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PLANT SCIENCES

Network analysis with quantum dynamics clarifies why
photosystem Il exploits both chlorophyll aand b

Eunchul Kim'?1#, Daekyung Lee**t, Souichi Sakamoto’t, Ju-Yeon Jo*>®, Mauricio Vargas7,

Akihito Ishizaki®®°*, Jun Minagawa1’2*, Heetae Kim3*

In green plants, chlorophyll a and chlorophyll b are the predominant pigments bound to light-harvesting pro-
teins. While the individual characteristics of these chlorophylls are well understood, the advantages of their coex-
istence remain unclear. In this study, we establish a method to simulate excitation energy transfer within the
entire photosystem Il supercomplex by using network analysis integrated with quantum dynamic calculations. We
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then investigate the effects of the coexistence of chlorophyll a and chlorophyll b by comparing various chloro-
phyll compositions. Our results reveal that the natural chlorophyll composition allows the excited energy to pref-
erentially flow through specific domains that act as safety valves, preventing downstream overflow. Our findings
suggest that the light-harvesting proteins in a photosystem Il supercomplex achieve evolutionary advantages
with the natural chlorophyll a/b ratio, capturing light energy efficiently and safely across various light intensities.
Using our framework, one can better understand how green plants harvest light energy and adapt to changing

environmental conditions.

INTRODUCTION

Chlorophylls (Chls) play a crucial role in photosynthesis by serving
as the primary light harvesters that transfer energy to the reaction cen-
ters (RCs) of a photosystem, where charge separation takes place (1).
Under conditions of excess light, however, Chls also participate in the
thermal dissipation of excess excitation energy to prevent photooxida-
tive damage (2). The light-harvesting system, thus, needs to be designed
for both efficient light capture and effective photoprotection.

In land plants, a photosystem II supercomplex (PSII SC) con-
tains peripheral light-harvesting antennae, each composed of three
monomeric light-harvesting complex IT (LHCII)—CP24, CP26, and
CP29—and two LHCII trimers—M-LHCII and S-LHCII (Fig. 1A)
(3). In this photosystem, while both Chls a and b are in LHClIIs,
only Chl a exists in the core complex. Chl b can increase the light-
harvesting efficacy of LHCIIs because of its higher absorption coef-
ficient at specific wavelengths and a higher excited energy level
than that of Chl a. Therefore, it might be desirable for LHCIIs to
exclusively bind Chl b to achieve maximal excitation energy transfer
(EET) efficiency due to the increased energy gap between Chls in
LHCIIs and PSII core complexes. However, natural LHCIIs of land
plants still maintain both Chl a and Chl b, the reason for which has
yet to be elucidated.

Because the determination of the crystal structure of LHCII (4),
the EET dynamics among the pigments in this structure have been
studied using various experimental and theoretical approaches. By
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combining quantum chemical and electrostatic methods, researchers
have calculated excitonic couplings and site energies of Chls,
showing good agreement with experimental data (5, 6). These re-
sults indicate a strong coupling between Chl b and Chl g, facilitating
rapid EET from Chl b to Chl a. Furthermore, the existence of long-
lived quantum coherence in an LHCII (7) and other photosynthetic
antenna proteins such as the Fenna-Matthews-Olson (FMO) com-
plex (8) has been revealed through two-dimensional electronic spec-
troscopy. This long-lived quantum coherence is proposed to enhance
the energy transfer efficiency to the RC at physiological temperature
(9). Recent studies have identified the importance of a noise-canceling
network model for EET dynamics (10). Molecular mechanisms of
photoprotective excitation quenching in LHCII have also been pro-
posed, including the interaction between Chl and lutein (11) and the
formation of charge transfer states within the Chl-carotenoid (12, 13)
and Chl-Chl (14, 15) pairs. However, these analyses have focused on
individual antenna protein molecules, with limited extension to the
entire PSII SC using simplified interactions (16, 17). This limitation
arises from the complex nature of the photosynthetic antenna sys-
tem, which involves numerous pigments and prevents the applica-
tion of conventional computational methods typically used for smaller
proteins such as the combination of quantum mechanics/molecular
mechanics with molecular dynamics simulations (18) or coarse-grained
approaches (17, 19).

While the maturation of cryo-electron microscopy technology,
near-atomic structures of many photosystem SCs, ranging from land
plants to various algae, are now accessible (20). Addressing EET dy-
namics across the entire SC considering the structural information
of these SCs could tackle previously unreachable critical issues.
For example, analyzing how the mixed composition of Chls within
LHCII affects its function as PSII antennae, as studied in this report, is
one such issue. Because both Chl a and Chl b are crucial for forming
natural LHCII (21), it is challenging to experimentally produce LHCII
with various Chl compositions, making a computational approach
more feasible.

