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ABSTRACT

Photosynthetic organisms thrive across remarkably diverse light environments, from dim, spectrally
filtered habitats to high-irradiance niches. Their antenna complexes have evolved structural and excitonic
features that tailor energy capture and delivery to local conditions, making comparative studies of
noncanonical antennas essential for understanding the diversity of evolved designs. Here we investigate
the far-red light-harvesting complex from an Antarctic alga Prasiola crispa (Pc-frLHC), whose ring-
shaped undecameric (11-subunit) antenna absorbs strongly near ~710 nm yet still drives Photosystem II.
Using femtosecond transient absorption with selective excitation of chlorophyll (Chl) b (645 nm), Chl a
(675 nm), and far-red Chls (740 nm), we resolve a rapid, directional energy transfer cascade that funnels
population into the lowest excitonic level of the far-red Chl trimer. Transient absorption anisotropy
directly resolves a characteristic hopping time between the far-red Chl trimers of ~11.5 ps, while exciton—
exciton annihilation kinetics under increased fluence at far-red excitation provide independent
corroboration. Spectral dynamics and anisotropy further reveal the existence of a higher-lying excitonic
state near ~670 nm within the far-red Chls. Thermal access to this ~670 nm state enables repeated cycling
that facilitates the uphill transfer toward Chl a despite a sizable energy gap of ~580 cm™'. These findings
clarify how Pc-frLHC exploits the excitonic coupling and the ring-mediated transport to harvest red-
shifted light to Photosystem II, offering general principles for engineering photofunctional systems

adapted to spectrally limited environments.



I. INTRODUCTION

Photosynthetic organisms have evolved a wide array of light-harvesting antenna complexes
(LHCs) to thrive in diverse and often extreme environments.!=3 Across photosynthetic organisms, antenna
systems adjust to local light fields through pigment composition, excitonic coupling, and protein
architecture, yielding diverse solutions for capturing and routing excitation. In eukaryotes, photosystem I
(PSI) is commonly served by the light-harvesting chlorophyll protein complexes of PSI (LHCI) that can

¢ whereas

host long-wavelength forms of chlorophyll (Chl) extending absorption toward ~720 nm,*
photosystem II (PSII) typically draws on excitations near ~680 nm and its associated LHCII generally
lacks such long-wavelength forms. As a result, effective PSII excitation by far-red photons (~700-800
nm) has been considered uncommon, though notable algal cases have been documented.”® These
contrasting strategies underscore the tunability of antenna design and highlight the importance of
elucidating how photosynthetic systems harvest and direct low-energy photons to PSII, identifying what
combinations of pigment choices, excitonic interactions, and protein scaffolds enable uphill delivery with
sufficient rate and yield.

10.1T showcases a particularly

Prasiola crispa (P. crispa), one of the major green algae in Antarctica,
striking adaptation: its unique antenna complex, Pc-frLHC, exhibits strong absorption in the far-red region
(~710 nm), significantly red-shifted compared to the primary absorption peak of PSII reaction centers
found in most green plants and algae (FIG. 1).!? This red-shifted absorption enables P. crispa to efficiently
capture the residual light that reaches the interior of its densely packed colonies, microenvironments where
visible wavelengths are scarce but where the organism is shielded from environmental extremes such as
intense radiation, freezing temperatures, and desiccation. Remarkably, despite harvesting such low-energy

photons, Pc-frLHC still drives oxygenic photosynthesis via PSIL!} a capability that is crucial for

sustaining photosynthetic function in P. crispa under polar conditions. This raises intriguing questions



about how excitation energy is funneled uphill, from far-red-absorbing pigments to the PSII reaction
center.

Recent cryo-electron microscopy (cryo-EM) analysis of the Pc-frLHC at 3.13 A resolution has
unveiled a highly distinctive supramolecular architecture.!? The antenna forms an undecameric (11-mer)
ring of eleven Pc-frLHC monomers, each with four transmembrane helices and coordinating eleven Chls,
predominantly Chl @ with a minor complement of Chl b, and two carotenoids (FIG. 1a, b). This structural
organization markedly differs from the typical trimeric LHCII and instead bears evolutionary similarity
to LHCI-type antennas found in Chlamydomonas reinhardtii, particularly the four-helix Lhca2 subunit.!4
A defining feature of Pc-frLHC is its far-red absorption centered around 710 nm, which has been attributed
to a strongly coupled Chl trimer (603, 609, and 708). A recent computational study suggests that this
trimer forms an excitonically coupled unit exhibiting substantial charge-transfer character, leading to a
significant redshift of the Qy transition.!> Complementary time-resolved fluorescence spectroscopy
previously suggested the possibility of uphill energy transfer from these far-red absorbing Chls to higher-
energy Chl a states.!? This counterintuitive process has been proposed to be driven by entropy-assisted
mechanisms, in which thermal fluctuations and state degeneracy enable energy transfer against the
intrinsic energy gradient, supporting directional energy flow toward the PSII. However, because
fluorescence-based methods are limited in temporal resolution and are insensitive to excitonic states with
weak radiative signatures, the microscopic details of uphill transfer, particularly the roles of fast excitonic
dynamics and pigment—pigment coupling, have remained elusive.

