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Abstract

The Photosystem II (PSII) core complex, the engine for oxygen genera-
tion, is an important photosynthetic complex. It is a symmetric dimer that
contains four antenna complexes (CP43 and CP47) and two reaction cen-
ters (RCs). Understanding energy transport in such complex photosynthetic
complexes requires theoretical effective models that can faithfully reproduce
excitation energy transfer (EET) dynamics. In this work, we present an effec-
tive model for EET in the PSII core complex based on a previous molecular
dynamics (MD) simulation study. This model describes absorption spectra
of CP47, CP43 and RC at 297 K as well as the full EET dynamics among
the 74 chromophores in the PSII. Energy transfer rate constants are modeled
based on the modified Redfield theory and two pathways of primary charge
separation are treated phenomenologically in our model. We show that in the
monomer, EET between two antenna complexes most likely occurs presum-
ably through the RC. Also, the CLA625s are a bridge between monomers
and cause the CP47s to become an energy regulator, which can transfer the
excitation energy between monomers and maintain high efficiency of charge
transfer when one of RCs is closed. CP47s as an energy regulator may be the
reason for the dimeric structure of PSII core complex. Our model provides
new insights towards the understanding of light harvesting in the PSII core
complex and shows that a first principle approach based on MD simulations
and quantum chemistry calculations can be effectively utilized to elucidate

the dynamics of light harvesting in photosynthetic complexes.
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Chapter 1

Introduction

1.1 Light harvesting and charge transfer of
oxygenic photosynthesis

Oxygenic photosynthesis is a type of photosynthesis that can produce oxygen. The
oxidation of water to molecular oxygen is carried out by the oxygen-evolving complex
(OEC) of photosystem II (PSII). This process requires absorption of multiple photons.
PSII is a membrane-bound pigment-protein complex that captures sunlight and transfers
light energy to the reaction center (RC) in order to generate a light-induced charge sepa-
ration. The charge separation is initiated by a primary chlorophyll-a electron donor and
forms a strong oxidant, P680". P680" promotes the formation of the oxygen, the proton
and the electron which then is transferred from OEC to RC to reduce P680" and re-open
the RC [1] [2]. The relationship between energy transfer and electron transfer is showed
in Fig. 1.1.

Sunlight drives the primary charge separation in the RC. Therefore, how sunlight is
collected and transferred efficiently to the RC is a key question to be understood. We will
introduce the structure of PSII, primary charge separation in the RC, the high quantum
yield of charge separation, and two models for energy transfer and charge transfer in the

following subsections.

d0i:10.6342/NTU201802891



PSII core
complex Reaction PSII minor

‘ center antenna

hy

Stroma

thylakoid __|
membrane

- Lumen
e

H,0 0, + H*

Figure 1.1: Illustration of light reaction in the PSII of higher plants. The PSII is located
in the thylakoid membrane. Black lines indicate the thylakoid membrane. Yellow arrows
indicate the light harvesting from peripheral light harvesting complex II (LHCII) to the
reaction center (RC). Blue arrows indicate the path of electron transfer. Phe is the pheo-
phytin. ()4 and @) g are plastoquinones. OEC is the oxygen-evolving complex.

1.1.1 The structure of photosystem II

PSII is a complicated pigment-protein complex embedded within the thylakoid mem-
brane of cyanobacteria, algae and higher plants. In green plants, the thylakoid membrane
frequently form stacks of disks, and the continuous aqueous phase enclosed by the thy-
lakoid membrane is the thylakoid lumen. The thylakoid lumen plays an important role
for photophosphorylation during photosynthesis. In Fig. 1.1, the surface which the OEC
attached to is the lumenal surface and the other side is the stomal surface [3].

In plants, the PSII supercomplex contains a variety of peripheral light-harvesting
complexes, including the major light-harvesting complexes II (LHCII), minor antenna
complexes (CP29, CP26, and CP24). These antenna complexes surround the PSII core
complex and absorb light energy and transmit it to the reaction center to promote charge
separation [3, 4]. The structural model of PSII supercomplex is shown in Fig. 1.2.

The high-resolution crystal structure of PSII-LHCII supercomplex has been solved
until 2016 [4]. To understand the pathways of excitation energy transfer, electron transport
and water splitting processes occurring within the complex, the higher-resolution crystal
structure of cyanobacterial PSII is applied in the previous studies [6, 3, 7, 8, 9]. The thy-

lakoid membranes in cyanobacteria are different from that observed in plants. They form
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'S" majLHCII “M” majLHCII

“M” majLHCII 5" majLHCII

Figure 1.2: A structural model of (55, Ms-type PSII-LHCII supercomplex. The model
was constructed based on the electron microscopy map and the crystal structures of PSII
(PDB: 3ARC), majLHCII (PDB: 1RWT) and CP29 (PDB: 3PL9). Subunits D1, D2, CP43
and CP47 of PSII core are colored in purple, salmon red, orange and green, respectively.
‘S -, ‘M’ -type of majLHCII trimers and the minor antenna CP29 are shown as cyan,
blue and magenta ribbons. The homologous structures of CP26 and CP24 are shown as
wheat and yellow surface models, respectively [5].

stacks of parallel sheets close to the cytoplasmic membrane with a low packing density
[10]. The relatively large distance between the thylakoids provides space for the exter-
nal light- harvesting antenna in cyanobacteria, which is phycobilisomes rather than the
LHCIIs in green plants [11]. However, based on the endosymbiotic theory, the cyanobac-
teria are the original of chloroplasts of algae and plants [1], so the PSII core complex
of cyanobacteria is similar to that in plants [1, 12]. Except for the similar structure of
PSII core complex, the mechanism of photosynthesis in cyanobacteria is similar to that in
photosynthetic eukaryotes [2].

In 2014, Huang and co-workers reported an exciton model via extensive molecular
dynamics (MD) simulations and quantum mechanics molecular mechanics calculations
based on the X-ray structure of Thermosynechococcus vulcanus [13, 14]. Through col-
laboration, we obtain the MD simulation date. Therefore, our study is also based on the
crystal structure of 7. vulcanus.

The crystal structure of PSII core complex in 7. vulcanus is showed in Fig. 1.3.
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Figure 1.3 shows protein subunits and positions of pigments. According to positions of
pigments showed in Fig. 1.3b, we can find that PSII core complex is a dimer with C2

symmetry.

(a) ®)

Figure 1.3: The crystal structure of PSII core complex in 7" vulcanus at a resolution of 1.9
A. (a) The side view of PSII core complex. (b) The top view of PSII core complex. The
helical ribbons in the background are protein subunits. The chlorin ring of chlorophylls a
and pheophytins are showed. The color code for chromophores are : CLA (cyan), PHE
(red) and BCR (orange).

PSII core complex forms a C2 symmetric dimer. In each monomer, it includes two
antenna complexes (CP43 and CP47) and one reaction center (RC). The location of an-
tenna complexes and reaction centers are shown in Fig. 1.4. The blue, green, and red
ellipses represent the location of CP47, CP43, and RC. Two CP47s in different monomers
are nearest neighbors to each other, while two CP43s in different monomer are far away
from each other. To understand light harvesting in the PSII core complex, our study
focused on the chromophores in the PSII core complex. It includes 70 chlorophylls a
(CLAs), 4 pheophytins (PHEs). In addition, there are 16 CLAs in a CP47, 13 CLAs in a
CP43 and 6 CLAs and 2 PHEs in a RC. Therefore, there are 74 pigments considered in

our model.
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Figure 1.4: Illustration of the chlorophyll arrangement in the PSII core complex. Chlorin
rings in the crystal structure of 7. vulcanus PSII core complex (PDB: 3ARC) are shown.
The blue ellipse represents the location of CP47 antenna complex. The red ellipse repre-
sents the location of RC. The green ellipse represents the location of CP43 antenna com-
plex. Dashed lines indicate estimated interfacial regions between the two monomers.

1.1.2 Primary charge separation in the reaction center

The RC, the core of PSII, is the place where the primary charge separation takes
place. There are 6 chlorophylls a, 2 pheophytins and 2 plastoquinones in a RC. In Fig.
1.5, chromophores in the RC form two symmetric branches. The closest two chlorophylls
a, Pp; and Pp,, are named as a special pair. The distance between a special pair is only
8.06 A. Therefore, a special pair is strongly coupled to each other.

A interesting phenomenon is that the primary charge separation only takes place in
one branch. According to the previous studies [15, 16], there were two pathways to charge
transfer in the RC, the so-called C'hlp, pathway and Pp, pathway [17]. The reactions are
as follows:

Chlp; pathway : (Chlp,Phep)” —> Chlg;Phey; —> Ppj;Phep,

Ppy pathway : (Pp,Pp,Chlp))” — PpyPp; —= P Chlp, —= Pp,Phep,.

In both pathways, they finally transfer a electron to pheophytin to form the same radical
pair, P/}, Phe ;. Then, the electron is transferred to () 4 and then transferred to the Qp in
order to leave the RC. Due to this functional asymmetry of two branches, the branch in
which the electron transfer takes place is called the active chain and the other is called the
inactive chain.

Because of the charge transfer dynamics in the RC are out of the range of our work,
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Inactive Chain

special pair

OEC

Figure 1.5: Chromophores in the RC and oxygen-evolving complex (OEC).The color code
for chromophores are : CLA (cyan), PHE (red), BCR (orange), plastoquinone (gray) and
OEC (purple).

we only consider two apparent time constants for formations of radical pair 1 (RP1),
Chl}, Phep,,, in Chlp, pathway and radical pair 2 (RP2), P}, Chly,,, in Pp; pathway:
Chlp; pathway : (Chlp,Phep,)” — Chlg,Phep;, Trp1 = 700 (fs)

Ppy pathway : (Pp,Pp,Chlp;)” — Pp,Chlp, 7rp2 = 3 (ps)

in the master equation to mimic the charge transfer in the RC [16].

1.1.3 Efficient EET and high quantum yield (QY) of charge transfer

(CT)

Another question that scientists are curious about is how efficient is energy conver-
sion in the RC. If it is higher than the efficiency of current solar cell, then we would be
possible to improve materials by understanding the reasons why the PSII can progress
such efficient reaction. So, how can we measure the efficiency of primary charge separa-
tion? In previous studies [18, 19, 20, 21], time-resolved fluorescence is applied to measure
the quantum efficiency of charge separation in PSII of a higher plant. Croce and his co-
workers measured fluorescence decay traces with charge separation and without charge

separation in the PSII at 680 nm. The quantum efficiency of charge separation is defined
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By = 1 — 22 (1.1
TChl

where 7,,, and 7¢y; are the average lifetime of an excited state in PSII in the present
and absence of charge separation [19]. Pigments in the excited states can relax to the
ground states by fluorescence, relaxation as heat or transferring energies to RCs to charge
transfer. In other words, these three ways compete with each other. Fluorescence decay
trace decays faster when the charge separation takes place in the PSII. Therefore, the ratio
of average fluorescence lifetimes in the present and absence of charge separation implies
the quantum efficiency of charge separation.

Croce and his co-workers prepare PSII samples with different peripheral antenna
sizes. The results show that the quantum efficiency of charge separation in the PSII often
exceeds 0.84, whereas in the PSII with smaller antenna size, the quantum efficiency can
be as high as 0.91. Because excitation energies in large antenna take more time to reach a
reaction center, some of them could be released by the fluorescence. Therefore, efficient
excitation energy transfer from antenna complexes to a RC is a key factor that affect the

efficiency of light reaction.

