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Carotenoids serve as accessory light-harvesting pigments in microbial rhodopsins, but the mechanisms
enabling efficient energy transfer in systems lacking canonical 4-keto groups remain poorly understood.
Here, we combine long-timescale molecular dynamics, polarizable quantum mechanics/molecular
mechanics (QM/MM) calculations, and excitonic modeling to elucidate the structural and electronic
factors that govern carotenoid-to-retinal excitation energy transfer (EET) in the proton-pumping
rhodopsin Kin4B8. Focusing on the xanthophylls, zeaxanthin and lutein, we show they support ultrafast
(<100 fs) and high-efficiency (=70%) EET, enabled not by specific functional groups but by precise
protein—ligand geometry. The carotenoid's B-ring is anchored via a dynamic hydrogen-bonding network
with Ser208 and Tyr209 within a conserved protein cavity, a configuration that optimally positions the
retinal and carotenoid chromophores for strong excitonic coupling. Simulated absorption and circular
dichroism (CD) spectra accurately reproduce observed spectral features, including the characteristic
biphasic CD band shapes, notably the blue-shifted CD minimum compared to the absorption peak in the
retinal region. A Forster-type kinetic model, built from QM/MM-derived parameters, recovers
experimental transfer times and efficiencies. Our findings provide a mechanistic rationale for recent
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1 Introduction

Light-harvesting in nature employs sophisticated molecular
architectures to capture and channel solar energy with
remarkable efficiency.' Among these systems, microbial
rhodopsins have emerged as a particularly versatile family of
photoreceptors, utilizing retinal chromophores to convert
photons into diverse biological functions ranging from ion
transport to sensory signaling.>® While rhodopsins traditionally
operate through direct excitation of their retinal chromophore,
recent discoveries have revealed that some rhodopsin variants
can expand their absorption spectrum by recruiting carotenoid
molecules as antenna pigments.>”>°

The mechanistic understanding of carotenoid-mediated
light-harvesting in rhodopsins has undergone significant
revision in recent years. Initial studies of the xanthorhodop-
sin-salinixanthin’ complex and related systems established
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establishes design principles for engineering photoactive proteins and offers a transferable framework for
analyzing energy transfer across natural and synthetic light-harvesting systems.

that 4-ketocarotenoids could function as efficient antenna
pigments, transferring excitation energy to retinal.”%3-1521-23
The presence of the 4-keto group was proposed to be essential
for this process, as it red-shifts the carotenoid absorption to
achieve spectral overlap with retinal and facilitates favorable
energy transfer. However, this mechanistic understanding was
recently challenged by the discovery that rhodopsins can also
form functional complexes with xanthophylls (i.e., hydroxyl-
ated carotenoids) such as zeaxanthin, lutein, and
nostoxanthin.'®**?*2° These carotenoids lack the 4-keto group
entirely, yet still support efficient energy transfer to retinal
with quantum yields of 40-55%. The initial discovery of this
phenomenon was made by Chazan et al. (2023),"® who showed
that Kin4B8, a light-driven proton pump from an aquatic
bacterium, binds zeaxanthin in a well-structured carotenoid
channel and supports highly efficient energy transfer (Fig. 1a).
Structural analysis through cryo-electron microscopy (PDB ID:
812Z'%) revealed a unique binding architecture where the
carotenoid's hydroxyl-bearing ring inserts into a specialized
protein opening termed “fenestration”. This fenestration,
created by the small glycine residue at position 153, enables
close chromophore-chromophore (i.e., retinal-carotenoid)
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Fig.1 Carotenoid binding and fenestration architecture in Kin4B8. (a) Overall structure of the Kin4B8-xanthorhodopsin complex embedded in
a lipid bilayer, based on the cryo-EM structure (PDB ID: 812Z*®). The protein is shown in cartoon representation, with the retinal chromophore
(rPSB) and carotenoid depicted in gray licorice style. (b) Zoom-in view of the fenestration region, highlighting key residues involved in carotenoid
binding: Gly153, Thr157, Tyr204, Ala205, Ser208, and Tyr209. The ZEA hydroxyl ring is positioned within the fenestration, forming interactions
with surrounding residues. Dominant hydrogen bond interactions are indicated by dashed yellow lines. (c) Chemical structures of the rPSB,
zeaxanthin (ZEA), and lutein (LUT), with the conjugated polyene region highlighted in red. (d) Multiscale computational protocol. All structural
representations were generated using VMD (Visual Molecular Dynamics).?’

interactions (Fig. 1b). Subsequent work by Das et al. (2025)**
further elucidated the functional and structural basis for this
interaction through mutational and spectroscopic analysis.
They proposed that Ser208 and Tyr209 are critical for stabi-
lizing the carotenoid via hydrogen bonding, and that muta-
tion of Gly153 to phenylalanine (G153F) disrupts binding and
abolishes excitation energy transfer (EET). A broad carotenoid
screen revealed that chemical functionality alone does not

18424 | Chem. Sci, 2025, 16, 18423-18437

predict energy transfer capability, highlighting the impor-
tance of protein-guided geometry and chromophore
orientation.

Despite these structural insights, fundamental questions
remain unanswered: what determines the binding specificity
and orientation of different carotenoids? How do hydroxylated
carotenoids achieve efficient energy transfer without 4-keto
groups? What role does the protein environment play in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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modulating electronic coupling? How do structural features
translate into the observed spectroscopic signatures?