In this study, we investigated the excited-state dynamics of Pc-frLHC using femtosecond transient
absorption spectroscopy. By selectively exciting Chl b (645 nm), Chl a (675 nm), and far-red Chls (740
nm), we tracked the sequence and timescale of energy transfer among pigments. Furthermore, the

possibility of uphill energy transfer was assessed by examining exciton—exciton annihilation dynamics



and transient absorption anisotropy. These complementary approaches revealed the presence of a higher-
lying excitonic state near 670 nm arising from the far-red Chls, which appears to mediate rapid energy
exchange and facilitate thermally assisted uphill transfer toward Chl a, ultimately guiding excitation
energy toward PSII under low-energy light conditions. This study highlights an antenna strategy for light
utilization in spectrally limited environments and provides mechanistic insight into how red-shifted

antennas contribute to photosynthetic efficiency through excitonic interaction.
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FIG. 1. (a) Undecameric structure of Pc-frLHC (PDB code 8HW1).!? (b) Monomeric structure of Pc-
frLHC. The monomer contains eleven Chls (green and magenta), two carotenoids (loroxanthin and
violaxanthin; orange). The trimeric far-red Chls (603, 609 and 708) are shown in magenta. (c) Absorption
spectra of Pc-frLHC in a buffer solution at room-temperature. The excitation laser spectra of transient

absorption experiment are also shown.



II. EXPERIMENTAL
A. Ultrafast transient absorption spectroscopy.

The details of our transient absorption spectroscopy setup are reported elsewhere.!¢ Briefly, the
setup is based on a Yb:KGW regenerative amplifier (PHAROS-SP, Light Conversion, 1028 nm, 170 fs, 1
mJ, 6 kHz). The output of the amplifier is split into two parts. One part is used to generate the pump pulse,
which is tunable over a broad wavelength range via home-built noncollinear optical parametric amplifiers
(NOPAs).!7 In the present study, the seed pulse is passed through a 30 mm glass block to introduce chirp,
resulting in spectral narrowing of the output. The pulse durations of the pump pulses, measured by SHG-
FROG, were found to be shorter than 100 fs. The other part of the output of the amplifier is focused onto
a 3 mm-thick sapphire plate using a lens to generate white-light continuum. This continuum is split into
two beams, which serve as the probe and reference pulses. The polarization of the pump beam was set to
the magic angle (54.7°) with respect to the probe pulse unless otherwise noted. Both the pump and probe
beams were focused into a 500 um-thick flow cell, in which the sample solution was continuously
circulated. The transmitted probe pulse and reference pulse were analyzed using a pair of spectrometers,
each composed of a prism, an achromatic lens, and a CMOS line camera (S12198-1024Q-01, Hamamatsu).
The pump-induced absorbance change (AA4) was measured on a shot-to-shot basis by mechanically
chopping every other pump pulse. The typical beam diameter of the pump pulse at the sample position is
~170 pm (1/€? value), yielding an excitation fluence of ~1.5x10'® photons/pulsescm? at 675 nm for a pulse
energy of ~1.0 nJ. Chirp correction was performed based on the coherent artifact measurements using

solvent only. Global analysis was performed using pyglotaran.'®

B. Sample preparation.



Prasiola crispa culture strain 4113 Pc2 was used for the analysis.!” The cells were cultivated onto
1.5% agar plate containing BG11 culture medium with HEPES adjusted to pH 7.5 with NaOH under 50
umol photons m2 s7! fluorescence light at 15 °C for one month. To induce Pc-frLHC accumulation,
cultivated cells were incubated in BG11 liquid medium (pH7.5) under 10 umol photons m 2 s™! far-red
LED light with an emission peak at 730 nm at 15 °C for 1~2 weeks.

Cell disruption was performed with a ceramic ball mill (105X 140 mm) and a beat bearer.

