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Abstract

In this study, the vibrational characteristics of optically excited echinenone in various solvents and the
Orange Carotenoid Protein (OCP) in red and orange states are systematically investigated through
steady-state and time-resolved spectroscopy techniques. Time-resolved experiments, employing both
Transient Absorption (TA) and Femtosecond Stimulated Raman Spectroscopy (FSRS), reveal different
states in the OCP photoactivation process. The time-resolved studies indicate vibrational signatures of
exited states positioned above the S; state during the initial 140 fs of carotenoid evolution in OCP, an
absence of a vibrational signature for the relaxed S, state of echinenone in OCP, and more robust signa-
tures of a highly excited ground state (GS) in OCP. Differences in S; state vibration population signatures
between OCP and solvents are attributed to distinct conformations of echinenone in OCP and hydrogen
bonds at the keto group forming a short-lived intramolecular charge transfer (ICT) state. The vibrational
dynamics of the hot GS in OCP show a more pronounced red shift of ground state C=C vibration com-
pared to echinenone in solvents, thus suggesting an unusually hot form of GS. The study proposes a
hypothesis for the photoactivation mechanism of OCP, emphasizing the high level of vibrational excitation
in longitudinal stretching modes as a driving force. In conclusion, the comparison of vibrational signatures
reveals unique dynamics of energy dissipation in OCP, providing insights into the photoactivation mech-
anism and highlighting the impact of the protein environment on carotenoid behavior. The study under-
scores the importance of vibrational analysis in understanding the intricate processes involved in early
phase OCP photoactivation.
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Introduction

One of the pivotal mechanisms governing
the functionality of living organisms resides in
the ability to create localized, confined
environments that selectively facilitate desired
chemical reactions. Among these, the protein-
matrix stands out as a fundamental locale. Within
the confines of the binding pocket, a substrate can
be intricately bound, leading to a substantial
enhancement in reaction rates or the acquisition

of unusual functional properties by certain
cofactors. An illustrative instance of this
phenomenon is exemplified by the orange

carotenoid protein (OCP), which functions as a
keto-carotenoid-binding protein and yet remains

the only carotenoid protein that manifests
photoactivation' (Figure 1).
Orange Carotenoid Protein type 1 (OCP or

OCP1) is a unique photoprotective, water-soluble
protein predominantly found in cyanobacteria. It
plays a critical role in non-photochemical
quenching (NPQ), a protective process that
dissipates excess absorbed light energy as heat,

CTD

safeguarding photosynthetic organisms from
photodamage.”* The photoactivation of OCP is
enabled through the absorption of blue-green light
by incorporated carbonyl carotenoids such as echi-
nenone, 3'-hydroxyechinenone, or canthaxanthin.’
OCP operates in cyanobacteria, interacting with
phycobilisome to mitigate energy transfer to the
photosystems and neutralize reactive singlet oxy-
gen radicals.® This function is crucial for cyanobac-
teria in environments with fluctuating light
conditions, allowing them to maximize photosynthe-
sis efficiency while reducing stress from intense
light exposure.®”

The OCP1 protein is the most prevalent form
within the OCP protein family, with OCP2 and
OCP3 being more recently identified and less
understood in terms of their structure and
function.®? However, a recent study® has shed light
on these proteins, revealing that they possess dis-
tinct structural characteristics compared to OCP1.
Additionally, they demonstrate varied affinities
towards phycobilisomes, which results in a lower
quenching efficiency than the evolutionary more
optimized OCP1. From now on, in the text we will

w288

Figure 1. The overall structure of the OCP protein (PDB ID 3MG1) shown from the side (top) and through the
carotenoid binding cavity (bottom) with a non-planar configuration of echinenone in the binding pocket with hydrogen

bonds visualized (right).

2



P. Chrupkovd, Ivo H.M. van Stokkum, T. Friedrich, et al.

Journal of Molecular Biology xxx (Xxxx) Xxx

use the abbreviation OCP to denote the OCP1 pro-
tein that we have studied.

