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Chapter 1 
 
A general introduction 
 

In recent years, the transition to sustainable energy has become one of the 
most pressing issues in the world. The search for efficient, clean and 
renewable energy has become a common goal for scientists all over the 
world, and solar energy is favored for its renewability, it is environmentally 
friendly, and has low cost. In nature, light-harvesting complexes absorb 
sunlight to transfer energy and maintain the activity of life through chemical 
reactions. After billions of years of evolution, protein matrices have been 
optimized to cooperate with light-harvesting molecules to efficiently 
capture and transport solar energy until it can be stored in a chemical 
bond.1-3 The natural light-harvesting antenna systems are thought to carry 
on lossless Non-adiabatic Conversion by Adiabatic Passage (NCAP) processes 
for high yield.4-7 Scientists try to create artificial light-harvesting antenna 
systems to create solar fuel. However, the uptake rate of solar energy by 
artificial photosynthesis is still very low. At present, most chemists’ 
approach for solar fuel production is focused on changing the properties of 
dyes and catalysts, thus ignoring the matrix. Engineering of a responsive 
matrix is likely of vital importance to improve the efficiency of artificial 
photosynthesis devices. This thesis makes a first step in this direction. 
 

1.1 Moving from natural photosynthesis to 
artificial photosynthesis  
 
In nature, plants, algae and some bacteria are able to perform 
photosynthetic processes, converting light energy into chemical energy. In 
most cases, photosynthesis includes two processes called the ‘light’ and 
‘dark’ reactions. Both ATP and reduced NADP are produced in the 
light-reaction after absorption of a photon. And these two products are 
consumed by the Calvin–Benson–Bassham cycle to reduce carbon dioxide 
into carbohydrates in the dark-reaction (Figure 1.1). 
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Photosynthesis is a complicated process and a diversity of strategies is used 
by different organisms. Commonly, the photosynthetic reactions can be 
divided into four steps.8 The light is absorbed by light-harvesting antenna 
systems in the first step. The harvested light is transferred to photosynthetic 
reaction centers where charge separation takes place. The positive charges 
extract electrons from water in the third step, and the negative charges 
reduce carbon dioxide to carbohydrates in the last step. 

 

Figure 1.1 Diagram of the process of photosynthesis, showing the light reactions 
and the Calvin cycle. 

During photosynthesis, light energy is converted into chemical energy. 
However, not all absorbed light energy finally converts into chemical energy, 
the overall photosynthetic efficiency normally reaches to 3% to 6% of the 
total incoming light energy.9 The excess light energy dissipates as heat in a 
process called non-photochemical quenching, or is emitted as fluorescence 
to avoid damaging the photosynthetic apparatus. Although the final 
efficiency of photosynthesis is not high, the light energy can be transferred 
to reaction centers with nearly 100% efficiency.10 Natural photosynthesis is 
highly conserved in evolution, and the biological success of natural 
photosynthesis inspires scientists to replicate nature and build an artificial 
photosynthesis system to convert sunlight energy into chemical energy. 
 

https://en.wikipedia.org/wiki/Non-photochemical_quenching
https://en.wikipedia.org/wiki/Chlorophyll_fluorescence
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To perform good artificial photosynthesis, two crucial factors, light 
harvesting and charge separation, should be optimized. The harvested light 
energy should be able to drive charge separation to an electron acceptor to 
promote chemical reactions. While many different artificial photosynthesis 
approaches are currently under development, genuinely efficient and robust 
components for capturing and storing solar energy in chemical bonds were 
not yet obtained. Research is mainly focused on designing and synthesizing 
electrocatalysts that can be linked to a light-driven charge separation 
system.11-12 In this manner solar cells have been made that can achieve 
photo-electrochemical hydrogen production with photon to product yield, 
or external quantum efficiencies, as high as 60%.13 A challenge is to build 
antenna complexes with highly ordered arrays of pigments which can 
transfer nearly 100% of the harvested energy to reaction center. This thesis 
focuses on necessary steps to be made towards the construction of an 
efficient and robust semisynthetic artificial light-harvesting antenna system.  
 