While recent experimental work has demonstrated the
importance of carotenoid binding geometry and identified key
residues required for chromophore anchoring, the underlying
physical mechanisms, particularly the electronic and excitonic
factors enabling ultrafast energy transfer, remain unresolved.
Addressing these questions is essential for understanding the
molecular evolution of light-harvesting systems and for engi-
neering artificial photonic assemblies. In Kin4B8, xanthophyll
binding has been shown to enhance proton-pumping activity,"®
consistent with an antenna function that boosts retinal excita-
tion efficiency. This functional consequence underscores the
biological relevance of efficient energy transfer and motivates
a detailed understanding of the structural and electronic factors
that enable it.

In this work, we employ a comprehensive multiscale
computational approach to elucidate the structural and elec-
tronic factors governing excitation energy transfer in Kin4B8-
xanthophyll  complexes. Our methodology integrates
microsecond-scale molecular dynamics (MD) simulations to
capture dynamic protein-chromophore interactions, quantum
mechanics/molecular mechanics (QM/MM) calculations with
polarizable embedding to accurately compute electronic exci-
tations, and excitonic modeling®®™' to simulate spectroscopic
observables and energy transfer dynamics (see Fig. 1d).
Through this approach, we reveal how nature achieves efficient
light-harvesting through precise structural complementarity
rather than specific chemical functionalities, establishing
design principles for biomimetic energy conversion systems.

2 Results and discussion
2.1 Selection of the protonation microstate

The photophysical properties of rhodopsins critically depend
on the protonation states of residues surrounding the retinal
protonated Schiff base (rPSB), particularly the counterion
network.>***® In Kin4B8, two aspartate residues (Asp94 and
Asp229, Fig. 2¢) form the primary counterion system, but their
protonation states could not be directly determined from the
cryo-EM structure. To resolve this, we evaluated two plausible
protonation microstates (pMS): pMS-1, with Asp94 protonated
and Asp229 deprotonated, and pMS-2, with the reverse config-
uration (see Section S1, for full details). Each microstate
underwent 1.0 us MD simulations followed by QM/MM calcu-
lations. Structural analysis showed that pMS-1 better preserved
the crystallographic water-mediated hydrogen bond between
the rPSB nitrogen and Asp94 and yielded lower backbone RMSD
values compared to pMS-2 (Fig. S1a). In contrast, pMS-2 formed
a direct salt bridge and disrupted the Tyr61-Asp229 hydrogen
bond observed in the cryo-EM structure, causing Tyr61 to
reorient toward Asp94 (Fig. S1b-e). Spectroscopically, QM/MM
calculations®*' on pMS-1 predicted an absorption maximum
in better agreement with the experimental value of 549 nm"®
than pMS-2, which exhibited a significant red-shift. Based on
both structural stability and spectroscopic agreement,
summarized in Table S1, we selected pMS-1 (protonated Asp94,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deprotonated Asp229) as the reference protonation microstate
for all subsequent analyses.

2.2 Comparative analysis of zeaxanthin and lutein binding
modes

Having established the protein's protonation state, we next
investigated how zeaxanthin (ZEA) and lutein (LUT) interact
with the Kin4B8 carotenoid-binding site. While ZEA's binding
mode is resolved in the cryo-EM structure,'® the orientation of
LUT remains ambiguous due to its asymmetric B- and &-rings
(Fig. 1c). We evaluated two plausible LUT orientations via
molecular docking and long-timescale MD simulations: one
inserting the B-ring into the fenestration (pose A), and the other
inserting the e-ring (pose B) (Fig. S2a). Full simulation protocols
are provided in Sections S3.1 and S3.2.

The fenestration is a narrow cavity shaped by both hydro-
phobic and polar residues, including Gly153, Thr157, Tyr204,
Ala205, Ser208, and Tyr209 (Fig. 1b). While its architecture is
largely hydrophobic, the presence of hydroxyl-containing side
chains (Ser208 and Tyr209) enables specific water-mediated
hydrogen bonding with the xanthophyll. Both ZEA and LUT in
pose A formed a stable hydrogen-bond network involving these
residues, effectively anchoring the hydroxylated B-ring within
the cavity. In contrast, LUT pose B established weaker, transient
hydrogen bonds, primarily with Ser208, and showed reduced
stability.

These findings align with recent mutagenesis and QM/MM
MD studies on ZEA,* which demonstrated that substitutions
at Ser208 or Tyr209 disrupt binding and reduce EET efficiency
in Kin4B8-ZEA. Their results also revealed dynamic coopera-
tivity: weakening of one hydrogen bond coincided with
strengthening of the other. Our microsecond MD simulations
similarly showed flexible but persistent anchoring, reinforcing
the functional role of this interaction network. While those
studies focused exclusively on ZEA, our results demonstrate that
the same anchoring mechanism extends to LUT, despite its
asymmetric terminal rings, thereby providing a broader
perspective on xanthophyll binding specificity in Kin4B8.

Enhanced sampling MD simulations further supported this
picture: both ZEA and LUT pose A remained stably bound
within the fenestration, while LUT pose B spontaneously
dissociated. Simulations of the G153F mutant also resulted in
complete carotenoid unbinding, consistent with the experi-
mental observation that this mutation blocks binding and
impairs energy transfer.'

