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Summary

Photosynthesis, a fundamental process for life on Earth, converts aoégy

into chemical energy through pigmeptotein complexes. These complexes,
found in photosystems, capture light energy and transfer it to the reaction center
where the excitation energy is delocalized over several pigments (excitons) and
converted inb a charge separation almost without any energy loss.
Understanding the intricate interplay between exciton delocalization and
chargetransfer (CT) states of pigments within these protein scaffolds to achieve
this near unit quantum efficiency is cruciar fadvancing the development of
bioinspired solar energy conversion devices[1].

Photosynthetic charge separation involves structural, electronic, and vibrational
factors. Insights from Photosystem Il have revealed key design principles for
efficient artificial systems, which include the mixing of excitons and CT states,
resonant vibrations matching with the energy gap between them, the role of a
smart protein matrix, and the balance between coherence and decoherence.
Coherence, a quantum mechanical phenomempreserving phase relationships
among electronic states, can enhance energy transfer and charge separation by
allowing energy to explore multiple pathways simultaneously. By manipulating
the protein scaffold and pigment arrangement, it is possible cdngsciton
formation and excitorCT state mixing, which are essential for optimizing energy
conversion processeH]

Drawing inspiration from these design principles, this thesis explores the
development of artificial systems utilizirde novodesigned progin scaffolds
which are versatile platforms for manipulating the geometric and electronic
properties of bound chromophores. Achieving efficient excitonic and CT states
requires the careful arrangement of closely spaced chromophores and a delicate
interplay between chromophores and protein matrices, a central challenge
addressed in this study. This work presents a systematic approach to develop
chromophoreprotein assemblies for artificial photosynthesis. A chlorophyll a
derivative (Zingpheophorbidea) isemployed to mimic the functions of natural
pigments. The protein matrix consists @ novodesigned singkehain amino

acid sequences, known as maquettes, which formhElix bundles connected

by random coils. This protein platform allows for precise ification of
chromophore locations, thereby controlling their electronic properties. The
hydrophobicity of the chromophores and the axial ligation of zinc with histidines
are exploited to bind the chromophores to the inner core of the protélhsh
seriesof protein designs, each featuring four binding sites (two positioned at the
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top and two at the bottom of the protein structure), were generated to construct
excitonically coupled dimers with CT character within the protein scaffold.
Furthermore, controdesigns were investigated to gain a deeper understanding
of the aforementioned designs.

This thesis presents a comprehensive study of chromopbbremophore and
chromophoreprotein interactions by applying a large set of spectroscopic
techniques, with a articular focus on the formation of excitonically coupled
dimers and their effects on CT properties and relaxation dynamics. In chapters
2 and 3, the spectroscopic and binding properties of various chromophore
protein complexes are investigated using aipgion titrations, and the evolution

of excitonic states within these complexes as well as the thermal stability and
folding of the complexes is studied using circular dichroism. In Chapter 4, Stark
spectroscopy is employed to explore the CT charactesistif these newly
formed excitonic states, revealing a significar@-fold increase in CT character
when chromophores form excitonically coupled dimers within the protein
scaffold, compared to neexcitonic monomeric complexes. Chapter 5 delves
deeper inb the ultrafast dynamics of these mixed excitonic and CT states upon
excitation by ultrafast transient absorption spectroscopy (TAS) and it shows that
excitonic interactions are crucial in influencing the excited state dynamics of
chromophoreprotein compéxes, resulting in faster ground state bleach
recovery, enhanced stimulated emission, and the appearance of additional
ultrafast decay pathways compared to monomeric systems.

These results underscore the critical role of chromophcieomophore and
chromorphore-protein interactions in optimizing the energy landscape and the
resulting ultrafast dynamics and energy conversion processes irhiggiesting
systems. By understanding the factors that influence exe@tdrstate mixing, this
research paves the wdgr novel strategies to harness solar energy, contributing
to the development of efficient artificial photosynthetic systems, with the
ultimate goal of addressing global energy challenges.
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Resumen

La fotosintesis, proceso fundamental para la vida en la Tipeanite la
conversion déa energia solar en energia quimica mediantgwatospigmento
proteina. Estos cuplejos los cualesse encuentran en los fotosistemason
capaces de absorber la lpransferirlaal centro de reacciofotosintéticodonde
la energia de excitacion se deslocaliza sobre varios pigmentos (excitones) y
finalmente,seproduceuna separacion de cargam apenapérdida de energia.
Comprender lacomplejainteraccion que se daentre la deslocalizacion de
excibnes y los estados de transferencia de cafgjh, del ingléshargetransfei
de los pigmentogn estos andamios proteic@aralograrunaeficiencia cuantica
cercana a la unidad es crucial pamegresaren el desarrollo de dispositivos
bioinspiradogjuefavorezcan la converside la energia solar[1].

En la separacit de cargasfotosintética, intervienen factores estructurales,
electrénicos y vibracionale€n este sentido, los estudios realizados én e
fotosistema I(PSllhan reveladocuales son loprincipiosclave para el disefide
sistemas artificiales eficientesntre los que destacala mezcla de excitones y
estados CTlps modos vibracionalegsonantes que coinciden condiferencia
energética entre ellos, ebl de una matriz proteica intelignte y el equilibrio
entre coherencia y decoherencia. La coherencia, un fendmeno mecéanico
cuantico que preserva las relaciones de fase entre estados electrénicos, puede
mejorarel proceso déransferencia de energia y separacion de cargas al permitir
gue b energia explore multiples vids formasimultanea Asi pues, mnipulando

el andamiaje proteinico y la disposicion de los pigmentos, es posible controlar la
formacion de excitones y la mezcla de estados exeéltdnlos cuales son
esenciales para optimizéa conversion de energia[1].

Inspirandose en estos principios de disefdopresentetesisdoctoralexplora el
desarrollo de sistemas artificiales que utilizdgisefos de novode estructuras
proteicas las cualesson plataformas versétiles parpoder manipular las
propiedades geométricas y electronicas de los cromofotagyrar estados
excitonicos yde CT eficientes requiere una cuidadosa disposicién de los
croméforos muy préximos entre siy de una delicada inteaccion entre los
croméforos y las matrices proteicas, reto central que se aborda en este estudio.
De este modo, e trabajo presenta un enfoque sistematiebdesarrollo de
ensamblajes croméforproteinaque permitan Idotosintesis artificialPara ellg

se emplea un derivado de la clorofila f@dforbido de zinc ppara imitar las
funciones de los pigmentos naturales. La matriz proteica consiste en secuencias
de aminoéacidos de cadena sencilla disestdk novg conocias generalmente
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como magquetas, quéorman paquetesde 4 hélicesalfa conectadosmediante
espirales aleatorias. Esta plataforma proteica permite modificar con precision la
ubicacion de los croméforos, controlando asi sus propiedades electronicas. La
hidrofobicidad de los cromoforos y la ldyga axial del zinc con las histidinas
permiten unir los cromaoforos al nicleo interno de las proteinas[2)fdBmaron

una serie daliferentesdisefios proteicos, cada uno con cuatro sitios de union
(dos situados en la parte superior y dos en la inferioladestructura proteica),

para construir dimeros acoplados excitonicamente con car&ietentro del
andamob proteico. Ademas, se investigaron disefios de control para profundizar
en el conocimiento de los disefios mencionados.

Esta tesis presenta un estodiexhaustivo de las interacciones cromoforo
cromoforo y cromoéforeproteina mediante un amplio conjunto de técnicas
espectroscopicas, con especial atencibon a la formacion de dimeros
exciténicamente acopladosde sus efectoen las propiedades d€Tasi cono

enla dinamica de relajacién. En los capitulos 2 y 3, se investigan las propiedades
espectroscopicas y denlacede los distintos complejos croméforeproteinaa
través detitulaciones de absorcién, y se estudambién la evolucién de los
estados excitonicos dentro de estos complejos, asi darastabilidad térmica y

el plegamiento de los complejos mediante dicroismo circular. En el capitulo 4, se
emplea la espectroscopia Stark para explorar las caracteristicas C3tode e
estados exciténicos recién formados, revelando un aumento significatiem de
torno a 2-3 veces en el caracter CT cuando los cromoéforos forman dimeros
excitonicamente acoplados dentro del andamiaje proteioespecto a los
complejos monoméricos no exénicos. El capitulo 5 profundiza en la dindmica
ultrarrapida de estos estados mixtosxcitdnicos ycon caracterCT, tras ser
excitados medianteespectroscopia de absorcion transitoria ultrarrapida (TAS)
demostrando asi comias interacciones exciténisanfluyen de manera crucial

en la dinamicalel estado excitado de los complejos cromo6fgnmteina, dando
lugar relajacién mas rapida al estado fundamentah aumento de laamision
estimulada y la aparicidnuevas rutas de relajacion ultrarrapidas respeglos
sistemas monomeéricos.

Los resultados obtenidosubrayan el papel fundamental de las interacciones
croméforo-croméforo y cromoéforeproteina en la optimizacion das superficies
de energia potenciat enla dinamica ultrarrapiday por ende en eprocesode
conversion de energian loscomplejos de captacion de luAl comprendegue
factores influyen en la mezclantre estadosexcitéricos y deCT, esta
investigacion allana el camir® nuevas estrategias de aprovechamiento de la
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energia solar, cdribuyendo al desarrollo de sistemas fotosintéticos artificiales
eficientes con el objetivéinal de abordar los retos energéticos mundiales.
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Chapter 1

Introduction

Photosynthesis is the essential process needed for the existence of life through
which the solar energy is converted to chemical energy by nature. The overall
process of oxygenic photosynthesis can be summarized by the following
equation:

—>
6HO + 6CO GHi20s + 6Q
Sunlight

This process involves the oxidation of water into oxygen and the reduction of
carbon dioxide into glucose, driven by sunlidfi2]. It provides higkenergy
carbohydrates (glucose) for growth and maintains atmospheric oxygen levels,
highlighting its crucial role on Earth.consists of light reactions that capture
solar energy, storingg as ATP and NADPH, and dark reactions (CR&iison
cycle) that use this energy to convert £4@o carbohydratef3].

Understanding photosynthesis is crucial for developing efficient energy
conversion systems to meet future energy demands. During the light reactions,
photons arecaptured and converted into a separation of charges with minimal
energy losses[2][4]. In natural systems, the pigmaritein complexes play a
pivotal role in this process within the photosynthetic membrane[5]. The most
abundant pigments in oxygenic photoghesis are chlorophylls and carotenoids,
which are responsible for light absorption[6]. The function of these complexes
depends on the types of pigments present and their relative orientation within
the complex, which determines the interactions amongmeénts and between
pigments and proteins. These interactions control the function of each pigment
and the overall functioning of the entire complex[7][8]. The protein scaffold,
g KAOK A& Y2a l-helicesOservesX® AoRiRhe gigiments in place to
maintain specific orientations and relative distances between them([9]. This is
crucial for their functionality, and it facilitates firtaning of their energy levels
through precise interactions[10]. This arrangement ensures that almost every
photon absorled by the photosystems is converted into chemical energy,
[11][12], particularly under low light intensities when photosynthetic organisms
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are not performing nofphotochemical quenching (NPQ). The pigments present
in the antenna complexes absorb photonsrtsfer them as excitation energy
between complexes (ligHtarvesting), and convert this excitation energy into
charges separated in space at the reaction center (charge separation). The latter
process occurs on a timescale 6100 picoseconds (18 's) with high quantum
efficiency (close to unity)[13]. This high quantum efficiency is achieved as a result
of three main key factors: (i) energy is rapidly transferred to the reaction center,
(i) it is not lost through alternative decay pathways (quenchiagy (iii) charge
separation in the reaction center is largely irreversible[14].

Natural photosystems contain densely packed chlorophyll pigments within both
antenna complexes and reaction centers, a configuration that significantly
influences their properes[11]. The electronic coupling between neighboring
chlorophylls, along with interactions with their surrounding protein
environment, alters the excited state energies and transition dipole moments
compared to isolated pigments[15]. These alterations depen distance and
orientation of the chromophores, which influences their coupling strength and
degree of participation in the resulting delocalized excited states known as
excitons[13]. These collective states exhibit distinct transition energies due to
the coupling among individual pigment states, possessing unigue properties
compared to isolated pigments. Excitons play a crucial role in efficient light
harvesting and energy transfer, collectively shaping the unique energetic
landscape of photosynthet&ystems. This arrangement increases the probability
of directed energy transfer between neighboring pigments, minimizing energy
losses through alternative pathways and guiding energy flow toward the reaction
center[14] [13][16].

Efficient light harvestingequires rapid energy transfer. At low light intensities,
photosynthetic organisms demonstrate remarkable quantum efficiencies, with
over 90% of absorbed photons reaching the reaction center. To achieve this,
excitation energy must move swiftly through thghotosynthetic apparatus
before it is dissipated as heat or fluorescence[14]. Energy transfer must occur on
an ultrafast, femtoseconghicosecond (1& - 10%2 s) timescale due to the
nanoseconescale (16 s) constraints of chlorophyll fluorescence lifees, in
some cases exceeding rates predicted by classical Forster theory[14].

Therefore, it is evident that nature has evolved more advanced mechanisms to
address these challenges, where quantum mechanics come into play, with
guantum coherence emerging ascritical component. Coherence, a quantum
phenomenon characterized by the preservation of phase relationships between
guantum states, has been speculated to enhance energy transfer under certain
conditions. This allows energy to explore multiple pathwaisultaneously,
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thereby increasing the likelihood of the energy or the electron reaching its final
state if the proper balance between coupling and dephasing effects is
realized[16].

Coherence offers a versatile tool for optimizing energy transfer. Ddipgnon
pigment arrangement, the lowest exciton state can be localized or delocalized,
adapting to specific functional requirements[17]. Localized excited states
facilitate connections between antenna systems and the reaction center, while
delocalized extns enable photon absorption and efficient energy distribution.
Notably, coherence can function as an energy transfer rectifier, overcoming
energy barriers and enabling uphill energy transfer, often aided by thermal
energy[4][16].

Experimental techniques such as tdimnensional electronic spectroscopy have
confirmed the existence of quantum coherence in photosynthetic systems,
thereby emphasizing the importance of quantum mechanics in understanding
and replicating the extraordinargfficiency observed in nature[4][16]. Novel
strategies for designing artificial systems capable of harnessing solar energy with
unprecedented efficiency might be developed in the future by elucidating the
intricate interplay between structure, dynamics,chquantum effects[18].

The efficiently harnessed light energy is directed to the reaction center, where
the first energyconversion step in photosynthesis, that is the ligiduced
charge separation, takes place[7][11] [16][19]. Within the reaction center
complex, excitonic states interact with charggansfer (CT) states, forming mixed
excitonCT states[20]. These states facilitate ultrafast charge separation, which is
crucial for efficient energy conversion. The degree of exefdnstate mixing
signifiantly influences the efficiency of the primary charge separation reaction.
This mixing enhances the transition dipole moment of the CT state, allowing for
faster charge separation and more effective energy conversion[20]. The
photosynthetic charge separai involves a complex interplay of structural,
electronic, and vibrational factors. Key design principles emerging from the study
of Photosystem Il offer insights for developing efficient artificial systems. These
design principles are[16]:

ExcitonCT stag¢ Mixing: Efficient charge separation requires a balance between
exciton and CT states. Mixing these states promotes rapid charge separation
while preventing back reactions. This interplay is influenced by the electronic
coupling between pigments and thaersounding protein environment.
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Resonant VibrationsThe presence of specific vibrational modes with an energy
that is in resonance with the energy gap between the exciton and the CT states
can significantly accelerate charge separation.

Smart Protein M#rix: The protein matrix plays a crucial role in modulating
charge separation pathways. By controlling the energy landscape which
promotes the resonance between specific vibrational modes and electronic
energy gaps, the protein can optimize charge separnaéfficiency and prevent
unproductive energy loss.

Coherence and Decoherencéd delicate balance between coherence and
decoherence is essential. Coherence enables efficient energy and electron
transfer, while controlled decoherence stabilizes the chesgarated state,
preventing back reactions. As mentioned above, the protein environment likely
plays a role in inducing both coherence and decoherence bytidimag the
complex energy landscape.

These design principles, rooted in the quantum nature of phetosynthetic
processes, offer a roadmap for engineering artificial systems capable of
harnessing solar energy with high quantum efficiency[16]. By engineering diverse
protein matrices and assembling them with chloroptddrived molecules
(chromophores@®1], we aim to explore the potential for creating the next
generation of artificial energgonversion systems, while investigating the
molecular mechanisms that underpin these design principles. This thesis focuses
on developing bioinspiredde novo desigred protein scaffolds capable of
accommodating multiple chromophore molecules for the advancement of
sustainable energy technologies. Moreover, these chromopipootein
complexes are excellent model systems to unravel the complexities of energy
end electran transfer processes.

