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Abstract

Light-harvesting complexes (LHC) are known to regulate the flux of energy in differ-
ent light conditions and activate quenching processes to prevent photodamage in case of
high light. However, the molecular mechanisms behind these photoprotective processes
remain unclear. A widely accepted model suggests an excitation-energy transfer from
excited chlorophylls to neighboring carotenoids which finally act as quenchers. Herein,
we present a computational protocol to model the energy pathways in the LHC, focus-
ing specifically on the minor CP29 antenna complex of plants. We explore the factors
that modulate the switch between light-harvesting and quenched states. The protocol
includes modeling the exciton Hamiltonian of the chlorophylls/lutein aggregate, and
calculating population dynamics using a kinetic model based on the Redfield-Forster
approach. Our analysis reveals a highly tunable excited-state lifetime for the complex,

that can switch between quenched and unquenched state depending on the lutein S
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energy, in accordance with recent experiments. Moreover, we observe that the s-trans

lutein conformers are more likely to exhibit the characteristics of the quencher.

1 Introduction

Photosynthesis relies on a complex and delicate machinery that employs light to function
but can incur in photodamage if too much light is absorbed by the photosynthetic pig-
ments. In plants and green algae, the light-harvesting complexes (LHCs) that absorb light
and funnel the excitation energy towards reaction centers can also regulate this flux in re-
sponse to variations in light conditions.! This regulation is necessary to avoid photodamage
to the photosystems themselves, and occurs within LHCs in a mechanism known as non-
photochemical quenching (NPQ).?® When NPQ is triggered, chlorophyll (Chl) excitation is
readily quenched, providing a fast dissipation channel for the excess energy.

Notwithstanding decades-long work on single LHCs,%!? thylakoid membranes, ' or even
intact leaves,'*'> the mechanisms underlying NPQ remain elusive. Although the ultimate
trigger of NPQ is the acidification of the thylakoid membrane, LHCs can switch to quenched
conformational states even when isolated.!%!¢ Such a conformational switch is thought to
affect the pigments, allowing a fast quenching of Chl excitation, reducing its fluorescence
lifetime from 2 ns to less than 200 ps.6

The exact quenching mechanism of Chl excitation within LHCs is still a matter of de-
bate.®*17 What is more, it is still unclear how such a mechanism can be switched on and
off depending on the LHC conformation. The most accepted model for Chl quenching is
excitation-energy transfer (EET) to neighboring carotenoids (Cars), which quickly decay to
their ground-state, completing the dissipation.®% 11821 Such a model explains the reduced
excited-state lifetime of the LHCs by comparatively slow EET to the dark S; state of the
Cars in direct contact with Chls.!®?? Conformational changes could then modulate the EET

coupling between Chls and Cars, explaining the NPQ switch. 182022 However, molecular dy-
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namics (MD) simulations have shown that the conformational changes in the LHCs can
hardly tune EET couplings by the amount needed to recover the unquenched lifetimes. 2324

The difficulties in constructing a model for EET quenching stem from the challenges of
accurately characterizing the structural and electronic properties of the quencher. Target
analysis applied to transient absorption spectra in different LHCs has revealed that the
quencher state does not have the spectral characteristics of S, resembling instead the heavily
debated S* state of Cars.?11:2%26 Thig S* feature was interpreted as a specific conformation
of the Cars that is active in quenching.?!! In particular, the CP29 minor antenna complex

of plants has proven to present this specific behavior.®

Recently, by investigating lutein (Lut) embedded in different conformations of CP29%!
through nonadiabatic excited-state dynamics simulations, some of the present authors have
shown that different protein conformations differently stabilize the Lut s-trans conformer
(in the L1 binding site) with respect to the dominant s-cis one, differing in the first con-
jugated chain dihedral on the lumenal side.?” In the same study, it was shown that all the
spectroscopic features ascribed to the S* state are present exclusively in the S; state of s-
trans conformers: (i) a shorter excited-state lifetime, and (ii) a blue-shifted excited-state
absorption (ESA) peak, when compared to the S; of s-cis conformer.