Taken together, these findings support a conserved and
cooperative anchoring mechanism in which both ZEA and LUT
bind via their B-rings, stabilized by water-mediated hydrogen
bonds with Ser208 and Tyr209. This structural arrangement
preorganizes the xanthophylls within the protein cavity, facili-
tating efficient energy transfer. Accordingly, all subsequent
spectroscopic and energy transfer analyses were performed
using LUT pose A as the physiologically relevant binding mode.
Further details on the structural and dynamical analyses are
provided in Section S2.

Chem. Sci., 2025, 16, 18423-18437 | 18425
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Fig.2 Geometrical and color tuning analyses of rPSB in Kin4B8-Car complexes. (upper panel) Site energy vs. BLA for rPSB and Car in (a) Kin4B8-
ZEA and (b) Kin4B8-LUT. Distributions in protein (solid) and vacuum (dashed) are shown alongside. White stars mark mean energies; ellipses
represent 1 covariance. Vertical dashed lines indicate vacuum site energies computed for gas-phase optimized geometries (rPSB: 2.49 eV, ZEA:
2.83 eV, LUT: 2.87 eV), providing reference values for comparison with the distributions. (c) The counterion environment surrounding the rPSB.
Asp94 and Asp229, along with Tyr61, are shown as key residues forming the counterion triad. A water molecule mediating the interaction
between the rPSB and Asp94 is indicated. (d) Average difference in rPSB excitation energy (AE?ZE(BOFF) - AE?ZE(%N) (eV)) upon electrostatic turn-off
of selected residues and the carotenoid in ZEA and LUT systems. Error bars indicate standard deviation. Blue and red bars represent the blue- or
red-shift effect, respectively. Data reported on N = 110 (ZEA) and N = 116 (LUT) structures. All structural representations were generated using
VMD (Visual Molecular Dynamics).?”

2.3 Excitonic model and spectra prediction QM region comprised the carotenoid-retinal dimer (Car-rPSB),
treated at the density functional theory (DFT) level using the
CAM-B3LYP*/6-31G(d)** functional and basis set combination
(see Section S$3.3). This choice is supported by extensive
benchmark studies on systems containing either xanthophylls
or rPSB, where CAM-B3LYP has consistently demonstrated
superior accuracy in reproducing key structural features, such
as bond length alternation (BLA), compared to other commonly
used density functionals. The CAM-B3LYP/6-31G(d) level of
theory has since been widely employed for structural and
spectroscopic investigations of these chromophores, particu-
larly in studies exploring environmental effects, including the

Based on the identification of the preferred binding modes of
ZEA and LUT (pose A) within Kin4B8 using the pMS-1 model
(Section 2.2), we examined the spectroscopic signatures arising
from these specific chromophore arrangements and their
interactions with the surrounding protein environment. To
interpret the distinct features observed in the absorption and
circular dichroism (CD) spectra of the Kin4B8-xanthorhodopsin
complexes,”® we simulated the spectra within the exciton
framework.**> Approximately 125 representative structures
were extracted at 8 ns intervals from 1.0 us MD trajectories and
subsequently optimized using a QM/MM scheme, in which the

18426 | Chem. Sci, 2025, 16, 18423-18437 © 2025 The Author(s). Published by the Royal Society of Chemistry
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differences between vacuum conditions and protein
embedding.**"*> All QM/MM calculations in this study were run
using a locally modified version of Gaussian.*

To calculate the spectra, we modeled the vibronic lineshape
using spectral densities derived from normal mode analysis (see
Section S4.2 for details). As a validation step, we first computed
the absorption spectra of each chromophore, PSB and the
xanthophyll, individually. The resulting lineshapes reproduce
the characteristic vibronic features of their respective bright
states (Fig. S3), consistent with experimental observations and
previous modeling studies.>** This confirms the accuracy of
our spectral density construction and supports their use in the
excitonic simulations that follow. The theoretical approaches
used to calculate optical lineshapes are described in Section
54.3.

2.3.1 Excitation energies and environmental effects.
Vertical excitation energies were computed using time-
dependent DFT (TD-DFT)** at the CAM-B3LYP*/6-31+G(d)
level within a polarizable embedding QM/MM(Pol)
framework,**-* applied to the optimized geometries (see
Section $3.3). These site energies correspond to the S, — S;
transition for rPSB and the S, — S, transition for the
carotenoids.

In the protein environment, the rPSB site energies span
a broad range (2.3-2.8 eV, mean ~2.5 eV; Fig. 2a and b),
reflecting substantial variations in the electrostatic environ-
ment sampled during 1.0 us MD simulations. In contrast, Car
site energies are more narrowly distributed (2.62-2.74 eV for
ZEA; 2.66-2.86 eV for LUT), indicating greater robustness to
environmental variation. The slightly higher average site energy
for LUT (2.76 eV) relative to ZEA (2.68 eV) is consistent with the
experimentally ~ observed  blue-shift in  Kin4B8-Car
absorption.*®>¢