Orange Carotenoid Proteins (OCPs) are also
attracting interest beyond the photosynthetic
world, due to their unique features such as
structural modularity, responsiveness to
environmental changes, and light-activated
transformations, promising innovative apglications
in bioengineering and synthetic biology."” Beyond
photoprotection, the photo-switching activity of
OCPs enables diverse applications, ranging from
gene regulation in chloroplasts’’ to modulating
excitation energy transfer between fluorescent dyes
in artificial light-harvesting systems.’# Additionally,
OCPs serve as precise sensors for detecting envi-
ronmental pH variations'® and temperature
changes,'” offering accurate detection capabilities
down to the cellular level. They also enhance caro-
tenoid bioavailability and antioxidant delivery, either
through their hydrophilicity or when immobilized on
nanoparticles, showing promise for drug delivery
systems'® and optical nanodevices.'®

The OCP protein in its inactive “orange form”
(OCPo) is composed of two distinct amino acid
domains: the N-terminal domain (NTD) and the C-
terminal domain (CTD). In OCPo these domains
are closely interconnected, predominantly through
hydrogen bonding. The presence of a centrally
located carotenoid molecule, acting as a bridge,
significantly mediates interaction between the two
domains. Within the NTD, the carotenoid chain is
securely anchored through a series of interactions,
including hydrophobic interactions, hydrogen
bonding of the keto group, and van der Waals
forces, stabilizing it within a hydrophobic pocket.
Conversely, the interaction of the carotenoid with
the CTD is chiefly characterized by hydrogen
bonds formed between the carotenoid’s
carotenoid’s carbonyl group and two specific
amino acids: tyrosine (Tyr201) and tryptophan
(Trp288),""'® which are believed to be the initial
points of OCP protein activation. Subsequent to
exposure to blue/green light, these hydrogen bonds
are disrupted, leading to a transition of the OCP into
the “Red state” (OCPr), so named due to its red
appearance caused by red shift of the absorbance
spectrum with concomitant loss of vibrational struc-
ture.?'° In this altered state, the NTD and CTD units
get separated while the carotenoid enters NTD, 9 %2
aIIowing the protein to bind with the phycobili-
some,”® a light-harvesting antenna found in
cyanobacteria. This interaction triggers the nonpho-
tochemical quenching of the antenna, transitioning
it into a photoprotective mode. Although the crystal
structure of OCP from Synechocystis is character-
ized by the presence of two hydrogen bonds (Fig-
ure 1), comparison of the spectral characteristics
of this sample and a number of mutants,”* " as well
as representatives of other families of OCP,? indi-
cate a significant heterogeneity of the dark-
adapted state associated with the possibility of

spontaneous disruption of either one or both of the
two hydrogen bonds.

The photoactivation process itself is subject of
ongoing debate, with three primary hypotheses
proposed: 1. The initial step in OCPo activation is
the rupture of hydrogen bonds between the keto
group and amino acids in the C-terminal domain
(CTD).'9#22%731 2_The initial step involves a differ-
ent mechanism as some form of isomerization, yet
to be fully elucidated,* or 3. the potential formation
of the oxocarbenium cation can be a precursor for
hydrogen bond breakage.?* Crucially, in all theo-
ries, the rupture of hydrogen bonds, leading to
domain dissociation, is a common outcome. The
distinction lies in whether the bond rupture directly
results from carotenoid excitation or is secondary
to other more substantial molecular changes. A
recently published study also offers a new perspec-
tive on the initial activation of the protein, stating that
the first change in the protein is the dissociation of
the dimer into two OCP monomers.*®

The discussion of OCPo activation related to
carotenoid isomerization and its detection yields
contradictory conclusions. Some studies challenge
the occurrence of isomerization, proposing various
explanations that isomerization does not occur
during the protein activation.>**** Conversely, the
study by Leverenz et al. (2015) suggests isomeriza-
tion of the C6-C7 single bond, which is at the side of
the B1-ring position.'” Another study®? employing a
crystallography diffraction experiment, presents an
evidence of isomerization from s-trans to cis—trans
at the C9'—C8'’ single bond simultaneously with a
s-cis to s-trans change between the C7'-C6’ single
bond, adjacent to the part of the carotenoid closer to
the NTD unit. This finding reveals a unique dynamic
where hydrogen bond rupture is not the triggering
cause of activation but rather a consequence of pre-
ceding isomerization changes.