Harvested cells were put into the ceramic pot with ceramic balls (¢10 ~ 15 mm) and the thylakoid buffer
containing 25 mM MES-NaOH (pH 6.5), 12.5 % Glycerol, 1M betaine, 10 mM MgCl; and 5 mM EDTA.
The pot was rolled by hand on ice for 15 min. Non-broken cells were separated as precipitation after a
centrifugation at 700 xg at 4°C for 5 min. The supernatant was collected as thylakoid fraction. The
precipitation was disrupted by bead beating with 0.5 mm zirconia/silica beads by using a bead beater (Bio
Spec Products, Oklahoma, USA) with an attachments of plycarbonate Chamber Assemblies for 350 mL
and an Ice Water Jacket. The bead beating condition was repeated 5 s beating and 2 min rest at 4°C for 10
times. The suspension after the bead beating was centrifuged at 700 xg at 4°C for 5 min and the supernatant
was collected as thylakoid fraction. All thylakoid fractions were put together and centrifuged with 20,000
xg at 4°C for 12 min and collected thylakoid membranes as the precipitation. The thylakoid membranes
were solubilized with 1% (w/v) n-Dodecyl-p-D-maltoside (3-DDM) at a Chl concentration of 0.5 mg
Chl/mL on ice for 20 min and centrifuged at 20,000 x g at 4°C for 12 min. The supernatant was put on the
sucrose density gradient (SDG) centrifugation with sucrose step gradient of 1, 0.8, 0.7, 0.6, 0.4, and 0.1
M with Buffer-B (25 mM MES, pH 6.5, 1 M betaine, 0.02% B-DDM) and fractionated by centrifugation
with a swing rotor at 61,000 x g, at 4 °C for 24 h. The middle green band containing PSI-LHCI and Pc-
frLHC was collected. The fraction was adsorbed on a diethylaminoethyl cellulose column (DES52;

Whatman, Maidstone, UK), and PSI-LHCI was washed out with 150 mM NaCl containing Buffer-B. The



Pc-frLHC fraction was eluted with 250 mM NaCl containing Buffer-B, and concentrated by centrifugation
with an angle rotor at 100,000 x g at 4 °C. The concentrated fraction was fractionated again by SDG
centrifugation, and the lowest dark-green band was collected. The harvested fraction was diluted with

Buffer B and concentrated by centrifugation at 100,000 x g at 4 °C.

II1. RESULTS AND DISCUSSION
A. Transient absorption dynamics under three selective excitations reveals the excitonic level
ordering.

We first investigated the excited-state dynamics of Pc-frLHC using a 740 nm pump pulse at low
fluence, selectively exciting far-red Chls (FIG. 2a). Immediately after photoexcitation, a negative band
centered at 710 nm was observed, corresponding to ground-state bleach (GSB) and stimulated emission
(SE) of the far-red Chls. The GSB features from Chl a (680 nm) and Chl b (650 nm) were hardly observed,
confirming that the excitation was specific to the far-red Chls. However, no significant spectral changes
were observed on the picosecond timescale, suggesting that the uphill energy transfer processes may be
too weak to be detected under these conditions.

To extract kinetic information, time traces of transient absorption at various probe wavelengths
were globally analyzed based on a sequential model (FIG. 3a). We note that lifetime density analysis can
be a powerful approach for heterogeneous systems;?%2! however, our time resolution (~100 fs) is close to
the fastest dynamics (~300 fs), and coherent artifacts hamper stable lifetime-density retrieval. We
therefore base our kinetic discussion on the global analysis. Four components were required to fit the data,
and the resulting evolution-associated difference spectra (EADS) are shown in FIG. 3b. The first two
components, characterized by GSB and SE at 710 nm, evolve with time constants of 0.31 ps and 7.8 ps.

These dynamics are accompanied by a slight blue shift in the SE region, which may reflect excitonic



relaxation or structural reorganization. The third-to-fourth transition, with a time constant of 140 ps, is
characterized by a significant decrease in signal amplitude. A similar time constant was found in the
previous time-resolved fluorescence study'? and is tentatively assigned here to an increase in charge-
transfer character, whereby an excitonic state with partial charge-transfer character (Ch1>*~Chl®") evolves
into a state with stronger charge separation (Chl®*~Chl®~, where &' > §). A similar transition has also been
reported in studies of molecular dyads and PSII reaction center.?>2* The longest excited-state lifetime
exceeds the detection limit of our setup (>1 ns).