To disentangle the contributions of chromophore geometry
and environment to excitation energy variation, we computed
vacuum excitation energies for both rPSB and Car using the
same geometries sampled from the protein-embedded QM/MM
optimizations. As shown in Fig. 2a and b, the site energy
distribution for rPSB narrows substantially in the absence of the
protein matrix (mean: 2.51 eV), whereas the Car distributions
retain a similar width but exhibit a noticeable blue-shift relative
to their corresponding protein-embedded values (mean: ZEA =
2.82 eV, LUT = 2.87 €V). Notably, these vacuum distributions
fall within the same energy range as the site energies computed
for gas-phase optimized geometries (7PSB: 2.49 eV, ZEA: 2.83 eV,
LUT: 2.87 eV), highlighting their consistency with fully relaxed
reference structures. Moreover, the ZEA vacuum mean aligns
well with a previously reported value of 2.89 eV, obtained from
gas-phase geometry optimization and vertical excitation energy
calculations at the TD-CAM-B3LYP/6-31G(d) level,” further
supporting the reliability of our approach. Taken together,
these results confirm that the broad energy variation observed
for rPSB arises primarily from electrostatic interactions, not
from structural distortions alone.

BLA is a meaningful structural descriptor of intrinsic elec-
tronic tuning in conjugated systems.*** It is defined as the
average difference between the lengths of alternating single and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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double carbon-carbon bonds along the conjugated 7t-system
(eqn (1)):

1 X ) 1 Yo
BLA= —Y"d"— — "4} (1)
Ny = Ni ‘3

Here, N; and N, denote the number of single and double bonds,
respectively, while d\) and d¥ represent the length of the i-th
single and double bond. A lower BLA value typically indicates
increased electronic delocalization, which in turn affects the
excitation energy and optical properties of the chromophore.

In this study, the BLA parameter encompasses both the
polyene backbone and the conjugated ring(s) of the studied
chromophores (i.e., ¥PSB, ZEA, LUT), with the relevant bonds
highlighted in red in Fig. 1c. For both chromophores, we
observe a positive correlation between BLA and excitation
energy, where higher BLA values (i.e., more localized 7t-electron
density) lead to blue-shifted transitions.*® This correlation holds
both in vacuum and in the protein, but for 7PSB, environmental
electrostatics significantly modulate the absolute site energies
and amplify the overall spread (Fig. 2a and b).

To further analyze environmental contributions to rPSB
spectral tuning, we performed a color-tuning® analysis, by
selectively turning off electrostatic interactions (i.e., MM point
charges and polarizabilities) from key residues near the rPSB
(Asp94, Asp229, Tyr61) and the carotenoid itself, following
a well-established QM/MM strategy” widely employed in
rhodopsin proteins.?*?*3¢%7% As shown in Fig. 2d, Asp229
(deprotonated) emerged as the dominant electrostatic modu-
lator of rPSB excitation energy, followed by Asp94 (protonated),
while Tyr61 had minimal influence. The carotenoid had
a negligible effect on rPSB site energy in both ZEA- and LUT-
bound systems, consistent with their similar absorption
maxima.'® Further analysis is provided in Section S1.2 (Fig. S4).

Together, these results reveal that while intrinsic geometric
fluctuations (e.g., BLA) contribute to excitation energy tuning,
the dominant source of spectral heterogeneity in rPSB is the
local electrostatic environment, particularly due to the charged
counterion pair. This explains the subtle shift in 7PSB absorp-
tion to carotenoid identity, and highlights Asp229 and Asp94 as
key determinants of spectral tuning in Kin4B8.

We next examined the transition electric dipole moments (u)
associated with the computed site energies. As shown in Fig. 3a
and b, red-shifted rPSB geometries, typically characterized by
lower BLA, exhibit larger transition dipoles, and are more
prevalent during the first 500 ns of simulation. This suggests
that a protein-induced rearrangement at later timescales
reduces conjugation, thereby weakening the S, — S; transition
dipole. The average value of |u| for rPSB is approximately 9.5 D
in both complexes, consistent with reported values for bacte-
riorhodopsin (10.7 D)*” and the xanthorhodopsin-salinixanthin
complex (11.9 D),” a light-harvesting proton pump found in the
extremely halophilic eubacterium Salinibacter ruber.”®

For the carotenoids (Fig. 3c and d), ZEA shows a narrow
distribution of |u| centered at 12.4 D. In contrast, LUT exhibits
a bimodal distribution, with peaks at approximately 11.5 D and
12.3 D. This variation arises from conformational flexibility of

Chem. Sci., 2025, 16, 18423-18437 | 18427
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Fig. 3 Correlation between transition electric dipole moment (i) and site energy for retinal protonated Schiff base (rPSB) and carotenoid (Car)
sites in the Kin4B8-Car complexes. Panels (a) and (b) show data for rPSB in Kin4B8-ZEA and Kin4B8-LUT, respectively. Panels (c) and (d) depict
the same analysis for ZEA and LUT. In (c) and (d), s-trans and s-cis conformations of the carotenoids are highlighted with dashed circles,
illustrating their clustering according to dipole strength. Panels (e), (f), and (g) display representative structures of ZEA in the s-trans conformation
in Kin4B8-ZEA, and LUT in the s-trans and s-cis conformations in Kin4B8-LUT, respectively.