1.1.4 Two models for energy and electron transfer in the PSII

To understand the functional role of excitation energy transfer in PSII core com-
plexes, it is necessary to consider the downstream electron transfer chain, too. The direc-
tion of excitation energy transfer in PSII core complexes not only transports from high-
energy states to low-energy states but also toward RCs, which is driven by the depletion
of the excitation population by charge separation. In the past few decays, the energy
transfer and electron transfer in PSII cores were studied by a series of spectroscopic tech-
niques such as linear spectra [22, 23, 24, 25], pump-probe [15], time-resolved fluores-
cence [23, 6], hole burning [26], and Stark spectroscopy [25]. The accumulated data have
allowed a great deal of understanding on the light reaction in PSII, yet some key mecha-
nisms regarding the relative time scales of energy transfer and charge separation remain

controversial.
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In the 1980s, Holzwarth and co-workers observed that the main component detected
in the fluorescence decay of PSII core complexes change from 80 ps for open RCs to 220 ps
for closed RCs, in which () 4 is in the reduced state [27]. To explain this change, a kinetic
model was developed: the 80 ps lifetime component with open RCs was recognized as
the contribution of primary electron transfer to a pheophytin, and the 220 ps lifetime was
attributed to the secondary electron transfer to () 4 [28]. The kinetic model was called
the “exciton radical pair equilibrium” (ERPE) model [27], because it proposed that the
excitation energy transfer through the antenna to the RC is much faster than the overall
charge separation time. As a result the equilibrium between excitation in the antenna and
the charge separation state can be established. However, the crystal structure showed that
the distance of antenna chlorophylls and RC chlorophylls is larger than 25 A [13], and the
distance is so far that energy transfer from antenna complexes to RCs should be slower
than the overall charge separation in the RC. Therefore, the energy transfer to the RC
should not be reversible. This leads to the so-called “transfer-to-the-trap limited” (TTTL)
model [29].

Clearly, the relative time scales of energy transfer to be versus that of charge transfer
distinguishes the ERPE model and the TTTL model. However, the reported time scales of
energy transfer and charge transfer are inconsistent in the lifetime. It is due to the difficulty
to assign a peak as the contribution of a specific site because the energy difference of
transition energies in different sites are too close and sites strongly couple to each other.
Also, radical pair (RP) formation and excitation energy transfer between chlorophylls both
show spectral signatures in the (), region in PSII. These processes greatly complicates the
interpretation of the transient absorption data. Therefore, it leads to an extensive debate
in the literature regarding the mechanism and the timescale of energy transfer and charge
transfer in PSII [22]. Until now, which one of the two kinetic models for energy and

electron transfer is correct remain debate.
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1.2 What s the role of the dimeric PSII core complex?

Up to now, we introduced the structure of dimeric PSII core complex, the high quan-
tum yield of charge separation in RC and two kinetic model for energy and electron trans-
fer in PSII core. It is worth noting that most studies did not consider an intact PSII core
complex in the models. According to a previous study [30], there is no significant differ-
ence between the ground state absorption spectra of monomer and dimer. It implies that
the interaction between the two monomers is weak. Therefore, a monomer of PSII core
complex is often considered to describe light reaction in the PSII. However, if excitation
energy can’t flow between two monomers, why is the PSII in the form of dimer? What is
the structure-function relation in PSII core complex? Recent experimental and theoretical
studies [30, 31, 32] started to answer these questions. However, assumptions proposed by
the studies still remain debate.

In addition, previous studies considered a simple model for PSII supercomplex to
investigate energy transfer dynamics [33]. Van Amerongen and co-workers provided a
coarse-grained model to correlate excitation energy transfer processses to the fluorescence
kinetics of PSII. The coarse-grained model is based on dimeric structure of the PSII super-
complex. A hopping rate was applied in the model to evaluate the average migration time
in the PSII. In their model, excitation energy can only transfer within different monomers
by the CP47 and the RC in different monomers. However, the distance of the nearest pig-
ments in two CP47 is 29.01 A and is smaller than the distance of the nearest pigments of
the CP47 and the RC in different monomers, which is 29.40 A [13]. Therefore, the energy

transfer link should be consider between two CP47s, too.

1.3 The outline of this work

In the previous study [14], Huang and co-workers performed five independent 5 ns
molecular dynamics (MD) simulations based on the crystal structure of 7" vulcanus. They
calculated excitonic couplings and site energies for pigments in the PSII core complex

based on structure ensembles from MD simulation. The effect of protein environment
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was considered in the calculation of the average excitonic coupling and the average site
energy obtained from MD simulation. According to their study, the site energy of C'hlp;
was lowered by charged residues of the protein environment. It led C'hlp; to have the low-
est site energy and excitation energy to flow to C'hlp; eventually. However, their study
only considered static results and did not analyze the dynamics of results from MD simula-
tion. Therefore, through collaboration, we obtain MD simulation data from Huang’s group
to analyze the dynamics simulated by MD. We aim to investigate the inter-monomeric ex-
citation energy transfer pathway and want to know whether the dimeric structure of PSII
core complex is crucial for excitation energy transfer based on the information obtained
from MD simulation.

Based on the five independent simulation, they simulate another thirty 50 ps simula-
tions. They saved a snapshot per 4 ps and save 12501 conformations of PSII core complex
in each 50 ps simulations. They apply structure ensembles from MD to calculate the site
energy for each pigments by CDC method. Therefore, we want to apply these ab initio
data to construct an effective model of PSII core complex to try to understand the role of
dimeric PSII core complex.

Average site energies obtained from CDC method and excitonic couplings based on
crystal structure will be apply to construct the system Hamiltonian of the PSII core com-
plex. Then, we will apply energy gap fluctuations for each site from MD simulation to
calculate the energy gap auto-correlation function to describe the interaction between the
environment and electronic states of pigments. After that, we will apply quantum cor-
rection to obtain the quantum time correlation function to ensure that the simulation of
excitation energy transfer dynamics obeys detailed balance.

To verify the credibility of our model, we will fit absorption spectra of CP47, CP43
and RC, respectively. Then, we will revise our model until the model can describe absorp-
tion spectra well. And then, we will propagate the excitation energy transfer dynamics
based on modified Redfield theory and master equation and will also consider two charge
separation pathway and fluorescence in our simulation.

We expect that through the effective model constructed in this work, we can propose

10
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an explanation for a reason why PSII core complex form into a dimeric structure in nature

and propose a possible inter-monomeric excitation energy transfer pathway.

11
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Chapter 2

Theoretical background

2.1 Structure-based model for photosynthetic complexes

In the past decades, to understand the energy transfer dynamics, the well-established
model is developed. In the following sections, we will introduce the system-bath model
to describe the pigment-protein complexes (PPCs) and the method to obtain transition

energies and excitonic couplings.

2.1.1 System-bath model and Frenkel exciton Hamiltonian

The description of the quantum dynamics of excitons in pigment-protein complexes
(PPCs) is well established [34, 35, 36, 37]. The standard Hamiltonian of a PPC used to

study energy transfer contains three parts
H=H,+ H,+ Hy, (2.1)

where H, is the system Hamiltonian. H, is the bath Hamiltonian and Hy;, is the system-
bath Hamiltonian [34].

The system Hamiltonian is the Frenkel exciton Hamiltonian. In the pigment-protein
complex, the distance between most of the pigments is too large to have spatial overlap

between the electronic wave functions of the different pigments, so the of Frenkel excitons
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can be applied. [35] It is given by

H, = ZE ) (0] + > T |n) (m (2.2)

n#Em

where F, is the transition energy of each sites and .J,,,,, is the excitonic coupling for each
pairs of sites. In our model, the localized excited state |n) is given as the product of the
@), excited state (S;) wavefunction @szf) (7) of pigment n and ground state wavefunctions

,i (r) of pigment k # n, that is

=) [ e (r). (23)

k#n

The excitonic coupling contains two parts. One is coulomb term and the other is exchange
term. Exchange term is short-range contribution due to electron exchange. Coulomb term
is the coulomb interaction between the electrons stay at their molecules. The Coulomb
term which dominates the large majority of excitonic couplings between photosynthetic

pigments, .J,,,,, 1s given by

Jym = /drl...drN/drl...er;@)(rl...rN)zpfg)(rl...rN)
1
X ZJ - Fj‘wgw(m S (P T,

By using Pauli’ s principle for the exchange of electrons and changing names of integration

variables, the above matrix element can be written as

Jom = NmNn/drl...drN/drl...drwge)(rl...TN)@z)gg)(rl...rN)
1

|7"1—7’1|

1
= // drldrgpn(ﬁ)rl _T2pm(r2)a

pn(r1) = N, / dry . .. drN@DT(f)(rl .. .rN)zﬂ?(lg)(rl L. TN), (2.6)

V9 ()P O (Fy L Ty, (2.5)

where p,, (1) is the transition density of the pigment n [38].
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The bath Hamiltonian is given as

1

2), (2.5)

Hy = hwa(blba +

where Aw,, is the energy of vibrational quanta in the mode «. Actually, it is hard to de-
scribe the environment exactly, so we apply a bunch of effective harmonic oscillators
to approximate the motions from the bath. Here, we only consider the diagonal term of
system-bath Hamiltonian and assume the off-diagonal term is zero. To verify that the as-
sumption is reasonable or not, we calculate the ratio of standard deviations to absolute

o

value of couplings, - This ratio implies the degree of excitonic coupling fluctuation.
We only calculate the ratio of excitonic coupling which is larger than 10 cm ™!, because
the excitonic coupling, which is smaller than 10 cm !, may result in a fake degree of fluc-
tuation. We find that most of the ratio are less than 0.2. It means that pigments bound by
proteins can rotate and vibrate in a limited space and leads to slight fluctuations of cou-
plings between pigments. Therefore, ignoring the off-diagonal term of Hy, is reasonable

and we just consider excitonic couplings as constant values in the system Hamiltonian.

The system-bath Hamiltonian is denoted by

Hy =) hwagan(bl, + ba) [n) (0] (2.8)

where g, 5, 1s the system-bath coupling constant between the state n in the system and the
mode « of the bath. The vibronic coupling of each element in the system-bath Hamiltonian
describe the modulation of site energies and excitonic couplings by nuclear motions of the
complex. It is assumed that the fluctuations of site energies are linear coupled to the dis-
placements of nuclei from its equilibrium positions and each site has its own independent
bath.

In condensed phased system, the number of vibrational modes coupled to sites is so
large. Therefore, we apply the spectral density function, J(w), to describe such interaction.

Based on the independent bath assumption, the spectral density function for the site n is
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defined as

In(w) = Z 92 PP (w — wa). (2.9)

The spectral density function is the density of state of vibration modes weighted by the
effective interaction strength In addition, in the energy gap Hamiltonian (Eq. 2.1-2.8), the
energy gap fluctuation governs the quantum dynamics, which is described by the energy

gap auto-correlation function, C,, (7). It is given by:

Co(7) = (SEL(7)0E,(0))

— za: g2 W [cos(war)coth(%) — isin(wyT)] (2.10)

= /000 den(w)[cos(waT)coth(%) —isin(waT)],

where = k%T and T is the temperature of the thermal bath. Both the energy gap auto-
correlation function and the spectral density function can estimate the interaction between
the system and the bath. In our work, we calculate the time correlation function to describe

system-bath interaction instead of the spectral density function.

2.1.2 Methods for estimation of the site energy

As we mentioned before, the matrix elements of system Hamiltonian are site energies
and excitonic coupling. As long as we can obtain these matrix elements, we can determine
a system Hamiltonian. The following subsection will introduce two methods of site energy
calculation.

One of the methods is a calculation of site energies from a fit of optical spectra. N sets
of site energies are generated, and the corresponding linear spectra such as OD, LD, and
CD are simulated and compared to the experimental results. Then, the different sets are
rank according to their fitness value, which is defined by the reciprocal of the mean square
deviation between the calculated and experimental spectrum. Finally, we can obtain a set
of site energies with the largest fitness value [39].

The other way to obtain a set of site energies is based on structural data of sites.

Charge density coupling (CDC) method [39, 40] is one of the methods based on structural
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data and is applied to calculate site energies based on MD trajectories from huang’s group.
In this approach, the relative site energy is calculated rather than the absolute site energy.

Figure 2.1 shows the idea of CDC method.

Vacuum

Figure 2.1: The schematic diagram for CDC method. The ground state and first excited
state of (), transition are represented by bra-ket notation.Chlorin ring of chlorophyll a is
shown. The helical ribbons in the background are protein subunits and represent the bath.