Here, apreviously reportedde novodesignedprotein scaffold22], also called
protein maquette has been selected as a versatile platform for protein
engineering. The moduladesign and predictable folding behavior of protein
maquettesprovide an ideal system for studying the relationship between protein
folding, pigmentarrangement and functidi23][24][25].

10
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(@)

Figurel.1: Sructure of maguette proteins
Sde view(a)and top view(b) of 4 " -helical maquette protein

¢CKS &a0dzZRASR YI [jdzSGGS LINGRIx BukdjeStructuzelah O f &
AK26Yy AY CA3IdzNBE ™ P welical BuSdleRSractura follows3 2 F
first principles of protein folding[2[26]. The amide backbone completéso

0 dzNJ/ & -Belx folieke®y séven amino acids, stabilized by hydrogen bonding
between the amine and carbonyl groups in the backbone. The arrangement of

' YAy 2 I OA R &eligalApiopensity indféptad patternof hydrophilic

(polar, P) and hywphobic (nompolar, N) residues, following a PNNPPNP
sequence, results in a helix bundle with distinct polar extefigpey)and non

polar interior (blue) [26]. In this heptad sequence, the first, fourth, fifth, and

seventh positions are polar residuesthinteract with the aqueous environment,

while the second, third, and sixth positions are mmolar residues that

contribute to the protein's internal stability and folding through hydrophobic
interactions. This deliberate arrangement of hydrophobic angdrbophilic

residues within the heptad sequence is fundamental to designing maquettes that

are both stable and functional[22]. Repeating the heptad sequence or arranging

polar and norpolar amino acids in the same heptad order enlarges the area of
hydrophiic and hydrophobic faces in the structure. In aqueous solution, the
hydrophobic faces spontaneously interact through fémdace hydrophobic
interactions, to form the core of the bundle, while the hydrophilic amino acids
stabilize and solubilize the struce by interacting with polar water
molecules[®6 ® ¢ KS LINAYFNE YI [[dzSGGS LINB-GSAYy &

11
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helix bundle, with each helix connected by glyeiieh random coll
sequences[22]:

AminoacidSequence ofEpsilonProtein

Top G 7 21

BWKQAE DALQKFE EAINQFE DLKQ. GGSGSGSGG
h-helix2

42 56
BWKQAE DALQKFE EAINQFE DLKQ. GGSGSGSGG
h-helix3

77 91
BWKQAE DALQKFE EAINQFE DLKQ. GGSGSGSGG
h-helix4

112 126

BWKQAE DALQKE EALNQFE DLKQL

(a) h H
, « _’ = Phenyl alanine at top

( (R __/ =Alanine at the top
A
Top L J = Phenyl alanine at bottom
€
T __/ = Alanine at the bottom
(c) (d)
Bottom .J

8 -
W ™

Figurel.2: Schematic representation of maquette proteins

(a) displays side view of the primary maquette protein sequence (Epsi
Residues highlighted in red (top) and green (bottom) indicate potential bin
sites, with alanine and phenylalanine positioned acomgly. The hydrophobic
residues located within the inner core are depicted in grey, while the hydrop
residues on the outer surface are shown in dark blue. (b) presents a top/bo
view of the maquette protein. (c) focuses on the top portion of thp Wew. (d)
focuses on the bottom portion of the top view
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Introduction

The interior hydrophobic (colored in grey) alanine residues at positions 7, 42, 77,
and 112, along with phenylalanine residues at positions 21, 56, 91, and 126, were
selected as potential binding sites, which were strategically replaced with
histidine resilues according to the design. These mutations were intended to
precisely control the placement and interactions of the bound chromophores
within the protein structure. The histidines were positioned to promote specific
chromophore interactions between adjant helices, potentially leading to head
to-head or taito-tail dimerization, as illustrated in Figure 1.2, which shows the
FYGAOALI GSR OKNRY2LIK2NBE RA Yh8liNauhdles. A 2y LI
For example, in the protein sequence #ipha4 histidine residues were
introduced at positions 7, 42, 77, and 112, with the expectation of Hedwead

dimer formation. In another design, nameBetad histidine residues were
introduced at positions 7, 42, 91, and 126, where h&athil dimer formation is
anticipated as illustrated in Figure 1.3. Similarly, we designed several protein
variants with fewer mutations as control constructs to study the electronic
properties of the bound chromophores. In addition, an extra helix was
introduced into aBetad4design calledBetadx to create a net dipole moment
along the long axis of the protein structure. Another variaBgtadh was
designed by splitting thélpha4/ Betadstructure into two strands to provide
greater flexibility for chromophore dimerization.

(a) (c)
/ J = Histidine at top

S =Histidine at the bottom

B
Top %‘ Top y

at the bottom
. F’/ . % i | ; %
ottom 4 "‘ ottom N
v V19

Figure1.3: Schematic representation of thalpha4and Beta4designs

Panel (a) shows the side view and (b) the top view of Algha4 maquette

protein, while panel (c) presents the side view and (d) the top view oB#ta4

magquette protein. Histidine binding sites are colored in red (top) and gr
(bottom)

== = Bounded chromophore
at the top
= = Bounded chromophore
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Chapter 1

A key aspect of this study involves the incorporation of chloroaterived
pigments (chromophores) into the maquette scaffold. To achieve this, histidine
residues are introduced at specific locations to facilitate the binding of metal
containing pigmerg, such as zinc pheophorbide a (a chlorophyll derivative)
(Figure 1.4), exploiting the binding affinity between histidine and zinc to create
binding sites[21]. The number of binding sites within the maquette protein
corresponds to the number of histidineshich form zinehistidine ligation to
bind the chromophores [21].

If multiple chromophores are bound within the maggte design, adjusting their
positions results in a change in their transition dipole moments and coupling
interactions. This ability to fine tune the energy levels of the bound
chromophores by altering the position of histidines within the maquette design
enables the manipulation of the electronic properties essential for efficient
energy transfer and charge separation. The ability of the protein matrix to create
an environment conducive to exciton formation and transfer is a critical aspect
of this design By strategically positioning pigments within the protein scaffold,
the conditions for excitofCT state formation and energy conversion can be
optimized.

& 120000 -

cm

<1 80000

40000 -

e (mol_lL

O T T T ' 1

400 600 800
Wavelength (nm)

Figure 1.4: Molecular structure of Chlorophyll a Ghl 8 and Zinc

pheophorbide a ZnP and their absorptionspectra measured in MeOH
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As illustrated in Figure 1.4, both chlorophyll &€h( 3[27][28] and Zinc
pheophorbide aZnB share the same core chemical structure, withPbeing
synthesized fromChl aby removing the phytol chain and replacing the
magnesium (Mg) with zinc (Zn). Consequently, both molecules exhibit similar
electronic structures. When th€hl aor ZnPmolecule absorbs a photon, an
electron is promoted from its ground state to a highereegy electronic state.
This excitation, governed by the FrarC&ndon principle, involves a rapid
transition that may also include changes in vibrational energy el due to the
displacement of nuclei during electronic excitation. The absorption spectrum of
chlorophyll is characterized by distinct bands. The leamergy Q bands (Qx and
Qy) and higheenergy Soret bands (Bx and By) arise from electronic transitions
between the highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular ortals (LUMOS)[@. The Gouterman fouorbital model
provides a theoretical framework for understanding the electronic structure and
absorption spectra of porphyribased pigments, includinGhl aand the ZnP
chromophore utilized in this Thesi§R[30]. Ths model considers transitions
between two HOMOs and two LUMOs, with the specific energies and intensities
of the absorption bands influenced by the nature of the substituents on the
porphyrin ring.

800 7 —— Chla
ZnP
400 ~ Soret IS — V3
2 ¥ : ve
T
£.500 5 I
£ g8 i
j=) = ]
9] < i
2 600
Q o < ¥
y 1 ¥ X
[}
2 P ———
700 - IS Ty —
n
E Phosphore
w
800 ‘ ‘ ‘ ‘ ‘ So
0 40000 80000 120000

e (mol_lL_l cm_l)
Figurel.5: Energy level diagram (Jablonski diagram) and transition€bf aand
ZnP
The diagram illustrates the ground state)(She first (9 and nth (g electronic
excitedstates, and the triplet state (I along with their vibrational energy level
(represerative subsety, (i 23) oA Chl aand ZnPR Transitionsare indicated with
arrows: absorption dreen solid line), internal conversion (IGnagentadashed
line), intersystem crossing (IS@&angesolid line), fluorescenceljue solid line),
and phosphorescerc(ed solidline).
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As described in Figurk5, following excitation, the molecule rapidly relaxes to
the lowest vibrational level of the excited electronic statg.(6rom here, it can
undergo several deactivation pathways. Fluorescence, the @nis$ a photon

as the molecule returns to the ground state)($ a common process. However,

a significant portion of the excited state energy is dissipated as heat through
internal conversion (IC), a neadiative process that brings the molecule teth
vibrational ground state ofgcSAnother possible pathway is intersystem crossing
(ISC), where the molecule transitions from the singlet excited statex(& triplet
state (%) with a change in electron spin multiplicity. While phosphorescence, the
emission of light from the triplet state to the ground state, is a sioirbidden
process and typically occurs on a longer timescale, it is generally negligible in
photosynthetic systems. Instead, the formation of the triplet state is detrimental,
as Chl atriplets can react with molecular oxygen to produce highly reactive
singlet oxygen, which can damage the photosynthetic appaf2f|i28].

H-type DImer Monomer J-type DImer

e

Figurel.6: Energyevelsplitting in Jtype and Htype dimers

Schematic representation of energy level splitting from an isolated monomer
to a coupled dimerThe diagram illustrates how the dipole strength of two
transitions varies depending on whether the monomers are arrangeddas
type or Htype dimer.

Absorbance—s»
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Whenchromophores are incorporated into the protein scaffold and dimerized,
their energy levels interaatith neighboring chromophores, leading to excitonic
splitting[10][2]. The type of exciton coupling-ifpe or dtype) depends on the
relative orientation of the chromophores. As exemplified earlier (in Figure 1.4),
the Alpha4design, which is expected torim headto-head dimers (Hype), and

the Beta4design, which is expected to form hesmitail dimers (dype), exhibit
different types of excitonic coupling. In tiAdphaddesign, where Hype coupling

is anticipated, the transition dipole moments (TDMs) of the chromophores are
arranged in a heatb-head or tailto-tail configuration. This arrangement
primarily involves HOM®OMO and LUMQUMO interactions between the
chromophores, resulting in a hypsochromic shift, where the absorption band of
the dimer is blueshifted relative to the monomer as illmated in Figure
1.6[13][28]. Conversely, in thBeta4 design, where-fype dimer formation is
expected, the TDMs of the chromophores are arranged in a -‘hedsll
configuration, leading to HOMDUMO interactions between the chromophores.

In this arrangerant, the HOMO of one chromophore interacts with the LUMO of
the other, and vice versa. This interaction results in a bathochromic shift, where
the absorption band of the dimer is rethifted relative to the monomer as
depicted in Figure 1.6[13[][32].

Overall, this study aims to engineer bioinspired lifplarvesting complexes by
incorporatingZnPY 2 £ SOdzf Sa eficaPmadhiettdl pratedzs, based on

the design principles of photosynthesis. These complexes are intended to absorb
photons and converthem into spatially separated charges efficiently. To achieve
this, different maquette complexes have been designed and analyzed using a
range of steadystate and ultrafast spectroscopic techniques, as described in the
following chapters. The ultimate gbia to develop sustainable and efficient light
harvesting systems that can contribute to addressing global energy challenges.

1.1 Spectroscopic techniques

StarkSpectroscopy

Stark spectroscopy, also known as electroabsorpgjpectroscopy, is a powerful
technique for investigating the electronic properties of molecules, particularly
those involved in photosynthesis or light harvestir&j[3t facilitates the study of
electronic transitions within pigment molecules and theitenractions with the
surrounding protein environmentd. Stark spectroscopy provides detailed
information about charge distribution, electronic state properties, and energy
transfer pathways by probing the effects of an external electric field on molecular
absorption or emission spectragfB It is especially suitable for studying
photosynthetic or lightharvesting complexes with CT characteristics or those
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involved in charge separation, as it monitors the movement of charge density
associated with opticaransitionsp0][33].

This technique directly monitors electronic changes upon photoexcitation,
allowing the study of the electronic structure of excited states. The fundamental
principle underlying Stark spectroscopy is the Stark effect, which describes the
splitting of energy levels in axternally applieclectric field.The resulting Stark
absorption spectrum is obtained by comparing the absorption spectra with and
without that electric field. The induced shift in transition energy can be
guantified and related to molecular properties such as the change in dipole
moment and polarizability between the ground and excited states. These
parameters provide invaluable insights intcethature of electronic transitions
and charge distribution withia molecule.

Additionally, Stark spectroscopy can determine the orientation of transition
dipole moments relative to the molecular axis. This information is crucial for
understanding energyransfer processes in light harvesting complexes, where
the relative orientations of pigments influence the efficiency of energy transfer.

The Stark absorption spectrum can be conceptualized as a difference spectrum,
calculated by subtracting the absorptiospectrum recorded without an

externally appliedelectric field from that obtained with the field applied

(AbsField on AbsField off)The magnitude of the spectral shift, represented by

NAT A& RANBOGfE& NBfIFIGSR G2Id{KE&ndtéi NSy I i
molecular properties of the sample can be expressed as follows:

W' w0 g Owl O w' O g 0 o' o p
Here, n >represents the difference in permanent dipole momenthis the
difference in the polarizability tensor between the ground and excited states
associated with the transition, ang (i is the induced dipole moment created
by the interaction of the polarizability with the external electric fig8a8][35].

The $ark spectrum allows the determination of three molecular parameters: the
change in dipole strength, the change in dipole mom@nt(and the change in
polarizability fi  between the ground and excited state for an electronic
transition. Then >quantifies the degree of chargdensityredistribution in the
excited state, indicating the CT character associated with an exciton state in light
harvesting complexes. This character is crucial for understanding the role of
mixed states in the charge separationopess. Then h measures the
deformability of the electronic structure of the states involved in the transition,
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which is important for understanding the electronic properties of pigments
interacting with an organized environment.

An externally applied elegt field enhances the differentiation between states
that show significant changes in their electronic density distribution in the
excited state and those that retain their ground state electronic structure. For
isolated absorption bands in a namiented, immobilized sample, the Stark
spectrum is described by the Liptay formalism as a linear combination of the
zeroth, first, and second derivatives of the absorption spectrum. The molecular
parametersp handn >scale with the first and second derivativegspectively,

of the absorption spectrum, thus exhibiting the classic Stark effect.

The spectral analysis wasperformed using the standard Liptay
formalisn{31][33], similar to that of an in a oriented, immobilized sample. In this
approach, the Stark intertgiat a given energy, denoted asou , is expressed

as a weighted sum of the zetofirst, and secongrder derivatives of the
absorption spectrum. Whertd (the shift of the transition energy upon
application of an electric fieldO) is smaller than the inhomogeneous
bandwidth, the change in absorption due to the external field is given by the
following expressiof33].

50 000 85 50 8 LQéoT  , Qo607
woL 00L 00— 0 0——
‘ QU Q

Thew ov is determined by the external electric fiel®(), the angle-& between

the electric field and excitation light, and the internal field correction faci@y (
which accounts for the field experienced by the chromophores. The zeroliér
derivative contribution (ZDC) is proportional to the transition dipole moment and
it is directly affected by the externally applied electric field as given by

"QCQ0 0 .Thefirstorder © ) and secongrder @ ) weighting constants are
related ton >and then N respectively.

When the measurement is performed at magic angle between the electric field
vector of the measuring light and the externally applied electietd, the
equation becomes:

Where the'Qis the Plank’s constant amals the speed of light. Hence the
equation @) will become,
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os o 88 5 @, R80T @ QB0
»ouU A s S oY 0o6 T o

The equationJ) is used to extract thenolecular parametersuch ag handn >
from stark data.

Transient Absorption Bectroscopy

Transient absorption spectroscopy (TAS), also known as -jmofe
spectroscopy, is a powerful technique for probing the dynamics of dived
excited states[12]. In photosynthetic research in particular, TAS is valuable in
investigating lightharvesting events. In photosynthesis, primary charge
separation occurs on timescales ranging from tens of femtoseconds (fs) to a few
hundreds of picoseconds (1 ps =°¥®)[2][12]. To track these photophysical
processes, femtosecond laser pulses are essential fptudag the rapid
dynamics in realime, both in natural lightharvesting complexes and similar
systems with fast dynamics upon excitation. By probing the changes in
absorption that occur in a sample following excitation by a short pulse of light,
TAS prowides insights into the ultrafast processes governing energy transfer,
charge separation, and chemical reactions. This method is crucial for
understanding fundamental photophysical and photochemical phenomena, with
applications ranging from basic researchthe development of new materials
and technologies.