Next, we examined the energy transfer dynamics upon excitation at 675 nm (FIG. 2b), which
primarily excites Chl a. Following excitation, a negative band at 680 nm, corresponding to the GSB and
SE of Chl a, emerged. It decayed within a few picoseconds, while a negative band at 708 nm emerged
concomitantly, indicating the energy transfer from Chla to far-red Chls. Global analysis yielded time
constants of 0.31 ps, 2.3 ps, and 17 ps (FIG. 3d). The slowest component (17 ps) is similar to that observed
in LHCII and is often attributed to energy transfer from a "bottleneck" site.?>?¢ The intermediate
component (2.3 ps) is assigned to the Chl a-to-far-red Chls energy transfer, as evidenced by the decrease
of the Chl a GSB and the concomitant rise of the far-red Chl GSB in the EADS. The fastest component
(0.31 ps) may also contribute to this transfer for the same reason, but is more likely to reflect excitonic

relaxation within the far-red Chls, as will be discussed in detail later, supported by the delayed

appearance of SE and the anisotropy dynamics. We note, however, that both the 0.31 ps and 2.3 ps

components additionally include contributions from excitonic relaxation within the Chl @ manifold and
from energy transfer between blue- and red-absorbing Chl a sites, as the spectral shape of the GSB band
at ~680 nm and its shoulder at ~670 nm evolves on this time scale.

Upon excitation at 645 nm, predominantly exciting Chl b, a pronounced negative band at 650 nm

(GSB of Chl ») was observed (FIG. 2c and 3e, f). As this signal decayed, the Chl a signal remained



relatively unchanged, while the far-red Chls signal increased. Given the fast Chl a-to-far-red Chls transfer
observed above, this suggests that energy from Chl b is relayed to far-red Chls via Chl a. In contrast to
LHCII, no long-lived Chl » GSB component was detected on the picosecond timescale. In Pc-frLHC,
most Chls are moderately coupled, except for Chl 604. This likely explains the absence of a “bottleneck™
site for Chl b, in contrast to the presence of one for Chl a.

At early time delays (<500 fs), subtle spectral shifts were observed at the 710 nm band. A slight
blue shift was detected upon 740 nm excitation (FIG. 2d), whereas a red shift with a time constant of ~310
fs occurred upon 675 nm excitation (FIG. 2e). This red shift reflects excitonic relaxation from a higher-
lying excitonic state of the far-red Chls near ~670 nm to their lower-lying state at 710 nm, which produces
the delayed appearance of SE around 710 nm. The nature and functional role of this higher-lying state will
be addressed in detail later.

In addition, the residuals of the global fit exhibit clear oscillatory features at early delay times upon
740-nm excitation (FIG. 4a). Fourier transformation of the residuals yields a vibrational spectral map (FIG.
4b), which reveals a pronounced nodal pattern at ~710 nm corresponding to the GSB region of the far-red
Chls. The dominant vibrational frequency is 78 cm™' (FIG. 4c), in good agreement with a previous report
on the bacterial reaction center that assigned a similar low-frequency mode to a protein vibrational
wavepacket.?” Because the energy of this mode is significantly smaller than the energy gaps involved in
the Chl @ manifold and in the excitonic manifold of the far-red Chls discussed below, we do not explore
potential functional implications of this mode further in the present work.

Overall, the uphill energy transfer was not clearly resolved in the transient absorption measurement.
This is likely due to the low thermal population of higher-energy Chl a states relative to far-red Chls.

Considering the energy gap between Chl a (680 nm) and the far-red Chls (708 nm), which corresponds to

10



~580 cm™!, the Boltzmann distribution predicts that the excited-state population of Chl a is only ~ 6% of

that of the far-red Chls at room temperature, consistent with the experimental result.
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FIG. 2. Transient absorption spectra of Pc-frLHC upon the excitation at (a) 740 nm, (b) 675 nm, and (c)

645 nm. The excitation fluence was 10 nJ/pulse for 740 nm and 1 nJ/pulse for 675 nm and 645 nm. Black

arrows indicate the center wavelength of the pump pulse. Contour plots of transient absorption spectra of

Pc-frLHC excited at (d) 740 nm and (e) 675 nm.
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FIG. 4. (a) Residuals of the global analysis upon 740-nm excitation. (b) Vibrational spectral map obtained
by Fourier transformation of the residuals, exhibiting a clear nodal pattern at ~710 nm corresponding to
the GSB region of the far-red Chls. (¢) Fourier-transform power spectrum integrated over the probe-

wavelength window indicated in (b).