This study presents a multidisciplinary approach to analyze the ho-
listic EET dynamics across the entire PSII SC (22). Multiple EET
domains were introduced by considering the quantum mechanical
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Fig. 1. EET network analysis of natural PSII SC. (A) Protein compositions and Chl distribution of the PSII SC. (B) Schematic representations of the Chl domains generated

via excitonic coupling between Chls. (C) Excitation energy transfer (EET) network and
represent the number of Chls in the domain and its averaged site energy. The directio

site energies of Chl domains in the natural PSII SC. The size and color of the circles
n and line width of the arrows between the circles represent the direction and the

relative rate constants for EET. The rate constants larger than 0.005 ps~' (time constant of 200 ps) are shown to visualize dominant EET (fig. S1). (D) Excitation probability

of domains att = 0 due to random Chl excitation for EET simulation considering the
(E) Simulated ensemble probabilities of the excited states of Chls, charge separation, a

interactions within the LHCII molecules and PSII complexes. The
holistic EET dynamics were then investigated by network science (23)
that has been rapidly developed for the past 20 years to understand
complex interactions (23, 24), including neuroscience (25), power en-
gineering (26), sociology (27), and ecology (28). In a network, a node,
which is also referred to as a vertex, represents an individual entity or
unit. A link, which is also called an edge, embodies the relationship or
interaction between the nodes. The specific nature of the node or link
depends on the type of system under investigation. By modeling the
EET as a network, we were able to disclose and visualize how energy
flows between different Chl domains, which is essential to understand
the efficiency and regulation of the light-harvesting system of the PSII
SC. This approach represents one of the most feasible methods cur-
rently available to investigate the holistic EET dynamics among numer-
ous Chls in the entire PSII SC, clarifying the contributions of individual
components to the EET dynamics. Last, on the basis of various versions
of EET networks that vary the ratio of Chls a to b, the advantages of the
natural Chl composition in the PSII SC are discussed.

RESULTS AND DISCUSSION

The EET network of the natural PSII SC

To generate the natural EET network, we first estimated the EET rate
constants between Chls in the natural PSII SC based on quantum dy-
namical methods. In this study, we analyzed the PSII SC [Protein
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charge separation by the special pairs and intrinsic dissipation processes of Chls.
nd intrinsic dissipation after initial excitation.

Data Bank (PDB): 5XNL] of Pisum sativum, for which coordinates of
all Chls a and b belonging to the SC are known with detailed struc-
tural information (19). The EET rate depends on the site energies of
Chls and the delocalized exciton states between strongly coupled
Chls (Fig. 1B). To appropriately simulate the EET between Chls for a
wide range of distances, we adopted the concept of “domain” that cor-
responds to a group of strongly coupled Chls (29, 30). For proximal
EET within a domain, we applied Redfield theory, which has been
widely used for more accurately describing EET as the relaxation pro-
cess of the excitons (31). The generalized Forster theory, which has
been commonly used to describe long range EET (29, 32, 33), was
applied to consider further EET between delocalized exciton states
belonging to different domains.

We treated the EET information derived from this combined ap-
proach as a “network” and characterized it through network theory
(20), which enables quantifying and simulating the dynamic process
as interactions of “nodes” along with their topological characteris-
tics (see Materials and Methods). In our EET network, the nodes are
Chl domains, and the links represent EET rate constants connecting
domains. In Fig. 1C, the color of each node represents the average
site energies of Chls within each domain, revealing that the domains
in CP29 and CP26 have the maximum (blue) and minimum (red)
site energies, respectively. The EET links show that CP43 is tightly
coupled to CP26 and S-LHCII, whereas CP47 is weakly coupled to
peripheral LHCIIs. In this manner, the EET network can show how

20of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

the PSII core is energetically integrated with each LHCII component
of the peripheral antennae.

Excitation probability of each domain and its charge separation
yield was estimated as an EET network, incorporating experimen-
tally determined rate constants for the charge separation and intrin-
sic rate constants for the dissipation of electronically excited Chls
through nonradiative and radiative pathways (Fig. 1D). We numeri-
cally simulated the dynamic behavior of EET as a Markov process,
wherein the EET process is only influenced by the current states of
the Chls or their domains (and not by past events) (34). By assum-
ing that Chls in all domains are randomly excited at time zero, the
excitation probability of each domain, charge separation, and in-
trinsic dissipation were calculated, which revealed the detailed dy-
namics of energy conversion from absorbed light energy to charge
separation in a PSII SC (Fig. 1E and fig. S2). The distribution map of
the excitation probability shows localization of excitation energy in
CP26 at ~100 ps and that the decay lifetime of Chl excitation was
estimated as 500 ps, comparable to experimentally determined val-
ues (490 ps for intact spinach PSII SC at pH 5.5) (35). The charge
separation yield was determined to be 0.81, which is consistent with
the range (0.78 to 0.84) of the maximum quantum yield experimen-
tally determined in C3 plants (36). This consistency of the quantum
yield between experiments and our simulation supports our ap-
proach as effective in determining the holistic EET dynamics within
the entire PSII SC.