In transient absorption spectroscopy, a sample is first excited by a short laser
pulse, known as the pump pulse. This pulse elevates the sample from its ground
state to an excited state, initiating vatie dynamic processes such as energy
transfer or charge separation. The evolution of these processes is then
monitored by a second pulse, called the probe pulse, which arrives at the sample
after a controlled delay[3. By recording the changes in the spattshape of

the probe pulse at different time delays, the temporal evolution of the excited
states can be traced.

The absorption of the sample is measured as,

ovu ||(;W

where O U is the intensity of the incident lighan the sample, anto is the
intensity of the light transmitted through the sample. In a pupnebe
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experiment, the absorption difference spectrum at a given delay tinés
calculated as,

WO B ORd 5 vid 11 ¢ JQuh
A V] U U Q"Q‘)F(‘)

Here, ‘Qufo . .and" Qb .

noaae noaaqQ
light measured in the presence and absence of the pump puspectively.

wPumpon and offrefer to the transmitted

A typical transient absorption spectrum is composed of several key
contributions, each reflecting different processes occurring within the excited
sample[37]:

1. GroundState Bleaching (GSB)As the excitation pulse promotes
molecules from he ground state to an excited state, the grousizte
population is depleted. This depletion leads to a reduction in greund
state absorption in the excited sample compared to the {eswited
sample, resulting in a negative signal in thel ¢ /s@Eétrum. GSB
provides valuable insights into the population dynamics of the excited
states and is crucial for the determination of excited state lifetimes.

2. Stimulated Emission (SE):When the probe pulse interacts with
molecules in the excited statd, can induce them to emit photons as
they return to the ground state. This stimulated emission enhances the
detected light intensitythereby addinga negative signal inthg ! 6 A = (G 0
spectrum. SE offers crucial information about the electronic structure of
the excited state and can help to identify new spectral features
associated with excited state species.

3. ExcitedState Absorption (ESA)Molecules in the excited state can
absorb additional photons from the probe pulse, leading to transitions
to higherexcited states. This process results in a positive signal in the
w 00 spectrum, as the probe light is further absorbed. ESA provides
detailed information about the population dynamics of the excited state
and can be used to determine excited stéfetimes.

4.  Product Absorption (PA)Excitation of the sample can lead to the
formation of transient or londived states, such as chargeparated
states, triplet states, or isomerized products. The absorption associated
with these products appears agasitive signal in they 6 0fd spectrum.

PA provides insight into the electronic structure of the newly formed
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species and can help to identify new spectral features associated with
these transient or londived statesHowever, it's important to conder

that these products may also exist in excited states, contributing to
signals such as ESA or overlapping with Stimulated EmSEipwhich
must be carefully distinguished in the analysis.

Transient absorption data typically consists ofwe-dimensional data matrix
containing absorbance changes as a function of wavelength and time delay. To
extract meaningful information, several data analysis techniques can be
employed:

1. Global Fitting: The method involves fittinghe dataset with a parallel
decaying or sequential modgehllowing for the determination dhe spectra
of the different components (consisting of a mixture of species) together
with the rate constantdor the decay of each compent (parallel decaying
model) or the transition from one component to the next (sequential
model)38]

2. Singular Value Decomposition (SVI3VD decomposes the data matrix into
a set of orthogonal components, which can help identify the number of
independent spectral species contributing to the sigmabdel)]38].

3. Target Analysis:This approach involves fitting the dataset to a kinetic
scheme allowing for the identification of the spectrum of the pure species
involved in the photoinduced process as well as the time constants for the
species decay or the conversion of one species into anothdB8he

4. Lifetime Density Analysis: If the underlyng data is in fact an ensemble
decays with a large distribution of different lifetimes, global and target
analysis might not be appropriate choices for analysis. In such a case-a quasi
continuous distribution of exponentials can be used to characterize th
decays.

Transient absorption spectroscopy is a versatile and powerful tool for
probing the dynamics of excited states in a wide range of systems. Its ability
to provide timeresolved information about ultrafast processes makes it
indispensable in fieldsuch as photgphysics, materials science, and chemical
reaction dynamics. In our study, we have performed TAS measurements on
maquette complexes to unveil the excited state dynamics of these systems.
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Chapter 2

Excitonic Interactions in Bio
Inspired Chromophorerotein
Assemblies

Saeed Sharee¥alentin Maffeis, Mariano Curti, Sharmistha Gbegee,Dominik
Bauerle Luisa Xiomara Halladdlisabet Romefo

2.1 Abstract

This chapter focuses on the generation of excitonically coupled chromophore
dimers within a series of artificial lighiarvesting progins. One of the current
objectives in thede novoprotein design is the implementation tifjhtly bound

and strongly coupled chromophores in order to generate excitons which, among
other advantages with respect to monomeric states, increase the absorption
crosssection of the system and are less sensitive to the detrimental energetic
disorder intrinsic to biological material. Here, we utilize the protein maquette
platform developed by Dutton and emorkers to construct 4 -helix bundles
with chromophore hiding sites in different position$l], aiming to bind
chlorophyltderivative chromophore dimersBy arranging dimers different
relative positions andorientations we intend to create different types of
excitons implementingthe first design principle of photosynthesis i@ novo
designed protein. We apply spectroscopic techniques (absorption, circular
dichroism, and fluorescence spectroscopy) and theoretical methods (molecular
dynamics simulations, and QM/MM) to investigatthe constructed
chromophoreLINBR 0 SAY | 2aSYof ASaQ LINBapRNb A Saz
binding strength, protein folding and thermal stability, presence and strength of
excitonic interactions, and fluorescence quantum yield. Among the seven
proteinsstudied, one of them contains two pairs of strongly excitonically coupled
chromophores with exciton coupling strength in the order of the ones found on

Q)¢
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natural systems. In addition, this study highlights the importance of the relative
and absolute positios of the binding sites to limit steric hindrances while
maximizing the chromophoré€snteractions. We conclude that the lessons
learned here could be used to design the next generation of chromophore
protein assemblies for their implementation into dewvicdor solarenergy
conversion.
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2.2 Introduction

Proteins are the building blocks of life, performing a wide range of functions
within cells. The field of synthetic biology has seen significant advancements in
recent years, particularly in the area of artificial protein degig2][3][4][5][6].

One areaf research that has gained significant attention is the design of artificial
light-harvesting and chargseparatiofCS) proteins. Thesedesigns aim to
reproduce the key steps in the natural process of photosynthesis to efficiently
absorb, transfer and awert light energy into electrochemical energy. To that
end, we attempt to create new systems based dhe design principles of
photosynthesis which can be briefly described as: i) collective excited states
(excitons, that is, bound electrghole pairs)[7] which increase the absorption
crosssection, minimize the energy and/or electron transfer steps and are less
sensitive to energetic disorder; ii) multipl€S pathway$8] that provide
functional flexibility; iii) coherent mixing between excitons and chdrgnsfer
(CT) states promoted by resonant vibratif@jswhich provide the optimal
energetic configuration for ultrafast and irreversible electron transfer; iv) smart
protein matrix controlof the selection of theCSpathways and the presence of
coherenc¢l][10]. Among these principles, here we focus on the generation of
excitonically coupled chromophore dimers into chromophpretein
assemblies (also known as protein maquettes). Ultimately, our aim is to
incorporatethese systems into devices for selmergy conversion in order to
fulfill our current and future energy demands.

Achieving efficient light conversion with humdeasigned de novQ proteins
requires a fine control of light absorption, excited states pmbies, energy and
electron transfers, and photocatalygi€][11][12]. Conveniently, new tools like
folding prediction algorithm4.3][14][16] have made the field more productive
than evefl6][17]. De novoproteins have been designed to catalyze various
multi-electron reactionfl8][19][20][21] while a photochemical charge
separation sukunit was developed by Moser and coworkd®3d]. In natural
photosystems, photochemical reaction centers are surrounded by light
harvesting complexes (LHC) which absorb and funnel the energy towards
them[23][24]. Currentde novoproteins are still lacking in terms of absorption
cross section and excitonic properties compared to LHCs. Indeed, LHC like the
LH2 in bacterial photosynthissmanage to pack a high number of chromophores

in a relatively small space while simultaneously keeping them close enough and
in a certain relative orientation to obtain largely delocalized excited states
(excitons) which favor ultrafast energy transfetlveen complexe26].
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Numerous of such endeavors have been pursued using artificial pri@jnsut

also DNA28] origami or nanofiberg29]. Designing a binding cavity for two or
more chromophores with sizes comparable to chlorophylls is a complexassk
new problems like relative chromophore orientations, steric hindrances and
chromophorechromophore interactions are to be addressed. Rerahlg, this
has been recently achieved by Enmsal. [30] from Baker group who were able

to design and construct@de novodesigned protein housing excitonically coupled
chlorophyll derivatives with the same orientation as native photosynthetic
special @irs.

Our approach, which we already used in our previous y&djkis to modify ale
novodesigned B2-residueslong protein maquette folded as ahelix bundle
developed by Dutton and eworkers to try and implement the design principles
of photosynthesid1] described aboveDe novad' -helix bundles have long been
designed and optimized in order to replicate various processes of
photosystem§31][32][33][34], including the previous use of this protein
platform to bind different chromophore$5][35][36][37][38][39]. Up to four
histidines (one at the top and one at the bottom of the bundle) are available for
axial ligation of the metallic center of chlorophyll derivatives as the protein was
initially designed to bind two iron containing hemes by a doubdi@aldigation.
Therefore, the histidines were placed on adjacent helixes with a spacing
corresponding to a single heme ring. In our last stfig§} we successfully used
molecular dynamics simulations to identify and replace residues in that four
histidine protein (with histidines placed in adjacent helices) that could bind only
two chromophores (one at the top and one at the bottom of the structure) to
allow the binding of four chromophord#1] (two at the top and two at the
bottom). In a previous studypror et al. [27] showed in a similar maquette that
more than two zinc bacteripheophorbides derivatives could bind to the
protein. The surprising property was attributed to a population of the protein
folding in a tertiary structure where the histidineseaplaced in noradjacent
helices. In such a folding, the chromophore would be given more space to enter
the hydrophobic core of the maquette generating less steric hindrances with a
neighboring bound chromophore. In addition, in a such a protein confiigura

the chromophores relative orientation will give rise to the heaeail
configuration, that is, to a-dggregate exciton type where the lowest energy
state is super radiant, an advantageous property for LH complexes.

In this work, we report the comsuction of several related 4 -helix bundle
designed to have histidines in n@djacent helices and measure the structural
influence on the binding affinity for to up to 4 chromophores, their thermal
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stability and folding characteristics (with and withoahromophores), the
presence of excitons, and the protelftound chromophores emissive properties
by absorption, circular dichroism and fluorescence spectroscopy. One of the
designed proteins shows a perfectly conservative Cotton effect demonstrating
that it contains two strongly excitonically coupled dimers. Therefore, the chosen
artificial protein structure isa suited scaffold to engineer more advanced
properties such as excitons wi@iTcharactef28] in the near future.

2.3 Materials ant/lethods

Chemials

All solvents used were of Reactant grade for synthesis or spectroscopic grade
(Uvasol) for spectroscopy. KCI and CHESyglbhexyP-aminoethanesulfonic
acid) (BioXtra grade) were purchased from Merck.

Protein Synthesis

Two nucleotide sequence components (per protein type) were introduced to a
linearized pET3RC plasmid via the Gibson assembly mefdgdin order to
obtain suitable vectors for protein subsequent protein production. The pET32
RC plasmid contains a Thiotedh tag (TRX) together with a His tag for linking
and a TEV cleavage siteEncolibl21. The TRX tagalong with the cleavage site
enables standard procedural protein purification via affinity chromatography.
PCR and gel electrophoresis were conducteadnfirm successful annealing.
Plasmids were overexpressed i colibl21l using 0.ImM IPTG by standard
procedure$43]. Proteins were purified from the aqueous cell lysate fraction with
a HisTrap 5 (IMAC) 5 mL column. Overnight digestion was performé&a atith
TEV to release the KDA proteins from the HIBRX tags. The pure proteins were
isolated from solution using a second HisTrap 5 mL (IMAC) column eluting with a
250 mM imidazole solution and concentrated using membrane concentrators.
Proteins werestored at-80°C until usage. Purity was confirmed by protein gel
electrophoresis (SBDBAGE). Presence of the 14.8 kDa band confirmed the
protein presence. Protein amounts obtained were around 10 mg for one liter of
culture bath.

Before use, the protein stage buffer was exchanged on a desalting column
(PD10, previously GE Healthcare, curre@tiva)equilibrated with the study
buffer (20 mM CHES pH 9.0, 150 mM KCI).
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ChromophoreSynthesis andPurification

Pheophorbide a was purchased from Frontier Scidii Mixture of
diastereoisomers was resolved by URh€on a BEH C18 column using a 85:15
water/acetonitrile mixture as mobile phase. Zn was inserted by direct metalation
using 5 molar equivalents of ZpCin methanol as described in the
literature[6][44]. The product was purified on a silica column and ctiyztal.
Purity was assessed by URZE and NMR spectroscopy.

Asindicated by theUPLG; MS characterizatiorfdata shows the chromophore
stock solution is a mixture of three closely related compou@a$PA, nZnHPA,

and BPOHmZnAPA(Figure A2.1b)), in a 10:40:50 ratio. The structural similarity
of these compounds renders their properties virtually indistinguishable, and thus
the mixture behaves as a pure compound. To illustrate gimeilarity in their
electronic properties, we show the calculated absorption $gefor the three
compounds irFigure A2.Error! Reference source not foungh). Except for a s
light shift in the Qregion (=500 nm) foFFOHMZnAPA, the three spectra are
identical. This is expected, since the bands in both the Q and Soret regions are
related to the delocalized-system,[45] and the methylation or hydreoylation
occur outside it.

In addition, thefunctional groups that differentiatthese moleculesre located

on the polar sidef each Figure A2.1 As discussed previoufht], upon forming

the chromophoreg protein complex, the polarity of this side brings it towards
the solvent, decreasing contact with the protein. It is thus expected that the
binding energy for each of these molecules is similar. Therefore, along the
chapterwe will useZnPto refer to the chromophore.

Optical Spectroscopy

Absorption spectra were recorded on either a Shimadzu 1900i or 2600i double
beam spectrophotometer using quartz cuvettegith pathlengths ranging
between 0.1 and 10 mm to obtain an opticnsity (OD) between 0.1 and 1.5

in all cases. Differential absorption of circularly polarized light (Circular
Dichroism, CD) was measured using an Applied Photophysics Chirascan equipped
with a 150 W Xenon light source, a dual polarizing prism design chommator,

a photoelastic modulator (PEM) and an avalanche photodiode detector
optimized for the full UWisible range. Using different pathlengths, optical
density was bound in a range [626 in the visible while lower OD, typically 0.4,
was used in theUV region (protein band). A smoothing filter (SavirGiojay,
order 2, 7 nm window) was applied to the noisier data using OriginPro (procedure
indicated in theFHgure legends when applied).

34



Excitonic Interactions in Blaspired ChromophofBrotein Assemblies

For all the temperatureontrolled measurements, a thermoelecttemperature
controller with 0.2 °C temperature precision was employed sian the
temperature from 20 to 7@0°C. For each protein design both the spectra in the
200 to 265 nm range (5°C steps) and the amplitude of the 222 nm band (2°C
steps) were recordg separately. The latter measurements were used to
determine the melting temperature {J of the ape and holoproteins by applying

a Boltzmann sigmoid fit to the data.

Fluorescence measurements were carried out on a Fluorolog Horiba Jobin Yvon
spectroflucdometer equipped with a Xenon lamp, a double monochromator, and
a photomultiplier detector. The OD of the solutions was kept lower than 0.1 at
the Q band maximum. After baseline subtraction, fluorescence spectra were
corrected for reabsorption (assuminthe middle of the cuvette as the origin of
the fluorescence) and for the spectral sensitivity of the fluorimeter. Lifetime
measurements were carried out on an Edinburgh Instruments Lifelased

on the timecorrelated single photon counting (TCSPOhégue, equipped with

a photomultiplier tube using a picosecond pulsed diode laser as excitation
source. The obtained fluorescence decays were fitted with the convolution of the
instrument response function and a muéikponential decay. The time resolutio

of this apparatus is around 250 ps.