Following these findings, in this work, we present a computational protocol aimed at
modeling the excited-state lifetime of the LHC and its tuning due to the EET mechanism
of quenching. Here, we take advantage of our previous work on CP29232427:28 and we use
the novel protocol to explore a possible connection between the Lut conformation and the
switch modulating the light-harvesting and quenching states in CP29.

Our protocol is based on the direct calculation of the energetic factors that drive EET
quenching. We compute the S; excitation energies and minima for Lut in CP29, and estimate
the spectral density for the S; state. In addition, we take first-principles estimations of the

exciton Hamiltonian of the Chls. Taking advantage of these calculations we improve the

previous kinetic models of EET quenching?:?%22 by employing a Redfield-Forster description
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of the exciton dynamics in the CP29 pigment aggregate.

Our calculations predict a substantial spread of excited-state lifetimes depending on
the energy of the Lut S; state, providing a possible explanation for the switching between
quenched and unquenched states. Furthermore, we find that the s-trans Lut conformation

is more likely to produce short excited-state lifetimes.

2 The protocol and its validation

The general workflow of the protocol employed in this work to model the EET process in
CP29 is presented in Figure 1. Below we describe the theoretical aspects and methodological
details of each of the phases of the protocol. We first describe a method to reliably estimate
the reorganization energy and spectral density of Lut S; in CP29. Then we present the

kinetic model used to describe the exciton dynamics and EET quenching.

2.1 Spectral densities of Lut

In order to describe the vibronic lineshape of Lut S; absorption, which dictates the spectral
overlap with Chl emission, we employ the spectral density formalism. Spectral densities are
calculated from normal-mode analysis,? which assumes that the potential energy surface of
the ground and excited-state is described by the same harmonic potential, but with a shifted
equilibrium position. Within this framework, the spectral density of excited-state ¢ can be

computed as:

Ji(w)=m Zwk)\k’i(i(w — wi) (1)

where wy and )y ; are respectively the frequency and the reorganization energy for state ¢
along the ¥* normal mode. The reorganization energy along each normal mode is determined

using the expression Ap; = f7,/2wy, where fi; is the excited-state gradient at the Franck-
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Figure 1: General workflow of the computational protocol to calculate the excited-state
lifetime of the LHC. The protocol involves four major steps: (1) calculation of an average
spectral density for Lut S;, (2) evaluation of ground-state and excited-state energies and
gradients, (3) rescaling of the spectral density and (4) implementation of the EET kinetic

model.
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Condon point (vertical gradient).?3° The total reorganization energy in this model is

A = /0 h %‘:’)dw => Nk (2)

and corresponds to the energetic shift between the vertical excitation energy and the energy
of the excited-state minimum.

Since the individual Lut intramolecular vibrational frequencies and normal modes that
describe the harmonic motion are about a local minimum reference geometry, a reasonable
sampling of the protein conformations is necessary in order to account for the fluctuations
on the ground-state potential. 2?3 Our group recently reported a conformational landscape
of CP29, explored through enhanced sampling molecular dynamics simulations (in protein
membrane)?! starting from the Cryo-EM structure from spinach (PDB: 3JCU3!). Herein,
we have selected 113 structures of CP29 from this conformational landscape that are well
representative of the Cryo-EM geometry as well as the extremes of the landscape. All the
sampled structures were refined using a three layer QM /MM optimization:?* a mobile QM
part composed solely of Lut treated at the DFT B3LYP/6-31G(d) level of theory, a mobile
MM part composed of residues within 6 A of Lut, and a fixed MM part that includes the
rest of the system (i.e., pigments, lipids, waters, and protein). The protein and lipids were
described using AMBER ff14SB32 and lipid143 force fields, respectively, water molecules
using TIP3P,3! while ad-hoc parameters were used for the pigments.?>3¢ The QM/MM
frequency calculations were also performed using the same method, but keeping the whole
MM part frozen. These calculations were carried out with the Gaussian 1637 software.