1.2 The natural and artificial light-harvesting 
antenna  
 
Light-harvesting antenna systems play a vital role in solar energy uptake by 
collecting photons and transferring excited state energy to the reaction 
center.14 A wide variety of light harvesting complexes is found among the 
different photosynthetic species, e.g. green sulfur bacterial chlorosomes, 
cyanobacterial phycobilisomes, dinoflagellate peridinin-chlorophyll-protein, 
the Pcb protein, higher plant light-harvesting complex II (LHCII), and the 
purple bacterial light-harvesting complexes 1, 2 and 3 (LH1-LH3).15-20 They all 
show similar properties for light harvesting. They all contain high-density 
arrays of pigments for exciton energy transfer via the Förster or Dexter 
exciton transfer mechanisms.21-22 In these light-harvesting complexes, 
pigments are thought to be tuned by the matrix to perform non-adiabatic 
conversions that transiently violate detailed balance for high yield.1, 3, 23 
Among the high-density arrays inspired by nature that have been 
investigated for artificial photosynthesis, however, systems with high energy 
uptake efficiency have not yet been found.24-26  
 
The smallest antenna motif among all natural light-harvesting complexes is 
the CsmA protein in the baseplate from Chlorobaculum tepidum. CsmA 
proteins (6.2 KDa) in complex with BChl a form a crystalline-like baseplate 

https://en.wikipedia.org/wiki/Photosynthesis
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for energy transfer, in between the surfaces of the chlorosome and the FMO 
protein complex (Figure 1.2). 27-29 Each CsmA only binds with one BChl a and 
self-assembles to form dimers and strands in the baseplate.30 
 

 

Figure 1.2 Schematic of the photosynthetic apparatus in Chlorobium tepidum.31-32 

The liquid state NMR structure of the 59-residue CsmA protein shows a high 
α-helical content in the structure; the first and largest helical segment 
extends from residues 6–36, and contains a binding domain for BChl a. The 
other helical segment is shorter and extends over residues 41–49 towards 
the C-terminal part.33 Amphipathic CsmA contains a hydrophobic and a 
hydrophilic side. With the exception of the only coordinating histidine, all 
potentially charged residues, e.g. lysine and arginine, are located at one side 
of the helix (Figure 1.3). The resulting strong hydrophobicity on the opposite 
side of the helix allows the protein to aggregate. The binding of the BChl a 
cofactor and the assistance of salt bridges formed by the charged residues 
on the hydrophilic side cause CsmA to self-assemble into long arrays 
resulting in the para-crystalline superstructure of the baseplate as observed 
by Cryogenic electron microscopy (cryo-EM).30, 34-35  
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Figure 1.3 The CsmA–BChl a baseplate complex  

Here we investigate a semisynthetic CsmA (tCsmA) construct, containing 43 
amino acids, that was obtained by removing the flexible segments from the 
N and C termini and leaving the central α-helical part with the two 
functional helical segments. tCsmA can be synthesized using standard 
solid-phase Fmoc based chemistry and purified by Reverse phase 
High-performance liquid chromatography (RP-HPLC). For pigment, we use 
the chemically robust zinc-protoporphyrin IX (ZnPP) , a compound found in 
red blood cells that is often used in artificial light harvesting studies, to 
replace BChl a.35-37  
 
Most research aiming for artificial antennae focuses on building entirely 
synthetic peptide scaffolds, such as four helix bundles, instead of modifying 
a natural complex.37-41 Although bottom up design is not always 
straightforward, it allows for flexibility in the incorporation of chromophores.  
Often the stability is worse than for natural systems and it is difficult to 
match the ability of light harvesting compared to the performance of natural 
systems. In contrast, the semisynthetic tCsmA-ZnPP complex builds a bridge 
between the natural system and fully artificial systems. Using the outcome 
of evolution in biology as a starting point, with subsequent modification 
afterwards, we can possibly build a simple, stable and efficient semi-artificial 
light-harvesting antenna system. 