The discrepancies between these studies can be
attributed to the inherent challenges in detecting
carotenoid isomerization through  standard
spectroscopic  methods like steady state
Resonance Raman spectroscogy,z*e"‘ Transient
Absorption Spectroscopy (TA),"**° and Fourier
transform infrared spectroscopy (FTIR).>*°

Furthermore, the Ilow quantum vyield of
photoactivation, repeatedly reported substantially
below 1 %,%°%1:%¢ potentially an evolutionary adap-
tation for high-light conditions sensing, presents
another obstacle. This low yield is exacerbated by
the ultrashort pulse approach commonly used in
spectroscopic experiments, which often proves
insufficient for generating a detectable population
of activated OCP. This issue of low quantum
efficiency is addressed in other time-resolved
experiments (FTIR®>?%2 or X-ray protein crystallo-
graphy®?) by using a continuous light source or flash
lamps that allows multiple re-excitations and
photoproduct accumulation. The subsequent
dynamics of the formation of individual intermediate
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states (associated with protein conformational
changes, units’ dissociation) are often slowed down
by the low temperature of the experiment due to low
time resolution and the need for high acquisition
time or due to the nature of the experiment itself,
such as in experiments on the crystalline form of
the protein. However, all these methods provide lit-
tle information about potential changes within the
excited states of carotenoids. We believe that ultra-
fast spectroscopic methods, such as Femtosecond-
Stimulated Raman Spectroscopy (FSRS), can fill
the gap in missing information because, even
though the method may not lead to complete deci-
phering of OCP photoactivation, it can reveal path-
ways that energy from the absorbed photon follows.
Thus, studying energy dissipation pathways in
OCPo could reveal potential activation mecha-
nisms, despite the dynamics of the photoproduct
itself not being directly observable in its entirety.
Intriguingly, in OCP, carotenoids seem to perform
an illumination detection function,” diverging from
their traditional roles in light harvesting or photopro-
tection. The ability of carotenoids to capture,
release, or dissipate energy stems from their unique
properties in an excited state (ES), originating in the
polyene backbone structure with alternating single
and double bonds. The ES structure can be
described using a basic model, including an acces-
sible singlet state known as S,°” and a dark state
called S;°**° (Figure 2A). When carotenoids
absorb a photon, they are excited to the S, state,
lasting only on the femtosecond scale before shift-
ing to the lower-lying dark S; state. Both the S,
and S, states can transfer energy to the ES of other
molecules, like chlorophylls, if they are in a favor-
able position and are energetically matched.***'
However, if this doesn’t occur, the energy dissipates
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quickly through a nonradiative mechanism, causing
the carotenoid to return to its ground state (GS),
releasing the energy into the surroundings as
heat.*?

Keto-carotenoids like peridinin,*? fucoxanthin,
or the mentioned echinenone'“®*” reveal the
presence of additional ESs within the ES manifold,
which is depicted in Figure 2B. One of them is
known as the intramolecular charge transfer (ICT)
state. This state typically appears as a red-shifted
extension of the Sy peak in the TA spectra. This
occurs because the keto group pulls electrons from
the conjugated chain, creating adistinct ES (or local
minimum of the S; state).*®*%4°

The presence of the ICT state can be intensified
in a polar environment, such as a polar solvent
like acetonitrile or protic solvents like methanol or
a specific protein matrix. Apart from the ICT state,
there is a somewhat more mysterious S* state
initially observed as a unique feature in the TA
spectra of long homologues of the carotenoid (-
carotene.”® Unlike the ICT state, the S* state is
not red-shifted from the S, state but rather blue-
shifted, approaching the GS absorption. Its origin
is less well-established than that of the S; or ICT
states, possibly representing various phenomena
leading to absorption slightly red-shifted from the
ground GS via different mechanisms.®>%°*
Debates persist regarding whether the S* state is
an independent excited state, a local minimum of
the S; state, or perhaps a form of a non-
equilibrated GS.*®

