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METHODS

Spectral simulation

The absorption spectrum was computed by averaging over an ensemble of 20 representative
snapshots extracted from the molecular dynamics trajectory. For each snapshot, site energies
and inter-pigment couplings derived from QM/MM calculations were utilized to simulate the
spectral line shape. The calculated spectra were broadened using a Gaussian window to model
inhomogeneous broadening effects!'.
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Gaussian broadening with a standard deviation of 9=0.012 eV was applied. To align the
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calculated spectrum with the experimental Q, band position, a global energy shift of AE=0.285
eV was introduced, compensating for the systematic overestimation of excitation energies by
the CAM-B3LYP functional. The final theoretical spectrum was obtained by averaging the
individually broadened spectra and compared with the experimental room-temperature
absorption spectrum of the PSII-LHCII supercomplex reported by Wei et al?.
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Linear Optical Spectra

The linear spectra of the isolated CP43 antenna were calculated according to the methodology
developed by the Thomas Renger group in their spectroscopic simulations®. In this work, the
CP43 subcomplex is treated as a separate excitonic domain. The absorption spectrum was
computed as

a(w)=w ) |y 2DM (w)
d d
Mg

where the transition dipole moment is given by
(M)
- d)-
=Yc
Hu Z mg Hmg
"

M . . . .
With ~ ™d being the local transition dipole moment of pigment M4 Each spectrum was

broadened using a Gaussian lineshape function with a full width at half maximum (FWHM) of
180 cmL.
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For the linear dichroism (LD) spectrum, the quantity | Mal in the absorption expression is

replaced by
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Where  dis the angle between the transition dipole and a chosen reference axis (Z axis).

For the circular dichroism (CD) spectrum, the rotational strength of exciton state M, is used:
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All site energies and inter-pigment electronic couplings were taken directly from the multiscale
calculations performed on the complete PSII-LHCII supercomplex, as described in the main
text. The final spectra presented in this study were obtained by averaging the results computed
from an ensemble of representative structural frames.



RESULTS AND DISCUSSION

Spectral fitting analysis

Compared to the experimental room-temperature absorption spectra> 7, the theoretically
averaged absorption spectrum reproduces several key spectral features (Fig. S3). Specifically,
the main chlorophyll a peak is located at 675 nm, matching the experimental peak position
(675 nm). In contrast, the chlorophyll b-related peak appears at 626 nm, showing a distinct blue
shift relative to the experimental value of 650 nm, with a deviation of approximately 24 nm.
Although averaging over multiple configurations brings the theoretical spectrum closer to the
experimental one, a systematic deviation remains for the chlorophyll b-related band.

In subsequent calculations of energy transfer rates based on Forster theory, the experimental
peak positions (Chla: 675 nm; Chlb: 650 nm)> 7 were directly used in the spectral overlap
computation for energy transfer between different types of pigments (e.g., Chl b — Chl a). This
ensures that the donor—acceptor energy gap aligns with the experimentally observed absorption
bands. At the same time, for energy transfer between pigments of the same type (e.g.,
Chl a — Chl a, Chl b — Chl b), the rates were still evaluated using the spectral overlap derived
from the theoretically computed site energies and corresponding line shapes. This approach
maintains the internal consistency and transferability of the theoretical model. Such a treatment
strictly aligns the energy matching between different types of pigments with the experimental
spectral peaks without altering the previously validated coupling and broadening parameters,
thereby improving the quantitative reliability of the relevant energy transfer pathways. It also
preserves the theoretical sensitivity of same-type pigment pathways to microenvironment
perturbations and configurational fluctuations, facilitating further analysis within the
homogeneous pigment network.

Overall, the averaged spectrum shows good agreement with the experimental spectrum at the
main chlorophyll a peak, while the shift in the chlorophyll b-related band has been explicitly
corrected in the rate calculations via the described spectral overlap strategy, laying a solid
foundation for subsequent theoretical modeling of energy transfer.

The critical role of donor-acceptor distance in EET

The inter-pigment distances and energy transfer rates for key pathways between the peripheral
and inner antennas were identified (Fig. S4, Table S3). Distances were measured as the Mg—
Mg distance between chlorophylls. As summarized in Table S3, the forward and backward
transfer rates for a given pigment pair differ owing to their site energy differences. Nonetheless,
both the data and the figure clearly demonstrate that fast energy transfer requires a short spatial
separation as a fundamental condition.