Hydrophobic side 

Hydrophilic side 
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1.3 Non-adiabatic Conversion by Adiabatic 
Passage (NCAP) processes 
 
Traditionally, transmission of exciton energy is thought to proceed via the 
Förster or Dexter exciton transfer mechanisms.21-22, 42 Most photosynthetic 
light harvesting complexes are chiral "responsive" matrix assemblies. It is 
believed that they can undergo a light-driven conformational change and 
self-select vibrations to develop vibronic states for driving semi-classical 
coherent transfer with nearly 100% yield in lossless Non-adiabatic 
Conversion by Adiabatic Passage (NCAP) processes.4-7, 43  
 

 

Figure 1.4 Conversion from a reactant state |r> to a product state |p>. Forward 
processes are shown in green and reverse processes in red. 43 
 
The Pauli Exclusion Principle states that two or more identical fermions 
cannot occupy the same quantum state within a given quantum system 
simultaneously. Thereby crossing of the electronic states is forbidden. The 
adiabatic conversion from a pure reactant state |r> into a product state |p> 
normally has a barrier to overcome, which is unfavorable with respect to 
energy efficiency. However, in a chiral "responsive matrix" the transfer from 
|r> to |p> proceeds non-adiabatically. A transient semi-classical channel 
through the barrier opens up when anticorrelated |r> and |p> states 
approach each other and resonant coupling to a vibrational mode producess 
off-diagonal elements in the Hamiltonian. This can occur most effectively in 
a chiral natural or semisynthetic matrix that is subject to a conformational 
change upon excitation. (Figure 1.4). The NCAP process differs from the 
adiabatic (Born-Oppenheimer type) process which is shown as a trajectory 
over the barrier (Figure 1.4, green curved arrow, right). The adiabatic 
process may be subject to back transfer (Figure 1.4, red curved arrow) and 

https://en.wikipedia.org/wiki/Identical_particles
https://en.wikipedia.org/wiki/Fermion
https://en.wikipedia.org/wiki/Quantum_state
https://en.wikipedia.org/wiki/Quantum_system
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subsequent relaxation (Figure 1.4, red downwards arrow) or direct 
recombination as a result of electron scavenging on the nanoscale (Figure 
1.4, red diagonal arrow). However, due to dynamic symmetry breaking in 
chiral light-harvesting complexes and resonant coupling to a vibration, the 
NCAP process may proceed in a unidirectional lossless manner, driven by a 
ωn twisting mode strengthened by the specific ordering of the system matrix 
(Figure 1.4, right).43 The resonant coupling to a vibrational mode is a 
Goldilocks-type self-selection process, which is implicitly verified in this 
thesis that focuses on a chiral matrix to produce rapid energy transfer 
between cofactors.3  
 

1.4 Constitution of an artificial light-harvesting 
antenna complex 
 

1.4.1 The synthesis of tCsmA 
 
There are two major paths to obtain protein products, these are chemical 
synthesis and protein biosynthesis, and both have their own advantages and 
disadvantages.  
 

 

Figure 1.5 Solid-phase synthesis of peptide. 

The most common and efficient chemical synthesis is known as solid-phase 
peptide synthesis (SPPS).44-45 The SPPS procedure consists of repeated cycles 
of alternate N-terminal deprotection and coupling reactions (Figure 1.5). 
Amino acids are coupled to a resin which is washed before each step.46 
Subsequently, the deprotected amine can couple with the free acid of the 
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second amino acid. After a number of cycle repeats the desired peptide is 
stripped of all its protecting groups using a strong acid reagent, e.g. 
trifluoroacetic acid or a nucleophile and the resulting deprotected peptide 
strand is purified by RP-HPLC. However, the production of long protein 
sequences or isotopically labelled protein via SPPS is challenging due to the 
high costs of isotope labelled chemicals as well as due to technical 
limitations.  
 

 
Figure 1.6 Steps for synthesis of the recombinant proteins in E. coli. 