Interestingly, echinenone in the OCPo exhibits all
these carotenoid states, requiring a more
comprehensive model of the carotenoid ES
manifold (see Figure 2B).?%°**° Previous TA
experiments on the OCPo distinctly reveal features

43-45
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Figure 2. (A) Basic scheme of carotenoid exited state dynamics. (B) Extended scheme of carotenoids ES
dynamics, “?” marks controversy regarding the S; or S, state origin of S* state phenomena.
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associated with both the ICT state and characteris-
tics of the S* state.”” The pronounced manifestation
of the ICT state can be explained by hydrogen
bonds on the keto groups and an uneven charge
distribution on amino acids around the polyene
chain, which enhance such properties in
carotenoids.*®

This study extensively employs vibrational
spectroscopy, hecessitating an introduction to
carotenoid vibrations. Carotenoids are highly
symmetric molecules, making backbone modes
weak in infrared spectroscopy; however, they are
very Raman active. The Raman spectrum of
carotenoids is categorized into four main
frequency regions, namely v4, Vo, va, and v4. The
vy region, representing C=C vibration between
1510 and 1530 cm™', acts as a signature for the
C=C stretch mode. Notably, it experiences a
substantial blueshift in higher ES, particularly
around 1775 cm~ ' in the S, state and to a lesser
extent in the ICT and S, states.”” The v, band at
1160 cm~' encompasses contributions from
stretching vibrations of C—C single bonds coupled
with C—H in-plane bending modes, serving as a dis-
tinctive feature for carotenoid configurations, espe-
cially isomerization states. The v3 band at
1000 cm™" arises from in-plane rocking vibrations
of methyl groups attached to the conjugated chain,
coupled with in-plane bending modes of adjacent
C—H’s, functioning as a signature for the conju-
gated end-cycle configuration. The v, band at
960 cm ' results from C—H out-of-plane wagging
motions coupled with C=C torsional modes. When
the carotenoid conjugated system is planar, these
out-of-plane modes are uncoupled from the elec-
tronic transition, rendering these bands non-
Raman active. However, distortions around C—C
single bonds increase the coupling, intensifgin
the v, band and indicating a backbone twist.®*>%°
Such deviations from the planar configuration are
characteristic of the carotenoid in the dark-
adapted OCPo due to the close interaction with
the protein matrix causing end-ring rotation and
polyene chain distortion.”

In exploring the dynamic behavior of carotenoids
in ESs, ultrafast vibrational spectroscopy,
particularly FSRS, plays a pivotal role. Traditional
Raman scattering, due to its weak signals and
susceptibility to Iluminescence interference,
prompted the development of ultrafast techniques
like FSRS. Originating from the early 2000s,
FSRS emerged as a powerful tool to enhance the
time resolution of Raman experiments.®® FSRS
involves the use of picosecond Raman pump
pulses overlapped with femtosecond white light
continuum probe pulses. FSRS bears similarities
to TA spectroscopy in its experimental realization.
This means that the signal is recorded as amplifica-
tion or absorption of the probe pulse, leading to
Raman gain or Raman loss, respectively.®’

The information obtained by the FSRS technique
is, in principle, the same as what would be obtained
by Raman scattering, but with one distinction. In
FSRS experiments, the anti-Stokes region,
typically dominated by Raman loss, originates in
Stokes-like scattering but provides insights into
different resonance regions than the Stokes
region.®” This paper details FSRS experiments
using a 790-nm Raman pump pulse, observing both
Stokes and anti-Stokes regions. Effectively, the
Stokes region probes resonances at 790 nm, and
the anti-Stokes region, probing resonance around
700 nm, complements the Stokes signal, offering
a comprehensive view of carotenoid ESs. For the
excited states discussed in this paper the Raman
pump wavelength can be considered pre-resonant
meaning that signal is already enhanced by elec-
tronic resonance but cannot be considered fully res-
onant. The exception is the S, state which can be
considered fully resonant with the Raman pump.