To describe the first two excited-states of Lut we used multireference semiempirical
QM /MM calculations, with Lut as the QM part and the environment (i.e., all residues within
30 A of Lut) treated as a fixed MM part described using the force field parameters detailed
above. More specifically, we employed the AM1 Hamiltonian explicitly reparametrized for

Lut on DFT and experimental data.?® The method has recently shown to properly describe
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the electronic structure of carotenoids, including Lut.?4273% 4! We used the floating occupa-
tion molecular orbital (FOMO) framework,** with a Gaussian width for floating occupation
of 0.1 Hartree, and we considered all the single and double excitations (CISD) in an active
space of six electrons in nine molecular orbitals. We computed the excited-state vertical
gradients along the normal modes in the minimum geometry Sy obtained within the same
semiempirical level of theory. All the semiempirical QM /MM calculations were performed
using a development version of the MOPAC code,*? interfaced with the TINKER 6.3 pack-
age.

Finally, we combined the obtained data of frequencies and vertical gradients to compute
the Lut S; and Sy spectral densities for each of the selected structures using eq. (1). The
average spectral densities thus obtained are compared in Figure 2a. Both spectral densities
present a similar shape, with three main peaks at about 1580, 1200, and 1040 cm™!, cor-
responding to the observed Raman-active modes of Lut.%> This indicates that the normal
modes coupled to the excitation are correctly identified by our calculation. Interestingly, the

S1 spectral density shows the same peaks but with a much larger intensity, meaning that S;

is more strongly coupled to the same modes.

2.2 Validation of the spectral density

To validate the calculated spectral densities we computed the absorption spectra of Lut in
CP29. As experimental absorption spectra are available only for the bright S, state,® a
direct comparison is reported in Figure 2b for this state. All spectra shown in this article
have been computed with the Python3-based pyQME software package,?®*” developed in
our group.

The calculations predict an absorption band much narrower than the experiment, and
with a less pronounced vibronic progression. This discrepancy arises from the approximate
nature of the vertical gradient approach*® and from the use of two different methods in the

ground-state frequency and excited-state gradient calculation (see Figure 1). To address and
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Figure 2: (a) Spectral density computed for the dark S; state (orange) and the bright Sy
state (black) of Lut in the CP29 complex. Data is plotted as the average value obtained
by using the protocol outlined in Figure 1. (b) The average S, spectrum of Lut in CP29
computed using the protocol outlined in Figure 1 for structures sampled from the molecular

dynamics reported in Ref. 24, along with the experimental spectrum of Lut Sy taken from
Ref. 46.

overcome these limitations, and account for the full potential energy change in the excited-
state between the ground- and excited-state minimum, we use an independent method to
compute the total reorganization energy A. We then scale the spectral density so that
the reorganization energy calculated by eq. (2) matches the calculated A. This scaling is
justified by the fact that the normal mode analysis could identify the frequencies coupled to
the excitation, although the total reorganization energy was underestimated.

We employed two different strategy to compute the reorganization energy. We firstly
employed the 2-point method, namely adiabatic potential method*® (see Figure 3a). This
is the most direct approach to calculate the reorganization energy of an excitation process,
namely:

A=A = Bi(QF7) — Bn(@Qy) (3)

where Q¢ and Q77 are the optimized geometries of Sy and S; states. The reorganization
energy thus defined can also be interpreted as the reorganization energy of the forward

reaction (Af).
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Alternatively, we tested the 4-point method (see Figure 3b) which is commonly employed
for electron transfer reactions.®® The 4-point method defines reorganization energy using the
diabatic representation of the potential energy surfaces and assumes a Gaussian distribution
for the diabatic states. Following these assumptions, the reorganization energy can be written

as

A=A+ M)/2 = (AES, g1 — AES 50)/2 (4)

where ), is the reorganization energy of the backward reaction computed as FEy(Q5?) —
Eo(Qc") and, AEY, g, and AEY, g, are the vertical excitation (Sg — S1) and emission (S;
— So) energies, respectively (see Figure 3b).