B. Uphill energy transfer corroborated by exciton—exciton annihilation dynamics.

To confirm the presence of uphill energy transfer, we examined the excitation fluence dependence
of transient absorption dynamics in Pc-frLHC, focusing on far-red Chls. At high excitation densities,
exciton—exciton annihilation, commonly observed in multichromophoric systems such as photosynthetic
proteins, can occur.?®73! In hopping-type energy transfer systems, annihilation occurs when two excitons
encounter each other: one exciton transfers its energy to the other, promoting the acceptor to a higher
excited state (Sn), which rapidly returns to the S; state, while the donor relaxes to the ground state. This
process leads to a net depletion of the excited-state population and requires exciton diffusion. Therefore,
observation of exciton—exciton annihilation serves as an indirect probe of exciton mobility around the
undecameric Pc-frLHC ring, as well as of potential uphill energy-transfer pathways under conditions
where only far-red-Chl excitons are created.

We investigated this phenomenon by exciting the sample at 740 nm with fluences ranging from
10 to 500 nJ/pulse (FIG. 5a). Transient absorption dynamics were monitored at 707 nm, which exhibits a
quasi-isosbestic point in the picosecond regime (FIG 2a). At low excitation fluence, the signal exhibited
a decay with a long lifetime (>100 ps). As the fluence increased, a rapid decay of the GSB was observed,
indicative of exciton—exciton annihilation, facilitated by the uphill energy transfer and subsequent exciton
diffusion around the undecameric ring. Notably, a fluence-dependent spectral change was also observed

at an early delay time of 0.26 ps (FIG. 5b). At higher fluences (>100 nJ), a pronounced GSB signal
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emerged at 670 nm, attributable to higher-energy Chl a or to a higher excitonic state of far-red Chls,
indicating unintended multi-photon absorption that populates excitations other than the lowest excitonic
state of the far-red Chls. Because this feature appears only at high fluence, it is more reasonably assigned
to the population of higher-energy states rather than to a vibronic shoulder of the 708 nm band, which
should be present even at low excitation levels. This interpretation is further supported by the 675-nm—
excitation anisotropy data discussed below, which show distinct initial anisotropy values at 670 and 710
nm, behavior inconsistent with both signals originating from a vibronic progression. Consequently, the
annihilation kinetics are influenced not only by uphill energy transfer but also by intra-monomer processes
arising from multiple encounter channels at higher fluences; Chl a—Chl a, Chl a—far-red Chls, and multi-
exciton interactions within the far-red Chl trimer.

Time traces were analyzed using multi-exponential fitting. Long-lived components (>100 ps) were
fixed, and additional exponential terms were introduced when their relative amplitudes exceeded 0.1. Only
the time constants related to annihilation are reported in Table 1. For fluences up to 30 nlJ/pulse, the
dynamics were adequately described by the long-lived components alone. Between 50 and 150 nJ, one
additional short-lived component was required, with a time constant that decreased with increasing fluence.
At fluences above 200 nJ, two short-lived components were necessary, with time constants ranging from
9.9 to 76 ps. To obtain a quantitative insight into the intrinsic annihilation dynamics, we analyzed the

dependence of the annihilation rate on the excitation fluence (FIG. 5c). The apparent annihilation times
exhibit a monotonic shortening with increasing excitation fluence within the weak-excitation regime
(up to 7150 nJ in our case), as typically observed in exciton—exciton annihilation measurements. We
therefore determined the intrinsic annihilation rate by linearly extrapolating the fluence-dependent
rates to this regime, yielding 7. ! = 14.5 ns™! (za = 69 ps). Ideally, in an N-membered ring structure, the

hopping time () is related to the annihilation time as follows:*°
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'a = BsinZ(1/2N)’

(1)
Based on this relationship, the hopping time is estimated to be 7, = 11.2 ps. In summary, these results
suggest that the uphill energy transfer can be inferred from exciton—exciton annihilation dynamics. We
note that the recently developed intensity-cycling approach provides a powerful framework for separating
higher-order contributions by measuring transient absorption dynamics at multiple fluences.?>* In the
present system, however, the spectral shape exhibits a clear dependence on excitation fluence (FIG. 5b),
likely due to the limited spectral overlap between the pump spectrum and the absorption band of far-red
Chls. This behavior complicates an unambiguous separation of different fifth-order pathways, including
exciton—exciton annihilation and two-photon absorption, under our experimental conditions. Although
ideal resonance conditions in which the annihilation-derived contribution dominates would enable a more

definitive decomposition, this is not addressed in the present study. In the following section, we therefore

employ transient absorption anisotropy measurements to further probe the timescale of the uphill energy

transfer.
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FIG. 5. (a) Time traces of transient absorbance of Pc-frLHC at 707 nm upon excitation at 740 nm with
various fluences. The dots represent the experimental data, and the solid curves are multi-exponential fits.
(b) Normalized transient absorption spectra at 0.26 ps. (c) Fluence dependence of the annihilation rate.
The annihilation rate (1/t1,) extracted from multi-exponential fitting (TABLE 1) is plotted as a function of
excitation fluence. A linear fit to the data provides an extrapolated low-fluence limit (blue dot),

corresponding to the intrinsic annihilation rate, 7. ! = 14.5 ns™".