Synthetic EET networks of hypothetical PSIl SC models

To understand the advantages of the mixed Chl system of the natu-
ral PSII SC, we examined hypothetical PSIT SC models consisting of
various Chl a and Chl b combinations in LHCIIs (Fig. 2 and fig. S3).
These models include all-a- or all-b-type LHCII that solely binds
Chl a or Chl b, respectively. The position and orientation of Chls are
the same as those of natural Chls. Furthermore, Chl a has a larger
magnitude of transition dipole moment than Chl b (table S1). Due
to stronger excitonic coupling between Chls a than Chls b, a domain
in an all-a—type LHCII has more Chls and has lower site energy than
a domain in all-b-type LHCII (Fig. 2, A and C, and tables S2 to S4).

From the network analysis on the EET between the domains of
the synthetic models, we also found that the decay of the excitation
probabilities is slower in the PSII SC with all-a-type LHCII (all-a-
type PSII SC) and faster in the PSII SC with all-b-type LHCII
(all-b-type PSII SC) than in the natural PSII SC (Fig. 2, B and D).
Specifically, in the all-a-type PSII SC, the excitation probabilities in
the peripheral antennae, including S-LHCII, M-LHCII, and CP26,
remained higher than those in the other types even at 1 ns (Fig. 2B
and figs. $4 and S5). In all-b-type PSII SC, however, the excitation
probabilities in the inner antennae, including CP43 and CP47, were
higher than those in the other area (Fig. 2D and figs. S4 and S6),
leading to the highest charge separation yield among the compara-
tive PSII SC models. These results indicate that the yield of charge
separation at RCs is increased in all-b-type PSII SC by the effect of
the increased number of Chl b on the energy gap between LHCIIs
and the PSII core, which suppresses the energy backflow from the
PSII core to LHCIIS.

To further characterize the integrity of antennae, we estimated the
probability of charge separation at the RC when each domain is ex-
cited individually, which we call individual yield, Q(Y) (Fig. 2E). Each
colored circle corresponds to a domain with its color representing
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Q(Y). We found that Q(Y)’s were higher in the PSII core than in the
peripheral LHCIIs for all types of PSII SCs. This is due to the struc-
ture of the PSII SC in which the peripheral LHCIIs surround the PSII
core. It makes the EET directed toward the RC, generating the gradi-
ent of Q(Y) from the peripheral LHCIIs to the PSII core. Compared
to the natural-type PSII SC, the domains in the PSII core in the
all-a—type PSII SC featured lower Q(Y)’s, and those in the all-b-type
PSII SC showed higher Q(Y)’s. Note that all types of PSII SCs have an
identical PSII core having only Chl a. Therefore, we emphasize that
this occurs because of the large energy gap between LHCIIs and the
PSII core, which more obstructs the energy backflow from the PSII
core to LHCIIs in the all-b-type PSII SC than the all-a type. In other
words, “the funneling effect” of EET is the most prominent effect in
the all-b-type PSII SC, which aligns well with previously reported
characteristics of EET in the FMO complex such as the advantage of
“a ratchet system” (37). Therefore, after excitation energy is captured
by the PSII SC, it can be efficiently used for charge separation at RCs.

Cumulative excitation energy flow analysis of EET

To trace excitation energy flow in PSII SCs, we propose two key
metrics: cumulative input (CI) for each node and net cumulative
flow (NCF) on each link. The CI represents the total accumulated
energy input to node j, 3’,f;, during the simulation, where f; is the
accumulated energy flow from node i to j. Concurrently, the NCF
between nodes i and j is defined by| f; — f; |, illustrating the net en-
ergy transfer dynamics between them. On the basis of the CI and the
NCF values, we can reveal the energy transfer pathways in the PSII
SC. For example, a node with a high CI value will serve as a gateway,
where excitation energy frequently passes through, and the link
with a high NCF value will be the major path of the energy traversal.
The energy flow map in Fig. 3A shows the characteristic energy
pathway of the natural-type PSII (thick and dark arrows in Fig. 3A).
The RCs mainly receive excitation energy from the two distinct in-
flows through the domains in CP43 or CP47. In the peripheral area,
where S-LHCII, M-LHCII, CP24, and CP26 reside, certain domains
(red and large nodes) facilitate the building of particular pathways
that contribute to frequent EET. These EET paths occur as a conse-
quence of the site-energy landscape in the PSII SC related to the
spatial position of low site-energy Chls. In the all-a-type PSII SC,
for instance, only a few domains feature high CI, and the EET path-
ways (distinguished by the dark and thick arrows) are denser in the
peripheral region than in the natural region (Fig. 3B). Therefore, the
energy flow to RCs can be interrupted and trapped in the peripheral
area, resulting in a lower charge separation yield than that of the
natural type. In the all-b-type PSII SC, conversely, high-CI domains
are positioned along the major EET pathways so that the energy flow
can be effectively guided to RCs, which enables the highest yield of
charge separation (Fig. 3C). Note that the high-CI domains have low
site energy in PSII SC.