The 2- and 4-point reorganization energies have been calculated for each structure of the
LHC, optimizing the geometries of S; and S, states of Lut with the same QM /MM approach
used for vertical gradients (see above). The obtained reorganization energies were finally
used to rescale the original spectral densities.

To evaluate the performance of the 2-point and 4-point methods in correcting the original
spectral density, we recalculated the average S, spectrum of Lut using the corresponding
scaled spectral densities. A27P! and A\?7P! are on average ~ 2.1 and =~ 2.6 times greater than
the original reorganization energy, respectively, confirming that the initial procedure leads
to an underestimated value. Remarkably, as seen in Figure 3, a significant improvement is
obtained with respect to the spectrum from the original spectral density (Figure 2b). Both
methods give reasonable agreement with the experiment, with the spectrum from 2-point

being slightly better.

2.3 Kinetic model and excited-state lifetime of the complex

The kinetic model we present here is an extension of the one introduced in a recent work

by some of us,?® where a combined Redfield-Forster approach, implemented in the pyQME

28,47

software package, was used to describe the EET processes within a Chl aggregate. Herein
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Figure 3: (left panel) Schematic representation of how scaled reorganization energy is ob-
tained from (a) 2-point and (b) 4-point methods. (right panel) Lut S, spectra in CP29
computed from the spectral density scaled with (a) 2-point and (b) 4-point methods.
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we add the Lut S; state to this model in order to simulate the EET quenching. In the
following, we briefly summarize the fundamental ingredients of the model; more details can

be found in Section S1 and in Ref. 28.

2.3.1 Exciton Hamiltonian

First, the model needs as input the exciton Hamiltonian of the pigments’ aggregate, defined

as:

Flose = i)l + D Vilini| (5)

i#j
where &; denotes the vertical transition energy, or site energy, of pigment ¢ and V;; is the
coupling between excitations of pigments ¢ and j.

The Lut site energies (&, = AEY,_g,) were computed using the same semiempirical
QM /MM method used for the reorganization energies (see Figure 1). In this case we used
271 structures of CP29 sampled along a set of ground-state QM /MM thermal equilibrations
(at 300 K) recently reported by some of us.?® For each structure, the geometry of Lut was
refined through a constrained QM/MM optimization in which all the Lut dihedral angles
(i.e., around single and double bonds) were kept frozen. With this optimization, we remove
all the effects of fluctuations in bonds and angles already treated in the spectral density
formalism. To validate this ensemble, we compared our S; — S,, ESA spectra (see Figure S1)
with those calculated in Ref. 27 on a much larger set of structures. Remarkably, the spectra
computed from our sample of 271 structures mirror the contributions from the different S,
states (S5-Sg) reported in Ref. 27, confirming that the structures are representative of the
ensemble. An average value of the Lut site energies computed for the sampled geometries is
provided in Table 1.

The site energies of the 12 Chls of CP29 and all the Chl-Chl couplings were taken from
Ref. 28. Those calculations were repeated over more than 600 MD frames to sample disorder
induced by thermal fluctuation of the protein; here a subset of 127 geometries and relative

set of sites and couplings is considered.
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To account for the different quantum chemical method employed for Chls and Lut, we
applied the constant shift determined in Ref. 28 to the Chl site energies.