Vacuum transition energy, E, is the energy shift obtained by fitting the spectrum and
is assumed to be equal for all pigments. That is, we ignore the energy difference due to
the conformation change. However, F is changed by local protein environments of each
sites and lead to different transition energies. Therefore, the site energy of pigment n is
given by

E, = FEy+ AFE, (2.11)

where A E, is the site energy shift due to the difference in pigment-protein Coulomb inter-
action between the ground and excited states of the pigments. To simplify the calculation
of Coulomb interaction between pigments and protein residues, Charge protein residues
are considered as background charges, {q?g } , and a electronic state of a pigment are repre-
sented by a set of atomic partial charge, {qi } Atomic partial charge is a charge localized
on a atom of a pigment. A set of atomic partial charges is obtain from fitting of ab initio

electronic potential. That is, the electronic potential of a electronic density approximate
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the electronic potential of atomic partial charges. Thus, AE,, is given by:

Eeff rh

qu
B Z Z bg‘

6ef f

b b
_ qe,ing B qg,@'q]'g )
72 2 b

(2.12)

where €77 s an effective dielectric constant, ¢;'; is a atomic partial charge on atom i for
the excited state of pigment n, g, ; is a atomic partial charge on atom i for the ground state
of pigment n, Aq/" is the difference of a atomic partial charge on atom i for pigment n, and
rl'or r 9 is the position of atomic partial charges or background charges. Figure 2.2 shows
the difference of ground and excited electronic density of chlorophyll a and the difference

of ground and excited electronic potential of chlorophyll a.

(@) (b)

Figure 2.2: Surface plot of the difference in electron density and the corresponding elec-
tronic potential for chlorophyll a. (a) Surface plot of the difference in electron density
Ap(r) = pe(r) — py(r) between the excited state, Sy, and the ground state, Sy obtained
by TDDFT/B3LYP. (b) The corresponding electronic potential A¢(r) = ¢ (1) — ¢4(r).
Negative values are represented by red colors and positive values by blue colors [41].
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2.1.3 Methods for estimation of the excitonic coupling

In the subsection 2.1.1, we mentioned excitonic coupling, J,,,. In the following
subsection, we will present two methods to calculate excitonic coupling. As far as we

know, excitonic coupling is given as:

Tom = // drldrgpn(rl)ripm(rg). (2.13)

12

In the transition density cube (TDC) method [42], transition density, p(r), is represent as
a set of three dimensional grids. According to Eq. 2.14, excitonic coupling is the integral
with respect to 7, and 7, of accurate interaction energies between transition density cubes
of each pigments. However, this method is evaluated numerically. Therefore, Transi-
tion charge from electrostatic potential (TrEsp) method, which is equal accuracy, but less
numerical cost, is developed.

Figure 2.3 shows the transition density of chlorophyll a and the corresponding elec-

trostatic potential of the transition density. In the TrEsp method [41], the electrostatic

(a) (b)

Figure 2.3: Surface plot of transition density and the corresponding electrostatic potential
for chlorophyll a. (a) Surface plot of the transition density p” (7) of chlorphyll a obtained
by TDDFT/B3LYP. (b) The corresponding electronic potential ¢ (r). Negative values are
represented by red colors and positive values by blue colors [41].

potential of the transition density is fitting by transition charges which localize on atoms

of a pigment. Thus, the excitonic coupling is given as:

n, T m, T

4 g
Jm = — f =268 —0.27d} + 0.54, 2.14
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where f is a scaling factor to describe screening and polarization effect of the protein
environment in an implicit way [43, 44], q?’T is the transition charge i of pigment n, q;.”’T
is the transition charge j of pigment m, R} is the position of transition charge i of pigment
n, 7" is the position of transition charge j of pigment m, and d is the distance between

pigment n and m. The schematic diagram for TrEsp method is showed bellow.

Figure 2.4: The schematic diagram for TrEsp method.

2.2 Quantum correction of classical time correlation func-

tion from MD

As we mentioned before, raw data of molecular dynamics (MD) simulation propa-
gated by huang’s group are structure ensembles of PSII core complex. We can calculate
site energies and excitonic couplings by CDC method and TrEsp method based on struc-
ture ensembles from MD and have trajectories of site energies and trajectories of excitonic
couplings. Figure 2.5 shows trajectories of site energy for Pp; and excitonic coupling be-
tween special pair, Pp; and Pps.

In this section, we describe the interaction between our system and bath by the energy
gap auto-correlation function (Eq. 2.10) from MD trajectories and obtain quantum time

correlation function (qTCF) by quantum correction.
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Figure 2.5: The trajectories of site energy and excitonic coupling from MD. (a) The tra-
jectory of site energy obtain by CDC method for Pp,. X axis is the simulation time of
MD.Y axis is the energy gap of site energy and unit is cm~t. (b) The trajectory of exci-
tonic coupling, J, obtain by TrEsp method between special pair. X axis is the simulation

time of MD. The unit of Y axis is em 1.

2.2.1 Classical time correlation function from MD

As we mentioned before, we apply energy gap auto-correlation function to describe
the interaction of the system and the bath. To obtain energy gap auto-correlation function,
we need to have the trajectory of energy-gap fluctuation. For each pigments, we have six
trajectories of site energy, AFE, (t). Then, the average value, AE,, of site energy for all
trajectories is applied in the diagonal term of system Hamiltonian. In addition, we can
obtain energy gap fluctuation, 0 £, (t), for each pigments. The energy gap fluctuation is

given by:

SE,(t) = AE,(t) — AE,. (2.15)

For example, Fig. 2.6 shows one of the trajectories of energy gap fluctuation of Pp;.
Energy gap fluctuation affect by the bath, such as vibration modes of pigments, vibration
modes of proteins, slow conformational change of proteins. According to the previous lit-
erature, fast vibration modes of pigments and vibration modes of proteins contribute to the
so-called dynamic disorder for energy gap fluctuation and slow conformational change of
proteins contributes to the so-called static disorder. Protein conformational changes are on
ms time scale. This time scale is larger than the ps time scale of energy transfer. There-
fore, to investigation energy transfer dynamics, we only need to consider the dynamics
disorder. In Fig. 2.6, we can find that site energy shifts around 27 ps. It may be due to

protein conformational change. That is to say, the static disorder and the dynamics disor-
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Figure 2.6: One of the trajectories for energy-gap fluctuation of Pp;. X axis is the simu-

lation time of MD.Y axis is the energy-gap fluctuation of site energy and unit is cm 1.

der of energy gap fluctuation are mixing in the trajectory. Therefore, we try to “filter” the
static disorder by dividing the 50 ps trajectory to five intervals. Each interval is 10 ps and
dominates by the dynamic disorder.

Then, we can calculate energy gap auto-correlation function based on 10 ps trajecto-
ries of energy gap fluctuation for each pigment. The energy gap time correlation function
is given as:

Co(7) = (6E,(7)0E,(0)). (2.16)

According to ergodic theory, as long as measurements are performed over a long time, and
that due to the flow of the system through state space, the time average is the the same as
the ensemble average [45]. Therefore, we can rewrite the time correlation function (TCF)

as time average and it is given as:
T
Cn(1) = —/ SE, (T +t)0E,(t)dt. (2.17)
0

Each pigment has 30 trajectories for 10 ps and has corresponding 30 energy gap auto-
correlation functions. We average 30 energy gap auto- correlation functions and each
pigment has one average energy gap auto-correlation functions. Moreover, we assume
pigments are coupled to independent baths of the same form. Therefore, we average en-

ergy gap auto-correlation functions of each pigment in the RC and this TCF is denoted as
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Chdh. Itis given as:

30 2
1

Cup(T) = 0% 8 %2 Z Z Chij(T), (2.18)

n=1 i=1 j=1

where ¢ is the index of 30 trajectories of energy gap fluctuation for each pigment and j is
the index for monomer 1 (M1) or monomer 2 (M2). Figure 2.7 shows the average energy

gap auto-correlation function from pigments.
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Figure 2.7: The average energy gap auto-time correlation function based on MD simula-

tion. The unit of x axis is ps. The unit of y axis is cm 2.

2.2.2 Harmonic quantum correction of energy gap auto-correlation
function

To correctly simulate excitation energy transfer dynamics, the behavior of our model
system has to obey detailed balance. As far as we know, quantum time correlation func-
tion (qTCF) describe the quantum dynamics of a system and also obey detailed balance.
Quantum time correlation function is complex. It can’t be directly measured but observ-
ables are often related to the real or imaginary part of correlation function. In our work,
energy gap auto-correlation function, also known as classical time correlation function

(cTCF), obtained by site energy fluctuation from MD simulation relates to the real part
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of quantum time correlation function. Therefore, we need to apply quantum correction to
cTCEF to obtain qTCF.

We apply harmonic quantum correction to cTCF obtained by MD. Harmonic quantum
correction corrects the cTCF in the frequency domain, so we apply the Fourier transform to
cTCF to obtain classical time correlation function in frequency domain [46]. The classical

time correlation function in frequency domain is given as:

9 (1) = / TN (1) dr, (2.19)

—00

avg

where w is the angular frequency. We apply the Hann window to Cf;7,(w) to filter out
the higher frequency modes. Then, C;},(w) is multiplied by a harmonic quantum cor-
rection factor, Q. (w), to obtain quantum time correlation function in frequency domain.

Harmonic quantum correction is given as:

Bhw

Coel) = Quarl) CRh(w) = T Clit (), 220)

where § = ,%LT and T is the temperature. Then, C.(w) is applied by inverse Fourier
transform to obtain quantum time correlation function in time domain, C\,.(7). The quan-
tum time correlation function (qTCF) is complex. Figure 2.8 shows the qTCF. Real part
intensity of qTCF at t=0 is higher than cTCF and the amplitude of fluctuation is higher
than cTCEF. It is due to the harmonic quantum correction factor emphasize the effective
interaction strength of high frequency vibration modes. Imaginary part of qTCF fluctuates

intensely within 2 ps. It may be due to high frequency vibration modes, too.

2.3 Simulation of the absorption spectrum

So far, we describe our model in the site basis. However, when the PSII core com-
plex absorbs sunlight, there may be more than one pigment present in the excited state.
Therefore, we diagonalize the system Hamiltonian in site basis to obtain the exciton state.

The exciton state is eigenstate of system Hamiltonian and is superposition of all sites for
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Figure 2.8: The quantum time correlation function based on MD simulation. (a) The

Real part of quantum time correlation function. (b) The imaginary part of quantum time

correlation function. The unit of x axis is ps. The unit of y axis is cm 2.

PSII core complex. The exciton state, |a), denote as:

H,la) = Eqla),|o) =) C|n). (221)

n

where F, is the exciton energy for the exciton state «, C is the coefficient for the site
n in the exciton state a. Then, we can describe the absorption spectrum by exciton states
and propagate excitation energy transfer dynamics by calculating the transfer rate between
exciton states.

In the section 2.1, we introduce the structure-based model and methods to calculate
site energies and excitonic couplings. In addition, in the previous section of chapter 2,
we introduce the harmonic quantum correction to obtain the quantum time correlation
function from energy gap auto-correlation function based on MD simulation. Then, we
can construct an effective model for PSII core complex to investigate excitation energy
transfer dynamics. However, how can we trust the dynamics given by our model? We
verify our model by fitting the absorption spectra. If our model can reflect the spectral

properties, we have confidence in our model. We apply optical density (OD) to simulate
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the absorption spectrum [47, 37]. The optical density is given as:

OD(w) =w Z ,uiRe/ dte!(@=wa)t=gacaa(t)~Raaaat, (2.22)
- 0

po =D Ol i (2.23)

Raaaa - = Z Rﬂﬁaav (224)

Bto

where po and w, denote the transition dipole moment and frequency of the a-th exciton
state, Jaaaa(t) is the line-broadening function, Runae is the inverse lifetime of the a-th
exciton state. The coefficient, C, for the site n in the exciton state « associates the tran-
sition dipole of the exciton state with the molecular transition dipole, p,,. It is important
to note that the optical density takes into account a relaxation-induced broadening of the
exciton states given by their inverse lifetimes, i.e., Ronaa- Racaa 18 given by a sum of
the relaxation rates from the a-th exciton state to the others exciton states. [2ggq, 1S the
transition rate based on modified Redfield theory from a-th exciton state to S-th exciton

state and is given by [47]:

Rggaa = —2Re /0 AW (Wsas ){s0aas(t)—{dasaa(t) — Gasss(t) + 2iXagaa}

X{gaaﬂa(t) - gﬂﬁﬂa<t) + 2i/\aaﬁa}}§
(2.25)

A

W(Wﬁaa t) = exp{_iwﬁ—at_gaaaa(t)_gﬁﬁﬁﬁ(t)+2gao¢56+2i()‘o¢aﬁﬁ_)\aaaa)t} (226)

where wgq, = W3 — Wa, Aaaaa 18 the reorganization energy for a-th exciton state. The

lineshape function ¢(t) and A-value in Eq. 2.25 and 2.26 defined as

Goalt) = / 07 Craos (7)(t — 7) 2.27)

26

d0i:10.6342/NTU201802891



)\agﬂ/(; = —/0 [m(Caﬁ,yg(T))dT (2.28)

Bhw

Capys(T) = /OOO dea,W(w)[cos(waT)coth(Ta) — isin(waT)], (2.29)

where J,3,5(w) is the matrix of the spectral densities in the eigenstate (exciton) rep-
resentation and can be obtained from the matrix of the spectral densities in the site repre-
sentation ./, (w). We further assume that the spectral density of each such bath is site
independent. That is, J,nm/ (W) = dnmOnn/OmmsJ (w). Therefore, transformation to the

eigenstate representation yields:
Jops(w Z CoCPCIC T (w) (2.30)

Therefore, energy gap auto-correlation function in exciton representation, C\,g.5(7), can

also be obtain from the site representation. It is given by:

Copys(T ancﬁcvcé/ de(w)[cos(waT)coth(@) — isin(waT)]
2.31)
= ZO“CBCVO“ (),

where C'(7) is energy gap auto-correlation function in site representation and we assume
C(7) is equal to C,.(7) obtained by C'},%,(7). That is to say, we can calculate the Eq. 2.22
based on the C,.(7) and exciton energies and coefficients of exciton states.