LUT, particularly the single-bond dihedral in the &-ring terminal
(Fig. 3f-g). Structures with larger |u| values adopt an s-trans
conformation (similar to ZEA, Fig. 3e), while smaller |p| values
correspond to an s-cis geometry that introduces distortion. As
shown in Fig. 3d, LUT switches between these conformers over
the simulation, adopting the s-cis form around 500 ns and
returning to s-trans near 800 ns. These transitions highlight
LUT's conformational flexibility and its impact on electronic
transition properties.

18428 | Chem. Sci., 2025, 16, 18423-18437

2.3.2 Electronic coupling of EET. To assess excitation
energy transfer parameters, we computed electronic couplings
between the Car(S,) and rPSB(S;) states. Since the associated
transitions are bright singlet excitations, the coupling was
evaluated from the coulomb interaction between their transi-
tion densities (eqn (S1)), obtained from TD-DFT calculations
within a polarizable embedding QM/MMPol framework (eqn
(S2))*°*1*2 (see Section S3.3 for details).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. 4a, the Kin4B8-ZEA complex exhibits
a narrow coupling distribution centered around 270 cm™'. In
contrast, the Kin4B8-LUT (pose A) complex displays a broader,
bimodal distribution, with peaks at ca. 250 cm ™" and 350 cm ™%,
and a mean coupling of 284 cm ™. These values fall within the
expected range for efficient EET in carotenoid(S,)-retinal(S;)
and carotenoid(S,)-chlorophyll systems, where coupling
strengths of 150-350 cm ™" have been reported.””””

To understand these coupling patterns, we examined chro-
mophore geometries, illustrated in Fig. 4b. The average
distance between the center of mass of the chromophores (R._.)
is 12.49 + 0.13 A for ZEA and 12.28 =+ 0.21 A for LUT (Fig. S5b).
The average center-to-center distance between the B-ionone ring
of rPSB and the fenestrated carotenoid ring (R,.,) are shorter:
7.53 + 0.04 A (ZEA) and 7.11 + 0.10 A (LUT), consistent with
close contact and strong coupling. We also analyzed transition
dipole orientations, which supported a geometry conducive to
efficient energy transfer. These geometrical parameters are
consistent with previous studies on xanthorhodopsin, which
showed that EET efficiency depends strongly on the spatial
arrangement of the donor and acceptor chromophores.”*77°

Next, we analyzed how geometric fluctuations of the chro-
mophores relate to excitonic coupling. In Kin4B8-LUT, the
inter-ring distance R, varies between 6.0 and 8.5 A, with a clear
correlation to coupling strength. Kin4B8-ZEA shows a narrower
R, range (7.0-8.0 A), associated with reduced coupling vari-
ability (Fig. S5a). In contrast, the center-to-center distance R._.
exhibits weaker correlation with coupling in both complexes
(Fig. S5b). Notably, conformational changes like s-cis to s-trans
isomerization can alter R.. significantly while leaving R,
largely unaffected (see Fig. 3).

These results underscore R,_, as a more reliable structural
descriptor of coupling in this rhodopsin system, especially
under conditions where the dipole-dipole approximation

© 2025 The Author(s). Published by the Royal Society of Chemistry

breaks down due to short intermolecular distances or distorted
geometries.*7””7”?

Finally, the computed couplings agree well with experi-
mental estimates for the xanthorhodopsin-salinixanthin
complex (160-210 ecm ™ ),° supporting the accuracy of the QM/
MMPol method and confirming that the Kin4B8 complexes
operate within an effective EET regime.

2.3.3 Absorption and circular dichroism spectra. In Fig. 5,
we present simulated absorption and CD spectra for Kin4B8-
ZEA and Kin4B8-LUT complexes, alongside experimental data
reported by Chazan et al.*® All spectra shown in this article have
been computed with the Python3-based pyQME software
package,***! developed in our group.

To interpret the origin of the main absorption bands, we
analyzed the individual contributions from rPSB and the
carotenoid chromophores (see Fig. S6-S9, panel a). From this
decomposition, we assigned the 300-480 nm region primarily to
the carotenoid S, transition, while the broader 500-700 nm
band arises from the rPSB S, transition. The rPSB band shows
an absorption maximum near 549 nm.

To reproduce the position of the retinal band, we applied
a site-energy shift of +0.2 eV (Fig. S10a). This value is notably
smaller than the +0.4 eV shift reported in a previous study that
employed a similar computational methodology for site energy
prediction in other microbial rhodopsins.®® In that work,
proteins were modeled in the gas phase with limited confor-
mational sampling restricted to 10 nearly identical structures.
We attribute the reduced shift observed in our case to three key
factors: (i) a more realistic model of the membrane-embedded
protein-carotenoid complex, (ii) significantly broader confor-
mational sampling (=125 structurally diverse snapshots)
derived from long-timescale MD simulations, and (iii) the
inclusion of vibronic reorganization effects.
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Fig. 5 Simulated absorption and circular dichroism spectra of the (a) Kin4B8-ZEA and (b) Kin4B8-LUT complexes. Each spectrum represents the
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indicate the standard deviation estimated via bootstrapping over 1500 resampled ensembles. Absorption maxima and CD minima in the rPSB
region are indicated by circles, as well as by vertical dashed and solid lines, respectively. Experimental spectra are adapted with permission from

ref. 18.