A crucial aspect of FSRS is its ability to resonate
not only with excited state absorption but also with
stimulated emission, leading to peak reversal. This
phenomenon is particularly relevant for the
carotenoid S, and ICT state (see the chapter
“Peak shapes in FSRS spectroscopy” in the
Supporting information).

Simultaneous recording of TA, FSRS Stokes
gain, and FSRS anti-Stokes loss in a smart
configuration with synchronized detectors provides
a comprehensive dataset for each laser shot. This
approach maximizes information retrieval from a
single excitation pulse and allows for online
verification of FSRS probing the same state as
determined by prior TA experiments.

Our investigation includes simultaneous TA,
FSRS Stokes gain, and FSRS anti-Stokes loss
measurements on fs pulse excited echinenone in
various solvents and OCPo. Global data analysis
establishes a direct link between TA phenomena
and molecular vibrational states, shedding light on
the intricate dynamics of echinenone in ESs and

its role in OCPo activation. The innovative
technique of modeling artifacts related to
truncated free induction decay in FSRS

experiment to be described elsewhere was used
for the first time to extract Raman signatures of
ultrafast species.

Methods and Materials

The FSRS spectroscopy set-up, employing the
spectral watermark method,®® represents an
upgraded version compared to that described in
previous work.°* In this design, two independent
1 kHz chirped pulse amplifiers were employed, both
seeded with femtosecond pulses from a shared Ti:
sapphire oscillator. Electronic and optical delays
were introduced to the seed, enabling the tracing
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of processes beyond six nanoseconds, achievable
by optical delay alone. To initiate a photoreaction,
a 200 nd, ~50 fs, 480 nm actinic pump (Ap) was
generated by an optical parametric amplifier
(OPA). Simultaneously, a 1450 nm signal beam
from a second OPA system was focused on a mov-
ing CaF plate to generate a white light supercontin-
uum serving as the probe (Pr). The 780—-790 nm
femtosecond pulses from the second amplifier
passed through a home-built pulse shaper, creating
a series of frequency-locked picosecond pulses as
the Raman pump (Rp), with an energy of 3 uJ (for
a more detailed description see the Supporting
information).

OCPo vs OCPr Raman spectra were recorded by
first recording FSRS spectra of the OCP sample
without any illumination and then illuminating
sample with a 450 nm LED adjusted to a luminal
flux of around 1000 pumol/s at the sample until the
Raman spectra stopped evolving and then
recording FSRS spectra of the activated OCP
while illumination was still on.

In the time-resolved study, both TA and FSRS of
OCPo were recorded simultaneously for 146
logarithmically spaced delays between Ap and Rp/
Pr. A similar experiment with 78 delays was
conducted on echinenone in cyclohexane,
acetonitrile, and methanol, representing the
carotenoid in nonpolar, polar, and polar protic
solvents. The experiments in solutions did not
thoroughly probe very long delays, as any product
persisting over the ps time scale is not considered
relevant for understanding OCPo activation.
However, the fs and ps scales were measured
with identical time sampling of 25 fs as for OCPo.
All experiments were conducted under the magic-
angle (54.7°) condition to eliminate the influence
of orientational relaxation. To minimize the impact
of photodamage and photoproduct accumulation
in the measurement, the experiment was
performed in a flow cell.

Both steady-state and time-resolved absorption,
as well as stimulated Raman experiments of
OCPo and OCPr, were carried out. For all
presented Raman data, both Stokes gain and anti-
Stokes loss are plotted as positive. Following the
TA convention of absorption being positive and
emission or bleach being negative, the graph
depicting FSRS in the Stokes region can be
considered flipped to visualize Raman gain as
positive. Since Stokes Raman gain provides
essentially the same information as anti-Stokes
Raman loss, and Raman data are usually
visualized as positive in literature, such a choice is
considered natural. However, in raw data, Stokes
and anti-Stokes signals are of opposite sign.