TABLE 1. Fitting results of transient absorption time traces at various excitation fluences. Only

components with relative amplitude >0.1 are listed.

Fluence (nJ) | 10~30 | 50 70 100 150 200 300 500
Al - 0.11 0.15 0.2 0.27 0.12  |0.14 [022
7 (ps) - 46 42 33 28 76 54 39
4> - - - - - 0.2 0.22 0.24
 (ps) - - - - - 24 16 9.9

C. Transient anisotropy directly resolves the hopping time around the ring.

To further investigate the uphill energy transfer in Pc-frLHC, we performed transient absorption
anisotropy measurements, which directly provide 7, between the far-red Chls independent of nonlinear
effects. Anisotropy measurements are a powerful means of probing energy transfer or electron/hole
exchange between spectrally similar chromophores,**3* as commonly encountered in photosynthetic

systems.3%-*6-40 In this method, the anisotropy value is defined as

A4 () — AAL(D)

"0 =34, + 284,00 @)

16



where AA4)(f) and AA.i(f) are the transient absorption signals with probe polarization parallel and
perpendicular to the pump, respectively. An initial anisotropy of 0.4 is expected when the transition dipole
moments of excitation and probe transitions are perfectly aligned. Generally, the anisotropy value ranges
between —0.2 and 0.4, depending on the relative angle 6 between the dipole moments of the initially
excited and probed transitions:

3cos? — 1

r(0) = c

(3)

Anisotropy decays over time due to depolarization processes, including rotational diffusion and energy
transfer.

Upon one-photon excitation at 740 nm, the initial anisotropy at the GSB/SE region of the far-red
Chls (710 nm) is approximately 0.4 (FIG. 6a). The ESA region (550-650 nm) shows anisotropy values
ranging from 0.2 to 0.4. In particular, values lower than 0.4 indicate that the corresponding transition
dipole moments are oriented differently. Remarkably, a value exceeding 0.4 was observed at 670 nm.
Such an anomalously large anisotropy can occur in systems with degenerate electronic states or spectral
overlap between positive and negative components (such as ESA and GSB),**1*? as will be discussed in
more detail below.

The anisotropy data were analyzed by performing global analysis simultaneously on the parallel
and perpendicular signals (AA4|(¢) and AA4.(f)) using shared time constants (FIG. 7). The resulting EADS
were used to derive the evolution-associated anisotropy spectra (FIG. 7b). The time constants obtained
were almost identical to those derived from the isotropic response (FIG. 3). Except at 670 nm, the
anisotropy in most region decays to a residual value of ~0.1 with a dominant time constant of 9.8 ps. This
residual anisotropy is consistent with in-plane dipolar relaxation** and has been reported in other ring-

37,38

shaped systems, such as LH1 and LH2 complexes from purple bacteria,”’>° as well as toroidal molecular

aggregates.®> Given that Pc-frLHC adopts a ring-shaped structure with symmetrically arranged far-red
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Chls, the observed decay is attributed to depolarization due to energy migration within the ring, indicative
of the uphill energy transfer. This depolarization can be modeled as exciton hopping around a circular
array. For an undecameric ring (N = 11), the hopping time 7 is related to the observed depolarization time

74 as:3037

'™ 4sin?(2n/N)

C)
This gives a hopping time between far-red Chls of 7, ~ 11.5 ps, in good agreement with the value estimated
from the annihilation dynamics (~11.2 ps). The consistency between these independent approaches
identifies 11.5 ps as the characteristic hopping time in Pc-frLHC. By contrast, in LH2, the hopping time

30.37.3% which is consistent with the short B850 center-to-

1s on the order of a few hundred femtoseconds,
center spacing (~9 A). In Pc-frLHC, the far-red Chls are separated by ~40 A, suggesting that direct inter-
trimer energy transfer is unlikely; instead, depolarization is plausibly mediated via uphill energy transfer
through higher-energy Chl a sites in Pc-frLHC.