Light-harvesting and photoprotective capabilities

of PSII SCs

The increased amount of Chl b can improve the charge separation
yield of the PSII SC beyond the increased absorption in several spec-
tral areas of Chl b. Considering the solar radiation spectrum that
both Chls a and b can absorb, having more Chl b in an LHCII can
naturally achieve higher light-harvesting efficiency (fig. S7). How-
ever, we found in the PSII SC models that the yield is even higher
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Fig. 2. EET network analysis of all-a- and all-b-type PSII SCs. (A and C) The EET network and site energies of Chl domains in the all-a- and all-b-type PSII SCs, respec-
tively. The size and color of the circle represent the number of Chls in the domain and its averaged site energy. The direction and line width of the arrows between circles
represent the direction and relative rate constants for EET. The rate constants larger than 0.005 ps~' (time constant of 200 ps) are shown to visualize dominant EET (fig. S1).

(B and D) Simulated ensemble probabilities of the excited states of Chls, charge se

paration, and intrinsic dissipation after initial excitation of a Chl in the all-a- and all-b-

type PSII SCs, respectively. Solid lines represent the simulation results of either all-a- or all-b-type PSII SCs, and dashed lines represent the results of the natural PSII SC.

(E) Individual yield, Q(Y), of domains in the natural-, all-a-, and all-b-type PSII SCs. Q
Q(Y) of RC domains was not included in the scale map of Q(Y).

(Fig. 4A, green circles) than the expected natural yield advantage
(Fig. 4A, gray dashed line). This indicates that the funneling effect
described above enables the PSII SC to outperform the inherent ad-
vantage of having more Chl b in the antennae.

In general, the higher the yield of a PSII SC is, the larger the
amount of light energy a plant can harvest. However, it is always ben-
eficial only for plants under moderate light conditions. In nature,

Kim et al., Sci. Adv. 11, eads0327 (2025) 9 May 2025

(Y) of the domain represents the yield of charge separation when the domain is excited.

plants are often exposed to excessive light conditions that could cause
photodamage to the photosystems (38). Thus, any photoprotection
schemes are crucial for plants to avoid such photodamage for their
survival under changing light conditions.

Our results also support that the natural PSIT SC has great potential to
prevent photodamage by non-photochemical quenching (NPQ) in tri-
meric LHCIIs or CP29s. In the natural PSII SC, we found that excitation
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energy mostly flows through specific domains along the major pathways
in the LHCIIs (Fig. 4B). Intriguingly, these stepping domains include
Chls a611-a612 and a603-a609, which have been proposed as photopro-
tective quenching sites in LHCIIs. Chls a611-a612, observed in S-LHCII
and M-LHCII, have been proposed to quench the excitation energy by
transferring the energy to lutein (11, 39) or by charge transfer quenching
(14). Chls a603-a609, observed in CP29, have been proposed to conduct
a similar role by charge transfer quenching with zeaxanthin (13). There-
fore, these stepping domains in the natural PSIT SC can dissipate exces-
sive energy, when necessary;, as if firefighters were near fire. To address
this hypothesis, we estimated the yield of PSII SC when NPQ process is
activated and calculated the NPQ values by applying the various rate
constants [0.005 to 0.04 ps~! for trimeric LHCII (11, 14, 15, 40, 41) and
0.005 to 0.2 ps~! for CP29 (13, 42-44)] of NPQ in trimeric LHCIIs or
CP29s (Fig. 4, C and D, and tables S5 to S7). The result showed that NPQ
in trimeric LHCII much more efficiently quenches the excitation energy
than that in CP29 (Fig. 4C). In the comparison of the PSII SCs, the simu-
lated NPQ in natural and all-a—type PSII SCs showed about twice higher
values than that of all-b—type PSII SC (Fig. 4D). This result supports that
the natural-type PSII SC forms an efficient structure to dissipate the exci-
tation energy while maintaining high light-harvesting efficiency.

Enhancing light-harvesting efficiency through the

ratchet system

Our results also provide the insight that the “ratchet” system is ad-
vantageous over a monotonous funnel system for light-harvesting
efficiency. To consider the ratchet effect on EET, we investigated oth-
er models of PSII SC with various ratios of Chl b to Chls: trimerLH-
CllI-a, trimerLHCII-b, monomerLHCII-a, and monomerLHCII-b.

Kim et al., Sci. Adv. 11, eads0327 (2025) 9 May 2025

The trimerLHCII-a or monomerLHCII-a types involve the hypo-
thetical trimeric or monomeric LHCIIs that bind only Chl a, respec-
tively. Likewise, the trimerLHCII-b and monomerLHCII-b types are
defined in the same way, binding only Chl b. Notably, the trimerLH-
ClI-a type showed higher quantum yields than the monomerLHCII-
a type, as well as the monomerLHCII-b type to the trimerLHCII-b
type (Fig. 4A). We hypothesize that these features originated from
the different excited energy levels of the Chls in trimeric LHCIIs and
monomeric LHCIIs. In the trimerLHCII-a type and the monomerL-
HCII-b type, the overall excited energy levels of Chls in the mono-
meric LHCIIs are higher than those of the trimeric LHCIIs, which
can cause the ratchet effect because the excitation energy in the core
complexes can rarely migrate to the trimeric LHCIIs in this condi-
tion, and vice versa in the monomerLHCII-a type and the trimerLH-
CII-b type (fig. S3). This finding is in line with a previous study
showing that the FMO complex forms the ratchet system rather than
the monotonous funnel system (37). This insight supports that the
utilization of the ratchet system can be a potential strategy to increase
light-harvesting efficiency in light-energy conversion systems such
as photovoltaic materials, including solar cells.