Having established the origin and spectral positioning of the
absorption bands, we next turned to the circular dichroism (CD)
spectra to gain additional insight into the spatial arrangement
and interactions between the chromophores. In the absence of
a bound carotenoid, Kin4B8 exhibits a weak positive CD signal
centered at the retinal absorption band, which reflects the
intrinsic CD of rPSB.”® Upon carotenoid (i.e., ZEA and LUT)
binding, a biphasic CD profile is observed: a negative band in
the rPSB region and a positive one in the carotenoid region, with
the rPSB minimum blue-shifted by ~20 nm with respect to
absorption maximum. Similar shapes have been reported in
other carotenoid-binding rhodopsins.*>*2%758

To further interpret this CD profile, we analyzed its intrinsic
and excitonic components.*” In Kin4B8-LUT pose A, where the
B-ionone ring occupies the fenestrated site, we found a positive
CD signal of the carotenoid's intrinsic component, mirroring
Kin4B8-ZEA (see Fig. S6b and S8b). In contrast, pose B (e-ring in
the fenestration) showed a negative carotenoid CD signal
(Fig. S9b). These results support pose A as the preferred binding
mode for LUT, given its positive carotenoid CD contribution
that mirrors the behavior observed for ZEA. For both complexes,

18430 | Chem. Sci, 2025, 16, 18423-18437

we found that the rPSB CD contribution remained negative, in
agreement with prior studies,” and this consistent baseline
helps isolate the spectral changes arising from excitonic
coupling.

To assess the impact of excitonic coupling, we varied the
Car(S,)-7PSB(S,) coupling strength (V_g) from 0 to 400 cm™ ", as
shown in Fig. S10. The absorption spectrum showed only
a slight red-shift (~10 nm) in the 7PSB region, consistent with
weak exciton splitting due to the large energy gap between rPSB
and Car. In contrast, we observed a much stronger response in
the CD spectra (see Fig. S10b). Specifically, as the coupling
strength increased, the CD minimum became increasingly blue-
shifted relative to the rPSB absorption maximum. We denote
this offset as Awop_cp (see Fig. 5). Interestingly, even in the
absence of coupling, our simulations reproduce the correct sign
of the CD bands. This stands in contrast to previous modeling
of the xanthorhodopsin-salinixanthin system, where decoupled
chromophores still produced a biphasic CD signal, but with
both bands showing signs opposite to the experimental ones.”
Such disagreement is expected, as the intrinsic contributions
have much lower intensity than the excitonic ones. As the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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coupling strength increases, both the total CD signal and the
spectral offset between the rPSB absorption maximum and the
CD minimum (Awop-cp) increase, leading to improved agree-
ment with experiment.

Strikingly, our simulations suggest that the spectral offset
Awop-cp correlates with EET efficiency, a trend that is qualita-
tively supported by recent experimental data on several Kin4B8-
carotenoid complexes.*® Specifically, astaxanthin and cantha-
xanthin, both of which bind to Kin4B8 but exhibit low energy
transfer efficiencies (18% and 9%, respectively), display CD
minima that coincide with the 7PSB absorption maximum. In
contrast, nostoxanthin, which supports a significantly higher
EET efficiency of ~40%, shows a CD minimum blue-shifted by
approximately 25 nm relative to the absorption peak, similar to
the behavior observed for zeaxanthin and lutein.*® Although the
dataset is limited, this pattern suggests that Awop_cp may serve
as an indirect spectroscopic indicator of the excitonic coupling
strength between carotenoid and retinal, and by extension, of
EET functional efficiency in rhodopsin-carotenoid systems.

These findings collectively indicate that, while excitonic
interactions are not the sole determinant of the CD band sign,
they are essential for accurately reproducing both the magni-
tude and spectral positioning of CD signals in Kin4B8.
Furthermore, Awop.cp emerges as a potentially valuable
experimental marker of excitonic coupling strength and pho-
tofunctional relevance in rhodopsin-carotenoid systems.

2.4 Excitation energy transfer

We conclude our analysis by examining the mechanism of
excitation energy transfer from the carotenoid to retinal in the
Kin4B8 complexes. This final section builds on the previous
characterization of site energies, transition dipole properties,
and excitonic couplings (Section S4.1), which collectively
provide the foundation for analyzing EET in the Kin4B8-
carotenoid complexes. In these systems, photoexcitation
initially populates the carotenoid S, state, and the excitation
energy is subsequently transferred to the retinal S; excited
singlet state (Fig. 6a), a pathway that has been proposed based
on spectroscopic observations.'®*® Extensive experimental (e.g.,
femtosecond transient absorption and two-dimensional elec-
tronic spectroscopy -2DES- measurements) and computational
evidence, primarily from xanthorhodopsin complexes contain-
ing salinixanthin, supports a dominant Car S, — rPSB S; EET
pathway, with Car internal conversion from the S, state largely
suppressed when energy transfer is active.***

We calculated the associated transfer rates using Forster-
type energy transfer theory,**® as detailed in Section S4.4.
This approach is appropriate for the downhill-transfer regime,
where excitonic coupling is moderate and energy flow proceeds
incoherently. Rates were derived from QM/MMPol calculations
of site energies, excitonic couplings, and spectral densities
across representative structures, and used to propagate excited-
state populations within a kinetic model, implemented in the
PYQME software package.®®®* For each snapshot, the retinal
population dynamics were fit to a monoexponential function to
extract a characteristic transfer time. Averaging over all

© 2025 The Author(s). Published by the Royal Society of Chemistry
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trajectories yielded EET times (tggr) of 59 fs for Kin4B8-ZEA and
60 fs for Kin4B8-LUT (pose A) (Fig. 6¢ and d). These fall within
the ultrafast regime observed in other carotenoid-rhodopsin
systems, including the xanthorhodopsin-salinixanthin®
complex from Salinibacter ruber and Gloeobacter rhodopsin
(GR), a proton pump from the cyanobacterium Gloeobacter
violaceus.”