According to Forster theory, the energy transfer rate is governed by the product of the distance-
dependent electronic coupling and the site energy-dependent spectral overlap. To elucidate the
fundamental role of distance, we plotted the electronic coupling strength against the inter-
pigment distance for all pairs within 100 A (Fig. S5). The results reveal a sharp decay in
electronic coupling with increasing distance, confirming that distance sets the upper limit of the
energy transfer rate between any two pigments. Notably, substantial variations in coupling
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strength were observed even at similar distances, arising primarily from differences in the
relative orientation between pigments. This is illustrated by the example of pigments a605,
a613, and a614 in CP43 (Fig. S5). Although the distance between a614 and a605 is only 8.8 A,
their coupling remains weak (4.1 cm™!). In contrast, the a614-a613 pair, with a distance of 9.1 A,
exhibits a coupling of 64.4 cm™!, due to their more parallel orientation.

In summary, the directionality and specificity of the energy transfer network in our study
emerge from the synergy between the spatial architecture (distance and orientation) and the
energy landscape: the former defines the potential channels for energy flow, while the latter
provides the net driving force through these channels.

Probing the role of the energy gradient by imposing uniform site energies

To probe the functional role of the intrinsic energy landscape, we set all pigment site energies
to an equal value (675 nm) and recalculated the energy transfer rates. This manipulation
fundamentally altered the nature of excitation energy flow. The removal of the energy gradient
eliminated directional driving forces, resulting in identical forward and backward transfer rates
between pigment pairs and leading to random energy diffusion without net directionality.
Although the overall connectivity of the energy transfer network was preserved, its dynamics
were significantly perturbed. For example, the fast, directional pathway from a612 in LHCII
M1 to a506 in CP43, observed in the native system (Fig. 4), was converted into a bidirectional
and rapid exchange under the equal-energy condition (Fig. S6). Furthermore, the transfer times
for most original pathways increased, while new channels, such as those involving chlorophyll
b sites, emerged (Table S4).

At the subunit level, the uniform energy landscape drastically reshapes the energy funnelling
pattern. Generalized Forster calculations revealed rapid mutual energy exchange between
peripheral antennas (e.g., between CP26 and LHCII), with excitation becoming trapped within
the peripheral regions and even accumulating preferentially in LHCII, rather than being
directed inward to the core antennas (Fig. S7). A key finding was the significant slowdown in
energy transfer from LHCII to CP43, with the time constant increasing from 19 ps to 49 ps
(Fig. S7), confirming that the absence of an energy gradient severely compromises energy
funnelling toward the reaction center. However, the time constants for the transfer of CP43 and
CP47 to RC were reduced.

The loss of directionality was also evident at the level of individual subunits. Analysis of
excitation energy transfer dynamics within CP43 showed that under the native energy
landscape, energy rapidly funnels from a504 to the low-energy trap sites a505 and a501 (Fig.
S8). In contrast, under equal site energies, energy diffused randomly to all neighboring sites
after initial excitation at a504, with no effective funnelling observed (Fig. S9). The EET
dynamics were modeled by employing a master equation approach®.

In conclusion, this control experiment demonstrates that heterogeneous site energies are
essential for establishing a directional energy transfer network.



Calculated and literature site energies

This study obtained the site energies of pigments in the PSII-LHCII supercomplex through
multiscale QM/MM calculations, which incorporate the effects of the protein environment. The
results are presented as averages over representative conformations (a uniform energy shift of
-0.285 eV has been applied). This work also compiles site energy data selected from prior
studies®> %15, which were typically derived from fitting spectroscopic data to subunit-level
models. All values are listed in eV (Table S5-S9).

The site energies calculated in this study generally fall within the range reported in prior work®-
1 However, a difference is observed for the “special pair” in the reaction center. In prior work,
such as the parameter set established by Raszewski et al., assigned identical site energies (1.862
eV) to the Pp; and Pp, chlorophylls?, treating them as a symmetric “special pair”. Our
calculations yield distinct site energies for Pp; and Pp,, suggesting that within the intact PSII-
LHCII supercomplex, they may not constitute a conventional symmetric special pair. This
result aligns with the view proposed by Saito et al., who described them as behaving more like
independent monomers'®. The difference likely stems from the fact that our calculations are
based directly on the full PSII-LHCII structure, unlike previous parameterizations derived from
isolated subunits.