Our EET analysis of the PSII SC stands out from previous studies
by offering a holistic approach to understanding the entire system of
PSII SC. By incorporating network analysis, we provide a compre-
hensive view of the EET process, focusing on the interplay between
antenna complexes and core complexes within the EET network.
Our analysis successfully simulated the “light-harvesting” and “pho-
toprotection” capabilities of the PSII SC, highlighting the advantag-
es of the coexistence of Chls a and b in natural LHCII, particularly
when compared to hypothetical PSII SCs. Only the natural PSII SC
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efficiently transfers excitation energy to the RC while simultane-
ously protecting itself.

The EET network analysis can be further extended to investigate
various characteristics of EET in photosynthetic protein complexes.
This approach represents a step toward understanding the photosys-
tem from a network perspective, with focus primarily on the topo-
logical characteristics and EET dynamics of the PSII SC. Further
research can explore other network science approaches to this prob-
lem, including consideration of community characteristics and resil-
ience analysis, which hold great promise for further comprehending
natural systems.

MATERIALS AND METHODS

Domain formation

In large photosynthetic antenna systems, all embedded pigments are
not necessarily strongly coupled. This coupling results in the forma-
tion of discrete domains, each of which comprises delocalized exci-
ton states of strongly coupled pigments. To define these domains
quantitatively, the threshold value is introduced. Pigment pairs
(m, n) whose electronic coupling V,,,, is greater than the threshold
are assigned to the same domain. The Redfield theory is often used
to describe exciton relaxation within the domains, whereas the gen-
eralized Forster theory (29, 32, 33) is a suitable choice to describe
energy transfer between different domains. The electronic excitation
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localized on the mth pigment and the Mth delocalized exciton
state in the d-domain are denoted by |m,) and IMq), respectively.
The corresponding electronic transition energies are written as
€,, = hw,, and €\, = ho), . For convenience, 0,y = ®, — 0y is in-
troduced for any possible paris (a, f). Delocalized exciton states can
be expressed by a linear combination of localized electronic excita-
tions as |My) = g c,(nj\:[d) [mg). Tt is noted that the subscription will
be omitted when domains are not necessarily specified. The thresh-
old value is usually chosen to be in the order of the environmental
reorganization energy E, to consider environment-induced dynam-
ic localization effects. A typical value for the reorganization energy
associated with electronic excitations in pigment-protein complexes
is in the range (37) of 10 cm™! < E, < 100 cm~), and, therefore, we
assume the threshold value to be 30 cm™L. We note that both Redfield
and generalized Forster theories are computationally less expensive
but quantitatively less accurate than more sophisticated theories
(31). However, both the theories provide qualitatively reasonable
results in the parameter region corresponding to natural photosyn-
thetic systems, as was demonstrated by Ishizaki and Fleming (31I).
Therefore, we think it is relevant to use the Redfield theory and the
generalized Forster theory to investigate energy transfer dynamics
in such a large system as the PSII SC. For the same reason, we will
use the point-dipole approximation to evaluate the excitonic cou-
plings of pigment instead of more sophisticated theories (45, 46).
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The values of electronic excitation energies and excitonic cou-
plings of pigments in the PSII core, LHCII, CP26, and CP29 are
taken from (6, 47-49). Because the parameters for CP24 have not
been reported, they are substituted by those for the LHCII monomer
in a similar fashion as in (17). The interprotein excitonic couplings
are calculated with the use of the point-dipole approximation with
the effective magnitudes of transition dipole moments (50)

1 KBy ("m'Rmn)(un'Rmn)

Vo =— -3
" 4me, | RS R W

where € is the vacuum permittivity and R,,, is the center-to-center
spatial vector between pigments m and n. The vector p,, stands for
the transition dipole moment of the Q, band in Chl. The direction is
assumed to be along the Np-Np axis (29), and the effective magni-
tudes are used to include the influence of the surrounding protein
environment (50). The cryo-electron microscopy data, PDB: 5XNL,
are used to evaluate the orientations of the transition dipole moments
and distance vectors. The used values are presented in table S1.