It is noteworthy that the anisotropy at 670 nm exceeded 0.4. Because this window overlaps the Chl
a band, the anisotropy analysis resolves the presence of an upper excitonic state within the far-red Chl
trimer. Although anisotropy typically ranges from —0.2 to 0.4, the observed value can deviate significantly
when the signal consists of overlapping contributions. If the isotropic pump—probe signal at a given
wavelength can be decomposed into two contributions, A4 = A4 + AAs, the observed anisotropy is the
weighted average of the individual anisotropies; 7obs = (AAA/(AAA + AAB))ra + (AAB/(AAA + AAB))rs.
Thus, the overlap between positive and negative contributions allows the anisotropy to take any real value
(—oo < r < ). Therefore, the signal at 670 nm indicates the overlapped contributions from the ESA and

GSB, with the latter originating from an upper excitonic state of the far-red Chls that emerges upon 740

nm excitation.
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This hypothesis is supported by anisotropy measurements with 675 nm excitation (FIG. 6b, FIG.
7c,d). Here, the anisotropy at 670 and 682 nm, assigned to a mixture of the upper excitonic state of the
far-red Chls and Chl a, shows an initial value of approximately 0.4. In contrast, the anisotropy at 710 nm
starts at ~0.2, suggesting that excitation at 675 nm generates a GSB that is distributed over the lower-
energy far-red Chls excitonic state. This strongly supports the existence of an upper excitonic level of the
far-red Chls near 670 nm. The anisotropy displays a biphasic decay with time constants of 290 fs and 2.3
ps. The slower component corresponds to energy transfer from Chl a to far-red Chls, which randomizes
the excitation polarization and leads to near-zero anisotropy across most of the spectrum, except for the
GSB region at 670-680 nm. The faster decay component likely reflects excitonic relaxation within the
far-red Chls, as anisotropy decays from the first to the second spectral component across most wavelengths,
again with the exception of the 670-680 nm GSB region. In the 670-680 nm GSB region, no significant
change is observed within the first 290 fs. However, the anisotropy subsequently increases toward very
large values (effectively diverging) as time progresses, then drops to —0.2 within ~15 ps, and continues to
evolve over a timescale of ~150 ps. This behavior is attributed to the increasing signal intensity of the
ESA that spectrally overlaps with the GSB. A similar persistence of non-zero anisotropy at long times has

also been reported in LHCII.*¢
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FIG. 6. (a) Anisotropy spectra of Pc-frLHC upon excitation at 740 nm. (b) Anisotropy spectra upon

excitation at 675 nm. The dots show the raw data, and the solid lines represent global analysis fits. The

black dotted lines indicate the 0.4 and —0.2 values.
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Corresponding results upon excitation at 675 nm.

D. Discussion on the functional role of the higher-lying excitonic state.

Multiple lines of evidence indicate the existence of a higher-lying excitonic state within the far-
red Chls (FIG. 8a). Under 675 nm excitation, the ~710 nm SE grows with a delay, consistent with initial
population of an upper state that rapidly (~0.3 ps) relaxes to the lowest level of far-red Chls (FIG. 2e).

Transient absorption anisotropy measured under both 740 and 675 nm excitation further supports the
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involvement of an upper state near ~670 nm; the unusually high anisotropy in this region (>0.4) under 740
nm excitation is explained by GSB-ESA spectral overlap associated with this state, while the modest
anisotropy at ~710 nm (~0.2) under 675 nm excitation indicates GSB distribution across the lower-energy
far-red excitonic level (FIG. 6 and 7). Taken together, these observations provide convergent evidence for
a higher-lying far-red excitonic state that may contribute to energy redistribution within the complex. Such
higher-lying excitonic states are known to play functional roles in multichromophoric systems like LH2,

where they act as energy acceptors or mediators of energy equilibration.*+48

In Pc-frLHC, we propose
that the uphill transfer from the far-red Chls to Chl a (and onward to PSII) is facilitated by this upper state.

The ~800 cm™' gap between the lower and upper levels of the far-red Chls corresponds to a small
but finite thermal population (~2.1% at room temperature). Together with ultrafast relaxation and the
uphill transfer time of ~11.5 ps, this enables repeated cycling during the ~2.2 ns excited-state lifetime,!?
i.e., providing many chances for the uphill transfer to Chl a. The 11.5 ps transfer time is reasonably close
to the expectation from the Boltzmann distribution (~15 ps, inferred from the 0.31 ps) and aligns with the
hopping times inferred from the exciton—exciton annihilation (~11.2 ps). Notably, if this higher-lying
excitonic state were absent, direct uphill transfer from the far-red Chls to Chl a (across a smaller energy
gap of ~580 cm™') would be slower (~38 ps, inferred from the 2.3 ps downhill transfer), despite a slightly
higher thermal population (~6%). Such a rate is inconsistent with the experimentally constrained timescale
of the exciton redistribution.