Titrations andHtting

Absorption titrations were performed as follows. A 10 mm fused silica cuvette
containing 3.0 mL of a 5.0 uM protein in an aqueous buffer solution containing
20mM CHESpH 9.0, 150 mMEQlyY GKS F2ff2gAy3 NBTSNNEB
placed in the spectrdmtometer and stirred continuously at 76pm. Up to 100

pL of a concentrate&nPchromophore solution in methanol (1.3 mM) were
added using a gaight syringe (Hamilton) via a tube with a dead volume below
2 uL. The syringe was placed on an automatic pamaccurately deliver the
chromophore solution in 100 steps (in 0.1 chromophore to protein equivalent
steps), covering a chromophore/protein concentration ratio from 0 tavith 10
minutes equilibration time between additions, with 1 chromophore equual
corresponding to the chromophore amount needed to fill in 1 protein binding
site. For titrations followed by CD, a 2.0 n@Pchromophore solution was
added to a 20.QuM protein solution in 0.5 equivalent steps, with 60 minutes
equilibration time betwen additions.

l0A2NLIIA2Y GAGNI GA2Yy FAOGGAY3IEA 6SNB LISNF
consulting) and a hommade script based on the numpy librg4g] (python3)
to obtain the chromophore to proteidissociatiorconstant and the spectrum of
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the indvidual species present in the solution. Singular Value Decomposition
(SVD) served as a modete method to identify the number of independent
spectral components present in the absorption titration datasig]|[47][48]
(FiguresA2.2 and A2.3). In thetitrations of ZnPin buffer and in Epsilonve
intendedto investigate the behavior &fnPin aqueous buffer and in the presence

of a protein without histidine binding sites, respectively, the number of singular
values is 2 which corresponds to the monomefitPin buffer and theznP
aggregate expected to form in the aqueous solution due to the hydrophobic
nature of the chromophore. These two species coexist and are represented by
and takeninto consideration according to the following equilibria:

0z 0

where L is the monomericZnPand Ly is the aggregate with ZnPunits. The
analysis of the aggregation process observed in the absence of protein and in
epsilon yields a ptequal to 15.2. This value is used as a fix parameter to describe
this process irall fittings for the other protein sample#t is worth noting that

the specific number of aggregating molecules is an arbitrary choice, and other
numbers provide fits with identical results but corresponding scaling of fitted
spectra and aggregation comsits. Assuming aggregation occurs in one discrete
step from monomer to 4 aggregated molecules in an equilibrated reaction is an
oversimplification, but was confirmed to allow for a proper fit of the transition
from binding to aggregation behavior.

For the proteins containing two histidine residues on opposite sides of the
protein (at the top and bottom of the structure), that Apha2 Omega2 and
Beta2 the number of singular values isvéhich indicates that only three species
are spectrally distinguisde. Considering sequential binding, we could expect
the coexistence of the following species: protein with one chromophore bound
(PQ, protein with two chromophores boundPG), monomeric chromophoredj,

and chromophore aggregat&z). These amount to 4pecies but the datasets
only contain 3 spectrally distinguishable species. The most plausible explanation
for this fact is that our experiment cannot distinguish between the binding of the
first and second chromophore. In other words, the spectra od RCP#are
virtually identical most likely due to the similarity of the protein environment for
both chromophoreswhich makes their absorption spectrum undistinguishable
from one another. Similarly, the number of singular values (4) observed for the
titrations of proteins containing four histidine residues, thatOmega4 and
Beta4(Alphadis adifferent case that will be described below); indicates that our
experiment cannot distinguish between binding of the thiRIG) and fourth
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(PG) chromophores. Threfore, the protein P) can be separated into two sites
(9, the top half and the bottom half on opposite ends of the protein. Depending
on the number of histidine residues, each site can bind @I dr two SLk)
chromophoredollowing the following equilibria:

Y 0z YO
YO 0z YO
In this representationSLcorresponds to the protein with 2 chromophores bound

(one at the top and one at the bottom of the structure), aBld corresponds to
the protein with 4 chromohores bound (two at the top and two at the bottom).

This binding model is able to fit our data satisfactorily and vyields: i) the
dissociationconstants for the different equilibrium processes indicated above
from which we can calculate the concentratiorofile of the different species
present during the titration experiment, and ii) the spectra of the corresponding
species $l, Sk, LandLs).

Holoprotein Preparation

Two different methods were used to obtain the holoproteins: Hee exclusion
chromatography protocol (SECp), and t#ancentration protocol (Cp). For the

SECp, buffer equilibrated desalting columns (PD10, previously GE Healthcare,
currently Cytiva) were used to separate the holoprotein and the unbound
chromophore from aD20 pM protein solution where the chromophore was

added in large excess (6 to 8 equivalents). After the eluted fraction was assessed
by absorption spectroscopy, it was clear that 1 to Boamophore molecules per

protein were released from the protein indicating that weakly bound
chromophores can be unbound during the elutivhichresults inthe dilution

of the chromophoreprotein solution to around 70%. To avoid this problem, we
developedanother method referred to as theoncentration protocol (Cp) based

on the possibility to calculate the population of proteins containing the maximum
number of chromophore molecules (thatRs; and PG for the 2histidine and 4

histidine proteins, respdively) with thedissociationconstant obtained by the

fit of the absorption titration. For instance, according to our binding model and
based on thedissociationconstants obtained foBetador OmegaZ | MH N> a
protein solution in the presence ofeghromophore equivalents will contain 87%

of holoprotein with 4 chromophores bound() (FigureA24). However, to

prepare the holoprotein in such a high concentration would require to start with

I MHn>a LINRPOGSAY LX dz& nyn>a nOwiRwI2 LK 2 NB

37



Chapter2

definitely give rise to the formation of chromophore aggregates (known to start
Fd p>a OKNRY2LIK2NBE O2yOSYdN}GA2Yy Ay o0dzF
the protein. Based on this prediction, we designed a protocol to achieve a high
holoprotein concentration while avoidng chromophore aggregation. The
maximum number of chromophore equivalents (two #ipha2 Omega2 and
Beta2 and four forOmega4 andBeta4 were added to a 5uM protein solution.
After a 24h incubation at3 the solution wa concentrated 24 times using a
membrane concentrator (Vivaspin 3 kDa) to yield a 120uM protein solution. As
assessed by absorption spectroscopy, the filtrated solution contained no protein
or ZnP and was therefore discarded. The 120uM solution obtaineas w
incubated for another 24h at24 and the holoprotein solutions were measured
without further purification (FigureA25). The absence of chromophore
aggregates and the differences in the excitonic interactions present inBetia4
solutions prepared by dith protocols was assessed by CD spectroscopy (Figure
A26).

Computational Modelling

The structure for theAlpha4 sequence in the apetate was predicted using
trRosettd49][50]. Among the generated candidate models, some followed an

GF yGaALF N3 R24 202 wR2 MIGKSNE NI & LS NI 20y SIT
the highestranked structure for each of these conformations (Fighger). For

both of them, we performed a 1.0 ps molecular dynamics run, and then selected

a representative structure for eachia a clustering algorithm. Holoprotein
structures were prepared from these structures with a protocol based on steered
molecular dynamics developed in our previous W8tk (further details of the

entire computational procedure are discussed therein).

Al molecular dynamics (MD) simulations were performed with Amberl8,
[51][52] using the ff14SB forcefidial] for proteins, TIP3B4] for water, and
parameters obtained from the MCPB[p$§] module for the chromophore.
Protonation states were determined with the H++ webserver, at {#6]f57].

The periodic box employed an isometric truncatetahedron shape with a
minimum distance between the protein and the edges of the box of 1.5 nm.
Protein charges were neutralized with Nins, and then NaCl was added to
reach an ionic strength of ~150mM.

Minimization and initial equilibration steps were performed following a recently
developed protocdb8]. Production runs were done in the NPT ensemaie
300.0 K, with a time step of 2 fs, and using the SHAKE algorithm. Constant
temperature and pressure were ensured with the Langevin thermostat and
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Monte Carlo barostat, respectively. Lorange electrostatics were considered
via the Particle Mesh Ewaldadel (direct space sum cuwaiff: 1.0 nm).

Binding free energies were determined with the Quantum Mechanics/Molecular
Mechanics (QM/MM) Generalized Born Surface Area (MMGBSA) method, using
the MMPBSA.py module from AMBESH, the onetrajectory approach, and
PM4Q] for the QM part (that included the chromophores and histidine residues).

For CD spectra calculatiorss set ofsnapshotdaken at constant time intervals
wasextracted and then subjected to 400 steps of optimization in Amber at the
QM/MM level, usng DFTB®1] for the QM part. Next, the geometry was
optimized at the QM/MM level (Gaussian 16 Rev B834),B3LYP/&1G*) using
ONIOM with electrostatic embedding, employing loose convergence criteria.
Electronic couplings were calculated using the oed geometries and the
electronic energy transfer (EET) module from Gaussian, at the-B3AMP/6
31G* level. The effect of the environment was considered through the
polarizable continuum model (PCN83], choosing roctanol as representative

of the protan dielectric behavior. Each chromopharéistidine pair constituted

a fragment in the EET analysis, and six singlet excited states were calculated for
each.

To obtain CD spectra we used the results of the EET calculations and the Excitonic
Analysis Tool(EXAT) prograf4]. Rotatory strengths were calculated by
considering both electric and magnetic dipoles in the velocity formulation.
Spectral lineshapes were simulated as gaussians, with avifith at half
maximum of 350 crifor the Q and Q transitions and 1150 crhfor transitions

in the Soret region. Spectra were shifted-By25 eV to approximately reproduce

the experimental position of the (band.
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2.4 Results and Discussion

Protein Design,Nomenclature andArrangement

The maquettes reported in this study are aflriations of a single chain, 132
amino-acid- long,de novodesigned protein first reported by Fardd al. [37]. In

this family of proteins (also called maquettes), the helices are composed by
amino acid heptads combining polar (P) andpohar (N) aminacids following

the sequence PNNPPNP interspaced km@no-acidlong loops arranged as
random coils. This type of amino acid sequence yields a protein that folds
spontaneously in aqueous buffer as a 4ong 4h-helix bundle with a
hydrophobic interior ad hydrophilic exterior. Starting from a structure without
y e OKNR2 Y2 LK2NB OAYRAY 3 ariasSs KSNB
previously37], we generate different protein designs by replacing alanine in the
first heptad of the helices and phenylalanine in the third by histidine amino acids
to create binding sites in different positions within the protein structure. The
histidineto-chromophorebinding occurs via axial ligation of the metallic center
of our chromophore by the imidazole ring of a histidine amino acid. The
chromophore used here is Zyheophorbidea (a chlorophylh derivative) (Figure

2.1 and Figure A21, see the Materials and MRbds section for a detailed
description). For the sake of description, we assign the first amino acids (N

a

GSNX¥AYydzao (2 o068 2y GKS aiG2L¥ &AARSI HKACT

O2y&aARSNBR (KS ao02i(d2Y%&.1).aTheRsBven@dtein i K S
sequences studied here are reportedTliable2.1.
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Bottom Bottom ~ Bottom

4

(b)

J = Histidine at top
S = Histidine at the bottom

=== = Bounded chromophore
at the top

= = Bounded chromophore
at the bottom

Figure2.1: Schematiaepresentation ofprotein designs

(a), (c), and (e) show side views of thdidtidinecontaining protein designs
Alpha4d Omega4 andBeta4 respectively. (b), (d), and (f) provide top views
the same protein designs. Histidine binding sites at the top and bottom
colored red andyreen, respectively, while the bound chromophores at the 1
and bottom are depicted in yellow and brown, respectively. (g) shows
chemical structure of the bound chromophore.

41



Chapter2

no Y (°C)
Name Sequence (K0) GG & ¢
Epsilon Top ND 51.5+0.2
GEIWKQAE DALQKFE EALNQFE DLKQL GGSG 50.340.2
EIWKQAE DALQKFE EALNQFE DLKQL GGSG R
EIWKQAE DALQKFE EALNQFE DLKQL GGsG{ ND
EIWKQAE DALQKFE EALNQFE DLKQL
Alpha2 G EIWKQHE DALQKFE EALBQREL GGSGSGS( 7.4+0 5 40.4+0 1
EIWKQAE DALQKFE EALNQFE DLKQL GGSG
EIWKOAE DALOKFE EALNOFE DLKOL 6as6f (40 "M) 70.7%2.8
EIWKQHE DALQKFE EALNQFE DLKQL ND
Alpha4 G EIWKQHE DALQKFE EALNQFE DLKQL GGS( 6.9+0 3 37.640 4
EIWKQHE DALQKFE EALNQFE DLKQL GGSG
EIWKQHE DALOKFE EALNOFE DLKOL Gosa| (130 M) B2
EIWKQHE DALQKFE EALNQFE DLKQL ND
Omega2 | G EIWKQFE DALQKFE EALNQAE DLKQL GGS( 6.6+0.5 53.940.3
EIWKQFE DALQKFE EALNQHE DLKQL GGSG
EIWKQAE DALOKFE EALNOFE DLKOL 6Gs6{ (220 M) 63.6+3.5
EIWKQHE DALQKFE EALNQFE DLKQL ND
Omega4 | G EIWKQFE DALQKFE EALNQHE DLKQL GGS{ 6,7+0.3 45.3+0 .2
EIWKQFE DALQKFE EALNQHE DLKQL GGSG
EIWKQHE DALOKFE EALNOFE DLKOL Gasa| (200 M) (64.1+1.5)
EIWKQHE DALQKFE EALNQFE DLKQL 5.540.3 69.4+2.0
(3.2 um)
Beta2 G EIWKQAE DALQKFE EALNQFE DLKQL GGS( 6.2+0 2 64.240 3
EIWKQAE DALQKFE EALNQFE DLKQL GGSG
EIWKQFE DALOKFE EALNOHE DLKOL Gosa| (030 M) 65.4+1.3
EIWKQFE DALQKFE EALNQHE DLKQL ND
R T o e
EIWKQFE DALOKFE EALNQHE DLKOL Gosa| (100 M) (65.2+1.5)
EIWKQFE DALQKFE EALNQHE DLKQL 5.7£0.4 74.4£1.9
(2.0 uM)
.Note - 2For Beta2 the fitting model is different (only orghromophoreper
protein, see text for details)This value corresponds to the holoprotein wit
chromophore equivalents. ND: ndetermined.

Table 21: Names and sequences of th&tudied proteins along with their
chromophoreto-protein _dissociation constant Kp) and their melting
temperature (Tm)

To serve as a guide for all sequences, in the Epsilon sequence the amino acids

2y GKS Gi2L¥ LI NI 2F (GKSI AINBKSAyo 2 NbB2 02
acids are in orange. Point mutations are indicated in red or green depending on

the nature of the mutation. The first pieported corresponds to the binding of

the first two equivalentswhereas the second corresponds to the bindafighe

third and fourth equivalents
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We constructed three protein designslphadNB LJ2 NIi SR | éalfB7,é o6& Cl
Omegadand Betad with four binding sitesaiming to create excitonically

coupled dimers inside the protein structure, one dimer at the top and one at the

bottom of the 4n-helix bundle. We aim to investigate the effect of the binding

site position on the number of chromophores bound, their bigdstrength, and

their excitonic coupling type and strength. Those designs vary by the relative
position of the histidine residues within the protein structureAlpha4ii KS & G 2 LJé
FYR ao02002Y¢ KAAUARAYSA INB 2y sRa2l OSyl
and 4, respectively); whereasBetadi KS G (2L FFyR aoz2Gi2Y¢
non-adjacent helices (helices 1 and 4, and helices 2 and 3, respectively) (Figure

2.1). We also produced control proteins, namélipha2 Omega2 and Beta2

where two histidd y Sa 62yS i GKS adG2L¥ |yR 2yS
replaced by alanines. Thus, these designs possess one histidine binding site at
GKS 2L FyR 2yS G GKS ao2iG2Y¢é 2F GK
a distance of about 2.5nm (centéw-certer), and therefore, are not expected to

display excitonically coupled chromophores. These control proteins are aimed to
investigate the effect of the protein environment on the electronic properties of
nor-interacting chromophores.

For a maquette proteirconsisting of two helices connected by a random caoil,
which is further linked to another maquette protein via cysteine bridges
connecting the random coilsCohenOfri et al. [27] discussed the possibility for
0KS LINRPOGSAY (2 0S-aid NHzQH AzNISR ¢ A F NI & & KK NL
(see below) (Figura22). Similarly, in our protein designs containing-an®ino-
acidlong random coil, it is possible, as predicted by protein structure
algorithmg31], that the random coil between helixes 2 and 3 Jgbaross the
bundle diagonally (parall@ntiparallel as predicted and designed by Farid et al.
[37], see Figur@.1(a) and FigureA2.7) or sideways (antiparallel, Figuk2.7)[5].