The FSRS experiment used Rp pulses around
790 nm, making the Raman spectra nonresonant
with the So-S, transition of OCPo and mildly pre-
resonant with Sy-S, transition of OCPr. This pre-
resonance is more notable for the anti-Stokes loss

signals than for the Stokes gain signals, which are
approximately half in intensity. The reason is that
Anti-Stokes data can be considered exploring
resonance around 700 nm rather than 790 nm
because the probe wavelength, rather than the Rp
wavelength, defines the exact resonance. For the
critical region of 1500—1800 cm ™' the anti-Stokes
Raman loss resonance falls around this
wavelength (for details see the “Peak shapes in
FSRS spectroscopy” chapter in the Supporting
information).

In the time-resolved studies, both TA and FSRS
were simultaneously recorded and analyzed. The
resulting kinetics were globally fitted by a 6-
compartment sequential model for OCPo and 5-
compartment model for echinenone in solvents.
Parallel processes were observed, more notably in
OCP than in echinenone in solvents. However, in
this pioneering work on OCP fs to ps Raman
vibrations, a simple sequential model was
preferred. This model provides a convenient way
to visualize the data, pinpoint key transition
processes, and allow comparison of results
between OCPo and echinenone in solvents. A
notably different target model would be needed for
echinenone in solvents and in OCPo, thus
obfuscating direct differences in measured data.

Evolution-associated decay spectra (EADS)
components with a given time constant closely
resemble raw data measured at a given Ap and Pr
delay. They benefit from group velocity dispersion
(GVD) correction and a better signal-to-noise
ratio. This is not the case for target models, where
the extracted spectra heavily depend on the
model and can differ significantly from structures
directly recorded in the experiment. The number
of fitted components is based on preliminary data

analysis.
For the carotenoid experiment, we used
echinenone > 950 % (HPLC — 73341),

purchased from Merck Life Science. The general
appearance and peak positions of measured
absorption spectra were consistent with the
literature. For dissolution, we used the following
solvents: methanol, suitable for HPLC, > 99.9 %
(34860); cyclohexane for spectroscopy Uvasol®
(1.02822); and acetonitrile for spectroscopy
Uvasol® (1.00016), all purchased from Merck Life
Science.

All presented measurements were conducted in
2 mm path length peristaltically pumped flow
cuvette on the sample adjusted to optical density
0.7. In case of echinenone in acetonitrile and
methanol such concentration was not achievable
and experiments were conducted on sample with
maximum optical density of 0.15.

To express the OCP from Synechocystis sp. PCC
6803, a plasmid was engineered with OCP cDNA,
optimized for E. coli and introduced into a
modified vector with an N-terminal 6xHis tag.
Following IPTG induction and cell harvesting, the
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cells were lysed, and the lysate purified through
affinity chromatography, ensuring the extraction of
a pure protein solution for future applications.
More information about OCP production is
available in the supplementary information, with a
detailed description in the publication by the group
that also expresses our protein.®®

Results

Figure 3 presents absorption spectra of the OCP
in the dark and light adapted states and
corresponding results of the Raman steady-state
experiments. The Raman spectra in the red state
show a higher overall magnitude, attributed to the
enhanced pre-resonance of the Sy to S, transition
at 790 nm Rp, particularly noticeable in the anti-
Stokes frame. To llustrate the genuine
enhancement of the GS FSRS signal during the
OCP conversion from OCPo to OCPr, non-scaled
spectra are plotted in Figure 3. Additionally,
unscaled difference spectra provide a clearer
estimate of the potential photoproduct state’s
emergence in transient spectra. Detailed and
scaled signals associated with the OCPo to OCPr
transition are available in the Figures S1-2 for an
in-depth analysis, and also Raman spectra of
echinenone in cyclohexane with peak positions
indicated can be found in Figure S3.