Data for Lut are combined with the ones for Chls in the following way: for each Lut
structure, we compute the S; site energy and add it to the Hamiltonian of each different
realization of disorder sampled for the Chls, so that 127 Hamiltonians are finally obtained for
every Lut structure. Since Chl-Lut(S;) couplings are known to show only minor variations
and have a small effect on modulating the transfer efficiency,??* for each Hamiltonian, we
included the same Chl-Lut couplings as taken from Ref. 23. The procedure was then repeated
over all the 271 structures. This enables a good description of Lut structural variability while

still accounting for relative fluctuations of the Chls-Lut energy gaps.

2.3.2 Rates and population dynamics

The quantum dynamics is simulated using the Redfield-Forster approach. Accordingly, the
exciton Hamiltonian matrix is partitioned in blocks, representing pools of strongly coupled
pigments. Couplings within the same block produce delocalization of excited-states, while
couplings outside of the blocks act as perturbations that promote energy transfer between
electronic states of distinct blocks. In this work, according to previous results,?® the pig-
ments are partitioned as: a601, a602-a603-a609, a604, b606-b607, b608, a610-a611-a612,
a613 and separate compartments for Lut(S;) and global ground-state (GS) (Figure 4a). The
diagonalization of the partitioned exciton Hamiltonian yields the exciton states, which are
qualitatively depicted on the top left of Figure 4c, with the same color code shown in Figure
4a for the clusters and introduced in Ref. 28. As a consequence of partitioning, exciton
states only involve pigments of the same compartment; so by construction no delocalization
occurs between the Chls and the Lut. In the majority of the realizations of disorder, the
exciton with Lut S; character is the highest one, as a consequence of its higher vertical
energy compared to the Chls. However, unlike the Chls, the Lut vertical excitation energy

is extremely sensitive to the sampled geometry, and this variability in energy is represented
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in Figure 4c.

The exciton states are used as a basis for the excited-state dynamics. The evolution of
the density matrix is computed by solving a quantum master equation in a secular-Markov
approximation. Relaxation among excitons belonging to the same compartment is treated
according to the Redfield equation, which describes coherent transfers among delocalized
states. Transfers among excitons of different compartments are instead described by Gener-
alized Forster (GF) rates, which model transfers as incoherent hops in a delocalized picture
(exciton states are used as a basis instead of pigment states as in standard Forster formu-
lations).?%%! The EET rate between excitons a and b pertaining to different compartments

can be calculated as:

2

« /_ " By (w) Ay (w)dw (6)

o0

1
Ky .= —
b= onh?

E CijbV;j
ij

where ¢;, are the exciton coefficients, A,(w) is the absorption lineshape of exciton a and
®y(w) is the fluorescence lineshape of exciton b. The integral therefore corresponds to the
spectral overlap between the emission of the exciton state b and the absorption of exciton
state a. Details are provided in Section S1.

The spectral densities are fundamental input quantities of the EET kinetic model: they
appear explicitly in the expression of the Redfield rates (see Section S1) and are also needed
to compute both the spectral lineshapes appearing in eq. (6). In our model, the spectral
density for the Chls are taken from Ref. 52, while for Lut we use the S; scaled spectral
density (i.e., 2-point or 4-point) computed for each sampled CP29 structure. The extent of
the spectral overlap, between the Lut absorption spectrum (Sq — S;) and the Chl aggregate
fluorescence, obtained with these data is illustrated in Figure 4b.

Empirical rates to the GS are added to the Redfield-Forster rate tensor and set to a
fixed value, according to experimental evidence of typical lifetimes: 4 ns for excitons in-

volving Chls® and 14 ps to the exciton localized on Lut.?%5® A scheme illustrating our EET
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kinetic model is shown in Figure 4c. In the figure we show that EET occurs towards the
S1 minimum of Lut. Within the generalized Forster rate, detailed balance is ensured be-
tween the minima of the excited-states. In other words, the adiabatic excitation energies,
ALEY, ¢ = AEE,_g; — A, dictate the equilibrium between forward and backwards rates.
The population dynamics is recomputed for each Hamiltonian detailed above, then trans-
formed to the site basis and finally averaged over the disorder. We used an initial condition
localized on the a610-a611-a612 domain. Other choices gave negligibly different results in
the overall quenching dynamics, as the latter is much slower than the equilibration time

between Chls.