Comparison of calculated and experimental linear spectra for the CP43

As shown in Fig. S10, the calculated absorption spectrum of CP43 at room temperature is
consistent with the corresponding experimental data® (293 K) in the 650-700 nm region. The
calculation reproduces the general profile and the position of the main absorption band near
670 nm, supporting the notion that the model captures key energy-absorption features of this
complex.

Figure S11 compares the calculated LD spectrum with experimental data measured at 77 K!7.
The calculation broadly reproduces the lineshape of the dominant positive peak near 672 nm
observed in the experimental spectrum. It is noted that a weaker positive feature around 683 nm
present in the experimental trace is not captured in the simulation. This difference may reflect
the fact that our calculation models the system at room temperature, whereas the experiment
was conducted at 77 K. Lower temperatures can stabilize subtle conformational states or
excitonic interactions that may be thermally averaged or less pronounced in our
room-temperature model. The reproduction of the main LD feature suggests that the model
provides a reasonable representation of the overall excited-state orientation properties within
CP43.

The comparison between the calculated CD spectrum and the room-temperature experimental
spectrum!’, presented in Fig. S12, reveals a discrepancy. The experimental spectrum displays
a positive signal in the 650—673 nm range (with a peak near 668 nm) and switches to a negative
signal in the 673—700 nm range, featuring two negative bands around 676 nm and 685 nm. In
contrast, the calculated spectrum displays a largely inverted sign pattern across this region
(negative in 650—673 nm and positive in 673700 nm), yielding a single positive band near 678
nm. This outcome highlights the pronounced sensitivity of CD signals to chiral structural
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details. While quantitative agreement is limited, the calculation still captures the overall
alternating pattern of positive and negative signals within this spectral region.

The comparisons above demonstrate that the site energies and coupling terms employed in this
study successfully reproduce the main features of the CP43 absorption and linear dichroism
spectra.
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Fig. S1 Diamond box plots of site energies for in C,S,-type PSII-LHCII subunits derived from QM
method. Hollow diamonds indicate mean values, with boxes representing standard deviations (SD).
Subunits are color-coded: CP26 (red), CP29 (orange), LHCII (green), CP43 (blue), CP47 (purple), and
the reaction center (RC, dark gray). Black dashed arrows illustrate proposed energy transfer pathways
from the peripheral antenna (LHCII/CP24/CP29) through the inner antenna (CP43/CP47) to the RC.
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Fig. S2 Schematic diagram of the pigment coupling network in PSII-LHCII supercomplex. Inter-

pigment couplings weaker than 10 cm'! are omitted.



Tabel S1 Statistics of standard deviations of site energies for QM/MM and QM calculations

on 206 pigment sites.

QM/MM QM
Mean of Standard Deviation 0.014 0.013
Maximum of Standard Deviation 0.026 0.023
Minimum of Standard Deviation 0.005 0.005

Tabel S2 Statistical results of site energy of Chl a in each subunit of C,S,-type PSII-LHCII.

Protein Average site energy(eV) SD

LHCII trimer 2.147 0.0136
CP29 2.140 0.0080
CP26 2.145 0.0171
CP47 2.132 0.0158
CP43 2.136 0.0117
RC 2.141 0.0231
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Fig. S3 Comparison of QM/MM-based absorption spectra of the PSII-LHCII supercomplex with
experimental spectra at room temperature. Absorption spectra of the PSII-LHCII supercomplex

calculated using QM/MM (CAM-B3LYP method) are compared with experimental spectra measured at

room temperature?. To match the position of the Chl a experimental peak, the site energies in the
QM/MM calculations were shifted to lower energies by 0.0285 eV
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Fig. S4 Pigment Distances and Energy Transfer Rates for Key Pathways. The scatter plot shows the
Mg-Mg distances (A) versus energy transfer rates (ps-') for key donor-acceptor pairs. The red and blue

data points represent the forward and backward transfer rates for the same pigment pair, respectively.