The spectral peak positions and their mode
assignments (v4, Vo, v3, and v,) are outlined in the
introduction and concur with findings in the
literature.?**%¢ However, we observe subtle differ-
ences in peak shapes, with our measurements
showing broader peaks. These variations likely
result from the differences in measurement tech-
niques (FSRS versus spontaneous Raman spec-
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troscopy)®” and  experimental  conditions
(nonresonant or mildly pre-resonant in our study
as opposed to resonant in others). In line with previ-
ous studies, we observe the v; peak shifting from
higher to lower energies as the protein transitions
from its mostly inactive orange form to the condition
where the majority of the population is in the active
red state. This shift supports theories of an
extended conjugation length in the active form com-
pared to the inactive one. The increase in effective
conjugation length during the transition to the red
state is usually attributed to the rotation of the ring
group and straightening of the polyene chain, which
become possible after the hydrogen bonds in the
CTD are broken and the carotenoid moves to NTD.

Moreover, we observe changes in peak shapes
for modes vz and v, during the transition from
OCPo to OCPr, mirroring findings reported in the
literature. Specifically, these changes are reflected
in the alteration of peak shapes throughout the
transition. Although these modifications in v,
modes are subtle and do not allow for definitive
conclusions about isomerization, they, combined
with the observed alterations in v, mode, suggest
that the carotenoid assumes a more planar
conformation in its OCPr state which was also
proposed in the study by Wilson et al.?

Next, results from the time-resolved experiment
are presented as both TA and FSRS were
employed to study OCPo and echinenone in three
types of solvents, cyclohexane, methanol, and
acetonitrile. The findings, illustrated in Figures 4—7
are plotted in the form of fitted components and
their color coding is consistent across figures,
aiding cross-reference. More detailed figures with
peak position and scales indicating actual signal
magnitudes can be found in the Figures S4-S7
and raw data in the Figures S8-S15.
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Figure 3. Comparison of steady state spectra (A) of the dark adapted OCP before the illumination (black) and
photoactivated form of OCP (red) after the illumination by 450 nm LED light and light-minus-dark state differences (B).
A1: absorption spectra, A2: FSRS Stokes Raman spectra, A3: FSRS anti-Stokes spectra, B1: Difference of
illuminated OCP minus dark form of OCP absorption, B2: Difference of illuminated OCP minus dark form of OCP of
Stokes FSRS, B3: Difference of illuminated OCP minus dark form of OCP anti-Stokes FSRS.
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Figure 5. Summary of vibrational dynamics of echinenone in OCP and in solvents (cyclohexane, acetonitrile,
methanol) on ps times scale with peak assignment. “S,” means negative peaks with spurious S, state repumping from
S; ESA. Note the prominence of the S; peak in all solvents and its absence in OCPo. This is a magnification of the last
two or three EADS from Figure 4, with the addition of the assignments.

The initial data discussed here relate to the TA
spectra of echinenone in solvents. The data are
shown in the Figure 4 (sub-panels B1, C1 and
the picosecond components are
magnified in the Figure 5 (again sub-panels B1,
C1 and D1) to better distinguish peaks at ps scale

D1),

and

that are of smaller

echinenone in a no
kinetics were 70 fs,

magnitude than signals at fs

scale. TA of echinenone in solvents aligns with
studies by Polivka et al. and Chabera et al.'*® For

n-polar solvent, the measured
140 fs, 500 fs, and 6 ps, with

the main peak at 6 ps associated with the S, state.
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Figure 6. Stokes (A) and anti-Stokes (B) evolution
associated decay FSRS vibrational spectra (EADS) of
the OCP protein after excitation at 480 nm. Peak
assignment is suggested for the Stokes EADS. This is
a magnification of panels A2 and A3 from Figure 4, with
the addition of the S, EADS and the assignments.

In a polar solvent, a slight broadening of the S; peak
and a minor shortening of the last kinetic to 5 ps
were observed. The first component in all experi-
ments involving echinenone in solvents is associ-
ated with the typical absorbance of the S, state in
the near-infrared region, which relaxes rapidly with
an extremely short lifetime of 70 fs (blue). It decays
into mixture of subsequent lower-lying excited
states with 140 fs lifetime (red) consisting of a mix-
ture of the S, state features and hot-ICT/S, fea-
tures. The 500 fs component (yellow) represents
predominantly the hot S; state. In the case of echi-
nenone dissolved in cyclohexane, there is only a
single narrow band associated with the S; state,
peaking at 591 nm, while in methanol (588 nm)
and acetonitrile (583 nm), the S; peak coexists with
a slight broadening in the lower energy region. This
is known to be associated with the ICT state, typical
for carbonyl carotenoids dissolved in polar solvents.
The final components (magenta), 6 ps (cyclohex-
ane) and 5 ps (methanol, acetonitrile), show the sta-
bilized existence of the previously mentioned
states'®* S; and ICT, while ICT signature being
almost negligible for echinenone in cyclohexane.
In panels C1 and D1 of Figure 5, we also depict
an “infinite” component, characterized by the pres-
ence of long living absorption in the infrared region,

