid keto group with the protein environment. Our aim is to find the 
activator of the ICT state at the level of protein primary structure. To obtain 
such information, we studied LH1 complexes of other organisms with both 
active and inactive ICT states. 
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9. Summary and Future Prospects 

 In this summary, I will highlight the most important findings and try to 
justify the relevance of the title of this thesis with respect to particular studies 
presented in both Research Sections. That proteins influence the 
photophysics of carotenoids (and of pigments in general) is not surprising. 
For instance, due to electrostatic interactions, carotenoid spectra are red-
shifted in the proteins compared to solution. However, besides these 
“traditional” examples (demonstrated e.g. in Section 3), the results of this 
thesis also present rather unique “manipulations” of carotenoids by proteins 
(in Section 4 and Research Section B). 
 
 In Section 3, it was demonstrated that the main source of the carotenoid 
red-shift in the protein can be explained by local electrostatic interactions. 
Furthermore, it was realized that retinal excited states exhibit slower decay in 
XR than in BR. One of the hypotheses is that it is again the protein that 
forces retinal into different configurations in the two complexes resulting in 
distinct excited-state dynamics. The other hypothesis is that the differences 
are caused by an interaction between retinal and the neighbouring carotenoid, 
salinixanthin. Our experiments in the near future will hopefully provide an 
answer to the question of which of the two effects is decisive. 
 Section 4 brings forward a unique finding that the carotenoid 
diadinoxanthin, usually connected with photoprotection, is active in energy 
transfer to Chl-a in the XLH antenna. Surprisingly, its S1 energy must be 
significantly higher in XLH than in solution, highlighting the role of the 
protein environment in tuning the spectroscopic properties so that the 
carotenoid can serve a particular function in one protein (light harvesting), 
but a distinctly different function in another (photoprotection). This result 
also sheds new light on the possible role of diadinoxanthin and diatoxanthin 
in algal NPQ. The proposed gear-shift mechanism was based on the 
assumption that diatoxanthin, but not diadinoxanthin, may serve as a sink for 
excitation energy from Chl-a due to its S1 state position below that of Qy.

1 
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This mechanism was challenged by locating the S1 states of both carotenoids 
in solution below that of Qy.

2 However, the gear-shift mechanism could be 
revived by our finding that the protein can push the S1 state of diadinoxanthin 
above that of Qy. Using the same line of reasoning, the diatoxanthin S1 state 
could remain below that of Qy, enabling the gear-shift mechanism.  
 In Section 5, it was shown that the temperature dependence of the 
energy transfer rate in the acpPC complex is reversed with respect to PCP. 
This points either to the different overall organization of the two complexes, 
or to a distinct local protein environment around the chromophores in the 
respective complexes. (The former feature is also ultimately governed by the 
protein because it serves as a scaffold.) Furthermore, there even exist 
multiple spectral variants of peridinins, which is undoubtedly a product of 
local pigment-protein interactions because the photophysical properties of 
carbonyl carotenoids are known to be sensitive to polarity of the 
environment.3  
 
 The Research Section B forms an integrated unit, which deals with the 
activation of the ICT state of spheroidenone in LH1 complexes of some 
purple bacteria.  

In Section 6, it was proven that it really is the ICT state, which is 
responsible for the strong spheroidenone ESA around 750 nm in the LH1 of 
R. sphaeroides. This band was only recorded in LH1, and could not be 
reproduced in solvent of any polarity, underscoring the role of the protein in 
ICT state activation. Moreover, the activation is conditioned by a special 
spheroidenone configuration, s-trans. In this configuration, spheroidenone 
excited-state energies are lower than those of the s-cis configuration, which 
is the most stable in solution. Consequently, s-trans spheroidenone can serve 
as a quencher of singlet oxygen due to the match of carotenoid T1 state with 
the lowest excited state of singlet oxygen. The enzymatic exchange of 
spheroidene by spheroidenone can thus be viewed as a photoprotective 
mechanism, which is “responsive” as NPQ (is turned on when the external 
conditions require it), but acts on 1O2

* (and, possibly 3Chl*), typically 
quenched by “non-responsive” mechanisms. The novel photoprotective 
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mechanism thus represents a “mix” of the established photoprotective 
mechanisms. 
 The study presented in Section 7 shows that the ICT state is also 
activated in the LH1 complex of Roseobacter sp. COL2P in the same way as 
in R. sphaeroides. The situation was, however, different in the LH1 from 
Erythrobacter sp. NAP1. Although the carbonyl carotenoid 
bacteriorubixanthinal also exhibited a strong ESA related to the ICT state in 
LH1, the ICT state is also activated when the carotenoid is dissolved in the 
polar solvent methanol. Therefore, the ICT activation in this LH1 is most 
probably achieved solely by the protein environment, which must be highly 
polar mainly around the carbonyl group of bacteriorubixanthinal. 
 Finally, Section 8 aims at drawing more general conclusions on the 
concepts and observations presented in Sections 6 and 7. Firstly, it is realized 
that the ICT state is not generally activated upon the binding of a carbonyl 
carotenoid to LH1. Further, a tyrosine residue close to the LH1-α polypeptide 
N-terminus was identified as the likely site responsible for the ICT state 
activation. In addition, it is concluded that the ICT state activity of carbonyl 
carotenoids (so far proven only for spheroidenone) is related to the 
photoprotective mechanism described earlier (Section 6) for R. sphaeroides. 
In the near future, we plan to test the hypothesis of the ICT state activation 
by the tyrosine. This will be achieved by constructing mutants, in which the 
tyrosine will be replaced by another residuum such as phenylalanine that is 
unable to form hydrogen bonds with the neighbouring carbonyl group of the 
carotenoid. If our hypothesis is correct, the s-trans configuration of 
spheroidenone should not be stabilized in these mutants, leading to a 
decreased ICT-related transient signal. 
 

 To conclude this thesis, I believe that the presented studies justify 
what is stated in the title: that the protein controls carotenoid photophysics 
to a hopefully larger extent than the reader might have anticipated upon 
simply reading the title.    
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