3 The excited-state dynamics

In this section, we first evaluate the model depicted in Figure 1 in a set of diverse CP29
structures and report the average excited-state lifetime. In doing so, we employed the two
approaches introduced above for the estimation of Lut S; reorganization energy and com-
pared the obtained EET kinetic models. Secondly, we assess how varying the Lut S; energy
modulates the excited-state lifetime and, in turn, the extent of quenching in CP29. Finally,
in Section 3.2 we use the same data to investigate whether a change in Lut conformation
(i.e., from s-cis to s-trans) may represent a switch between a quenched and a light-harvesting

state.

3.1 All pigment Chl-Lut(S;) EET model

By using the Redfield-Forster model presented in Section 2.3, we computed the evolution
of excited-state population upon Chl excitation in the CP29 complex. As can be seen in
Figure 5, we report the average populations obtained with both 2-point (Figure 5a) and 4-
point (Figure 5b) schemes. The solid lines represent the population evolution of the different

pigment pools and the GS. In the timescales shown in Figure 5, all Chl pools decay with the
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Figure 4: All pigment EET model for CP29

. Panel (a): structure of CP29 protein showing

the 12-pigments Chl aggregate and the Lut in site L1. The color code for Chls is the same of
Ref. 28 and shows the partition in strongly coupled pools, while Lut is presented in orange.
(b) The spectral overlap between Lut S; absorption and Chl fluorescence. (c) Qualitative
depiction of the exciton states (top left) and of the kinetic model used to describe the

population dynamics. With ~ S; we refer

to the exciton localized on Lut; its variability

among the Lut structures is shown by the rectangles shaded in orange. The minimum of S;
is also shown for comparison with Chls exciton energies (see Section 3.1 for comments).
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same rate, because the equilibration among Chls is much faster than the decay to the GS.
The population of Lut S; remains always low, as this state decays faster than it is populated.
This kind of inverted kinetics has to be taken into account in the target analysis of transient
absorption spectra.®

To compare our model with time-resolved fluorescence experiments,? we present (dashed
line in Figure 5a,b) the total excited-state (ES) population of the complex, which is obtained
by summing the contributions from each pigment. The excited-state lifetime of the entire
complex can be determined by fitting the excited-state population. While the average ki-
netics is in principle multiexponential, the GS recovery can be approximated using a single
exponential with lifetimes of 7 = 284 ps and 1232 ps for Figure 5a and 5b, respectively.

To gain further insight into the modulation of the quenching rate, we plotted the excited-
state lifetime 7 for each of the of the 271 structures (see Section 2.3) in Figure 5c,d, and
compared it to the adiabatic Lut S; excitation energy calculated for the same structure. As
expected, 7 correlates well with the S; energy, as lower energies entail a larger spectral overlap
with the Chl exciton emission (see Figure 4b), leading to a higher EET rate. The behavior
of this correlation varies depending on the model used to estimate the reorganization energy.
With the 2-point method, there is a nearly perfect correlation between lifetime and adiabatic
S1 energy, because the effective adiabatic excitation energy that enters the generalized Forster
rate matches the one calculated from the S; and Sp minima, i.e., AE% o1 = AEY,_o— 2P
as shown in Figure 3a and Table 1. However, with the 4-point method, the relation is more
approximate because the reorganization energy is computed differently (Figure 3b), leading
to a discrepancy between AFE%, o, and AEY, ¢ — A17P! as shown in Table 1.