However, we have to consider the homogeneous broadening and inhomogeneous
broadening, which are due to the dynamic disorder and the static disorder of energy gap
fluctuation, when we simulate the absorption spectrum. Since the simulation time of each
MD trajectories is only 50 ps, the inhomogeneous broadening obtained by MD is biased,
we set the inhomogeneous broadening as 70 cm ™! for all exciton states. The homoge-
neous broadening for the peak of the a" exciton state is represented by the absorption
line shape function of the o exciton state, Janan(t)-

Furthermore, After verifying our model by fitting absorption spectrum, we can propa-
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gate excitation energy transfer dynamics by construct the rate constant matrix. The matrix
element of rate constant matrix can be obtained by Eq. 2.25. The details will be mentioned

in section 4.1.
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Chapter 3

Effective models for RC, CP47 and

CP43

3.1 Model Hamiltonian

In this chapter, we present the effective model in our work based on site energies cal-
culated by huang’s group and excitonic couplings calculated by ourself based on crystal
structure (PDB ID:3ARC). In following subsections, we present pigments labels for 74
chromophores in the PSII core complex to introduce matrix elements of system Hamilto-
nian. The system Hamiltonian is 74 by 74 matrix, so the system Hamiltonian is divided

into 20 block Hamiltonians to discuss individually.

3.1.1 Pigment labels of PSII core complex

In the introduction, we show the crystal structure of PSII core complex, but we don’t
assign all the pigment labels to each pigments. However, the diagonal term of system
Hamiltonian is site energy of each pigment. Therefore, we present pigments considered
in our model in Fig. 3.1. The label of pigments are shown below.

In Fig. 3.1, we only show the monomer of PSII core complex, because the label are
the same in two monomers. There are 16 chlorophylls a in the CP47 and these pigments

are labeled from CLA612 to CLA627. There are 13 chlorophylls a in the CP43 and these
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Figure 3.1: Labels of 35 chlorophylls a and 2 pheophytins in the monomer of PSII core
complex. Chlorin rings in the crystal structure are shown. The blue ellipse represents the
location of CP47 antenna complex and chlorophylls in the blue ellipse are in CP47 antenna
complex. The red ellipse represents the location of RC. The green ellipse represents the
location of CP43 antenna complex.

pigments are labeled from CLA628 to CLA640. In the RC, there are 6 chlorophylls a and
2 pheophytins. The subscripts, D1 and D2, represent two major proteins in the RC. C'hlp,
and C'hlps are also known as accessory chlorophylls. C'hlzp, and C'hlzps are also known

as peripheral chlorophylls.

3.1.2 Block Hamiltonians of PSII core complex

To clearly understand and analyze matrix elements of our system Hamiltonian, we
divide the system Hamiltonian into 20 block Hamiltonians. There are 74 pigments in the
PSII core complex, 37 pigments are in each monomers. n=1-37 represent pigments in
M1 and n=38-74 represent pigments in M2. Site energis, F,,, are calculate based on MD
simulation by huang’s group and excitonic couplings, J,,,,,, are calculate based on crystal

structure by ourself. Figure 3.2 shows block Hamiltonians in the system Hamiltonian.
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Figure 3.2: Block Hamiltonians in the system Hamiltonian. The whole matrix is a 74 by
74 system Hamiltonian. The name of each block Hamiltonian is shown in the center of
the block. Hpc and H . are 8 by 8 matrixes. Hcopyr and Hyp,; are 16 by 16 matrixes.
Hepys and Hy,p,, are 13 by 13 matrixes. Hopar— e and Hypy, pe are 16 by 8 matrixes.
Hepas-re and Hypys pe are 13 by 8 matrixes. Hopas_cpar and Hepys opyr are 13
by 16 matrixes. Hgro_cpy7 is the transpose of Heopar—re. Hro—cpas 1S the transpose of
HC’P43 RC- HCP47 C P43 is the transpose of HCP43 CP4T- H}%C C P47 is the transpose of
HCP47 re- Hpo opas is the transpose of Hppys poe Hopyr cpas iS the transpose of
HCP43 cpar-Hari—nre and Hypo— g are 37 by 37 matrixex.

Hgco, Hopar and Hpys are Frenkel exciton Hamiltonian for RC, CP47 and CP43.

These are given as:

Hpo = ;;Enlm (n] +n:§;<m Jum(|0) (m| =+ [m) (n]), 3.1)

%WZEmvm%;Q%szHmw> (3.2)

pr%==ggiﬂhhw<nl+ng;Lmenﬂn>On++lﬂw<nD> (3.3)
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where £, is the average site energies of pigment n obtained from MD trajectory.
Hepar—ros Horas—ros Hopas—cpar, Hro—cpar, Hro—cpas, and Hopar—cpas are
oft-diagonal term of the system Hamiltonian and all of the matrix elements are excitonic
couplings between pigments of different complexes within a monomer. For example,
matrix elements of Hopy7_pe are excitonic couplings between pigments in CP47 and

pigments in RC.These are given as:

24 8
Hepar—pe = Z Z Jm |0) (m| = (Hpo—cpar)”, (3.4)

n=9 m=1

378
Hepis—re = Y Y Jum In) (m| = (Hpe—cpas)" (3.5)

n=25m=1

37 24
Heopas—cpar = Z Z Jum |7) (m| = (Hopar—cpaz)” - (3.6)

n=25m=9

Above block Hamiltonians describe one of monomers in PSII core complex. Block
Hamiltonians with apostrophe describe the other monomer in PSII core complex. To dis-
tinguish two monomers, two monomers denote as monomerl (M1) and monomer2 (M2).
For example, Hi¢ is Frenkel Hamiltonian for RC in the M1, while H ;zc is Frenkel Hamil-
tonian for RC in the M2. The form of Hpc and Hp. are the same, but values of matrix

elements are slightly different. These are given as:

45 45
Hpe =Y Ealn) (nl+ Y Jum(ln) (m[ + m) (n]), (3.7)
n=38 n=38n<m
61 61
Hepyg =Y Ealn)(nl+ Y Jum(In) (m| +[m) (n]), (3.8)
n=46 n=46,n<m
74 74
Hepis= Y Enln)(nl+ Y Jun(In) (m] +|m) (n]). (3.9)
n=62 n=62,n<m
61 45
Heopyr_pe = Z Z Jnm ) (m| = (HRC—CP47)T7 (3.10)
n=46 m=38
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74 45

H/CP43—RC = Z Z Jnm ) (m| = (H;%C—CP43)T7 (3.11)
n=62 m=38
74 61
Heopys—cpar = Z Z Jum [0} (m| = (HCP47—CP43)T' (3.12)
n=62 m=46

H o are off-diagonal term of the system Hamiltonian, too. Itis a 37 by 37 matrix.
However, matrix elements in Hj;;_ /o are excitonic couplings between pigments in two

monomers. H ;o 1S given as:

37 74
Hyi—ae = Z Z Jm |n> <m] = (HMQfMl)T' (3.13)

n=1 m=38

So far, we introduce that the system Hamiltonian includes average site energies of
pigments and excitonic coupling based on crystal structure. Also, energy gap fluctua-
tions is caused by the interaction between the system and the bath. The trajectory of en-
ergy gap fluctuation can calculate the energy gap auto-correlation function. Furthermore,
quantum time correlation function is obtained by quantum correction of the energy gap
auto-correlation function. Therefore, we have already constructed the effective model for
PSII core complex. However, how can we trust the dynamics given by our model? We
verify our model by fitting the absorption spectra. If our model can reflect the spectral
properties, we have confidence in our model. In the following subsections, we present the
simulation of absorption spectra based on our model. Also, we show site energies, ex-
citonic couplings, exciton states, delocalization length and spatial delocalization for each
complexes in PSII core complex. The site energy of pigments is average result from pre-
vious MD simulation and is verified by fitting absorption spectra. We apply transition
charge for electrostatic potential (TrEsp) method to calculate excitonic coupling. Since
most of exciton states delocalize at pigments within 30 A, we consider the excitonic cou-
pling only if the distance between pigments is less than 30 A. In this work, we employ
the PSII core complex crystal structure as structure reference [13]. Excitonic couplings

showed in subsection 3.2.2 - 4.2 are average results.
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3.2 An effective model for RC

3.2.1 Calibration of Hp:

In the Hprc, because we didn’t have the site energies of pheophytins from MD, we
take Renger’s group as reference [23]. We apply average values of Hpc and [ 5, to simu-
late the absorption spectrum. Figure 3.3 is the simulation of the absorption spectrum based
on original data of site energies for RC at 297 K. Peaks with dashed lines are contribution
of each exciton states. Exciton states are labeled as el to e8, according to the transition
energies from the lowest-energy state to the highest-energy state. We can discover that
the range of exciton energies and broadening of peaks are too small. According to Eq.
2.12, it can be explain by the bias from the atomic transition charges obtained by TDDFT,

background partial charges obtain by MD and the effective dielectric constant.

1

0.9
087

_ 0.7t
3
806}
c

205}
g

04t
o]

<
037
0.21

Wavenumber (cm‘1} x10*

Figure 3.3: The simulated absorption spectrum of the PSII RC based on raw MD data.The
red peak is the experimental result. The blue peak is the summation of contribution from
all of the exciton states. Peaks with dashed lines are contribution of each exciton states.

Therefore, we multiply the site energies from MD data by a scaling factor, f. Ac-

cording to Eq. 2.11 and Eq. 2.12, the scaled site energy of the n'" site is given by

ES = Ey + AE?, (3.14)
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nbg

ZZ ’qﬂ = (.15)

where f is the scaling factor. e.ss is the effective dielectric constant. Ag} is the differ-

AE(T) = fAE,(T
66ff

ence of ground state and excited state atomic partial charge 1 in the site n and qgg is the
background partial charge of charged residue j. 7' and r?g are the position vectors of
each atoms. Then, the modified classical time correlation function, C;p(7), is Eq. 2.18
multiplied by f2:
72
Cup(1) = fPCy = NZ<5E 7)0E,(0)) (3.16)

n

where C';%, average classical time correlation function of each sites inthe RC and § E,, (1) =
AE,(T)— AFE, When the classical time correlation function is tuned, the absorption line
shape function is tuned simultaneously. After multiply by a scaling factor, {=5, the width
of simulation peak gets close to the experiment. However, the average energy of 8th ex-
citon state are far away from others. Special pair mainly contributes to this state. In the
CDC method, it assumes pigments are independent to each other. This assumption isn’t
suitable for special pair, because the distance of special pair is very close and they strongly
couple. It leads to a bad estimation of site energies. So we take special pair site energies
and coupling between them as parameters. In addition, two pheophytin site energies are

also parameters. Finally, the simulation is similar to the experiment.
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Figure 3.4: The simulated absorption spectrum of the PSII RC after the correction. The
scaling factor is five.The red peak is the experimental result. The blue peak is the summa-
tion of contribution from all of the exciton states. Peaks with dashed lines are contribution
of each exciton states.