For instance, irAlpha4 a parallelantiparallel structure will result in histidine
amino acids located in adjacent helices (with histidines-bigside as shown in
Figure2.1(c)), whereas in an antiparallel arrangement, the histidines will be
located in noradjacent helices,@n other words, in diagonally opposed helices.
The same reasoning can be applied to @megadand Betaddesigns but will
NBadzZ § Ay GKS 2L &R J6A IdAIORIYSIYE GIKYBR ad
arrangements will give rise to histidines in diagbnapposed helices and on
adjacent helices, respectively. Given the relatively large size of the chromophores
with respect to the protein (im in diagonal from ring | to ring Il vs 4#omg
protein), we expect a significative difference on steric hindembetween these
protein arrangements when binding two chromophores at the top or bottom of
the structure. In addition, and even more crutjalthese different protein

43



Chapter2

configurations will determine the relative orientation of the bound chromophore
dimers which could give rise to the hedd-head or heaeto-tail configurations
known to define the exciton type as H or J, which in turn defines the electronic
properties of the excitonic statess explained in the Chapter 1

BindingCapability

Similar proteinmaquettes with histidine binding sites have shown nanomolar
binding capabilities for up to two molecules of zinc chlorins derivdd}3Y]
and micromoladissociationconstants for a third zinc bacteriochlof&Y].

In order to assess the binding capébilof our protein designswe perform
absorption titration experimentsUp to 9 equivalents oZnPwere added to a
5uM protein solution, where 1 equivalent ofZnP corresponds to the
chromophore amount needed to fill in 1 protein binding sifEhis protein
concentration was chosen so that the different expected species-fapiin,
holoproteins with different number oZnPbound, monomericZnPand ZnP
aggregates) coexist over a large range of chromopimgrotein ratios, making

the subsequat binding analysis more precise. The experimental data and the
results of the analysis are displayed in Figuige(see Materials and Methods for

a detailed description of the experiment and its analysis).

In all proteins containing a histidine residue (Figadr&(c) to 2.2(h)), at low
ZnRprotein ratio the spectra show clear signs of bouwtnP [6] i) the Soret band

is particularly revealing, peaking at 437nm (415nm in buffer and in Epsilon), and
i) the respective Q bands are narrower and reshifted (when compared with
ZnPin buffer and in Epsilon) and are centered between 668 and 669 nm (661nm
in buffer, and 664nm in Epsilon). Their extinction coefficients average around
50000 L.mat.cn* and up to 600 L.mat.cnt! for Alpha2and Alpha4

For all protein titrations but foBeta2 the Q maximum amplitude progression

is linear between 0 to 2 equivalents£&xfiP(0 to 1 forBetad. Therefore, it appears
that all designs castronglybind two equivalent®f[6][27]. The lack of spectral
change from 0 to 2 equivalents suggests that the first two chromophores mainly
populate equivalent binding sites, in other words, they are surrounded by similar
environments.

This can only happen if the binding sites are far enough from each a#ewn
opposite ends of a protein. Indeed, chromophaieromophore interactions
strong enough to be visible in the absorption spectra are expected by design
whenZnPmolecules binan the same side of aMHistidine protein, that is, when
dimers (possibly excitonically coupled) are formed. In line with this hypothesis,
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after two equivalents, the spectra of the titrated solution continuously evolve
towards spectra with lower extinctionoefficients, broader Qand a different

Soret band geometry (sdeigure A2 for a typical evolution in the egion).
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analysis for monomerignP(red), aggregate@nP(green), protein with on&ZnP
bound at the top protein half (and one at bottom hal§Lor PG) (blue), and
protein with twoZnPbound at the top protein half (and two at bottom halfl§

or PQ) (yellow). All spectra were divided by th&inPcontent allowing direct
comparison of their amplitudes. For visualization, the concentration profiles in
the condition of the titration (5 protein concentration) are displayed for two
histidine variants (dashed line) and fehistidine variants (solid line) forAipha2
andAlpha4 j) Omega2andOmegadand k)BetaZ and Beta4 Beta2x-axis, only
able to bind onechromophore was doubleddr comparison purposes.

To disentangle the effect of accumulation of unbouddP monomer and
aggregates in buffer from the eventual binding of a third or fowtthomophore

the titration datasets were fitted by a sequential binding model as described in
the Materials and Methods section. The rank of the dataset matrix (the number
of singular values that are significantly not noise, Begire A2 andA2.3) was

two for ZnPin buffer and in the presence of Epsilon; three Adpha2 Omega2
Beta2 andAlpha4 and four forOmegadandBeta4 In other terms, omitting the
protein and the unbound and aggregateshromophore spectra, all bound
chromophores irAlpha2 Beta2 OmegazandAlphadshare the same absorption
spectrum (within error), while only two spectra serve as a basis in case of bound
chromophores irODmegadandBeta4 Considering the ranks and the fact that no
spectral shift is observed during the addition of the fitato equivalents of
chromophores we model the protein as two identical sites (S) being either the
top or the bottom halves of the protein, able to bind odleromophore(Alpha2
Omegaz Alphad or two chromophoreg§Omega4 Beta4 following a sequential
binding model:

Y 0z YO
YO 0z YO
Within this modelSLcorresponds to a protein with 2 chromophores bound (one
at the top and one at the bottom of the structure), a8k corresponds to a
protein with 4 chromophores bound (two at the top and two at the bottoii)e
resulting dissociation constants from the fitting of the absorption spectra to this

model are reported in Table 1 while the spectral components are drawnuneFig
2.2.
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While the presence aZnPaggregates was not visible by eye in the solution, the
two control experiments in the absence of protein (Fig@rg(a)) and in the
presence of the histidinéree protein Epsilon (FigureZDb)) clearly show a non
linearprogression of the gmaxima as a function @nPequivalents added which

is incompatible with a totally solvated pigment, as already known for
tetrapyrroleg65]. In both of these cases, a simple aggregation model¢ (r

0 (¢ 1) is perfectly ale to describe the progression. The equilibrium
constants, obtained from the fitting procedure described thereafter, are
v8&t ¢ p for ZnPin buffer andu® €& p in the presence of Epsilon.
Two spectra are obtained for the species present. one assignedhe
monomericZnPand another to theZznPaggregates. Notably, the monomedoP
spectra is virtually identical for both samples, whereas the aggregates one is
similar in shape but present some differences: the amplitude and the position of
the two bandsbserved is not identicalhisis the casdor all the samples under
study (Figure 2, panels(a)-(h)), where the spectra of the monomeriénPare
almost identical (wittthe mainQyband centered at 660.5 nmwhile the spectra

of the ZnPaggregates varslightly from sample to sample (mainly the relative
amplitude of the two Qbands centered around 663+1.5 and 681+1.5nm). A
similar behavior is observed in the Soret region for 400 to 475nm, whergértRe
monomer diplays two bands at 415 and 430nm in all samples under study,
whereas the aggregates show some variability in the 408+1.5 band and the
shoulder centered around 440nm. This variability highlights the complex nature
of the ZnPaggregate formation that will ridoe discussed furthesince it is out

of the scope of this work. In any case, it is worth noting the fact that the fitting
of all samples produced similar spectra for the monomeric and aggre@ated
validaingour methodology. Both of these spectraloponents show substantial
differences in the Soret region with respect to the spectra of the other species
(whereZnPis bound to the protein) and are therefore easy to decolute. The
affinity of all histidinecontaining designs for binding the first tieromophores

is high, averaging around 100nM (TaBI&). Moreover, similar spectral shapes
were obtained for the proteins with binding sites filled with ocleromophore

(Sh. The Qof SLwas fitted around 669.5+1.0 nm with extinction coefficients
around57000 Lmotcm for Alpha2andAlphadand around 45000 Lnré¢m? for
Omegaz Beta2 Omega4 andBeta4 In all fittings, the @band has a full width

at half maximum (fwhm) of 24 nm fétipha2 Omegazand Alphad4and 25.5 nm

for OmegadandBeta4 ForOmegadand Beta4 the Sl spectra appears slightly
red-shifted (671.5 and 672nm, respectively) and broader (30nm) with extinction
coefficients slightly higher than the double $£(97000 and 93000 Lmédm?
respectively). Onl\Beta2 shows significat differences with the rest of the
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proteins due, in part, to its low binding affinity. Although similar in design to
Alpha2 and Omegaz2 further studies indicate that only onehromophoreis
bound strongly, a surprising result when considering the symnuétitye protein
design. We lefBeta2 out of the analysis in the rest of the discussion as the
further investigation of its different behavior is out of the scope of the present
work.

According to our titration, modeling and fitting, our protein desigas either
accommodate 2 or dhromophores|In particular, we could not detect binding of
more than twoZnPin Alpha4 while Omega4and Beta4 can bind a third and
fourth chromophore with a micromolar binding affinity (3.2 and 2.0uM,
respectively) (Tabl@.1). According to our results, under the assumption that
Alpha4 Omega4 andBetada K I NB (i Kné8lix atrhnyegent, it is clear that
only the histidines placed in neadjacent helices (in diagonal opposite to each
other) allow for the binding of tw@&nPdimers (one at the top and one at the
bottom). As steric hindrances likely are a limiting factor in the binding of large
chlorin cycle dimef27], the antiparallel arrangement would demonstrate better
binding capability in thé\lpha4case, and the opposite f@dmegadand Beta4
However, considering our titration results, it appears the paraltelparallel
stacking (diagonal random coil between ikebk 2 and 3) is preferredrigure
A2.7). This corresponds to the initial design of this family of maquettes in which
interhelical salt bridgeswere assumed tofavor the parallel antiparallel
packing5]. Comparing these results to the results from Col@#n et al. [27] for

the homodimeric HP7 protein, we conclude that, indeed, both the parallel
antiparallel and antiparallel stacking were present in their study as they
hypothesized.

Our interpretation is supported by molecular dynamics simulations. Weyaedl
chromophore binding to theAlpha4 protein, in each of the two possible
conformations (parallelantiparallel and antiparallekigure A2). In the parallel
antiparallel stacking, the calculated binding free energy for a single chromophore
is¢33.8 £ 09 kcal mot. It decreases tq27.7 + 0.9 kcal mdl(per chromophore)
when binding a second one on the same side of the protein to form a dimer,
illustrating the effect of steric hindrance for this protein in the parallel
antiparallel conformation, wherahe histidines are close to each other (in
adjacent helices). In contrast, for the antiparallel stacking, the binding energy for
a single chromophore i$34.9 + 2.0 kcal md) virtually identical (within error) to

the value for a chromophore pair36.3+2.9 kcal mot. The antiparallel stacking

for Alpha4yields histidines positions akin to those@megadand Beta4in the
paralletantiparallel one. Thus, these simulations indicate that all three proteins
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adopt the parallelantiparallel conformation; forAlpha4 this results in
suboptimal chromophore binding, whilst faDmega4and Beta4 the larger
distance between histidines reduces the steric crowding, allowing them to bind

four chromophores as initially designed.

Protein Thermal Sability and Efect of ChromophoreBinding onProtein Folding

The protein thermal stability and the effect of chromophore binding on the

protein folding were assessed by circular dichroism (CD) in the UV absorption

range (200 to 350 nm).
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(0 9 @2t dzi-HelxyypicalT
CD spectra of holBetad with
increasing temperature (blue to
red),

(b) normalized absolute signal at
222 nm (squares) along with the
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(c) melting temperatures for the
holoproteins against their apo
protein melting temperature.
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Thermal denaturation midpois (melting temperature, f, the temperature at
which half of the protein population is folded and the other half is unfolded) were
measured for the apgroteins and for the holoproteins (prepared by the
concentration protocol, see Materials and Methodscsen, FigureA25 and
discussion therein) using the CD signal at 222 nm as probe, and are reported in
Table2.1. The thermal denaturation experiments are shown in Figlgefor

Betad Furthermore, CD titrations were performed to investigate the effect of
chromophore binding on the protein folding (Fig4).

In line with the literaturg¢37], apoEpsilon has a mediwmigh thermal midpoint
(51.5°C) showing the inherent ability of the base design to maintain thehfour
helix bundle folding at high temperatures. The measured thermal midpoint for
Epsilon withZnP (50.3°C) is virtually identicabtthe one for apeEpsilon,
indicating that the presence d&nPhas no effect on Epsilon thermal stability.
Apo-Alpha2and apoeAlphadhave a lower thermal midpoint (40.4°C and 37.6°C)
than the other designs, whilsDmega2 Omega4 and Beta4 show small
differences with respect to Epsilon (53.9°C, 45.3°C and 50.5°C, respectively).

Molecular dynamics simulations correctly reproduce the stability order of most
apo-proteins Figure A210). Most importantly, they provide insights into the
reasons behind this ordeby decomposing the enthalpy difference between
Alpha4 and Beta4 by residue type, we observe that the largest discrepancy
comes from hydrophobic residues, that cause an 18 kcat ohedtabilization in
Alpha4 As the sequences in Tal2el show,Alpha4and Beta4 differ by the
position of two histidines, that are swapped with phenylalanine residues. Note
that the three 4histidine designs contain the same number of histidine and
phenylalanines, they differ irhe residues position within the protein structure.
The better hydrophobic packing achievedBeta4 (and to a lesser extent, in
Omega4 is thus responsible for the stability order. This is also evidenced by the
fact that all designs in which two histidinegre replaced with alanineé\(pha2
Omegaz Beta? have a higherJthan their 4histidine counterparts. A similar
pattern has been noted by Farit al. [37], who observed increasing melting
temperatures for proteins with four histidines, four alaninesy four
phenylalanine residues (37 °C, 55° and 95°, respectively), highlighting the
importance of the hydrophobic core in protein thermal stability.

After binding twoZnPequivalents, the 4istidine holoproteins have a similar
melting temperature (aroud 63C) (Figure2.3(c)), in a similar fashion to the
heme-protein complexes obtained by Faret al. (which displayed a melting
temperature of ~72°C [37]. Notably, the binding of twaZnP equivalents

increases theT, between 10 and 30°C depending on the design. The
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incorporation of the 3 and 4" ZnPmolecules irODmegadandBetadincrease this
temperature in ~25°C, to 69.4 and 74.4°C, respectively. This increaseZmpon
binding is highly beneficial for the future implementation lbése chromophore
protein assemblies into devices for sekmergy conversion. However, with the
data at hand, it is not possible to determine whether the increase in the energy
needed to unfold the holoprotein is due to a more stable protein tertiary
structure or to the added solvation energy provided by the pair of hydrophobic
chromophores

To get a better picture on the effect ainPligation to the protein folding
properties, we performed titrations of 20uM agarotein solutions withZnPin

0.5 equivalen steps (see Materials and methods for details) followed by CD
spectroscopy in the protein absorption range, as shown in Figure). Two
parameters: i) the molar extinction difference at 222 nm, and ii) the ratio
between the absorption difference at 22#hd 208 nm; have been analyzed to
investigate the degree of protein folding and their co#snll nature,
respectively Thehigher the222 nm/208 nnratio, the more coileetoil the 4h -
helix bundle is.
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Figure2.3: Protein band CD signal evolution as a function &riPequivalents
added

(@) CD signal at 222 nm afim) ratio between the absorption difference at 222
and 208 nm for Epsilon (black sta#jpha2(orange circle)Alpha4(red cicle),
Omega2(cyan square)Pmegad(blue square)Beta2(pink triangle), andBeta4
(purple triangle) along witkc) typical CD spectra obtained through the titration
experiment: here foAlpha4(chromophoréprotein ratio increasing from O (red)
to 6 (blue)).
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As shown in Figur.4(a), the molar extinction difference at 222nm is
between-610 and-830L.mot'.cnT! depending on the protein and the amount of
chromophoreadded. A complete folding of 104 out of the 132 amino acids of the
LINEGSAYya o00GKS I-hélikes 2not pad bfRie rakdgm cbils)Sareh
expected to yield a molar extinction difference up-835 Lmol*.cnt! assuming

a mean residue ellipticity 0f30000 deg.crhdmol?® for residues in an alpha
heli{66]. Therefore, comparing this value to our designs values give us an
indication of the degree of folding in our designs, with Epsilon being the least
folded protein, andAlpha2 and Alpha4 (with 2 ZnPbound) the most folded
designs. The trends observed for the molar extinction difference at 222 nm and
the ratio 222/208 are similar (but opposite in sign) since they represent related
characteristics. Heret is worth noting that a strong correlation was found
between the increase ingland the increase of 222/208 ratio upon chromophore
binding (sedrigure A2L1) which indicates that the more coileil the protein
structure is, the higher its thermal stability.