Table S3 Distances and energy transfer rates for key EET pathways from peripheral to inner

antennas.
Donor Receptor d(A) Tuon (ps) Tom (ps)
a611cpog a512¢pa3 18.19 0.84 0.68
a612cpyg a512¢cps3 25.72 0.13 0.00
a613cpys a512¢pa3 26.89 0.11 0.02
a614cpog a503cps3 16.02 0.31 0.10
a613¢poo a602¢py7 21.96 0.19 0.06
a616¢cpy9 a616cpy7 14.36 0.38 1.45
a603cpy9 a616cpy7 23.54 0.03 0.29
a6llyy a506¢p43 17.06 0.15 0.11
a612y a5006¢pa3 21.50 1.22 0.45
a6b13yy a506¢ps3 27.78 0.13 0.06

b601 b609\2 11.73 0.27 2.36
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Fig. S5 Coupling strength versus inter-pigment distance. The scatter plot depicts the decay of
electronic coupling (|V|) with increasing Mg-Mg distance for all pigment pairs within 100 A. The
embedded structural view highlights the chlorophylls a605, a613, and a614 in CP43, exemplifying how

relative orientation, in addition to distance, determines the coupling strength between closely spaced

pigments.
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Fig. S6 FRET network and excitation energy transfer (EET) pathways under equalized site
energies in PSII-LHCII supercomplex. (A) The map of inter-pigment EET rates calculated under the
condition of equal site energies for all pigments. Inter-pigment rates slower than 0.01 ps™! are omitted.
(B) EET connections between the pigments are visualized from the stromal side, with time constants (t,
ps) indicated by arrows. Due to the absence of an energy gradient, EET connections are bidirectional.
EET connections are indicated by solid arrows categorized by time constants: red arrows denote T < 2
ps, blue arrows represent 2 < t < 5 ps, and orange arrows signify 5 <t < 10 ps. Inner antenna to RC
transfers are shown as orange dashed arrows. The fastest EET pathways between subunits are indicated

by a purple dotted arrow in monomer 2. The displayed time constants (t, ps) represent the inverse of the

energy transfer rates (tZI/Tm—’n, in ps).
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Table S4 Inter-pigment (pairwise) energy transfer times across antenna interfaces obtained from

multiscale simulation and a model with equal site energies.

EET Time (ps)’

Donor Receptor

System 12 System 23
b601cpog a513cpa3 - 0.8(0.8)
a611cpyg a512cpy3 1.2(1.5) 1.3(1.3)
a612¢pye a512¢py3 7.9 9.8(9.8)
a613cpys a512cpy3 9.4 -
a614cpyg a503cpa3 3.2 5.0(5.0)
a613¢pyo a602cpy7 53 8.3(8.3)
a616¢py9 a616¢ps7 2.7(0.7) 1.1(1.1)
a603cppo a616cpy7 (3.4) 6.3(6.3)
a6l1yy a506cp43 6.5(9.1) 7.6(7.6)
a612yy a506¢p43 0.8(2.2) 1.2(1.2)
a613y a506cp4; 7.7 -
b609\ b601y 0.4(3.6) 0.8(0.8)
b607 2 a613y - 4.6(4.6)
b609; b601 3 1.2(1.2) 1.2(1.2)
b607y; a613yp3 - 1.7(1.7)
b6093 b601y, 2.4 4.5(4.5)
a603yp3 a602y, 9.1) -
b607\3 a614yp - 9.1(9.1)
b605yn a612¢pys - 3.0(3.0)
a505¢ps3 Chlp,; 38.8(29.6) 33.7(33.7)
a609cpq7 Chlp, 16.9 12.9(12.9)

! This table summarizes the energy transfer times for pathways between light-harvesting antennas (<10 ps) and the
fastest pathways from inner antennas to the RC (<50 ps). Values in parentheses denote the reverse transfer time.
Omitted entries indicate transfer times exceeding these thresholds.