3.2.2 Frenkel exciton Hamiltonian of RC

In this subsection, we focus on the RC. We diagonalize the average result of Hpgeo
and H ., to obtain exciton states at RC. Site energies with respect to the average energy

of 74 pigments (14936 cm ™) are shown in Fig. 3.5 .

400
300
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i .
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-100

AE (cm")
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-200

-300

Figure 3.5: Average site energies of each pigments in the RC. X axis is the label of each
pigments in the RC. Y axis is the relative site energies with respect to the average energy
of 74 pigments.
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The C'hlp; has the lowest site energy. It agrees with the previous literatures [23, 6,
16]. Peripheral chlorophylls a, the C'hlzp, and the C'hlzps, also have lower site energies.
The site energy difference of the Chlp, and the Phe psy is only 20.73 em ™!, which lead to
mixing of these two pigments in exciton states. It will be mentioned bellow. Special pair
and Phep have higher site energies. The order from low energy to high energy is the Pp,
the Phep, and then the Pheps. In previous literatures, some give the Pp, a higher site
energy than the Pps [23, 16], while Fleming’s group gives special pair same site energies
[6]. However, MD simulation gives a different tendency, which the site energy of the Ppo
is 216.58 cm ! higher than the Pp;. The site energy difference of special pair is larger
than previous studies and it cause that we need to lower the excitonic coupling of special
pair to 100 cm 1.

Figure 3.6a and Fig. 3.6b show excitonic couplings and exciton states at the RC. The

color in Fig. 3.6b represent the contribution, (|C2|)?, of the pigment.

Exciton energy (cm 1]
g e

Py, Ppy Chiy, Chi,, Chiz, Chiz,, Phe,, Phe,, Py, P, Chl,  Chl_ Chiz, Chiz,, Pho, Phe_,
(a) (b)

Figure 3.6: Excitonic couplings and exciton states in the RC. (a) Excitonic couplings of
pigments at the RC. X axis and y axis are the label of each pigments in the RC. Red is the
positive value for excitonic coupling. Blue is the negtive value for excitonic coupling. (b)
Exciton states in the RC. X axis is the label of each pigments in the RC. Y axis is the label
of each exciton states and the transition energies for each exciton states.

The order of the most contribution site from the lowest-energy exciton state to the
highest-energy exciton state is equal to the order of site energies. The lowest-energy ex-
citon state, el, is mainly contributed by the C'hlp;. The other pigment contributing to this
state is made by the Phep; which is strongly coupled to the Chlp; (74.13 em™!) due to

its proximity (13.41 A). The Phep, is the major contributors to the higher-energy exciton
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state, 7. For this reason, the excitation energy flows to the Phep; and then could flow
to the C'hlp, directly. The states, e2 and e3, localize at two peripheral chlorophylls-a,
respectively. The distance of two peripheral chlorophylls a and the others are far and it
gives rise to weakly couple to other pigments. The states, e4 and e5, have contributions
from the Ppy, the C'hlpy and the Phepy and the C'hlzp, only contribute to the state, e4.
The contributions of the states, e6 and €8, are special pair and the C'hlps,. Also, the Phep,
contributes to the state e8. The states e4 to e8 are delocalize more than one pigments. For
this reason, excitation energies can transport between these states quickly and it isn’t the
bottleneck for the charge transfer.

In order to quantify the degree of delocalization, we calculate the delocalization

length of each state, L. It is defined as

Lo =(>_|Co)™ (3.17)

The delocalization lengths of e4 to e6 are about 2. However, the delocalization lengths of
e7 and e8 are about 1.4 and the delocalization lengths of el to e3 are close to 1. It means
that most states at RC are localized at up to two pigments. Nevertheless, the delocalization
length can’t tell us how one state distribute in real space. So, we also calculate the spatial
delocalization which can show the degree of delocalization in real space. First, we apply
the crystal structure to calculate the average location of each states. The location of n'*
site is represented by the central magnesium atom and denote as R,,. So, the average

location of o” state, ( R*), is
(R*) = |CS]° Ry, (3.18)

Then, Spatial delocalization, (AR*), is defined as

(AR%) = \/Z Ca2(R,, — (R*)) (3.19)

The results given in table 3.1. We can see that the exciton states are delocalized at
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about 4.5 A in standard deviation. Comparing to the nearness neighbor of inter-chlorophyll

distance, which is about 10 A, the excitons are more or less localized on one chlorophyll.

Table 3.1: The delocalization of exciton states in the RC

el e2 e3 e e5 eb e’ el

Delocalization length 1.10 1.00 1.04 220 196 221 135 146
Spatial delocalization (A) 2.34 0.79 3.31 6.77 6.06 6.74 541 3.56

3.3 Effective models for CP47 and CP43

3.3.1 Calibration of H-ps; and Hgpys

To verify our model, we also simulate absorption spectra of antenna complexes. We
apply average values of H¢opy7 and H/c par to simulate the absorption spectrum of CP47.
The absorption spectrum of CP43 are average values, too. First, we multiply site energies
and the quantum time correlation function by a scaling factor, f=5. However, the spectral
widths of the CP43 and the CP47 are too broad to fit absorption spectrums. Therefore, we
try to scale site energies and C'},, individually. We find that site energies obtained from
MD structure of the CP43 and the CP47 don’t need to multiply by a scaling factor, but the
time correlation function should be multiplied by the scaling factor, f=5.

Figure 3.7a and Figure 3.7b show results of the CP43 and the CP47. The absorption
spectrum of the CP43 shows a great fitting with the experimental result. The absorption
spectrum of the CP47 based on simulation have an unapparent shoulder around 15200
em ™!, but still gives a similar shape. After fitting the absorption spectra of CP43, CP47

and RC, we have confidence in our Frenkel exciton model for PSII core complex.
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Figure 3.7: (a) The absorption spectrum of the CP43 (b)The absorption spectrum of the
CP47

3.3.2 Frenkel exciton Hamiltonian of CP47

In this subsection, we focus on the CP47. We diagonalize the average result of H¢opyr
and Hé; pa7 tO Obtain exciton states at CP47. Site energies with respect to the average

energy of 74 pigments (14936 cm 1) are shown in Fig. 3.8a.
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Figure 3.8: Average site energies and positions of each pigment in the CP47. (a) Average
site energies of each pigment in the CP47. X axis is the label of each pigment in the CP47.
Y axis is the relative site energies with respect to the average energy of 74 pigments. (b)
Positions of each pigments in the CP47. Red labels represent three higher-energy sites.
Blue labels represent three lower-energy sites.

CLA627 and CLA612 have the lowest site energies. It agrees with the previous liter-

atures [23, 6, 48]. CLA623 also have the lower site energy. The site energy difference of
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CLA619 and CLA620 is only 1.34 ¢m ™!, which lead to mixing of these two pigments in
exciton states. CLA613, CLA616 and CLA622 have higher site energies. The order from
low energy to high energy is CLA616, CLA622 and then CLA613. Figure 3.8b shows
positions of pigments in the CP47. We discover that two pairs of higher-energy sites and
lower- energy sites are neighbors. The distance between CLA614 and CLA613 is 8.59 A
and the distance between CLA622 and CLA623 is 8.81 A. A closer distance may leads to
a stronger excitonic coupling. Then, excitation energy transfer may takes place between
exciton states contributed from these pigments.

Figure 3.9a and Fig. 3.9b show excitonic couplings and exciton states at the CP47.
The color in the figure 3.9b represent the contribution, |C%|?, of the pigment. The lowest-
energy exciton state, el, is mainly contributed by CLA623 rather than CLA627. CLA623
is coupled to CLA621, CLA624 and CLA625, so the energy of exciton state contributed by
CLAG623 is lower than the site energy of CLA623 and CLA627. We can find that although
the distance of CLA622 and CLA623 are very close, the excitonic coupling between them
is only 1.64 cm™!. The reason is that transition dipole of CLA622 are approximately per-
pendicular to the transition dipole of CLA623, so excitonic coupling become very small.

In Fig. 3.9a, excitonic couplings of pigements in the CP47 and CLA627 are very small.

Therefore, the state e3 contributed by CLA627 are localized at CL627.
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Figure 3.9: Excitonic couplings and exciton states in the CP47. (a) Excitonic couplings
of pigments at the CP47. X axis and y axis are the label of each pigments in the CP47.
Red is the positive value for excitonic coupling. Blue is the negtive value for excitonic
coupling. (b) Exciton states in the CP47. X axis is the label of each pigments in the CP47.
Y axis is the label of each exciton states and the transition energies for each exciton states.
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The highest-energy state, €16, is mainly contributed by CLA613. The other pig-
ment contributing to this state is made by CLA614 which is strongly coupled to CLA613
(-125.47 cm™1) due to its proximity mentioned above. Also, CLA614 is the major con-
tributors to the lower-energy exciton state, e2. Therefore, the excitation energy flows from
the state €16 to the state e2 may very fast and directly due to the spatial overlap between
these exciton states.

In the table 3.2, it shows the delocalization length and spatial delocalization of exciton
states in the CP47. The site energy range in the CP47 is more closer than in the RC. It
leads to a higher average delocalization length about 3.10. In addition, the state e4 have
the highest delocalization length (6.71), but spatial delocalization of e4 is only 13.99 A.
That is, the state e4 are more or less localized on about two or three pigments. Also,
the delocalization length of the exciton state e6 is 2.37, but spatial delocalization of e4 is
13.26 A. The reason is that the distance of CLA612 and CLA614 is 17.93 A, so spatial

delocalization becomes larger.

Table 3.2: The delocalization of the RC

el e2 e3 e4 e5 €6 e7 e8

Delocalization length 255 3116 137 6.71 258 237 4.08 1.71
Spatial delocalization (A) 8.69 10.04 8.45 13.99 12.63 13.26 1237 8.43

€9 el0 ell el2 el3 el4 el5s el6

Delocalization length 456 2.03 261 359 378 221 460 1.71
Spatial delocalization (A) 12.83 857 9.59 9.13 11.59 10.45 11.00 7.61

3.3.3 Frenkel exciton Hamiltonian of CP43

In this subsection, we focus on the CP43. We diagonalize the average result of Hepys
and H’C pas to obtain exciton states at CP43. Site energies with respect to the average
energy of 74 pigments (14936 cm ') are shown in Fig. 3.10a.

The site energy range in CP43 is narrow than CP47. The energy difference be-
tween the highest-energy state and the lowest-energy state is 185.23 cm~t. CLA636 is

the lowest-energy site. Previous studies also show that CLA636 has a lower site energy.
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Figure 3.10: Average site energies and positions of each pigment in the CP43. (a) Average
site energies of each pigment in the CP43. X axis is the label of each pigment in the CP43.
Y axis is the relative site energies with respect to the average energy of 74 pigments. (b)
Positions of each pigment in the CP43 in side view. Red chlorins represent three higher-
energy sites. Blue chlorins represent three lower-energy sites.
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CLAG633, CLA635 and CLA640 are higher-energy sites. In Fig. 3.8b, these pigments
are shown as red color. We can discover that they are close to the stroma side. We also
find that two pairs of higher-energy sites and lower-energy sites are neighbors. The dis-
tance between CLA639 and CLA640 is 10.23 A and the distance between CLA635 and
CLAG636 is 9.04 A. However, due to the approximately perpendicular orientation of tran-
sition dipoles, the excitonic coupling between CLA639 and CLA640 is -41.47 cm ™! and
the excitonic coupling between CLA635 and CLA636 is 21.74 cm ™!