 
On the other hand, via protein biosynthesis large or isotope labelled 
proteins are more easily obtained. Generally, the gene of interest is cloned 
into the expression vector followed by transformation into the desired 
Escherichia coli (E.coli) strain. Upon induction, the cell will begin to 
overexpress protein. Other cell components are to be removed by 
purification after cell lysis (Figure 1.6). Protein expression in E.coli has been 
the most popular means of producing recombinant proteins for over the 
past two decades. E.coli is a well-established host that offers short culturing 
time, easy genetic manipulation and low cost media. Membrane proteins 
have been synthesized in the past using E.coli strains such as BL21.47 Using 
these strains has the advantages of rapid, inexpensive and simple protein 
expression with a possibility of achieving high yields, even with proteins 
which are not native to E.coli. However, not all protein can be produced or 
easily purified. In addition, the extra residues can stay in the sequence if 
using fusion protein.  
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1.4.2 The constitution of the tCsmA-ZnPP complex 
Amphipathic tCsmA and ZnPP have very poor solubility in water. To 
constitute the tCsmA and ZnPP, they should be co-dissolved with assistance 
of organic additives. However, if too much of these organic additives is 
present, the binding cannot easily take place. For instance, a detergent can 
be used for mediating constitution.48 The amphiphilic nature of a detergent 
allows it to interact with hydrophobic membrane proteins and aqueous 
solvent to keep the protein in the dissolved state. Detergents are widely 
used for extraction, purification, and manipulation of membrane proteins.  
 
Generally, detergents contain segregated polar and apolar domains (Figure 
1.7 left).49 In aqueous solution, a detergent is able to form micelles once a 
concentration above the critical micelle concentration (CMC) is reached. The 
shape and size of a micelle are a function of the molecular geometry of the 
detergent and solution conditions such as concentration, temperature, pH, 
and ionic strength. In addition, the concentration is important to the 
formation of the micelle. At below a certain temperature, the so called 
Krafft temperature, a saturated detergent solution will be in equilibrium 
with solid surfactant. In this case the temperature is too low for micelles to 
form. Above this temperature it is possible to form micelles and the 
detergent becomes much more soluble (Figure 1.7 right).49  
 

  

Figure 1.7 left : A typical illustration of a surfactant molecule. right : Temperature 

dependence of detergent solubility.50 

Using these known properties we can control the solution conditions to 
solubilize the tCsmA and ZnPP above the CMC and while binding is allowed 
to take place below the CMC by dilution at low temperature. Here, 
detergents with high CMC such as Octyl β-D-glucopyranoside (OG) and Hexyl 
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β-D-glucopyranoside (HG) are a better choice for the constitution than 
detergents with low CMC, since a high enough final concentration of 
complex can be maintained in this manner. The solubility of tCsmA is 
proportional to the concentration of detergent (Figure 1.8). However, the 
detergent is difficult to remove while concentrating the protein due to the 
micelle formation.   
 

 

Figure 1.8 The OG-concentration dependent solubility of tCsmA. 

In addition to dissolving the components with detergents, dialysis can also 
be used to control the solution conditions via buffer exchange. Compared to 
detergents, the complex can be obtained in pure buffer without dilution. 
Moreover, detergents are not necessary during dialysis for solubilization of 
protein, other compounds such as 1-propanol can also solubilize tCsmA well. 
In addition, compounds such as 1-propanol cannot form micelles which 
results in a faster dialysis speed compared to the dialysis of detergents. 
 

1.5 Structure determination 
 
X-ray crystallography, NMR spectroscopy, and electron microscopy are 
mainly used to determine the structures of proteins. X-ray crystallography 
can show atomic details in crystallized molecules. For NMR spectroscopy, 
the signal from the elements with nuclear spin ½  are able to offer 
information on the local conformation and distance between atoms that are 
close to one another to solve the structure. With 3D Electron Microscopy 
(3DEM) the 3D structure can be obtained from 2D projection images 
produced by transmission electron microscopy (TEM). 
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 Table 1.1 Comparison of different techniques51-54  

Methods Advantages Disadvantages 

X-ray 1. High resolution can be 
obtained. 
2. It costs less than other 
techniques. 
3. The method for analysis is fully 
completed. 
 
 

1. Crystallization is necessary. 
2. We cannot examine the 
behavior of the molecules in 
solution. 
3. Studying of motions is not 
possible. 
4. Not all proteins crystallize well, 
the quality of the crystals 
influences the accuracy. 
5. Cannot observe the hydrogen 
atoms. 
6. The native state may be not 
observed. 

 
NMR 

1. The motion of protein can be 
examined. 
2. The activation-thermodynamics 
and certain kinetic data can be 
resolved. 
3. The influence of the dielectric 
constant, the polarity and any 
other property of the solvent or 
added material can be tested. 
4. The sample can be in the 
solution phase or in the solid state 
so that the native state can be 
observed for both membrane and 
soluble proteins. 
5. NMR can be used to obtain 
abundant information, e.g. angles, 
distances, coupling constants, 
chemical shifts, rate constants. 