To describe the influence of the protein environment upon the in-
volved electronic excitations, we consider the spectral density. Substan-
tial experimental and computational efforts have been made to obtain
spectral density functions for various photosynthetic pigment-protein
complexes, which provides the information on protein-induced fluc-
tuations and intramolecular vibrational modes affecting the electronic
states of embedded pigments. For computationally reproducing ab-
sorption and emission spectra of molecules, both the effects are neces-
sary. As was demonstrated by Fujihashi ef al. (51), however, the impact
of the intramolecular vibrational modes on the energy transfer dynam-
ics is typically eradicated by the protein-induced fluctuations at physi-
ological temperatures. For this reason, we use the spectral density with

no vibrational sideband (52)
© 1/2
3 — —
sl (2)] o

with $=0.65, s;= 0.8, 5,=0.5, ®; =0.5565 cm~}, and ®,=1.936 cm™.
The reorganization energy associated with electronic excitations is
thus obtained with the well-known formula, E, = Iow do ho J(o),
yielding the values of E, = 50.87 cm™!.

S S
J(@) =
@ 51+52iz“7!2m;1

=12

Intradomain exciton transfer

Among the pigments in a domain, we assume that the relaxation of
one delocalized exciton state|M ) to another [N) is described with the
Redfield theory. Hence, the rate constant of exciton transfer is ob-
tained as (29)

_ 2
kyion =21y o MN

{[1+nBE(mMN)]](wMN) +nBE(_mMN)](_mMN)} ®

where 7, () is the Bose-Einstein distribution function. The factor
Yy 1s computed with the exciton coefficients {cfflw )} as

~Ryp/Re (M) (N) (N) (M
T = B 00N 00 ”
mn
where R, is the center-to-center distance between pigments m and
n, and R_ is the correlation radius of the protein-induced fluctua-
tions. We set R. = 5.0 A for numerical calculations (52). The inverse
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. . . . — 1 . .
lifetime of state |[M) is, thus, obtained as 7 = 3 > vk yielding
the lifetime broadening in optical spectra. See Egs. 7 and 8.

Interdomain exciton transfer

Energy transfer between delocalized exciton states each of which be-
longs to different domains is described as Forster-type transfer. The rate
constant of the transfer from|M, ) to [N}, ) (a #b) is, thus, computed as

vz o7
ky .y, =27 My J do Fy (0)Ay, (@) (5)

In the equation, V), y, represents excitonic coupling between de-
localized exciton states

M,) (N
Vi, = Zcfna )Crgb b)Vmanb (6)
Mg,ny

and F M, (@) and Ay, (@) are the fluorescence and absorbance line-
shape functions

FMa(m) = i J dt e_i(w_a’Ma)teGMa(t)_GMa(O)e_ltl/rMa (7)

o0
Ay (@) = % J it ei(m—mNb)teGNb(t)—GNb(O) o/, ®)

respectively. In the line-shape functions, the function G, (t) is given by

[oe]

Gt (D ="Yagm, J do {[1+n(@)](@)e ™ +n(@)](@)e*™} (9)
0
and ©,, is the frequency renormalized with the diagonal and off-
diagonal contributions of the exciton-vibrational coupling

~ Yamym, En
Wy, =0y, — —%

+ 2 YK, P

Ky(#My) o

T dmwz{[l +n(0)]J(®)+n(—w)J(—n)} (10)

(DMde —®

We assume that intradomain exciton relaxation processes are
sufficiently fast in comparison to interdomain exciton transfer; thus,
the rate of interdomain exciton transfer from domain a to b is calcu-
lated as in (30)

ko, = ZP(Ma)kMa—»Nb (11)

M,N,

where p(M,) = e=n/bT /% Mae_eMa/ *T is the thermal distribution
of an exciton state |M, ) when only domain a is considered. The pa-
rameter kg is the Boltzmann constant. An average over the static
disorder in site energies needs to be taken to calculate the interdo-
main transfer rate constant in Eq. 11 (47). We assume that the inde-
pendent variation of the site energies obeys a Gaussian distribution
with full width at half maximum, A, ;, for all pigments, and we per-
form Monte Carlo sampling. The used values for A, ;, are given in
tables S8 and S9. The simulated absorption spectrum was compared

7of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

with experimentally obtained data (fig. S9). The results showed that
the peak positions and widths of the simulated spectrum were in
good agreement with the experiment data, demonstrating the valid-
ity of the theoretical model and parameters used. The discrepancy in
the shorter wavelength region below 640 nm is due to the exclusion
of the Q, and Soret bands and intermolecular vibrational sidebands
from the simulations.

Linear absorption spectrum
The linear absorption spectrum is obtained as a sum of the spec-
trum in each domain as (30)

A= 2 Ad) (12)

Ay(®) a)< ZMd Iy, AMd(U))> (13)

where p, is the transition dipole moment of the exciton state [My)

expressed asp,; = Zmd can:d) R, and the bracket ...) stands for the

average over the static disorder in the site energies.