Figure 3.11a and Fig. 3.11b show excitonic couplings and exciton states in the CP43.
The lowest-energy exciton state, el, is mainly contributed by CLA636. The other pigment
contributing to this state is made by CLA638 which is strongly coupled to the CLA636
(119.26 em™1). CLA638 is the major contributors to the highest-energy exciton state, e13.
It leads to the fast energy transfer rate from the state el3 to the state el. In Fig. 3.11a,
we can find that CLA629-CLA631, which are in the lumen side, are coupled to each
other. Also, Both of them are coupled to CLA637, which like a bridge between the stroma
side and the lumen side. The exciton state, €2, is mainly contributed by CLA629 and
CLA637. CLA637 contribute to higher-energy states, e12 and e13 and CLA629 contribute
to states, €9 and e10. For this reason, the excitation energy can flows from the state e13 to

lower-energy states directly due to spatial overlap of these states. Therefore, in the CP43,
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excitation energy distribution may reach Boltzmann distribution quickly.

e28| 1 = - =7 i :

— - e13 || 15094
629 - 1 e12 - {18072 o8
&g 4 e11 i 115043 0.8
631 ! i ™ el0} 415013

— Mo
632} - 1 o 115005 'E
633 1 ! 1 E e 14968 'é AR
634 | || | f o 5 7t || {1024 & Nos
e+ — 2 eop o
636 | q e5 J 14889 G
637 | ] -50 ol 14986 W 03
638 | I8 e3} B jrasas 02
639 | _-| - 02 {14825 o
640 Y 1 e1 . {14739
LR SFTFFTFF S F SO PP I FFFFESFL P
(a) (b)

Figure 3.11: Excitonic couplings and exciton states in the CP43. (a) Excitonic couplings
of pigments at the CP43. X axis and y axis are the label of each pigments in the CP43.
Red is the positive value for excitonic coupling. Blue is the negtive value for excitonic
coupling. (b) Exciton states in the CP43. X axis is the label of each pigments in the CP43.
Y axis is the label of each exciton states and the transition energies for each exciton states.

In the table 3.3, it shows the delocalization length and spatial delocalization of exciton
states in the CP43. The average delocalization length about 3.41. In addition, the state €9
have the highest delocalization length (5.54) and the highest spatial delocalization (15.51
A). This state delocalize on pigments in the stroma side and pigments in the lumen side.
Since the average distance of nearest neighbors in the CP43 is 10.35 A. Most of the exciton

states are localized on one site, while some of them are delocalized on more than one site.

Table 3.3: The delocalization of the RC

el e2 e3 e4 e5 €6 e7

Delocalization length 2.04 378 295 514 320 315 1.75
Spatial delocalization (A) 6.94 899 11.30 11.49 12.60 12.54 7.95

el €9 el0 ell el2 el3

Delocalization length 417 554 426 295 239 299
Spatial delocalization (A) 13.11 1551 15.13 921 1090 8.03

44

d0i:10.6342/NTU201802891



Chapter 4

Effective model for PSII core complex

monomer (C1)

4.1 Master equation and rate constant matrix based on

MRT

In the chapter 3, we verify our effective model to determine effective Hamiltonian
for the system and quantum time correlation function to describe the interaction of the
system and the bath. Then, we can construct the rate constant matrix for exciton states in
the PSII core complex. In the rate constant matrix for a monomer of PSII core complex,
37 exciton states are considered. The off-diagonal term of rate constant matrix is the
population transfer rates, R,q33, between exciton states. [7,,53 represent the transfer rate
from the exciton state /3 to the exciton state «v. The transfer rate is calculated by modified
Redfield theory (MRT), which is mentioned in the chapter 2 [47]. The diagonal term,
Raoca, 18 the inverse decay time for each exciton state. Therefore, R, qaq 1S Summation of
transfer rates from the exciton state « to other states and the inverse fluorescence lifetime,

L = 1(ns™!), and is denoted by

Raaaa - - — Z Rﬂﬁaa- (41)
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However, the direction of excitation energy transfer in PSII core complexes not only
transports from high-energy states to low-energy states but also toward RCs, which is
driven by the excitation depletion of the population by charge separation. We need to
phenomenologically apply two charge separation rate of two pathways for primary charge
separation, PD1 pathway and ChID1 pathway, in our model. The detail is mentioned in
the subsection 1.1.2. We only consider two apparent time constants for the formation of
radical pair 1 (RP1), Chl}, Phep,, and radical pair 2 (RP2), P, Chlp,. Tgp1 is 700
fs and 7gps is 3 ps. In a monomer of PSII core complex, two radical pair states, RP1,
and RP2 are labeled as €38, and €39, respectively. We assume that the exciton state, el,
mainly contributed by C'hlp; has the probability to become RP1 and the exciton state, €28,
mainly contributed by Pp; has the probability to become RP2. Therefore, we considered

two charge separation rates in the rate constant matrix and charge separation rates are

1 1
RRrpi,rP1e1,er = R3gagi1 = —— = —(fS_l), 4.2)
TRP1 700
1 1 -~
RRP2,RP2,e28,e28 = R39,39,28,28 = = —(ps 1)~ (4.3)
TrRP2 O

The others matrix elements are zero.

To extend to dimeric PSII core complex, 74 exciton states are considered in the rate
constant matrix for PSII core complex.The off-diagonal term of rate constant matrix is the
population transfer rates between exciton states. The diagonal term is the inverse decay
time for each exciton state. We also need to consider charge separation rates. However,
PSII core complex has two RC, so four radical pairs are considered. Four radical pairs,
RP1 (M1), RP2 (M1), RP1 (M2), and RP2 (M2), is charge transfer states and are labeled
as e75, €76, €77, and e78, respectively. We assume that the exciton states, el and e2,
mainly contributed by C'hlp; have the probability to become RP1 and the exciton states,

€53 and e56, mainly contributed by Pp; have the probability to become RP2. Therefore,
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charge transfer rates is given by:

1 1

R e2,e2 — R = = o= ' 2 s 4.4
RP1(M1),RP1(M1),e2,e2 75,75,2,2 F— 700(f5 ) (4.4)
1 1, _
RRPQ(Ml),RP2(Ml),e53,e53 = R76,76,53,53 = = —(pS 1)7 (4.5)
TrP2 3
R R L= (s 4.6)
el,el — = = 5o /S ) '
RP1(M2),RP1(M2),el,el 77,77,1,1 P 700
1 _
Rrpa(n2),rP2(02),e56,e56 = F78,78,56,56 = = = (ps 1)- 4.7)
TrRP2 3

The others matrix elements are zero. The rate constant matrix with charge transfer rates
for exciton states in PSII core complex denoted by R(C(;T).
With the rate constant matrix, we can apply master equation to propagate the excita-

tion energy transfer dynamics. The master equation is given by:

dP
O _ RSP, 48)

P(t) =Y Pu.(t)]a), (4.9)

where P, (t) is the population of the exciton state o at 7' = ¢. Given the initial condition

of the population for exciton states, we can discover the dynamics in our model.

4.2 Exciton states and inter-complex excitonic couplings
for PSII core complex monomer (C1)

In the chapter 3, we discuss Frenkel exciton Hamiltonians of each complex in the
PSII. In this section, we introduce the excitonic coupling of pigments within CP47, CP43,
and RC and then we can discuss exciton states based on Frenkel exciton Haniltonian of
monomers in the PSII.

Figure 4.1 shows the excitonic coupling between antenna complexes, CP47 and CP43,

and a RC. The maximum value of a color bar in Fig. 4.1a is 8.5 ¢m ™! and the maximum
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value of a color bar in Fig. 4.1b is 6.5 em~!. That is to say, excitonic couplings between
a CP47 or CP43 and a RC is weaker than excitonic couplings within a CP47, CP43 or
RC. Therefore, exciton states may retain the exciton state character in the Hre, Hopar,
and Hepys. It is showed in Fig. 4.2. In Fig. 3.1, we can discover that the CP47 closes
to C'hlzps, Pheps, and Pps. It can also find in Fig. 4.1a, which shows the exciton states
in a monomer. The excitonic coupling between pigments in D2 protein chain of the RC
and pigments in the CP47 are stronger. The CP43 closes to Chlzp,, Phep, and Pp,
so similar patterns are showed in Fig. 4.1b. We don’t show the excitonic coupling be-
tween the CP47 and CP43, because excitonic couplings between them are too small to be

considered.
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Figure 4.1: Excitonic couplings of pigments between antenna complexes, CP47 and CP43,
and a RC. (a) Excitonic couplings of pigments between a CP47 and a RC. X axis is the
label of each pigments in the CP47. Y axis is the label of each pigments in the RC. Red is
the positive value for excitonic coupling. Blue is the negtive value for excitonic coupling.
(b) Excitonic couplings of pigments between a CP43 and a RC. X axis is the label of each
pigments in the CP43. Y axis is the label of each pigments in the RC. Arrows indicate the
contribution of pigments from different complexes.

In Fig. 4.1, we can find that two of the exciton states, which are most contributed
from pigments in the RC, are contributed from pigments in antenna complexes. The state
ell is mainly contributed by C'hlzps, which is coupled to CLA612, and is also contributed
by CLA612. CLAG612 is the major contributors to the exciton state, €19. It may leads to
excitation energy transfer from the RC to CP47 by the state €9 and the state e11.The state
€33 is mainly contributed by Phep,, which is coupled to CLA635 (4,97 em™!), and leads

to CLAG635 contribute to the state e33. CLA635 is the major contributors to the exciton
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state, €30. The state €30 is also contributed by Phep;. Therefore, excitation energy trans-
fer between these states may very fast. It results in energy transfer from the CP43 to the
RC. The state e6 is delocalized on few pigments in the CP47. C'hlzpsy contributes to the
state €6, too. It also leads to excitation energy transfer from the RC to the CP47.

The exciton state in a monomers is similar to the exciton state in each complex. There
are only a few states are contributed by pigments in a RC and an antenna complex. These

states may be key states for excitation energy transfer between complezes.
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Figure 4.2: Exciton states in a monomer of PSII. X axis is the label of each pigments
in a monomer and from left to right are pigments of RC, CP47 and CP43. Y axis is the
label of exciton states in a monomer. The lowest-energy state is labeled as el and the
highest-energy state is labeled as €37. Colored squares shows the contribution, |C¢|?, of
pigments n in a exciton state . Red is the contribution of pigments in the RC. Blue is the
contribution of pigments in the CP47. Green is the contribution of pigments in the CP43.
The color bar for each color are the same and is from 0 to 1. The darker the color, the
larger the value.
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4.3 Excitation energy transfer dynamics in a monomer of
PSII core complex(C1)

In this section, we discover the excitation energy transfer dynamics in a monomer
of PSII core complex. Two initial conditions are considered in our simulation.- One is
initial excitation at the CP47. That is, we assume equal population of the exciton states,
which are mainly contributed by pigments in the CP47, as the initial condition. The other
is initial excitation at the CP43. Figure 4.3 shows the excitation energy transfer dynamics

with initial excitation at the CP47.

1 T T T T

-t -t
0.9} Pcpar(t) = 0.32xeT39% + 0.60  e7422 |——RP2 | |
Ty = 13.94 ps; T, = 74.24 ps RC

Soal

0 50 100 150 200 250 300
Time (ps)

Figure 4.3: Excitation energy transfer with initial excitation at the CP47. Brown line is
the population of exciton states which are mainly contributed by pigments in the CP47.
Cyan line is the population of exciton states contributed by pigments in the CP43. Green
line is the population of the exciton state contributed by C'hlzp,. Purple line is the popu-
lation of the exciton state contributed by C'hlzp;. Yellow line is the population of exciton
states contributed by pigments in the RC excluding C'hlzp, and C'hlzpy. Blue line is the
population of RP1. Orange line is the population of RP2.

The fitting function based on two exponential decays is showed in the figure. When
the population of the CP47 decay rapidly, the population of the CP43 is increasing and
reach the maximum of about 0.15. It implies that excitation energy may transfer from

the CP47 to the CP43 by passing through the RC because the CP47 and the CP43 aren’t
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adjacent in space and the excitonic couplings of pigments between the CP47 and the CP43
are zero. Also, in the subsection 4.2, we mentioned that excitation energy transfer from the
RC to the CP47 may takes place. In the rate constant matrix, we can find that the transfer
rate from exciton state el1, contributed by C'hlzps, to the exciton state €6, contributed by
pigments in the CP47, is 14.61 ps and the rate from the state e11 to the state €9, contributed
by pigments in the CP47, is 21.05 ps. There are the evidence for energy transfer from the
RC to the CP47. At 300 ps, most of the exciton states become radical pairs. We define the
quantum yield of charge transfer as the summation of populations for radical pairs at T =
300 ps. The population of RP1 is 0.63 and the population of RP2 is 0.29. The quantum
yield of charge transfer is 0.92. The dynamics reproduce the high quantum yield of charge
transfer in the PSII.