In line with the thermal stability study, adding two equivalentsibfomophore

to a solution ofAlpha2or Alphadresults in a sharp 30% increasetloé protein

CD signal. While adding mocaromophoresincreases further but to a lower
extent the CD signal, the fact that the same trend was obtained for the control
protein Epsilon indicates that the latter increase is due to the contribution of the
ZnPmolecules accumulated in solution to the CD signal. This is expected since,
as demonstrated by the absorption titration studyipha2and Alpha4can only

bind two ZnPmolecules. Apg@Omegadand apeBetad are more folded than
Alpha2and Alpha4 in agreementvith their higher melting temperature. In the
Beta4case the effect of addinghromophoresds different from the rest: the first

two ZnPequivalents improve the folding while the next two reduce it. These
results demonstrate thaBeta4gets more folded whe binding the first twaZnP
molecules but unfolds (to the apo value) when binding thé &hd 4"
chromophore. However, when anaing the 222/208 ratio, this increases from
0.93 to 1.10 and decreases to 0.98 when going from apo to-2&oPto holo-

4-ZnR indicating that the hola@l-ZnPis more coiled than the initial approtein.

This opening causes a loss in the secondary folding as already observed in our
previous studiB1].

The design of the studied maquettes produces molten gldB3]§34][67] i.e.

the apoprotein is not folded completely, allowing the binding of the
chromophoreto cement the holoprotein. The energy gain by forming the more
closed tertiary structure will then be added to the ligation energy, increasing the
total binding energyAlpha2 and Alpha4 are prime examples of this design
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strategy: they strongly bind two equivalents eliromophores0 * T ™M and

x p ¢ oM respectivelys KA £ S T 2nheliBes huAdlesnilting temperature
increases from the apo to the holoprotein 8.3and 25.2C, respectively)This

can also be seen by the increase of the ratio of absorption difference between
222 and 208 nm (Figui24(a)) which rises fromi 0.90 tox 1.05 indicating the
formation of the secalled coileecoil structue[68][69]. In Beta4d the same
increase (from 0.92 to 1.01) is observed during the addition of the first two
equivalents othromophores The ratio then decreases Bstadrearranges itself

to allow more chromophores to bind. Coincidently, adding the first two
equivalents ofchromophoresto the Beta4 apo-protein results in a higher
increase of the melting temperature (14)than adding an extra two equivalents

to form the holoprotein (9.2). Those measurements are also in line with our
hypothesis stating that the first two ecbmophores bind at opposite ends of the
maguette proteins. AlthougtBeta4 can bind four chromophores, the steric
hindrances are strong and are probably causing the binding affinity drop
between the first { x ® pM) and the secondu(* ¢ puM) ligation. t is likely

that balancing between increasing the binding affinity by decreasing the steric
hindrance and forcing thehromophorego be in close interaction will be a major
design problem for future generations ofle novo proteins promoting
excitonicallycoupledchromophores

Nature of theChromophore-ChromophoreInteractions

The presence of excitonic interactions and the emissive properties of lowest
energy electronic state were probed by CD and fluorescence spectroscopy,
respectively. CD titrations were performed at different ratioZofprotein and

the CD spectra are measired for the holoproteins prepared both by the SECp
and the Cp (Figur2.5 and Figuréd212). The presence of excitonic interactions

is observed in the CD spectrum as a conservative positive and negative signal
(with equal area), whereas the presence ofrinteracting chromophores will
appear as a negative CD signal centered at the maximum of the absorption
spectra [as observed in Figui213 of monomeric ZnPin organic solvent
(methanol)].
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Figure2.4: CD spectra of thehromophoreprotein assemblies

(a) Titration followed by CD spectroscopy in the visible range of a Beptis¥
solution from 1 to &ZnPequivalents (green to red) in 0.5 equivalent steps. The
spectra are normalized to th&nPconcentration.(b) Holoproteinsprepared by
the size exclusion protocol anft) the concentration protocol with Epsilon
(black) Alpha2(orange) Alpha4(red),Omega2cyan) Omega4(blue) andBetad
(purple). The spectra are normalized by thea®sorption area irfb), and to the
protein concentration inc). In(c), the two areas with a diagonal line pattern for
Betad are equal. In panel), (b) and(c) the data has been smoothed by a
smoothing filter (Savinsk§olay, order 2, 7 nm window) using OriginPro. For an
example of the datareatment followed in panelc) seeFigure A214.
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For all proteinseexceptBeta2 (Figure2.5(a) and FigureA212), addition ofZnP

until two equivalents results in a negative band at thep@sition (669 nm), a
positive band at 590 nm, and a complex Soret region. This corresponds to the CD
for norrinteracting chromophores as observed f@nP in organic solvent
(methanol) Figure A2L3). ForBeta4 at 2 equivalents and above, a positive band

at 685 nm is also observed. We attribute this signal to the presence of a
population of excitonically coupled chromophores that is only possible iZuk
molecules bind to the same side of the protein, which is highly likely Satzt

has good bindingffinity for more than two chromophores. Similar features are
observed foOmega4(Figure A212). Those results are in line with uncooperative
binding, as described by our binding model. Adding n#nBequivalents than

the maximum each protein is able tind results in a complex signal in the Q
and Soret regions which is attributed to the formationZsfPaggregates in the
buffer solution Figure A212) based on: i) the aggregation process already
observed by absorption spectroscopy, and ii) the sintylari these CD signals in

the histidinecontaining proteins with the one observed fanPin buffer and in

the presence of Epsilon. In particular, a negative sighal around 690 nm and
positive signals around 670 and 710 nm are observed. The absorptiomspect

of the aggregate (Figurg&) contains a redshifted band which appears clearly
in the CD spectra. This assignment is in agreement with the low solubilityPof

in the buffer and the previously observed particularly strong in CD signal of
related moleuleg70]. Even so, foOmega4and Beta4 the growing positive
band at 690 nm shown in FiguréabandFigure A2L3, respectively, could either

be attributed to an excitonic splitting of the Qy band due to chromophore
chromophore interactionsor to the presence of aggregateklsingthe binding
affinity reported in Tabl€.1, we calculate that both species are present for a
20uM protein solution. We performed size exclusion chromatography (SEC) on
solutions of 20uM protein with a twold molecular equivalent excess of
chromophoreto isolate the holoprotein from the aggregatand measured the

CD spectra in the visible range. The spectra of these solutions, normalized to the
Qvband absorption, are shown in Figur@b For all proteins only able to bind 2
chromophoresthe CD spectra is a composed of a unique negative banahdr
670nm corresponding to they®nain band, a weak positive band at 590nm, and

a complex Soret region. The CD spectra of figdeilon indicates that a very small
fraction of chromophore is still present in the solution. However, here it is worth
noting that the amplitude of holéEpsilon has a significant amplitude in
comparison with the spectra of the other proteins only because these spectra
has been normalized to the area of thed@psorption band. The amplitude of the
holo-Epsilon sample absorption an@D spectra after the SEC protocol is
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negligible in comparison to the other histidicentaining proteins. In addition,

the minimal presence aZnPin this sample is most likely due to the inability of
the size exclusion column to remove the 8 equivalextesspresentsin the
sample before performing the SECp. HGImegadand holoBeta4 show a
negative band around 670nm and a positive band peaking at 692 and 687nm,
respectively, indicating the presence of excitonically coupled dimers, but since
the signais not conservative, we hypothesize that these interactions are present
only in a fraction of proteins. All positive bands around 690nm (buOivega4

and Betad obtained by adding excess dfiromophoresare removed by SEC,
confirmingthe effectiveness oSEC to remove the aggregate and the inherent
ability to bind twochromophoresin close interactionife.,on the same side of

the protein) forOmegadand Beta4d However, since the protein is diluted in the
SEC protocol and considering the binding aféisitneasured, the equilibrium is
not completely shifted to the formation of holoproteins with the maximum
number ofZnPmoleculesbound, which could explain the lack of conservative CD
signal observed during the CD titration. Still, even taking into acdberknown
limitations of the SEC protocol, it is required to be certain about which signals
can be attributed to th&ZnPmolecules inside the protein.

As explained above, at 120uM and higher, the equilibriaadmeost completely
displaced towards the bindg of the maximum number of chromophores (see
Figure A2 for an example). Therefore, in order to better measure the properties
of the holoproteinswe prepareal them by the concentration protocol to be able

to measure their CD spectra at higher proteimcentrations. We underline that

the CD spectra shown in Figw2é(c)are more representative of the true signal

of holo-Alpha2 holo-Omega4 and holeBeta4 The holeAlpha2control sample

was prepared with the same method to verify the absence of aggregates from
this protocol, which would have been identified by a negative signal around 690
nm or a positive signal around 680 nm.

The observed Cotton effect, the ability to Hinfour ZnP equivalents
(demonstrated by the absorption titrations), and the broadgri@nd displayed

in Figure2.2(f) and 2.2(h) for Sk (or PG), all point to the formation of
excitonically coupled dimers in he@mega4and holeBeta4 In the case of hot
Omega4 the Q band is split in two bands (670 and 692 nm) of different intensity,
with the negative band displaying higher amplitude. This phenomenon could be
due to a partial binding: hol®mega4 would contain less than fouZnP
molecules per proteinilt average), resulting in a CD spectrum averaging the
signal fromZnPmonomers and excitonically coupled dimers. However, in this
case the norbound chromophoreswould result in the appearance of the
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aggregates, which is not observed. Therefore, the asymmme€otton effect is
likely due to a weak coupling of thehromophore$41][71]. The coupling
between ZnP in Omega4 represents an intermediate case between nen
interacting monomers and a wellefined dimer. IrBeta4however, the Qband

is perfectly conserative showing a negative Cotton effect and a Davydov
splitting of 410 crm, which would correspond to an exciton coupling of 205 cm

. However, we think that this value is overestimated for two main reasons: i) this
exciton splitting would correspond to an energy difference between the two
exciton components of ~18 nm which is not observed in the absorption
spectrum, and ii) the fact #t the CD spectra is the convolution of a negative and
a positive band could mask the real central wavelength of the two exciton
components. The latter is evident from the calculations we perform wheeala
exciton splitting of 73cm* can give rise to ra apparent splitting in the CD
spectrum of 65&m? (data not shown). Being aware of this overestimation, we
have found another way of estimating the exciton splitting (and the related
exciton coupling): we fit the absorption spectrum 8k (or PG), that is the
absorption ofBetadwith 4 ZnPbound, by a linear combination &L(or PG)
(Betadwith 2 ZnPbound) and the sam8Lspectra shiftecalongthe wavelength

axis (both spectra are scaled to properly reproduce$tespectrum). In this fit,

the two 9_spectra (one scaled and the other shifted and scaled) represent the
two exciton components. In addition, we constrain the parameters of the fit by
fitting the experimental CD spectrum with two Gaussian bands at exactly the
same positions obtained for tHfé of the absorption spectrum, until a reasonably
good fit of both spectra is obtained. In addition, we have performed the same fit
but allowing bothSLspectra to be shifted in wavelength from the origirgil
spectra obtained by the analysis of the aljgimn titration data. Both sets of
parameters gave a reasonable fit of both the absorption and the CD spectra
(Figure2.6). In the former, two bands at 669.5 and 681nm are obtained giving
rise to an exciton splitting of 25@n* (and 126cmt exciton couping), whereas

in the latter, two bands at 671.2 and 686.8nm are obtained yielding an exciton
splitting of 338crmt (and 169crt exciton coupling). Remarkably, these exciton
couplings are in the order of the ones found in photosynthetic comp[@2gs

and even more interesting, the obtained exciton splitting values, 252amd
338cmt, are very close to the known intramolecular vibrations at 266amd
350cmt found in chlorophylk in organic solvent (expected to be the similar in
our ZnPchlorophyll derivatives]72], and which were also found to sustain
electronic coherences in the photosystem Il reaction cg®BjerWe consider
these findings thoughprovoking since they imply th#he excitonically coupled
dimers generated with our chromophores have adopted an electronic
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configuration that could make use of the vibronic mechanism observed in nature
[1][9], more specifically, that ouZnPexciton state energy gap is in resonance
with their own intramolecular vibrations, which in turn, could maintain (and even
create) the coherent superposition intrinsic to exciton states.
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Figure 2.6: Absorption and CD spectra fit to disentangle the exciton

components inBeta4

(a) fit of the absorption and CD spectra with t@8hspectra (one scaled and the
other shifted and scaled), an®) fit of the absorption and CD spectra with two
Slspectra (both scaled and shifted).
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The difference in exciton coupling strength betwe@megadand Beta4is hard

to pinpoint in the absence of crystal structures: both proteins have four histidine
amino aads, two on each side of the protein in nanjacent helices. However,

in the parallelantiparallel stackingDmega4has two histidine amino acids close
to the diagonal random coil between helices 2 and 3, whilst the corresponding
histidines inBetadare dose to the termini (helices 1 and 4, Figarg andFigure
A215). This proximity to the protein termini Betadconfers the chromophores
bound to these histidines a larger freedom of movement; on the contrary, the
random coil inOmegadcould be a sourcef local stiffness, thus restricting the
number of accessible chromophore dimer conformations. Therefore, for
Omega4 we propose two scenarios that could result in a lower excitonic
coupling than irBeta4 i) the ZnPare partially outside the hydrophobimre in
order to alleviate the steric hindrances generating longer distance between the
chromophores and ii) the relative orientation of thénPpair inside the protein
core is not optimal for strong coupling. Interestingly, comparedBtetad
Omegadis kss folded and has a lower degree of coibedl tertiary structure
(Figure2.4). Following these observations, it is possible that ¥@loegadhosts

two completely different dimers oZnR, one with a large excitonic coupling and
another, close to the diamal loop with a lower coupling. However, the spectral
resolution of our experiment was not enough to separate such signals and other
protein designs are needed to verify the latter hypothesis.

Although the structural arrangement of the chromophores ingbeomplexes
cannot be unequivocally determined from CD spectroscopy, its combination with
simulations yields further insights. In the antiparallel stacking, the histidine
arrangement for theAlpha4 sequence is equivalent to that detadin the
paralletantiparallel stacking, that we determined to be the most likely to occur.
Thus, CD spectra calculations on &lphad4antiparallel stacking can be used to
determine dimer geometries compatible with those responsible for the
experimental CD signal @eta4(Figure2.5). We took 10 snapshots across a 1.0
pMs molecular dynamics run foflphadantiparallel, and calculated the CD
spectrum for each of them. Although most of them result in spectral features
different than those inBeta4 one particular snapshot y@d a spectrum that
shows some degree of qualitative agreement with the experimental Bige
A216 andA217). Therefore, whilst we stress that different geometries can lead
to similar CD patterns, the structure shown Rigure A2L6 might serve as a
candidate for the arrangement of chromophoresBata4

60



Excitonic Interactions in Blaspired ChromophofBrotein Assemblies

2.5 Conclusion

Our work aimed at obtaining excitonically coupled chromophore pairs in a 132
residuelong 4" -helix bundlede novoprotein originally designed by Dutton and
co-workerd4]. Seven protein designs containing zero (Epsilon), #ph@2
Omegaz andBeta2, and four Alpha4 Omega4 andBetad histidine binding
sites have been studied by absorption, CD and fluorescence spectroscopy. The
absorption titrations together vih their analysis by a binding model were used
to determine the dissociation constants that ranged from the nanomolar to the
micromolar scale together with the spectra of the different species present
during the titration, as well as to calculate the pogiidn of species at different
protein concentrations. The results showed that indeed, two desi@msegasd

and Beta4 have the ability to bind two couples a@hromophoresin a non
cooperative fashion with the dissociation constant for the first two
chromophaes in the nanomolar range and the third and fourth in the
micromolar range. The melting temperaturenjwas determined by collecting
CD spectra taken as a function of temperature in the UV range (200 to 350nm).
For the apeproteins the T, ranged from arond 40 to 65°C, whereas,
interestingly, all the histidineontaining proteins exhibited an increase in the
thermal stability ranging from 10 to even 30°C upon chromophore binding. CD
titrations in the UV range were performed to investigate the proteinifajcand
coiledcoil structure upon chromophore binding. The results indicated
differences among the designs and, notably, a strong correlation was found
between the changes inmTand in coileecoil structure upon chromophore
binding: the more coiledoil the protein structure is, the higher its thermal
stability. CD titrations in the Vis range unquestionably demonstrate excitonic
coupling between chromophores in two designs able to birdhPmolecules:
strong coupling iBeta4and weak irODmega4 The forme shows that we have
been able to create excitonically coupled dimers as initially aimed with estimated
exciton coupling similar to the ones found in natural systems (that is, 125 or
170cm?). The weaker coupling i@megadwith respect toBeta4could be the
conseqguence of one of the dimers formed being located too close to the random
coil linking two of the four alpha helicaesulting in insufficient space for the
dimer to adopt the optimal configuration for excitonic interactions. Comparison
of these designs wittiAlpha4 allows us to experimentally prove the parallel
antiparallel packing for this protein design lacking a crystal structure. This work
also benefitted greatly by the consideration of tkeromophoreaggregation
process and the usaef several control experiments using proteins with zero and
two binding sites. In conclusion, we have fulfilled our objective of reproducing
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the first design principle of photosynthesis irda novodesigned proteinThis
inspires theimplementation of more sophisticated strategies found in natural
systems suchas the presence of excitons witBT character and quantum
coherence between the excitonic states in our protein desigoaultimately
incorporate them into solarenergy conversion devices. Furthesre, we
envisage that applying the lessons learned here, larger proteins able to house
many more coupled chromophores presenting directional energy transfer could
be designed in the near future for light harvesting purposes.
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Chapter3