To compare with experiment, we estimated the effective EET
time from reported excited-state lifetimes. Specifically, Chazan
et al.’® reported that the carotenoid S, excited-state lifetime is
140 fs (tp) when energy transfer is not possible, such as in the
Kin4B8-Car complex with a reduced rPSB bond. In contrast,
when energy transfer occurs, ie., in the native Kin4B8-LUT
complex, the S, lifetime is shortened to 60 fs (tpa). This
reduction in lifetime indicates the presence of EET from the
carotenoid to the retinal. Based on these lifetimes, the EET time
can be estimated as:

o 11\
TE}];T = (a — g) = 105 fs (2)

This experimentally inferred value is in good agreement with
our simulated results, supporting the validity of our model.

We also estimated the energy transfer efficiency from our
computed Tggr using the relation:

o= 3)
TgeT + TD

We point out that, in our simulations, carotenoid internal
relaxation pathways are not explicitly modeled. Therefore, the
calculated EET efficiency is determined solely by the computed
energy transfer time, tggr, with the experimental 7, used as
input. We obtain efficiencies of 70.5% for both ZEA and LUT
(Fig. 6b and Table S3), modestly higher than the 57% efficiency
derived from experiment.'® This difference likely reflects the
slightly faster EET times predicted by our simulations.

Interestingly, the Kin4B8-LUT complex displays a bimodal
distribution of EET efficiencies (Fig. 6b), reflecting conforma-
tional heterogeneity in the orientation of the carotenoid B-ring
within the protein fenestration. In contrast, Kin4B8-ZEA adopts
a more stable geometry, leading to narrower distributions of
EET times and efficiencies.

To explore the sensitivity of EET dynamics to the excitonic
coupling, we recomputed the kinetic model using a range of
fixed coupling values (0-275 cm '), while keeping all other
parameters unchanged. For each coupling strength, the EET
time and efficiency were calculated across the full ensemble of
MD-derived structures, using the original frame-specific site
energies. As shown in Fig. S12, the EET time decreases nearly
exponentially with increasing coupling, revealing a clear and
consistent relationship between coupling magnitude and
transfer kinetics.

Among the values tested, a fixed coupling strength of
200 cm™', which falls within the experimentally estimated
range for salinixanthin S, — rPSB S; in xanthorhodopsin (160-
210 cm™),® yields an EET time of 104 fs and an efficiency of
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(a) Schematic representation of the carotenoid-to-retinal energy transfer mechanism. (b) Distribution of energy transfer efficiency along

the molecular dynamics simulations. (c and d) Dynamics of the retinal population after transfer from (c) zeaxanthin and (d) lutein. Each thin line
represents a snapshot of the MD simulation. The dashed black line represents a fit obtained using a monoexponential function, and the char-
acteristic times are indicated in the legends. The zeaxanthin-rhodopsin represent the protonation state pMS-1, while the results for pMS-2 are

shown in Fig. S11.

57%, closely matching experimental observations. This agree-
ment, achieved without adjusting any other parameters, high-
lights the internal consistency and predictive reliability of our
multiscale approach.

Although our simulations yielded an average coupling of
270-280 cm ™, the deviation of 70-80 cm™" is well within the
expected uncertainty of our protocol (see Table S4). This is
reasonable given the dynamic nature of the system, where
fluctuations in the interchromophore distance during the
trajectory can significantly affect the excitonic coupling (see
Fig. S5).

In summary, our simulations indicate that xanthophylls
such as zeaxanthin and lutein can mediate ultrafast and effi-
cient energy transfer to retinal in the Kin4B8 proton pump. Sub-
100 fs transfer is enabled by strong excitonic coupling and
vibronic overlap, shaped by the protein's fenestration archi-
tecture. Notably, this efficiency is achieved without a 4-keto
group, a feature traditionally considered important for EET in
xanthorhodopsin. In Kin4B8, however, 4-keto carotenoids such

18432 | Chem. Sci., 2025, 16, 18423-18437

as salinixanthin and canthaxanthin do bind to the protein, as
confirmed by absorption and circular dichroism spectros-
copy,'®*® yet exhibit poor or no energy transfer. Conversely,
nostoxanthin, a hydroxylated carotenoid structurally similar to
zeaxanthin, binds effectively and supports EET efficiencies
comparable to ZEA.

A comprehensive mutational and screening study involving
twelve carotenoids®® showed that neither 4-keto nor hydroxyl
functionalities alone are sufficient to enable EET. Several 4-keto
(e.g, salinixanthin, canthaxanthin) and dihydroxy (e.g., astax-
anthin reduced) carotenoids bind poorly or not at all, or fail to
transfer energy despite binding. Only a small subset, including
zeaxanthin, lutein, and nostoxanthin, exhibit both strong
binding and high EET efficiency. These carotenoids share not
only appropriate polar functional groups but also geometric
features compatible with the protein's fenestration, enabling
dual hydrogen bonding and optimal chromophore alignment.
Our simulations confirm that such anchoring interactions,
particularly with Ser208 and Tyr209, are critical for positioning

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the carotenoid B-ring at short distances from retinal, a prereq-
uisite for strong excitonic coupling.