Figure 4.4 shows the excitation energy transfer dynamics with initial excitation at
the CP43. The fitting function based on two exponential decays is showed in the figure.
When the population of the CP43 decay rapidly, the population of the CP47 is increasing
and reach the maximum of about 0.25. It implies that excitation energy may transfer from
the CP43 to the CP47 by passing through the RC, too. At 300 ps, most of the exciton states
become radical pairs. The population of RP1 is 0.66 and the population of RP2 is 0.26.
The quantum yield of charge transfer is 0.92. We plot the population of C'hlzp; and the
population of C'hlzp, individually. We want to investigate that whether excitation energy
must transfer from peripheral chlorophyll to the core of RC. In Fig. 4.4, we can discovered
that the population of the RC increases faster than the population of C'hlzp;. Therefore,
excitation energy transfer from antenna complexes to RC can be achieved without passing
though Chlz.

In our model, excitation energy in the reaction center can flow out of the RC and go
to the CP47 or the CP43. That is, the energy transfer to the RC is reversible. In addition,
the time scale of energy transfer from antenna complexes to the RC is less than 100 ps, so
the time scale of fluorescence can’t compete with the time scale of energy transfer. It lead

to the high quantum yield of charge separation in the RC.
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Figure 4.4: Excitation energy transfer with initial excitation at the CP43. Brown line is
the population of exciton states which are mainly contributed by pigments in the CP47.
Cyan line is the population of exciton states contributed by pigments in the CP43. Green
line is the population of the exciton state contributed by C'hlzp,. Purple line is the popu-
lation of the exciton state contributed by C'hlzp;. Yellow line is the population of exciton
states contributed by pigments in the RC excluding C'hlzp, and C'hlzpy. Blue line is the
population of RP1. Orange line is the population of RP2.
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Chapter 5

An effective model for PSII core

complex (C2)

5.1 Exciton states and inter-monomer excitonic couplings

for PSII core complex (C2)

Finally, we discuss the exciton states in whole PSII core complex. Site energies for
each pigments in a dimer are the average results from MD for each pigments. Also, ex-
citonic couplings are based on crystal structure and the excitonic couplings for the same
labeled pigments in two monomers are slightly different. As mentioned in section 4, we
consider the excitonic coupling only if the distance between pigments is less than 30 A. To
avoid non-physical delocalization in pigments with large distance due to energetic degen-
eracy, we consider another constraint. If the absolute value of the ration of excitonic cou-
pling to the site energy difference between two pigments, |A‘]E—nmm |, is larger than 1 and the

site energy difference is smaller than 10 cm !, we assume the excitonic coupling between

pigment n and m is zero.Therefore, there are only three excitonic couplings considered

in inter-monomer excitonic couplings, Jonizp, (M1)—~CLA616(M2)> JChizp, (M2)—~CLA616(M1)s
. -1
and Jor a625(01)—cLAc25(Mm2)- However, Jop.,, (vm1)—crasis(az) 18 only -0.01 em ™",

Joras2s(mi)—cras2s(v2) 18 5.14 cm~! and is the only inter-monomer excitonic coupling

to affect the property of exciton states in the PSII, because they are the nearest between
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monomers with 29 A.
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Figure 5.1: Exciton states in the PSII core complex. X axis is the label of each pigments in
the PSII core complex and from left to right are pigments of RC, CP47 and CP43 in the M1
and then pigments of RC, CP47 and CP43 in the M2. Y axis is the label of exciton states
in the PSII core complex. The lowest-energy state is labeled as el and the highest-energy
state is labeled as e€74. Colored squares shows the contribution, (|C%|)?, of pigments n in
a exciton state o. Red is the contribution of pigments in the RC. Blue is the contribution
of pigments in the CP47. Green is the contribution of pigments in the CP43. The color bar
for each color are the same and is from O to 1. The darker the color, the larger the value.

In Fig. 5.1, we can find that the states, €63, €64, €66, and €67, are contributed by
pigments in two CP47s. The main contribution of state €63 is CLA625 in the M1, while
CLAG625 in the M2 also contributes to the state ¢63. In addition, CLA625 in the M2 con-
tributes to the state e64. Moreover, The state €67 is mainly contributed by CLA622 in the
MI1. We can also find the contributions of CLA622 to CLA625 in the M2 for the state e67
and CLA622 in the M2 contributes to the state e66. The reason is that excitonic couling
of CLA622 and CLA625 in a CP47 is strong enough (39 cm 1), so the exciton states con-
tributed by CLA625 (M1) or CLA625 (M2) can couple to CLA622(M1) or CLA622(M2).

The inter-monomer excitation energy transfer may takes place by states, €66 and e67, too.
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5.2 [Excitation energy transfer dynamics in PSII core com-
plex(C2)

In the previous section, we present the efficient excitation energy transfer dynamics
in a monomer of PSII core complex. In our work, we want to know the functional role
of dimeric PSII core complex and to understand the energy transfer in the PSII core com-
plex. In the subsection 5.1, we discover that the excitonic coupling between two CLA625s
located in two adjacent CP47s is 5.14 ¢m ! and lead to exciton states contributed by pig-
ments located in two adjacent CP47s. We guess that excitation energy can flow between
two adjacent CP47s by these exciton states. In this section, we propagate the energy trans-
fer dynamics in PSII core complex to verify the inference from the subsection 5.1.

Four initial conditions are considered in this section. Figure 5.2 shows the excitation
energy transfer dynamics with initial excitation at the CP47. Initial condition of Fig. 5.2a
is equal population of exciton states contributed by pigments in the CP47 of M1 and initial
condition of Fig. 5.2b is equal population of exciton states contributed by pigments in the
CP47 of M2. In Fig. 5.2a, the population of the CP47 in the M1 decreases dramatically
within 15 ps. At the same time, the population of the CP47 in the M2 increases and
reach the maximum of 0.15 within about 10 ps. Also, the population of the RC in the M1
increases quickly within 3.5 ps and then excitation energy transfer to the CP43 in the M1
within 15 ps. At 300 ps, most of the exciton states become radical pairs. The population
of radical pairs in the M2 increases, it implies that excitation energy can transfer to the RC
in the M2 and then charge separation in the RC of M2. The total quantum yield of charge
separation is 0.92. The same tendency of populations are showed in Fig. 5.2b. It indicates
that excitation energy can flow between two monomers by passing through the CP47.

We also propagate the excitation energy transfer dynamics with initial excitation at
the CP43. Initial condition of Fig. 5.3ais excitation at the CP43 of M1 and initial condition
of Fig. 5.3b is excitation at the CP43 of M2. In Fig. 5.3a, excitation energy flow to the
RC of the same monomer and then transfer to the CP47 of the same monomer. Then,

the CP47 of the different monomer are excited. We can find that the population of RP1
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Figure 5.2: Excitation energy transfer for PSII core complex with initial excitation at the
CP47. (a) Excitation energy transfer for PSII core complex with initial excitation at the
CP47 of M1. The quantum yield of charge separation: RP1(M1) is 0.39; RP2(M1) is 0.16;
RPI1(M2) is 0.26; RP2(M2) is 0.12; (b) Excitation energy transfer for PSII core complex
with initial excitation at the CP47 of the M2. The quantum yield of charge separation:
RP1(M1) is 0.34; RP2(M1) is 0.14; RP1(M2) is 0.30; RP2(M2) is 0.14; Red line is the
population of exciton states contributed by pigments in the RC of the M1. Blue line is
the population of exciton states contributed by pigments in the CP47 of the M1. Green
line is the population of exciton states contributed by pigments in in the CP43 of the M1.
Pink line is the population of exciton states contributed by pigments in the RC of the M2.
Cyan line is the population of exciton states contributed by pigments in the CP47 of the
M2. Light green line is the population of exciton states contributed by pigments in in the
CP43 of the M2. Brown line is the is the population of RP1 in the M1. Purple line is the
population of RP2 in the M1. Yellow line is the population of RP1 in the M2. Light purple
line is the population of RP2 in the M2.

in the M1 is dominant and is about 0.52 at 300 ps. Because the CP43 in the M1 is only
adjacent to the RC in the M1, so most of the excitation energy may transfer to the RC in
the M1 to charge separation. Energy transfer between these complex are within 30 ps.
The population decay trace of the CP43 in Fig. 5.3a and Fig. 5.3b are slightly different.
We also consider the site energy disorder in our model and the trace difference disappear.

In this section, we investigate the energy transfer dynamics in the PSII core com-
plex. We discover the sub-ten picosecond dynamics between two CP47s. Also, excitation

energy can transfer from one monomer to the other monomer to charge separation.
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Figure 5.3: Excitation energy transfer for PSII core complex with initial excitation at the
CP43. (a) Excitation energy transfer for PSII core complex with initial excitation at the
CP43 of M1. The quantum yield of charge separation: RP1(M1)is 0.16; RP2(M1)is 0.07;
RPI1(M2) is 0.53; RP2(M2) is 0.15; (b) Excitation energy transfer for PSII core complex
with initial excitation at the CP43 of the M2. The quantum yield of charge separation:
RP1(M1) is 0.39; RP2(M1) is 0.16; RP1(M2) is 0.26; RP2(M2) is 0.12; Red line and
pink line are the population of exciton states contributed by pigments in the RC of the
M1 and the M2. Blue line and cyan line are the population of exciton states contributed
by pigments in the CP47 of the M1 and the M2. Green line and light green line are the
population of exciton states contributed by pigments in in the CP43 of the M1 and the M2.
Brown line and yellow line are the is the population of RP1 in the M1 and the M2. Purple
line and light purple line are the population of RP2 in the M1 and the M2.

5.3 Mutation and a closed RC for PSII core complex

In the previous section, we propagate excitation energy transfer dynamics based on
our effective model. We find that excitation energy can be delivered throughout the whole
PSII core complex. In particularly, we find that energy transfer between two CP47s is very
fast. How can excitation energy transfer so fast between two CP47s? In the subsection
5.1, we discover that the excitonic coupling of two CLA625s in two different CP47s are
5.14 em~!. Does the CLA625 play an important role in the energy transfer between two
CP47s? In the following section, we remove two CLA625s in our model to investigate
the contribution of CLA625 in the excitation energy transfer between monomers.

As we mentioned in the introduction, we want to know that why the PSII is in the form

of dimer. As far as we know, PSII is an efficient engine for primary charge separation.
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After the chlorophyll a in the RC transfer an electron to a plasoquinone, the RC is oxidized.
The RC takes more than few nanoseconds to be reduced and open again. This time scale
is larger than energy transfer in the PSII core complex. Excitation energy transfer to the
RC, in which primary charge separation can’t take place, can’t be utilized efficiently and
affect the quantum efficiency of charge separation. In our work, we define the RC, in
which primary charge separation can’t take place, as the closed RC. Therefore, effectively
transferring excitation energy to the functional RC is also a factor affecting quantum yield.
The dimeric structure results in two RCs are close to each other. Even if one of the RCs is
closed, the other still have function and keep efficient charge transfer. Therefore, in this
chapter, we also remove two formation rate of radical pairs in one of the RC to investigate

the quantum yield of charge separation.

5.3.1 Excitation energy transfer for PSII core complex without CLA625s

In our mutant model, we remove site energies for two CLA625s and excitonic cou-
plings between the CLA625 and the others pigments in our system Hamiltonian. In Fig.
5.4, we show the illustration of our mutant model and label the CLA625 as black color to

represent the absence of these pigments.