Building of Excitonic Interaction on
ProteinrChromophore Complexes

Saeed Shareeflisabet Romefo

3.1 Abstract

In nature, photosynthetic pigmerirotein complexes achieve excellent
photoinduced charge separation efficiency due to, among other strategies,
exciton delocalization. These principles inspire the development of bioinspired
artificial systems, ande novodesigned proteins provide a versatile platform for
manipulating chromophore properties. However, achieving excitonic and
chargetransfer (CT)states requires closely spaced chromophores in specific
well-defined relative orientations. This study outlinesystematic approach to
create excitonic systems and manipulate their energy landscape by designing
protein matrices. We investigate a previously described artificial protein
geometry (Betad that can bind four chlorophyll derivatives, facilitating the
formation of closely spaced and strongly interacting chromophore dimers. In
addition, we introduced two novel systems to further aid our study and to design
novel lightharvesting complexes. We used a variety of spectroscopic technigues
to gather structural, kectronic and binding information. This work paves the way
for the rational design of chromophotgrotein complexes with enhanced
photophysical properties, highlighting the significance of closely packed
chromophores for maximizing their interactions.
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3.2 Introduction

The biological significance of photosynthesis is unquestionably vital for the
existence of life. It begins with light harvesting, in which specialized pigment
protein complexes absorb photons of light and convert them into electronic
excitations called excitonsThis excitation energy ithen transferredalong a
chain of excitons ending with the ones locatiedthe reaction center, where
charge separatiomccurs[1][2][3]. Chlorophylls (Chls) and bacteriochlorophylls
(BChls) are the mairght-absorbing pigments in photosynthetic organisms. Most
of these molecules are organized into densely packed arrays within light
harvesting protein complexes (LHGsjle onlya smallfraction is embedded in
reaction center (RC) proteinghichdrive sutlsequent metaboli¢dark)reactions

[1]. The LHCs demonstrate an impressive ability to efficiently collect light over a
wide range of wavelengths, ensuring a continuous flow of photons to the RC. This
intricate architectural design capitalizes the dfwctionality of (B)Chls as both
donors and acceptors of excitation energy.

The efficient absorption of photons by these LHCs are facilitated by their large
absorption coefficients and the high pigment density (within photosynthetic
complexes), which is achievable in solution. In vitro chlorophyll solutions
exhibit concentration quenching, even at concentrations significantly lower than
those found in chloroplastsi.e. at a chlorophyll concentration of 10M,
comparable to that of chloroplasts, nonethe in vitro systems achieve the same
efficiency in photon capture or energy transfer as their in vivo countergdtts
Therefore, protein matdes play a crucial role in maintaining the perfect position
and orientation of these pigments, where interagtiodoes not result in
guenching, and this arrangement ultimately determines the photochemical
properties of these pigmentd]. This is the key idea we would like to explore in
our studies.

It has been a longtandinggoal of the scientific community to cige efficient
artificial systems for harnessing solar energy through bioinspired approaches.
Achieving high efficiency demands precise control over various factors, such as
light absorption, energy transfer, and the properties of lighsorbing
moleculespigments. De novoproteins offer a promising platform for such
control [5]. Recent advancements in our understanding of photon absorption
and energy transfer mechanisms, particularly the "design principles of charge
separation”[1], hold significant poterial for developing strategies that can
achieve excellent charge separation efficiency, akin to biological systems (close
to a unitary quantum yield) in developing of highly efficient energy conversion
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systems.Recent advances in protein desifj[7][8] and artificial enzyme$9]

have opened up new avenues for the development of Hagutvesting complexes
[10]. In this study, we investigate the densely packed arrangement of
chromophores within a previously studied protein matrix cal®etad design
(Chapter2). This matrix consists ale novodesignedsinglechain amino acid
sequencesSuch saalled maquettes spontaneoudhyid into 4-" -helical bundles

in solution, in which the helices aoennected viahree random coié. We chose
zinc-pheophorbidea ¢ZnB as a pigment for constructing artificial lighérvesting
complexes, exploiting the binding affinity ziic with histidines to create binding
sites on maquettes. This unique protein platform enabled us to precisely modify
the postions and orientations of the chromophores by altering the position of
histidines through point mutations. Altering the chromophore's position changes
the coupling interactions within the embedded chromophore, allowing -fine
tuning of their electronic propeties. Notably, theBeta4design has the ability to
accommodate four chromophores, forming excitonically coupled interactions
(Chapter 2). To further explore the electronic properties of this geometry, we
designed and expressguioteins with four bindingiges, which could potentially
house two chromophore dimers, along with control proteins featuring two
binding sites. We assessed the binding affinity of each chromophore to the
proteins using absorption spectroscopic titration analysis. Changes in tiee-coll
coil structure of the proteifil1][12] upon chromophore binding were monitored
using circular dichroism (CD) spectroscopy. In addition, we measured changes in
the thermal stability{7][10] of the protein upon incorporation of chromophores
into its binding sites using CD spectroscopy. We also used CD spectroscopy to
monitor the formation of chromophore dimers and the resulting evolution of
excitonic interactions.

3.3 Materials andlethods

Chemicals: Reagents were obtained from Merck: Reactant grade esty
Uvasol spectroscopic grade solvents, KCI, and CHES (BioXtra)

Protein Synthesis Nucleotide sequences were introduced into a linearized
PET32RC plasmid using Gibson assembly to create suitable vectors. The
plasmid includes a Thioredoxin (TRX) tag and a His tag for affinity
chromatography in E. coli bl21. PCR and gel electrophoresismed

successful annealing. Overexpressed plasmids in E. coli bl21 were purified using
a HisTrap column, followed by TEV digestion to release 17 kDa proteins. Purity
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was confirmed by SBRAGE, yielding about 10 mg of protein per liter of
culture.

Chromophore Synthesis

Pheophorbide a was resolved by URUE, and Zn was inserted by metalation.
The product, a mixture anAPA, nZnAPA, and 130hZnAPA, was purified and
assessed by UPIMS and NMR. These compounds, similar in structure and
properties, behave @a single compound. The slight differences in their
electronic properties do not significantly impact their behavior. Therefdn®

is used to refer to the chromophore throughout the study.

Optical Spectroscopy

Absorption spectra were recorded on a Shima 1900i or 2600i
spectrophotometer using quartz cuvettes with pathlengths of 0.1 to 10 mm,
ensuring optical density (OD) between 0.1 and 1.5. Circular Dichroism (CD) was
measured with an Applied Photophysics Chirascan, equipped with a Xenon light
source, dual polarizing prism monochromator, phetdastic modulator, and
avalanche photodiode detector. OD was maintained between 0.6 and 2 in the
visible range and 0.4 in the UV range.

Temperaturecontrolled measurements were conducted using a thermoelectric
controller with 0.2°C precision, scanning from 20 tc9WC. For each protein
design, spectra were recorded in the 200 to 265 nm range at 5°C intervals, while
the amplitude of the 222 nm band was recorded at 2°C intervals. These 222 nm
measurements were uskto determine the melting temperature J of the ape

and holoproteins by fitting the data with a Boltzmann sigmoid curve.

Absorption and CD Titrations

Absorption titrations were performed using a 10 mm Quartz cuvette containing
3.0 mL of a 5.0 uM protrisolution in a buffer (20 mM CHES, pH 9.0, 150 mM
KCI). The cuvette was placed in a spectrophotometer and stirred at 700 rpm. A
concentratedZnPchromophore solution (1.5 mM in methanol) was added in
increments using a gagght syringe with a dead volumzelow 2 pL. The syringe,
mounted on an automatic pump, delivered the chromophore solution in 100
steps (0.1 chromophore/protein equivalent steps), covering a ratio of 0 to ~9,
with 10 minutes of equilibration between additions. For CD titrations, a 2.5 mM
ZnPsolution was added to a 20.0 uM protein solution in 0.5 equivalent steps,
with 60 minutes of equilibration. Absorption titration data fittings were
LISNF2NY¥YSR dzaAy3a wSIFOG [Fown 9v! L[L.wlL! 06
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Resonance Ramafoectroscopy

Resonance Raman spectra were collected using a Renishaw inVia Reflex RAMAN
confocal microscope equipped with a 405 nm laser. A Palteted CCD
detector (77K) from Linkam Scientific Instruments was coupled to a Leiea DM
2500 microscope for spectral det@n. Each spectrum was acquired over 300
seconds, with the final spectra representing the average of 10 accumulations.
The laser operated at 5% of its nominal power (100 mW).

3.4 Resultand Discussion

Our previous studies reveal thaBetad exhibits higler efficiency in
accommodating four chromophores in its binding sites compared to other
geometries such a&lpha4and Omega4(2" Chapter) (the number indicates the
number of histidine binding sites within the protein). The position of histidine
residues \ithin the structure makes th8eta4 Alpha4d andOmegadgeometries
different (Table2.1). Beta4 and Omega4bind four chromophores, whereas
Alphadcan only bindup to two chromophores, despite all three protein designs
being intended to bind four chromophes. The binding sites in all three protein
geometries exhibit nanomolar to micromolar binding affinities towards the
chromophores. The incorporation of closely positioned binding sites aims to
facilitate the formation of excitonic interactions. However, lprthe Beta4
geometry displays a pronounced and conser@btton effect, which is weaker

in Omegadand absent irAlpha4

To further investigate the electronic properties of tiBetad geometry, three
control systems sa@alledBeta2 BetaTop DimelBeta2TD, andBeta2Bottom
Dimer Beta2BD are generated by point mutations as shown in the Table 1. In
the Beta2design, two histidine amino acids at positions 7 and 4Beta4are
replaced with alanine. This alteration is expected to result in the binding of two
nor-interacting chromophores that are spatially distant from each other due to
the positioning of histidine residues within the complex (one at the top and
another at he bottom of the structure). Conversely, in tBeta2BDdesign, the

7 and 126 histidine binding sites are substituted with alanine, while iB#dia2
TDdesign, the histidine at positions 42 and 91 are replaced with alanine. These
modifications lead to lie spatial orientation of histidine residues facing each
other in theBeta2BDandBeta2TDcomplexes at the bottom and at the top of
the structure, respectively. As a result, the bound chromophores in these designs
would have the potential to exhibit stng excitonic interactions.
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Additionally, two more design8etadxand Betadh are introduced (Tabl8.1).

In the case of theBetadxdesign, an additional helix that does not contain
histidine residues is introduced to modify the overall dipole moment relative to
the parent Betad design. Each -helix exhibits a dipole moment from the- C
terminus to the Nterminus with two partial charge of opposite sign, placed at
the ends of the helix, positive at thetidrminus, and negative at the-€rminus,
each of magnitude 0.8 x #0C, which in turn generates an electrostatic field
along the helix (from Nerminus to Germinus) of 18 V/m. Itis known that this
strong electric field plays an important role in the structure and function of
proteins, for instance by inducing faster electron transfer rate when the direction
of the electric field is aligned against the electron transfer diredticéi{14]. The
presence of an even number of alpha heliegth pairwise opposite alignments

in the Beta4designroughly makeshe individual contributions of each helix to
the total dipole moment of the systemancel By introducing an extra helix, a
net dipole moment is created and an electric field is generated across the protein
structuredueto odd number of alpha helice3his is done to favor and accelerate
electron transfer in the direction from the-fb the Gterminus of the 5th -helix
(from bottomto top in the figures shown in Tab8&1). In addition, the protein
packing inBetadxmay be different and the electronic energy levels may be
shifted relative to theBeta4design.

As for theBetadhdesign, the 4alpha helical protein is cut into two alpha helical
strands (Tabl8.1) to test if providing more degrees of freedom to the system to
achieve the most favorable and stable geometry for the chromophore dimers,
once the two halves might interawith each other, could enhance the excitonic
coupling strength.

In order to understand the binding ratio and binding affinity between the
chromophore and the different protein designs, absorption titration experiments
are performed. The protein conceamtfiion used in the measurements is
FLIWNREAYLF(GSt& pon >ad ¢KA& LINRGIGSAYy O2y!
diverse species across a broad range of chromoppootein ratios, thereby
enhancing the precision and accuracy of the binding analysis. In these
experiments, a stock solution of highly concentrated chromophaeB(in
organic solvent (MeOH) is gradually added to the aqueous protein buffer solution
in 0.1-equivalent steps at Xninute intervals with continuous stirring, for a total

of 9-10 equivaknts. Here 1 equivalent corresponds to the chromophore
concentration needed to fill one histidine binding site. Hencehes#dine and a
4-histidine containing protein require 2 and 4 chromophore equivalents,
respectively, to (ideally) fill in all thedinding sites.
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Figure 31 displays the absorption titration spectra of all the protein designs
under investigation Kigure 31, left panels) alongside with the spectra
normalized to the respective chromophore concentratidfiglre 31, right
panels).For dl proteins excepBeta2, the Q band exhibits a narrovgpectral
profile around 670 nm with a fulvidth halfmaximum (FWHM) of 24 nm up to
the addition of 2.0 equivalents of chromophofellowed by a broadening of the

Q bandwith the FWHM increasing @round 26 nmwhich aligns with our recent
observations in related protein desigfisl]. However, in the case &eta2 the

Q band broadens with the addition of more than one equivalent chromophore.

Table 3.1: Schematic representation of protaimaguettes and their amino
acid sequence for all the studied protein designs

Design Schematic figure Amino acid sequence

Beta4d G

BWKQHE DALQKFE EALNQFE
DLKQ

GGSGSGSGG

R, BWKQHE DALQKFE EALNQFE
DLKQL
GGSGSGSGG

BWKQE DALQKFE EALNQHE
DLKQL

GGSGSGSGG

BWKQFE DALQKFE EALNQ-E
DLKQL

Beta2 G

BWKQAE DALQKFE EALNQFE
DLKQL
GGSGSGSGG
HWKQAE DALQKFE EALNQFE
DLKQ
GGSGSGSGG
HWKQE DALQKE EALNQHE
DLKQ
GGSGSGSGG
") | BWKQFEDALQKFE EAINQHE
o DLKQL
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BetaBottom Dimer
(Beta2BD

G

BWKQAE DALQKFE EALNQFE
DLKQL

GGSGSGSGG

BWKQ-E DALQKFE EALNQFE
DLKQL

GGSGSGSGG

BWKQFE DALQKFE EALNQ-HE
DLKQL

GGSGSGSGG

BWKQEE  DALQKFE  EALNQAE
DLKQL

BetaTop Dimer
(Beta2TD

G
BWKQHE DALQKFE EALNQFE
DLKQL

GGSGSGSGG

HWKQAE DALQKE EALNQFE
DLKQL

GGSGSGSGG

HWKQE DALQKE EALNQAE
DLKQL

GGSGSGSGG

BWKQE  DALQKE  EAINQHE
DLKQL

Betadx

G

BWKQHE DALQKFE EALNQFE
DLKQL

GGSGSGSGG

BWKQ-E DALQKFE EALNQFE
DLKQL

GGSGSGSGG

BWKQE DALQKFE EALNQHE
DLKQL

GGSGSGSGG

BWKQFE DALQKFE EALNQHE
DLKQL

GGSGSGSGG

BWKQE DALQKFE EALNQFE
DLKQL

Betadh

G
HWKQHE DALQKFE EALNQFE
DLKQL

GGSGSGSGG

HWKQ-E DALQKFE EALNQFE
DLKQL
GGSGSGIRRDLEAIRRRAAKV
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Figure 31: Absorption titration spectra

300 450 600 750
Wavelength (nm)

() Betadx IO-O 1
I 10.0

300 450 600 750
Wavelength (nm)

0.0

(1) Betadh

300 450 600 750
Wavelength (nm)

Normalized
Absorbance (a.u)

Normalized

Absorbance (a.u)

Normalized
Absorbance (a.u)

Theleft column panels (a), (c), (e), (g), (i) and 8Hows the absorption titration
spectra andthe right column (panelgb), (d), (f), (h), (), {hthe normalized
absorption spectra to the chromophore concentration (tfp to bottom row)

Beta4 Beta?2 Beta2BD Beta2TD Betadx Betadh

80



Building of Excitonic Interaction on Prot&hromophore Complexes

Furthermore, as the addition of the chromophore proceeds, changes in the shape
of the Soret band are observed. Specifically, the intensity of the peak at 436 nm
decreases, while the peak at 420 nm increaségure 31). The broadening of

the Q-band and the change in shape of the Soret band shape after reaching 2.0
equivalents can be atibuted to the formation of dimers within the protein and

the aggregation of hydrophobic chromophores in the aqueous buffer, as found

in our previous study11].