2 Data were obtained from the multiscale simulation protocol.

3 Data were calculated under the condition of equal site energies for all pigments.
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Monomer 1

o Monomer 2

Fig. S7 Schematic diagram of excitation energy transfer pathways between subunits under
equalized site energies. Pathways and time constants (1, in ps) were calculated using generalized Forster
theory. On the Monomer 1 side, energy transfer is indicated by solid arrows color-coded by time constant:
orange for T < 100 ps and blue for T <250 ps. Transfer between peripheral antennas is shown with dotted-
line arrows. The time constants in the parentheses are calculated under the condition of consistent site
energy. On the Monomer 2 side, inter-subunit energy transfer is represented by dark green double-headed

arrows, with sizes proportional to the transfer rates. All time constants represent the inverse of the energy

transfer rate (TZI/Tm—’n).
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Fig. S8 Kinetics of excitation energy transfer of pigments in CP43. Kinetics of excitation energy
transfer with the initial excitation site at a504 on the luminal side of CP43. Data were obtained from the

multiscale simulation protocol.
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Fig. S9 Kinetics of excitation energy transfer of pigments in CP43. Kinetics of excitation energy
transfer with the initial excitation site at a504 on the luminal side of CP43. Data were calculated under

the condition of equal site energies for all pigments.
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Table S5 Site energies (in eV) for RC from the present work and prior studies* 12,

Pigment This study Raszewski (2005)
Pp, 1.890 1.862
Pp, 1.863 1.862
Chlp, 1.833 1.829
Chlp, 1.829 1.859
ChlZp, 1.851 1.859
ChlZp, 1.870 1.856

Table S6 Site energies (in eV) for CP43 from the present work and prior studies®.

Pigment This study Miih (2012)
a502 1.851 1.859
a503 1.840 1.846
a501 1.829 1.852
a504 1.868 1.830
a505 1.831 1.840
a506 1.853 1.859
a507 1.854 1.829
a508 1.852 1.845
a509 1.850 1.828
a510 1.860 1.877
a511 1.864 1.859
a512 1.848 1.854
a513 1.862 1.861

Table S7 Site energies (in eV) for CP47 from the present work and prior studies?.

Pigment This study Raszewski (2008)
a602 1.837 1.821
a603 1.850 1.867
a604 1.850 1.834
a605 1.864 1.854
a606 1.847 1.836
a607 1.836 1.845
a608 1.851 1.876
a609 1.872 1.856
a610 1.822 1.836
a6ll 1.829 1.893
a612 1.846 1.824
a613 1.864 1.867
a614 1.833 1.842
a615 1.850 1.845
a616 1.872 1.856
a617 1.825 1.801
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Table S8 Site energies (in eV) for LHCII from the present work and prior studies'4.

Pigment This study Novoderezhkin (2011)
b601 1.960 1.970
a602 1.871 1.879
a603 1.867 1.895
a604 1.856 1.917
b605 1.973 1.944
b606 1.965 1.965
b607 1.933 1.948
b608 1.974 1.954
b609 1.990 1.949
a610 1.867 1.869
a6ll 1.856 1.874
a612 1.861 1.871
a613 1.860 1.881
a6l4 1.847 1.892

Table S9 Site energies (in eV) for CP29 from the present work and prior studies'> 15,

Pigment This study Miih (2014) Mascoli (2020)
a601 1.841 - 1.887
a602 1.856 1.857 1.862
a603 1.854 1.847 1.862
a604 1.846 1.836 1.901
b606 1.965 1.945 1.999
b607 1.956 1.914 1.947
b608 1.962 1.914 1.987
a609 1.858 1.857 1.868
a610 1.861 1.850 1.869
a6l1 1.865 1.841 1.862
a612 1.859 1.847 1.873
a6l3 1.846 1.845 1.872
a616 1.862 - -
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Fig. S10 Comparison of calculated and experimental absorption spectra of the CP43 subcomplex.
The calculated spectrum (filled circles) is based on the TrEsp method for couplings and QM/MM-derived

site energies (Table S6). The experimental spectrum (open circles) was recorded at 293 K°.
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Fig. S11 Comparison of calculated and experimental linear dichroism (LD) spectra of the CP43
subcomplex. The calculated spectrum (filled circles) is based on the TrEsp method for couplings and

QM/MM-derived site energies (Table S6). The experimental spectrum (open circles) was recorded at
77KV,
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Fig. S12 Comparison of calculated and experimental circular dichroism (CD) spectra of the CP43
subcomplex. The calculated spectrum (filled circles) is based on the TrEsp method for couplings and

QM/MM-derived site energies (Table S6). The experimental spectrum (open circles) was recorded at

room temperature (RT)!7.
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