CP47 (M1)

Figure 5.4: Illustration of PSII core complex without CLA625s.Chlorin rings in the crystal
structure are shown. The blue ellipse represents the location of CP47 antenna complex.
The red ellipse represents the location of RC. The green ellipse represents the location of
CP43 antenna complex. CLA625s are labeled as black color to represent the absence of
these pigments.
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Figure 5.5: Excitation energy transfer for PSII core complex without CLA625s. (a) Ex-
citation energy transfer with initial excitation at the CP47 of M1. The quantum yield of
charge separation: RP1(M1) is 0.66; RP2(M1) is 0.27. (b) Excitation energy transfer with
initial excitation at the CP47 of the M2. The quantum yield of charge separation: RP1(M2)
15 0.63; RP2(M2) is 0.30. (c) Excitation energy transfer with initial excitation at the CP43
of the M1. The quantum yield of charge separation: RP1(M1) is 0.69; RP2(M1) is 0.25.
(d) Excitation energy transfer with initial excitation at the CP43 of the M2. The quantum
yield of charge separation: RP1(M2) is 0.69; RP2(M2) is 0.23. Red line and pink line
are the population of exciton states contributed by pigments in the RC of the M1 and the
M2. Blue line and cyan line are the population of exciton states contributed by pigments
in the CP47 of the M1 and the M2. Green line and light green line are the population of
exciton states contributed by pigments in in the CP43 of the M1 and the M2. Brown line
and yellow line are the is the population of RP1 in the M1 and the M2. Purple line and
light purple line are the population of RP2 in the M1 and the M2.
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Figure 5.5a is initial excitation at the CP47 of the M1. We can discover that the
population of antenna complexes, RC, and radical pairs in the M2 is always zero. That
is, excitation energy can’t flow to the other monomer. It leads to the trend of populations
is similar to the dynamics of a monomer (Fig. 4.3). The total quantum yield of charge
separation is 0.93. It keeps the high efficiency of charge separation. The similar trend are
discovered with the initial excitation at the CP47 in the M2 in Fig. 5.5b. Excitation energy
flowing to the CP43 in the M2 is slightly slower. The trace difference may disappear after
considering the site energy disorder. Figure 5.5¢ and Fig. 5.5¢ are initial excitation at the
CP43 in the M1 and M2, respectively. The excitation energy can flow within the monomer
which is excited, but the quantum yield is still high enough.

By the mutant model, we prove that CLA625s play an important role in the energy
transfer between two CP47s. Although C'hlzp, in the RC and CLA616 in the CP47 be-
tween different monomers are close to each other in Fig. 5.6, we didn’t find the energy
transfer between the RC and the CP47. Excitation energy transfer between two monomers
occurs only in the present of CLA625s. Therefore, CLA625s are an energy bridge that al-

lows energy to flow between monomers.

Figure 5.6: Illustration of CP47s as an energy regulator.Chlorin rings in the crystal struc-
ture are shown. The blue ellipse represents two CP47s are an energy regulator. The red
ellipses represent the location of RCs. The green ellipses represent the location of CP43
antenna complexex. The distance and the excitonic coupling between each pair are shown
above and bellow the arrow.
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5.3.2 Excitation energy transfer for PSII core complex with a closed

RC

In this section, we mimic the dynamics when one of the RCs is closed. In the closed
RC, excitation energy can flow into and flow out the RC, but charge separation can’t
take place in the closed RC. In Fig. 5.7a, initial excitation is in the CP47 of the M1 and
also the RC in the M1 is closed. Because the population of exciton states is converted
to the population of radical pairs until 1500 ps, we propagate the dynamics to 1500 ps
and also define the quantum yield as the population of radical pairs at 1500 ps. It is
obvious that the population trend of the CP47 in the M1 is composed of two apparent
decay times.(Poparvy(t) = 0.59¢ 505 + O.QSe*ﬁ) The fast 6.03 ps decay time is
caused by very fast excitation energy transfer to the other CP47 and than to the CP43
and the RC in the M1. The slow decay after 30 ps is similar to the decay trend for the
CP47 in the M2. The time scale for slow decay time are close to the formation lifetimes
for radical pairs. Because the rate constants for two radical pairs formation in the rate
constant matrix is less that 5 ps, the formation lifetimes for radical pairs in Fig. 5.7a is
contributed by energy migration time to reach C'hlp; or Pp;. Therefore, the slow decay
time may the migration time to reach C'hlp; or Pp;. The total quantum yield for this
system is 0.80, which is lower than previous conditions. The same trend are investigated
in the initial excitation of CP47 in the M2 in Fig. 5.7b. The total quantum yield is 0.83.

In Fig. 5.7c, initial excitation is in the CP43 of the M1 and also the RC in the M1
is closed. The population trend of the CP43 is composed of two apparent lifetime, too.
(Pcopasvny(t) = 0.67¢~ .19 + 0.28¢ 17693 ) The fast apparent lifetime leads to excitation
energy delocalized in two CP47s, the CP43 in the M1, and the RC in the M1. The popu-
lation of them are around 0.15 to 0.23 at 50 ps. Then, All of them decay slowly to transfer
energy to RC of M2 for charge separation. The total quantum yield is 0.78 in Fig. 5.7¢
and 5.7d.

According to the dynamics simulated in our work, although one of the RCs is closed,
the quantum yield can be kept above 0.75 due to the energy transfer smoothly between

two monomers. Also, excitation energy can delocalized in the PSII core complex within
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Figure 5.7: Excitation energy transfer for PSII core complex with a closed RC. (a) Ex-
citation energy transfer with initial excitation at the CP47 of M1 and a closed RC in the
MI1. The quantum yield of charge separation: RP1(M2) is 0.55; RP2(M2) is 0.25. (b)
Excitation energy transfer with initial excitation at the CP47 of the M2 and a closed RC in
the M2. The quantum yield of charge separation: RP1(M1) is 0.59; RP2(M1) is 0.24. (¢)
Excitation energy transfer with initial excitation at the CP43 of the M1 and a closed RC in
the M1. The quantum yield of charge separation: RP1(M2) is 0.53; RP2(M2) is 0.25. (d)
Excitation energy transfer with initial excitation at the CP43 of the M2 and a closed RC
in the M2. The quantum yield of charge separation: RP1(M1) 1s 0.55; RP2(M1) 1s 0.23.
Red line and pink line are the population of exciton states contributed by pigments in the
RC of the M1 and the M2. Blue line and cyan line are the population of exciton states
contributed by pigments in the CP47 of the M1 and the M2. Green line and light green
line are the population of exciton states contributed by pigments in in the CP43 of the M1
and the M2. Brown line and yellow line are the is the population of RP1 in the M1 and
the M2. Purple line and light purple line are the population of RP2 in the M1 and the M2.
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about dozens of picoseconds. However, the quantum yield is slightly lower than previous

simulations because energy takes more time to go to the farther RC.

5.3.3 Excitation energy transfer for mutant PSII core complex with

a closed RC

In the previous section, we discover excitation energy transfer between two monomers
is a key factor for the efficient quantum yield when one of the RC is closed. What if ex-
citation energy can’t transfer from one monomer to the other monomers when one of the
RCs is closed? How much will the quantum yield drop when one of the RC is closed and
excitation energy can’t transfer between two monomer? In this section, we initially excite

two CP47s in our mutant model, which is lack of CLA625s, and the dynamics is showed

in Fig. 5.8.
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Figure 5.8: Excitation energy transfer for munant PSII core complex with a closed RC. Ini-
tial condition is equal population for exciton states contributed by pigments in two CP47s.
The RC in the M2 is closed. The quantum yield of charge separation: RP1(M1) is 0.33;
RP2(M1) is 0.14.Red line and pink line are the population of exciton states contributed
by pigments in the RC of the M1 and the M2. Blue line and cyan line are the population
of exciton states contributed by pigments in the CP47 of the M1 and the M2. Green line
and light green line are the population of exciton states contributed by pigments in in the
CP43 of the M1 and the M2. Brown line and yellow line are the is the population of RP1
in the M1 and the M2. Purple line and light purple line are the population of RP2 in the
M1 and the M2.
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In Fig. 5.8, because the RC in the M1 is opened, excitation energy transfer in the M1
are similar to the case of monomer in our model. However, the dynamics of excitation
energy transfer in the M2 are really different. The decay trend for the population of the
CP47 in the M2 is composed of two exponential decay. (Pcpar(az)(t) = 0.21" 310 +
O.ZIG_W) The 22 ps decay time is contributed by energy transfer from CP47 in the M2
to the CP43 and the RC in the M2. The 991 ps lifetime is close to the fluorescence lifetime
(1 ns), so excitation energy can’t reach the functional RC and is released by fluorescence.

According to above results, two CP47s just like an energy regulator to regulate ex-
citation energy to achieve efficient quantum yield of charge separation. In addition, two
CLAG62S5 are the only channel for energy transfer between two monomers, so the PSII core
complex without CLA625s may have lower quantum yield of charge separation. Further-
more, we discover that there are four 3-carotenes in the CP47 and three of them are close
to CLA625 in the Fig 5.9. At the high light condition, excitation energy at the CLA625

may transfer energy to S-carotenes to quench excitation energy for photo-protection [48].

Figure 5.9: Illustration of PSII core complex with [3-carotenes. Chlorin rings in the crystal
structure represent the chlorophyll a and the pheophytin, which is lack of a magnesium in
the center of the ring. J-carotenes are shown in orange. CLA625s are shown in red.
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Chapter 6

Conclusion

In this work, we construct a structure-based effective model for PSII core complex.
Average site energies based on MD simulation from Huang’s group and excitonic cou-
plings based on crystal structure are utilized in the system Hamiltonian. To correctly
simulate excitation energy transfer dynamics, we apply the harmonic quantum correc-
tion to the energy gap auto-correlation function from trajectories of site energy to obtain
the quantum time correlation function. Also, we calculate the population transfer rate be-
tween exciton states based on modified Redfield theory and propagate dynamics by the
master equation.

Our model describes the absorption spectrum of the CP47, the CP43 and the RC at
297 K as well as the full excitation energy transfer dynamics among the 74 pigments in the
PSII core complex. We discover that the higher-energy sites, such as Phep;, CLA613,
and CLAG638, and the lower-energy sites, Chlp;, CLA612, and CLA636, are adjacent in
the RC, the CP47, and the CP43, respectively. It leads to higher-energy exciton states
and lower-energy exciton states are contributed by same sites, so fast excitation energy
transfer between these exciton states takes place.

In the monomer of PSII core complex, we can find that energy transfer between two
antenna complexes takes place through the RC. It can be explained by the five exciton
states contributed by pigments between antenna complexes, CP47 and CP43, and the RC
due to excitonic couplings of pigments between antenna complexes and the RC, such as

Chlzps and CLAG612, and Phep; and CLA635. That is to say, excitation energy transfer

65

d0i:10.6342/NTU201802891



between antenna complexes and the RC is reversible. Also, energy can flow into and then
flow out the RC.

In the PSII core complex, we discover that excitation energy transfer between monomers
is governed by energy transfer between two CP47s. Although C'hlzpy in the RC and
CLAG616 in the CP47 between different monomers are close to each other, we didn’t
find the energy transfer between the RC and the CP47. We also discover that among the
distance of pigments between two monomers, the distance of two CLA625s in different
CP47s is shortest. Due to the shortest distance, they have the strongest excitonic coupling.
Therefore, we prove that two CLA625s in the CP47 is an energy bridge to allow excitation
energy flow between monomers by our mutant model. After removing two CLA625s in
the system Hamiltonian, excitation energy can’t transfer between two monomers.

In addition, we close one of the RCs in the PSII core complex and find that the quan-
tum yield of charge separation drops from about 0.9 to about 0.80. Excitation energy in the
monomer with closed RC may transfer to the other RC to charge separation. The reason
why the quantum yield drop is that the energy migration time from one monomer to the
other monomer is larger than the energy migration time within a monomer. Also, in the
PSII core complex without two CLAG625, if one of the RCs is closed, the quantum yield
of charge separation is less than 0.5. This result emphasizes the importance of energy
transfer between monomers.

Last but not least, we propose a reason why PSII core complex form in a dimer. In
the dimeric PSII core complex, two CP47s are the nearest neighbor and become an energy
regulator. They effectively regulate energy to transfer to the functional RC. Our model
shows that a first principle method based on MD simulations and quantum chemistry cal-
culations can provide a new insight to understand the function-structure relationship for a
PSII core complex and is effectively utilized to investigate the light harvesting in compli-

cate photosynthetic complexes.
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