Importantly, for both sets of reorganization energies, our calculations predict a wide
range of excited-state lifetimes, from ca. 70 ps to over 2 ns. Moreover, significant variations
in 7 occur with a small change in energy (~ 0.15eV). This sensitivity can be explained by
noting that the Chl exciton energy lies at the very red edge of the S; absorption lineshape

(see Figure 4b). As a consequence, even small changes in the S; energy can substantially
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Figure 5: (top panel) Population evolution of the different pigment pools and the global

ground (GS) and excited-state (ES) of the entire system evaluated using the EET model
represented in Figure 4. The Lut spectral density used in the EET model is scaled using
the (a) 2-point and (b) 4-point methods. (bottom panel) Modulation of the excited-state
lifetimes by S; adiabatic energies for (c¢) 2-point and (d) 4-point methods.
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affect the Chl — S; EET rate. The large sensitivity to the Lut S; energy also accounts for
the difference in lifetimes obtained with the two sets of reorganization energies. Since our
calculations revealed a better correlation between the lifetime and Lut S; energy in the case

of the 2-point method than the 4-point, from here on we will employ the 2-point method.

Table 1: The average values and standard deviations of vertical (AEY,_g,) and adiabatic
(AE%,_g;) excitation energies of Lut S; and, the reorganization energies (As) computed with
the 2-point approach and the corresponding values for 4-point approach.

Lutein S, 2-point 4-point
Structures | (AEg, )  (AE§ 1) () (AE$0_ 51— As) (As)f (AES) 51 — As)
(cm™1) (em™1) (em™1) (cm™) (em™1) (cm™1)

all 18978 =493 14506 £ 437 | 4471 £ 286 14506 £ 437 3643 + 206 15334 £ 356
s-cis 19182 £ 485 14646 £ 436 | 4535 £+ 210 14646 £ 436 3729 £ 174 15452 + 350
s-trans 18879 £469 14520 £ 377 | 4359 £+ 253 14520 £ 377 3554 £ 192 15325 £ 316

T See Figure 3 for a schematic representation of 2-point and 4-point methods.

3.2 Effect of Lut conformation on excited-state lifetime

We now investigate whether the Lut conformation influences the excited-state lifetime and,
in turn, the extent of quenching in CP29. To this aim, we divided our sample structures into
two groups corresponding to the Lut s-cis and s-trans conformation, respectively (Figure
6a).

As a first step of the analysis, we plotted the average population evolution of the s-cis
and s-trans structures separately, to closely examine how the kinetics of the various pigments
are influenced by the Lut conformation. These results are presented in Figures 6b,c. We
observed a quantifiable difference between the average population evolution of the s-cis and
s-trans conformers, with the GS being populated more quickly in the case of s-trans than
s-cis. This is a consequence of a larger overlap of the s-trans S; state with the Chl excitons
which subsequently results in a more populated S; state and a faster decay to the GS. For

further analysis, we artificially applied a blue shift of 500 cm~" to the excitation energies of
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both s-trans and s-cis Lut, which led to fewer structures with an effective spectral overlap
with Chl emission. For both s-cis and s-trans conformers, this resulted in a slower average
decay to the GS. At the same time, we observed a larger difference in the excited-state decay
of the s-cis and s-trans conformers.

Transient absorption experiments upon excitation of the Chls in CP29 have suggested
that the quencher state corresponds to a specific conformation of Lut with blue-shifted
excited-state absorption.®?> To connect our results with these experiments, we analyzed the
lifetime of each structure from the s-cis and s-trans groups. As illustrated in Figure 7a, there
is a slightly larger proportion of geometries with the s-cis conformation in the nanosecond
lifetimes region. Instead, if we look at the “quenched” structures with lifetimes of the order
of ~100 ps, we find a larger proportion of s-trans geometries. Greater population of Lut S; is
also more likely for the s-trans conformer (Figure 7b). In transient absorption experiments,
the signal of the quencher state (i.e., Lut Sy) is proportional to its population. For this
reason, we expect that the S; signal measured in these experiments would more likely arise
from s-trans.