1. NMR is limited to relatively 
small proteins or parts of proteins 
2. Costly. 
3. Normally isotope labelling is 
usually necessary for the structure 
determination of protein. 
4. High purity of sample is 
necessary. 
5. Large amounts of sample are 
necessary. 
 

3DEM 1. It is possible to observe large 
molecules or self-assemblies. 
2. The native state of molecules 
can be observed. 
3. It becomes possible to view 
cells, cell organelles as well as 
macromolecular complexes. 
4. Only small amounts of sample 
are needed for 3DEM. 

1. A large number of images is 
needed for 3D structure analysis. 
2. Not easy to obtain images from 
a tilted specimen. 
3. The electron-beam is easy to 
destroy the specimen.  
4. Costly. 
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Each method has advantages and disadvantages (Table 1.1). Dependent on 
the type of sample and the experimental conditions, one or more methods 
can be chosen for structure determination. In this thesis, 3DEM is chosen for 
structure determination. 
 

1.6 Single particle analysis for helical structure 
 
TEM uses an electron beam to examine the structures of molecules and 
materials at the atomic scale. However, traditional TEM is not good enough 
for biomolecules due to the evaporation of surrounding water, and the risk 
of damage from the high energy electrons burning the sample. Hence, 
cryo-EM is used for structure determination of biomolecules to overcome 
these problems by using frozen samples, weaker electron beams with a low 
dose of electrons, and advanced image processing. Single‐particle analysis 
(SPA) and electron tomography (ET) are two common techniques for 
cryo-EM to solve the structure puzzle of biomolecules. The technique used 
in this thesis is single particle analysis. 

 

 

Figure 1.9 The process of single-particle cryo-EM. 
 
The principle of SPA is based on averaging multiple views of a single 
molecule. A large number of images of the molecule is necessary for 3D 
reconstruction. The collected images from cryo-EM reflect the electron 
density of sample. To get less noise and higher resolution, the blotting and 
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vitrification process should be rapid to ensure a thin ice layer. Cryo-EM 
images are usually collected in defocused condition to increase phase 
contrast. The collected data is a series of images that need to be aligned to 
compensate for sample shift and beam-induced movement to reduce image 
blurring. These images are modulated in frequency space by the phase 
Contrast Transfer Function (CTF). By aligning several similar images to each 
other, an image with a higher signal to noise ratio can be obtained. There 
are several software packages such as SPIDER, EMAN2, RELION, SPARX and 
SPRING to process the collected images.55-59 Generally, the particles should 
be picked and extracted for further classification and refinement (Figure 
1.9).  
 
Except for the single molecule or complex, SPA can be used for helical 
filaments if the accurate helical symmetry is applied to the 3D construction 
process by using RELION.60 SPRING is a single-particle based helical 
reconstruction package for electron cryo-micrographs and has been used to 
determine the precise helical symmetry by using a class-based helical 
reconstruction scheme that explores the helical symmetry by reconstructing 
the 3D structures from a large number of symmetry combinations using a 
single class average. Afterwards, according to the cross-correlation of the 
power spectra of the class average and projections of the resulting 3D 
models, the helical symmetry can be extracted from a large number of 
possible symmetry combinations. 
 

1.7 Scope of this thesis 
 
This thesis is concerned with the constitution of chiral responsive matrix 
assemblies that may undergo light-driven conformational changes and 
self-select vibrations to develop vibronic states for driving semi-classical 
coherent transfer with nearly 100% yield in a lossless NCAP process. In this 
work, a truncated CsmA derived from the CsmA protein from the baseplate 
of the Chlorobaculum tepidum has been used to engineer a chiral matrix 
around a zinc protoporphyrin IX (ZnPP) chromophore (Chapter 2). After the 
study of the specific structure of tCsmA-ZnPP complex, the mechanism of 
self-assembly was resolved (Chapter 3 and Chapter 4). Expression and 
purification of tCsmA in E.coli was explored to pave the way for other 
methods, such as NMR (Chapter 5). 
 
 

https://en.wikipedia.org/wiki/Signal_to_noise_ratio
http://www.sachse.embl.de/emspring/
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/power-spectrum
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