Importantly, the large energy separation (~800 cm™') between the far-red state (~710 nm) and the
higher-energy state (~670 nm) does not reflect the excitonic coupling strength. Recent QM/MM
calculations on the 603—609—708 trimer showed that these Chls possess substantial site-energy differences

and exhibit pronounced charge-transfer character, which together strongly stabilize the lowest excitonic

state.!’> As a consequence, a large energetic separation naturally arises between the lowest far-red state
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("710 nm) and the higher-energy excitonic states near 670 nm. In addition, previous work estimated

that ~24% of the total Qy intensity arises from the far-red Chls.!? For a coupled system, excitonic mixing
typically partitions the oscillator strength; when the lower and upper excitonic states share it in roughly a
2:1 ratio, the lower state would contribute ~18%, whereas a fully dark upper state would yield ~27%. The
experimental value lies between these expectations. Because this estimate assumes equal oscillator
strength for all eleven Chls, thereby underweighting Chl a relative to Chl b (whose extinction coefficient
is lower), the oscillator strength of the far-red trimer, particularly its upper excitonic state(s), is likely

underestimated. This indicates that the upper excitonic state(s) of the trimer cannot be
spectroscopically dark and must retain appreciable oscillator strength.

In this work, we have operationally used the anisotropy-derived hopping time (zw ~ 11.5 ps) as a
proxy for the uphill transfer time. This attribution is reasonable if uphill population exchange within the
far-red Chls is the rate-limiting step that gates access to Chl a. In general, however, the hopping time
emerges from an interplay of coupled processes: (i) intra-manifold equilibration among excitonic levels
of the far-red Chls (including the upper ~670 nm state); (ii) inter-manifold transfer from far-red Chls to
Chl a; (ii1) intra-manifold migration within the Chl @ manifold (Chl a «» Chl a); and (iv) inter-manifold
transfer from Chl a to neighboring far-red Chls (e.g., in an adjacent subunit). Thus, 7, primarily
reflects depolarizing migration within the Pc-frLHC ring, not necessarily the donor—acceptor cross-
manifold step. Accordingly, 7, provides a characteristic upper bound (or at least a governing timescale)
for the uphill transfer rather than a strict one-to-one measure.

Finally, the undecameric ring architecture (FIG. 8b) amplifies the above kinetic picture. Exciton
hopping around the ring (z» ~ 11.5 ps) rapidly equilibrates the population of far-red Chls, so multiple

subunits equivalently sample Chl a/PSII contact sites. This ring-wide equilibration, combined with upper-
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state-assisted cycling, increases the overall probability that an excitation reaches Chl a before

providing a physical rationale for efficient PSII-directed energy flow under red-light conditions.

a
0.33 ps \\’ ——
—— N\ 17 PS 0.31 ps
4 0.31 ps 2.3 ps
<12 SE
PS: 23 ps
Chib frChls Chl a
b

—11.5ps To PSII

loss,

FIG. 8. (a) Schematic energy-level diagram summarizing the population flow among Chl b (blue), Chl a

(green), and far-red Chls (frChls, magenta) in Pc-frLHC. (b) Structural cartoon of the undecameric, ring-

shaped Pc-frLHC antenna. The magenta arrows indicate lateral exciton migration with a characteristic

hopping time = ~ 11.5 ps.

IV. CONCLUSIONS
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In this study, we elucidated the excitonic structure and energy transfer dynamics of the far-red
light-harvesting complex from P. crispa (Pc-frLHC) using femtosecond transient absorption spectroscopy.
Selective excitation of Chl b, Chl a, and far-red Chls revealed a rapid and directional cascade of energy
transfer, culminating in population of the lowest excitonic state of the far-red Chl trimer. Exciton—exciton
annihilation dynamics suggested a finite exciton mobility consistent with the uphill transfer, and transient
absorption anisotropy measurements resolved a characteristic hopping time of ~11.5 ps, in good
agreement with the annihilation-based estimate (~11.2 ps). Notably, a distinct excitonic state near 670 nm,
supported by both anisotropy behavior and spectral dynamics, appears to facilitate repeated energy cycling
and promote the thermally activated population transfer across the energy gap.

Despite the relatively large energy gap between the far-red Chls and Chl a, our data revealed clear
signatures of the uphill energy transfer, likely mediated by a thermally populated higher-lying excitonic
state within the far-red Chls. Together, these findings uncover a unique excitonic mechanism by which
Pc-frLHC utilizes red-shifted photons to drive energy flow toward PSII. The presence of an upper
excitonic level and the ring-shaped protein arrangement underpin an efficient energy transfer strategy,
finely adapted to the light-limited interior of densely packed colonies, a characteristic niche of P. crispa in
polar environments. These results provide broader insights into the design principles of photofunctional

systems capable of exploiting low-energy light through excitonically mediated mechanisms.
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