To investigate the binding ratio and binding affinity of the chromophores to the
proteins, theabsorption titration data are analyzed according to a binding model.
The first step in the analysis is to determine the number of species present in the
data employing Singular Value Decomposition (SVD), where the rank of the
dataset corresponds to the mober of singular values that represent meaningful
information, i.e., different species, rather than noise. To understand the
formation of different species in the sample solution at different chromophore
to protein ratios and their corresponding bindingwélgprium values, a sequential
binding model is used to fit the absorption titration data sets. According to the
binding model, the potential species present in the buffer solution include the
protein, different proteirnchromophore complexes (protein witB and/or 4
chromophores bound), free chromophore in solution, and chromophore
aggregates that form in the aqueous buffer due to the hydrophobic nature of the
chromophores.

The binding model consists of the following equations:

eE 0 e -equation (1)
Y 0z YO e -quation (2)
YO 02 YO ---meeeeee- -equation (3)

The symbol S represents a protein with a pair of binding sites (one at the top and
one at the bottom of the structure), where it is assumed that both binding sites
in this pair have the same binding affinity for the chromophore. S can be
understood as théop (or bottom) half of the protein structure, as if the protein
were cut into two (almost) equal halves with a horizontal line through the center
of the structure. This is justified by the high symmetry of the protein structure,
where a single chromophorbound to the top or bottom of the structure is

81



Chapter3

surrounded by a similar protein environment. In this case, the concentration of S

in Betadis twice that of theBeta4 protein (Betaq4 = 2 x [S]). The symbol L
corresponds to the chromophore. SL and iBtlicate a protein half with one or

two chromophores bound, respectively. The equation (1) indicates the formation

of chromophore aggregates,jlwith a minimum of four chromophores in the
F33aINBIFGS oy x nod ¢KS F2NXIGA2¢¥ YR
aggregates have been extensively discussed in Chapter 2. The values obtained
for these constants fall within the acceptable error range of the previously
established model, as summarized in Table 2.

Equations (1), (2) and (3) are applied to all protasigns with potential to
accommodate chromophore dimerBétad Betadx Betadh Beta2TD and
Beta2BD with rank 5 corresponding to the possible species present in the
solution (L, §, S, SL and §LForBeta4h since the titration data set shows the
same pattern as forBetad4 and Betadx the same model is applied. It is
hypothesized thaBeta4hpeptide helices dimerize to form ahelix bundle
similarto Beta4upon addition of chromophore. This hypothesisupported by
experimental observations from circular dichroism spectroscopic studies
(discussed in a later section). In this case, when preparing the sample to perform
the experimentsBetadhis considered as if being ah4helix bundle with four
binding sies.

In the following, the species denoted in the model as S, SL, andilSbe
replaced with P, BC and P& corresponding to the approtein (no
chromophore bound), holoprotein with 2 chromophores bound (one at the top
and one at the bottom), and hopwotein with 4 chromophores bound (two at the
top and two at the bottom), respectively.

Figure 3 shows the fitted spectra and concentration profiles resulting from
the absorption titration oBeta4 Betadxand Beta4h The corresponding
dissociation consints (pl§) are given in Table 2. A similar spectral shape is
observed for the SL species in the casBeth4and Betadxwith the Q band
maxima at 670.0 £1.0 nm with an extinction coefficient of around 35000 L mol
e, However, the shape of the SL spaatfBeta4his quite different and

blue shifted compared tBetadand Betadx with the Q maxima positioned at
666.0 +1.0 nm and an extinction coefficient of around 42000 Lo,
Interestingly, the spectral shape of the;Species is similar forlahese three
proteins Beta4 BetadxandBeta4l). The @band is centered at 670.0 £1.0 nm
for both Betadand Beta4x but their extinction coefficients are different, being
75000 and 60000 Lm&tnt?, respectively. The (pand ofBeta4his 2.0 nm
redshifted compared t®etadandBetadx with an extinction coefficient of
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around 60000 Lmdtm?. Notably, the evolution of the species at this protein
concentration are weltaptured by the binding model, confirming the accuracy
of the modeland the suitability of the experimental conditions.
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Figure 32: Binding analysis of absorption titration

The binding analysis spectrai®étad BetadxandBetadhare displayed in panels

(@), (c) and (e) respectively. The concentration profile8eth4 Betadxand
Betadhare depicted in panels (b), (d) and (f), respectively. The different species
involved in the binding processe thecoupled protein binding sit€S blach,
doubly two bound chromophoreprotein complex L, red), quarterly bound
chromophoreprotein complex Ly, magentd, nonbound free ligand (Lgreen,

and chromophore aggregates(lblue).
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For proteinsBeta2BDandBeta2TD, which contain two Istidine residues at the
bottom and top of the structure, respectively, and have a rank equal to the 4
histidine-containing proteins, equations (1), (2), and (3) are also applied.

T i T i T i I R B
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Figure 33: Binding analysis of absorption titration

The binding analysis spectra Béta2BDand Beta2TDare displayed in panels

(a) and (c) respectively. The concentration profileBeth2BDandBeta2TDare
shown in panels (b) and (d) respectively. The different species involved in the
binding processre the protein @, black single bound chromopho#grotein
complex PL, red), doubly bound chromophorprotein complex PL,, magentd,
non-bound free ligand (Lgreer), and chromophore aggregates(blue).
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Figure 33 shows the fitted spectra and concentration profiles resulting from the
absorption titration experiments with Beta2BD and Beta2TD The
corresponding pKare given in Tabl&.2. Interestingly, both the SL and,SL
species show a similar spectral shapéadth the absorption titrations oBeta2
BDandBeta2TD In particular, the @band maxima for both SL and>Species
are at 669.5+1 nm in botBeta2BDand Beta2TD However, it's worth noting
that the extinction coefficient values show considerable at@on. In the case of
Beta2BDthe extinction coefficients are 48000 Lnioin? for SL and 68000 Lmol
e for Sk. ForBeta2TDthese values are lower: 36000 Lriat? for SL and
60000 Lmotcm?! for SL. The observed evolution of the species in the
concentration profile at this protein concentration validates the binding model
and the experimental conditions.
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Figure 34: Binding analysis of absorption titration

The binding analysis spectra and concentration profile8eth2is shown in
panels (a) and (b). The different species involved in the binding process, namely
the protein binding siteR), single bound chromopho#grotein complex L),
unbound free ligandL), and chromophore aggregate)(Lare shown in black,

red, green, and blue; respectively.

In the case oBeta2 the SVD analysis of the absorption titration data reveals that
it is has rank 4 This suggestthe presence of four species, namely Proté#)
unbound free chromophore (L) in solution, ligand aggregatd @nd
chromophore bound protein (PL) specid$herefore equations (1) and (2) are
used to fit the titration data forBeta2 This assumption is supported by our
experimental findings from i@ular dichroism spectroscopic studies, which will
be discussed in a later section. Althogta?has two histidines in its sequence,
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it can only bind to a single chromophore. The single chromophorend Beta2
protein (SL) exhibits an absorption spectrumth the Q, maximum at 668+1 nm
GAGK 'y SEGAYOlAz2Yy O02STWFhDdaRD.y i | NBdzy R

Table3.2: Binding properties of chromophorgrotein complexes

Protein Binding ratio Logo(Ki) Logo(Kz) Logo(Ky)
([Chromophore]/[Protein]) /n
Betad 4:1 7.8 5.6 3.6
Betadx 4:1 7.8 6.8 3.5
Betadh 4:1 7.9 7.6 4.4
Beta2BD 2:1 6.8 5.8 3.9
Beta2TD 2:1 7.4 5.6 4.1
Beta2 1:1 6.5 - 4.1

Comparing the binding affinity &etadwith that of Beta4x both proteins are
found to have equal binding affinities for the first pair of chromophores.
However, for the second pair of chromophor8gtadxexhibits a binding

affinity that is ten times greater than that &etad4 This difference in affinity is
attributed to the presence of the'5helix, as discussed below in the context of
the differences in protein folding betwedbetadand Betadx

TheBetadhdesign, in which th8etadstructure has been split into two halves to
provide more degrees of freedomrféhe system to select the most favorable
geometry for chromophore binding, shows high and similar binding affinities for
the first and second pair of chromophores to their binding sites. Therefore, it can
be concluded that this strategy has been succdsafithe binding affinity of the
third and fourth chromophore iBetadhis two orders of magnitude higher than

in Beta4

In the case oBeta2TD, the first chromophore has a binding affinity two orders
of magnitude higher than that of the second chromopfioWhereas for the
Beta2BD protein, the first chromophore has a binding affinity one order of
magnitude higher than the second chromophore.

According to our analysis, all protein binding sites have nanomolar to micromolar
affinities for chromophore imding. However, in the case Bkta2 although the
design contains two binding sites, the protein binds only one chromophore. In
contrast, for all other proteins the number of chromophores bound is equal to
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the number of histidine binding sites, indicagithat the proteins are capable of
binding the maximum number of chromophores possible. The one and only
binding site of theBeta2protein has a similar binding affinity compared to the
first binding site oBeta2BD

Evolution of Protein CoiledCoil Stricture upon Chromophore Binding

To investigate the impact of chromophore binding on protein folding, circular
dichroism (CD) spectroscopy is employed, specifically by monitoring the

OKI N OGSNRaAaGAO yS3l (A déicalbsecyniaty stridres 2 OA | (1 S
between 200 and 350 nm. The analysis of the spectral intensity minima ratio at

222 nm over 208 nm provides insights into the coited structure of the protein

that could be understood as the protein compactngss[16]. Figure 36 shows

the CD spetra in the protein region together with two insets: an enlargement of

the 208 and 222 nm bands, and the evolution of the 222/208 ratio as a function

of the number of chromophore equivalents added to the initial gypotein

solution for all protein designs

Figure 3 [panel (a)] displays the changes in the protein band of Beta4
design. The inset (Il) clearly shows that the 222/208 ratio increases from 0.0 to
2.0 chromophore equivalents. From 2.0 to 4.0 equivalents the value decreases
and after 4.0 equialents it does not change significantly. This means that the
compactness of the protein increases up to 2.0 equivalents, it decreases from 2.0
to 4.0 equivalents and remains constant from 4.0 to 6.0 equivalents. This
evolution can be understood as the pein becoming more compact as it binds

2 chromophores, and then opening up its inner core to accommodate'tlznad
4""chromophores.

Likewise,Figure 35 illustrates the changes in the protein bands of the other
protein designs upon the addition of chromophores. Notably, a similar increasing
behavior of compactness is observed for Beta4xandBeta4hdesigns up to 2.0
equivalents (panels b and f, respeely). However, after 2.0 equivalents, the
ratio remains constant, indicating that the compactness of the protein structure
remains the same upon binding of the third and fourth chromophores.
Conversely, for the two histidireontaining proteins Beta2TD (panel d) and
Beta2BD(panel c)], the ratio remains constant from O to 6 equivalents, implying
that they maintain their initial state when accommodating the chromophores.
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Figure 3.5: Impact of chromophore binding on protein coilecbil structure

Panel (a), (b), (c), (d), (e) and (f) shows the changes niedical structure of the
protein Beta4d Betadx Beta2BD Beta2TD Beta2 and Beta4h respectively, in
response to chromophe binding. The insets display: (I) the zoonwediew of the
protein band and, (Il) the ratio of CD signals at 222 nm to 208 nm as a functi
the number of chromophore equivalents added to the ggotein solution.
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In case ofBetadhprotein, the amino acid sequend®2 y & A & (i &helige3 ( ¢ 2
connected via a random colrigure 31). In the apo state, it has flexible strands,

as indicated by the absence of a 208 nm band at zero equivalents. Consequently,
Al 2yfteé SEKAOA (helicds Kt 822 Grd. Thils Gebults ind$olv yalu@ ¥
for the 222/208 ratio at zero equivalentss ashown inFigure 35, panel (f).
Interestingly, from 2.0 equivalents onwards, the protein bands show similar
signatures to that of thdBetaddesign and other proteins. This suggests that,
upon binding the first two chromophores, these two separate stracm®bine

G 2 T 2 NX-helical $tractiziésithilar to thBetaddesign.Figure 36 directly
compares the evolution of the 222/208 ratio for all designs upon the addition of
chromophores.

1.0 1
0.9+
—s— Beta2 Figure3.6: Chromophoreinduced
—m— Beta2TD conformational changes in protein
0.8 1 _ = Beta2BLC coiled-coil structure
Betad The ratio of CD signals of protein bai
Betadx & 222 nm to 208 nm as a function ¢
0.7 4 the number of chromophore
Beta4h equivalents addeda the apeprotein

solutionfor all protein designs

0 1 2 3 45 6
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Thermal Denaturation Study of Ap@nd Holoproteins

To explore the effect of chromophore binding on protein stability, thermal
denaturation experiments are performed on both chromophdree (apo) and
chromophorebound (holo) proteins. A native (or natural) functional protein
showsthermodynamic stability relative to unfolded and partially unfolded states
[17]® ¢ Kdza X GKS G KSNX)2Re y-helical@rotéiristrustaré A ( &
is directly related to its thermal stabilif$][ 7][10][11][12]. The changes in the CD
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signal of he protein band at 222 nm are monitored as the temperature is
gradually increased from ~20 to ~90 °C. The fwaltein samples are prepared

by adding the exact number of chromophore equivalents required to fill all active
binding sites (as determined by awption titration analysis) to the protein
solution and allowing the mixture to equilibrate during the incubation period of
approximately 15 minutes.

The obtained data are fitted to a sigmoidal Boltzmann distribution to determine
the midpoint of protein fdding. This specific temperature point at which 50% of
the protein population is in the folded state and the other 50% is in the unfolded
state known as the melting temperature.{)T

During our thermal stability analyses, absorption and CD spectra ofdle@tie
complexes are measured in both the UV and visible regions to investigate the
temperature effect on both the chromophores and the protein. These
measurements are taken at the beginning of the analysis (~20°C) to observe the
tertiary structure of theinitial state and at the end of the analysis (~90°C) to
observe the unfolded state. In addition, the same sample is measured at 20°C
after being kept at 4°C for 24 hours for refolding. The corresponding spectra of
temperature dependent protein folding argigmoid fitting curves are shown in
Figure 37 andFigure 3. At high temperatures (~90°C), a complete loss of the
alphahelical coileecoil structure is observed in the UV region of the CD spectra
(Figure 37 andFigure 38), resulting in the loss of éhcotton effect in the visible
region of the CD spectra (Chapter [2)1] and pointing to the disruption of
chromophore dimerization in thdeta4 Betad4xand Beta4h holo-complexes
(Figure A3.1). However, the presence of a negative peak in the spéctra
indicates that the chromophore remains bound to the protein and does not form
aggregates in solution. Interestingly, on cooling, the protein returns to its initial
state Figure 37 andFigure 3) and the chromophore dimerizes again and forms
exctonic interactions [FigureA3.1). The observed differences in the shape of the
Soret band in the absorption spectra and the intensity of the CD spectra after
cooling can be attributed to the degradation of a small amount of the
chromophoreprotein complexs at high temperatures. It is interesting to note
that both the ape and holoprotein complexes return to their initial states when
the sample is cooled back to 20°C, as showkigare 37 andFigure 38.
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Figure 3.7: Thermal stability of maquette owplexes

Panels (a), (d), and (g) display the CD spectra of the apo staBetasf Betadx and
Beta4h respectively, at 20°C (dark blue) and 100°C (light blue). The insets sha
absorption spectra of the proteins before (dark blue) and after (lighie)blthe
temperature study at room temperature (RT). Panels (b), (e), and (h) present tr
spectra of the holo states @eta4 Betadx andBeta4h respectively, at 20°C (dark re:
and 100°C (light red). The insets show the absorption spectra before ridyrland
after (light red) the temperature study at RT, with the magenta spectra represer
the data after the sample has cooled down. Panels (c), (f), and (i) illustrate the sig
fitting curves for the apo (blue) and holo (red) statesBetta4 Beta4x, and Beta4h
respectively, along with their corresponding Vialues.
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