Site energies and excitonic couplings in hypothetical
PSII SC models
If the Chl in the light-harvesting systems is replaced with another type
of Chl, then the structural and physical properties of the Chl, such as
the positions, orientations, site energies, and excitonic couplings, are
expected to change. When the EET dynamics in PSII SC models with
varied ratios of Chl b to Chl a are investigated, the values of the site
energies and excitonic couplings should be essentially evaluated on
the basis of quantum chemical calculations. However, the aim of this
study was to explore the general characteristics of the EET dynamics
affected by Chl substitution rather than the details. Then, we assume
that the positions and orientations of the Chls are fixed, and we deter-
mine the values of the site energies and excitonic couplings in these
hypothetical PSIT SC models with the approximations described below.
Thessite energy of Chl is determined on the basis of its Q, transition
energy under the influence of environmental degrees of freedom. In
the PSII SC, because each Chl is affected by these different environ-
ments, the shift of the Q, transition energy from the vacuum is differ-
ent in each Chl, even if the types of Chls are the same. Thus, when the
Chl in the PSII SC is substituted into the other type, the magnitude of
the change in the site energy is expected to be different at each site.
However, we assume that this magnitude, AE, is the same throughout
the PSII SC and is estimated as the difference in the Qy transition en-
ergy between Chl a and Chl b in solvent. We, therefore, choose the
excitation energies in diethyl ether obtained as 662 nm for Chl a and
644 nm for Chl b, respectively, which leads to AE = 422cm™L. In the
all-a, monomerLHCII-a, and trimerLHCII-a types, we subtract AE
from the site energies of Chl b, whereas we add AE to the site energies
of Chl a in the all-b, monomerLHCII-b, and trimerLHCII-b types.
When the distance between the Chls is short compared to the spa-
tial extent of their wave functions, the point-dipole approximation
can be used to compute the values of the excitonic couplings between
them. Within the point-dipole approximation, if the transition dipole
moment of the mth Chl in the natural PSIT SC, u,, is replaced with p/ ,
then the modified excitonic coupling between the mth and nth Chls
V! is expressed as
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s IR R

mn an (14)
[ | TRy, |

We assume that Eq. 14 is valid for all pairs of the Chls in the hy-
pothetical models of the PSII SC. Generally, this approximation is
not satisfied, and the evaluation of the excitonic couplings requires a
more accurate method of quantum chemical calculation (53, 54).
However, for the excitonic couplings involving only the Q, transi-
tions of Chls in LHCII, it has been reported that the point-dipole
approximation is sufficiently accurate to compute the values of these
couplings (55). We assume that this fact is applicable to monomeric
light-harvesting complexes, and we use Eq. 14 to obtain the values
of the excitonic couplings in the hypothetical models. The distribu-
tions of rate constants in natural-type, all-a-type, and all-b-type PSII
SCs are shown in fig. S1.

EET simulation

The consecutive EET is initiated at one of the domains and termi-
nated when the excitation energy is used for charge separation at
special pairs in RCs (photosynthesis) or is intrinsically dissipated.
We denote the set of transient states of the 134 total domains as
T = {i|li=1,2, ...,134} and two absorbing states representing the
charge separation and dissipation as A = {i|i = 135,136}. Repre-
senting the possible states S at each transition, the number of states
|S| =|T| + |A| = 134 + 2 = 136. Note that this is the case of natural
type. See the Supplementary Materials for the total number of states
of all-a and all-b types. In this study, the timescale over which the
memory effect persists in energy transfer is negligibly short in
comparison to the timescale of the numerical simulation. Therefore,
the energy transfer process to a state depends only on the current
state, not on previous history. It means that the energy transition
process in the photosystem can be considered as a stochastic pro-
cess that satisfies the Markov property (56, 57). Therefore, we gen-
erate the transition rate matrix Q € R™| which is also known as
generator matrix, from the excited energy transition as a Markov
process (34). Assuming the system starts in state i € T, for the first-
order reaction of the excited energy transfer during photosynthesis,
the transition proceeds to the next state j € T att; ~ exp(?»,j). We
approximate the transition rate from the EET rate such that g;; = A;;
Similarly, the rate constant of charge separation in RCs is set as
g;=1/15 ps~! (time constant of 1.5 ps) (58, 59), where i is a par-
ticular domain in RCs and j = 135, while the dissipation is set iden-
tically for all domains g; =5 X 10~*ps~! (time constant of 2 ns)
(60-62), wherei € T and j = 136. In addition, the system can incor-
porate the process of NPQ. This process is characterized by the
conversion of energy to thermal energy in specific domains, as illus-
trated in Fig. 4B, which identifies the domains belonging to trimeric
LHCII and CP29. Therefore, in these domains, the usual dissipation
rate for all nodes is supplemented with the additional dissipation rate
due to NPQ. We simulated the system’s yield with different NPQ
rates assigned to the domains in LHCII and CP29, respectively,
varying these rates to observe the consequences. The results are
described in Fig. 4 (C and D).