Together, these experimental and computational findings
reinforce a model in which the protein environment, particu-
larly the geometry and polarity of the fenestration site, plays
a dominant role in enabling efficient energy transfer. This
represents a shift from earlier models of xanthorhodopsin,
where the presence of a 4-keto group was considered essential
for energy transfer.” Recent screening data from Das et al.*®
demonstrated that neither 4-keto nor hydroxyl groups alone
predict EET efficiency, highlighting instead the importance of
chromophore geometry and protein complementarity. Our
results mechanistically confirm this view: we show that carot-
enoids capable of forming dual hydrogen bonds with Ser208
and Tyr209, and achieving close spatial alignment with retinal,
enable strong excitonic coupling independent of specific
chemical functionality. This highlights the adaptability of
microbial rhodopsins in tuning their photophysical properties
through precise protein-ligand complementarity rather than
reliance on a specific carotenoid motif.

3 Conclusions

This study provides a molecular-level mechanistic explanation
for how hydroxylated carotenoids, such as zeaxanthin and
lutein, can mediate efficient light harvesting in microbial
rhodopsins despite lacking the canonical 4-keto group previ-
ously considered essential for excitation energy transfer.

Using a multiscale computational approach integrating
microsecond-scale molecular dynamics, polarizable QM/MM
calculations, and excitonic modeling, we show that EET effi-
ciency in Kin4B8-carotenoid complexes arises not from specific
functional group chemistry, but from precise protein-ligand
geometry. The carotenoid B-ring is anchored by a cooperative
hydrogen-bonding network with Ser208 and Tyr209, a configu-
ration stabilized within a conserved protein cavity. This archi-
tecture preorganizes the donor(Car)-acceptor(rPSB) pair for
strong excitonic coupling and sub-100 fs energy transfer.

Our results complement and extend recent experimental
work by Das et al.,** who demonstrated the importance of
Ser208 and Tyr209 via mutagenesis and QM/MM MD simula-
tions. While their study identified these residues as critical for
binding and EET, our enhanced sampling and long-timescale
classical MD simulations reveal the persistence and flexibility
of the anchoring network over microseconds scale. Addition-
ally, our simulations of the G153F mutant recapitulate the
experimentally observed loss of carotenoid binding and EET,*®
confirming the structural necessity of this cavity for carotenoid
retention.

We also reproduce experimental absorption and circular
dichroism spectra by modeling vibronic lineshapes using
spectral densities computed from QM/MM normal-mode anal-
ysis. A Forster-type kinetic model, built from QM/MM-derived
site energies and excitonic couplings computed with polariz-
able embedding, predicts energy transfer times below 100 fs
and EET efficiencies exceeding 70%, closely matching experi-
mental values. Notably, our analysis identifies the spectral

© 2025 The Author(s). Published by the Royal Society of Chemistry
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offset between the CD minimum and absorption maximum
peaks (in the retinal region) as a potential spectroscopic marker
of strong carotenoid-retinal coupling.

Together, these findings support a revised view of
carotenoid-assisted phototrophy: rather than relying on specific
chemical motifs like keto or hydroxyl groups, rhodopsins tune
EET efficiency through protein-guided spatial arrangement and
polarity in the fenestration. This conceptual shift is supported
by recent screening results,*® which showed that neither 4-keto
nor dihydroxy substitutions alone predict function. Our simu-
lations mechanistically confirm that only carotenoids capable
of dual hydrogen bonding and tight retinal alignment enable
high-efficiency energy transfer in Kin4B8.

While our study focuses on Kin4B8, the underlying mecha-
nism, ie., protein-guided chromophore alignment through
hydrogen bonding and cavity geometry, is likely relevant to
other microbial rhodopsins that bind hydroxylated carotenoids,
even when the fenestration architecture differs in detail. The
design principles identified here thus provide a transferable
framework for understanding excitation energy transfer in
diverse rhodopsin proteins and for engineering photo-
responsive proteins with tunable optical properties.

As the diversity of microbial rhodopsins binding carotenoids
continues to expand,'***** our multiscale modeling offers
a robust strategy for connecting structure to function in natural
and synthetic light-harvesting systems. Looking ahead, this
framework may also be adapted to explore alternative chromo-
phore arrangements, including retinal-retinal coupling in bi-
stable rhodopsin dimers,*® where precise geometric control is
likewise expected to tune photophysical behavior.

Finally, we acknowledge that polarization effects may also
influence the optimized geometries used in this study, partic-
ularly since the rPSB carries a positive charge and both chro-
mophores engage in hydrogen-bonding interactions with the
surrounding protein environment. While polarization was
included in the excited-state calculations, incorporating it
during QM/MM geometry optimizations could further improve
the structural accuracy relevant to excitation energies.”
However, such methods remain computationally demanding
and were beyond the scope of this work. We plan to investigate
this aspect in future studies, building on recently developed
polarizable QM/MM optimization methodologies.***”
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