It is important to note that our calculations do not predict a hard switch between Lut
conformations. In fact, both conformations present a rather continuous distribution of life-
times (Figure 7c), instead of a clear separation. Target analysis of transient absorption
spectra can disentangle contributions from different conformations,® but requires some as-
sumptions, and usually cannot distinguish many different timescales. Therefore, our picture
is not in disagreement with the experiments on CP29. Nonetheless, within our results the Lut
conformation alone is not sufficient to explain the difference in lifetimes observed? between
strongly quenched (~60 ps) and unquenched (~3 ns) CP29.

We can put forward different reasons for this finding. First, the modulation of the S;
energy of Lut likely results from a combined effect of its internal conformation and protein-
induced distortions. Consequently, the conformation of Lut alone may not fully explain the

modulation, and a more detailed investigation of the protein environment is necessary to fully
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Figure 6: Effect of the S; vertical excitation energy as well as the Lut conformation on the
population dynamics of CP29 complex. (a) Representation of s-cis and s-trans conformations
of Lut in CP29 (b) All pigment EET average populations for CP29 structures featuring s-
cis (blue) and s-trans (green) Lut conformations. The populations of the ground-state are
depicted in blue for s-cis and green for s-trans. Populations of the Chl exciton a610-a611-
a612 are shown for s-cis (black continuous line) and s-trans (gray continuous line), while
the populations of the other Chl excitons are shown as dashed lines using the same color
notation. (c¢) Zoomed-in region of Lut S; populations, s-cis (blue) and s-trans (green).
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Figure 7: The effect of Lut conformation on the EET mechanism. (a) The variation of the
excited-state lifetime with respect to the S; adiabatic energies for CP29 geometries with s-cis
and s-trans conformers. (right panel) The probability distribution of (b) Lut S1 population
at 0.1 ns and (c) the excited-state lifetime of the s-cis and s-trans conformers.

understand the factors influencing the S; energy. Second, a comprehensive understanding
of Lut distortion and the conformation of the binding pocket requires quantitative sampling
of accurate structures. Our current approach relies on semiempirical QM/MM refinement
of structures derived from fully classical enhanced sampling simulations, which may over- or

under-represent certain configurations, potentially biasing the results.

4 Conclusions

We have developed a computational protocol to calculate excitation-energy transfer quench-
ing by carotenoids in light-harvesting complexes. Specifically, our quenching model is based
on EET from excited chlorophylls to the lowest dark singlet state (S;) of Lut. This was done
using a kinetic model that includes the entire Chl aggregate along with the Lut S; state.
One of the main challenges in modeling the EET pathway for quenching is the uncer-
tainty surrounding both the lineshape and the adiabatic energy of the Lut S; state. While

experimental data fitting is typically used to address these uncertainties, in this work we
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compute the spectral density — and, by extension, the lineshape — of the dark S; state of
Lut from calculations. This represents a significant difference from existing methodologies
as well as a novelty of this work.

We applied our strategy to CP29, one of the minor light-harvesting complex of plants,
which exhibits conformationally driven variations in the excited-state lifetime.? Our kinetic
model revealed an extremely sensitive EET rate that strongly depends on the Lut S; adia-
batic energy, with the excited-state lifetime varying from the picosecond regime to nanosec-
onds. This is consistent with the existing literature reporting on the role of Lut S; in the
regulation of EET quenching. Furthermore, we investigated whether the Lut conformation
influences the excited-state lifetime and, consequently, the extent of quenching. Though
we observed a slightly larger proportion of Lut s-trans geometries in the quenched state, a
definitive evidence for the tuning of the complex from the light-harvesting to the quencher
state through a conformational change of Lut would require a more quantitative sampling
of accurate structures.

The computational methodology developed in this work is also applicable to studying
EET processes in other light-harvesting complexes and offers a promising approach to ad-
dressing the unresolved question of the molecular mechanisms underlying nonphotochemical

quenching.
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