A simulation was also performed with the rate constants (charge
separation, 0.5 to 3 ps~; intrinsic dissipation, 1 to 4 ns™~!) and showed
that the experimentally obtained values resulted in a consistent yield
of charge separation (0.81), which is close to the experimentally
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obtained yield (fig. S10). Note that the transient states (i € T) represent
the distinct domains in PSII that consist of physically existing Chls,
whereas the two additional absorbing states (i € A = {135,136}) are
conceptual. The diagonal elements q;; = —Zj(#)qij considering that
no self-transition occurs. We then convert the transition rate matrix
of PSII to the embedded discrete-time Markov chain, P=1-Q/L
While [is typically defined as the smallest diagonal element of Q (63),
we set ] = —5 uniformly across all networks to ensure consistent sim-
ulation conditions across diverse network structures. This approach
is valid because the minimum diagonal element of Q is greater than
—5for all networks. The elements of P, p;; indicate the probability of
transferring the excitation energy between states. We consider the
excited energy transition between S states such that Zle p;j = loralli.

Upon giving the initial conditions of the states, we numerically
track the transition process of the excited energy by multiplying
P. Let the vector x(t) = [xl(t),xz(t), ,x136(t)] be the state vector
indicating the excitation probability of each state i at Markov time
(or step) t. Because the vector represents the probability distribu-
tion, at all Markov times , it satisfies Zle x;(t) = 1. We let a domain
i be initially excited by defining the ith element x;(0) =1 and
xj21(0) =0, otherwise in the initial state vector x(0). The excited en-
ergy can move to the next state following the transition probability
P [x(t +1)=¢ | x(t)= e,»] =pip where e; denotes the ith standard ba-
sis vector, which has a value of 1 in the ith position and 0 elsewhere.
Using this formulation, the next states are computed iteratively as:
x(1) = x(0)P; x(2) = x(1)P = x(0)P?; ... ;x(t) = x(0)P". We set the
time interval of the Markov process to 0.2 ps to balancing the need
for sufficient resolution to capture the interdomain EET dynamics
with the need for neglecting the memory effects due to protein-
induced fluctuations and the thermal equilibration inside individual
domains. This time step is larger than the timescale of the memory
effects, which are faster than 0.1 ps (9, 31), but provides sufficient reso-
lution to capture essential features of the system as shown in the simu-
lated EET dynamics within the natural PSII SC (fig. S2), because the
largest net outgoing EET rate constant between all domains is 3 to
4ps~!, corresponding to a timescale of 0.25 to 0.33 ps. In this sense, we
recursively estimate the probability distribution at any tth step. Note
that x(0)P’ depends on the initial distribution of x(0). We assume that
only a domain is initially excited, and no additional multiple excita-
tions occur during the Markov process. To estimate the average
probability distribution over the initial target domains, we take the
ensemble average over i, such that x(¢) = ZiTpix(i)(O)Pt, where p;
is the initial excitation probability of domain i. In this study, we as-
sume that the excitation probability of domain i is proportional to
the number of Chls, which is denoted by h,. Therefore, we estimate
the average probability distribution for PSII as x(t) = h_} x;(0)P",
where x,(0) = [hl, hy, by, oo hyss, a4, 0, 0] with x; = h; fori € T or
Ofori € A and by, = Zszl h;.

Network analysis of various PSIl network models

We convert the natural PSII SC into a network structure, which we
refer to as the natural PSII network, with nodes representing the
domains in PSII and links for the energy transfer rate between the
pairs of them. The spatial coordinates of domains remain in the PSII
network, and the directed link weight from node i to j is identical to
pjjin P. Therefore, the PSII network is a directed and weighted fully
connected spatial network for the total numbern =|T| = 134 of nodes
and the total number m = n(n—1) = 17,822 of links. The PSII
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network is, in principle, a fully connected network between all pairs
of domains, because the EET rates between domains are all posi-
tive values. However, considering the fact that the EET rate decays
rapidly as the distance between domains increases, we filter out the
links with negligible low weight remaining a backbone of the net-
work for visualization. In this study, we estimate the energy trans-
fer dynamics on the basis of the fully connected relationship while
we show the network with only some part of all links for visual clarity.

In the PSII network, where the excited energy transfers between
domains are probabilistically proportional to the EET rate, total cu-
mulative flow analysis can reveal the apparent pattern of energy de-
livery from each node to the RC. To formally define the cumulative
energy flow, we start by specifying the directed edge from i to j as
fi= i‘:‘f x;(£)p;> where f,,,,, represents the simulation time, which,
in our study, is set to 10°. The NCF of link (i, ) is then defined as the
absolute difference between f;; and f; and follows the direction of
the larger energy flow. Furthermore, we define the CI of node i as
Z;{ fri» which corresponds to the total incident energy of the node.
These formal definitions enable the accurate characterization of ex-
cited energy transfer within the PSII network.

For the comparative analysis, we constructed various types of PSII
network models in addition to the natural PSII network. By alternat-
ing Chl b to Chl a (Chl a to Chl b) in an LHCII of the natural PSII
network, we generate an all-a—type (all-b-type) PSII network that has
only a single type of Chl in LHCII. We also constructed the interme-
diate versions of PSII networks between those models by partially
modifying Chls. Specifically, we change the Chls only for those that
are in monomeric or trimeric components in LHCIL. By this, we pre-
pared seven distinct PSII networks varying the composition of the

Chl types (fig. S3).
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