which is likely associated with the formation of rad-
icals due to undesired multi-photon transitions. The
non-decaying signal appears exclusively for echi-
nenone in polar solvents that help to stabilize the
radical.

When comparing the absorption spectra of the
excited states of echinenone in solvents with the
OCPo, we observe significant differences in peak
positions, shapes and lifetimes. This observation
alone serves as evidence that the presence of
echinenone within the protein greatly modulates
its properties and the dynamics of excited states.

Our fitting results identify components with
lifetimes of 70 fs, 140 fs, 500 fs, 2.9 ps, and
34 ps. These values align with the conclusions of
a study by Nizinsky et al.”>; however, differences
are noted at later lifetimes. Specifically, they
observed two components. Instead of a 34 ps com-
ponent, they resolved 5 and 80 ps components.
This discrepancy can be explained if we assume
that in our model only the 34 ps component is
resolved being effectively a mixture of the 5 and
80 ps components reported by Nizinski et al.

The first component (70 fs — blue) is associated
with absorption in the near-infrared region,
corresponding to the S, state. The second
component, which has a 140 fs lifetime (depicted
in red), is believed to primarily represent the ICT
state. In the OCPo protein, this component is
characterized by two prominent bands, one
around 670 nm and another around 750 nm. This
observation does not align with data for
echinenone in solvents, where the ICT state is
almost entirely suppressed in cyclohexane or
appears as a low-intensity shoulder in polar
solvents. While one might be inclined to attribute
the 670 nm band from OCPo to the S, state of
echinenone and the 750 nm band to the ICT state,
such an interpretation does not align with the
FSRS data, as detailed in the FSRS results
section. The third component, with a 500 fs
lifetime (yellow), exhibits characteristics similar to
the previous one (bands peaking at approximately
670 nm and 750 nm), but with the formation of a
blue-shifted shoulder in the region around 580 nm.
The fourth, 2.9 ps component (magenta),
represents an evolution of the previously
mentioned states, again with a pronounced band
at 580 nm. In the literature,® this is known to be
associated with the S* state. Its significance in the
OCP activation process is further explained in the
FSRS results section and in the discussion. Inter-
estingly, the final, fifth component of the OCPo TA
(34 ps, depicted green) is characterized by the iso-
lated presence of only this featureless single band
around 580 nm, while the other bands have already
relaxed. This result aligns with the findings reported
in the literature®®>°> where the final component of
echinenone relaxation in OCPo is characterized
by this band, identifying it as a potential precursor
in the OCPo activation pathway. Likewise, at these
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Figure 7. Transient FSRS spectra of the photoproduct formation. It is an average of data from 500 ps to 400 us delay
interval originating from a different dataset than used to derive fs to ps components presented in the Figures 3—6. The
data are the product of minimizing the OCPo GS component contribution so they represent relative changes compared
to the normalized OCPo GS spectra rather than absolute value Raman spectra of the photoproduct.

delays, we no longer observe the presence of
excited states of echinenone in experiments in pure
solvents. Subsequently, only the radicals formed
during the experiment are present (see the TA of
echinenone in polar solvents, panels C1 and D1 of
Figure 5). The data from the TA are correlated
and discussed in the following section with the find-
ings from the FSRS.

The following section presents a detailed
comparison between the spectral characteristics
of echinenone in various solvents and within
OCPo, with a focus on the FSRS spectra analysis.
The FSRS spectra of echinenone in solvents are
visualized in the Figure 4, Stokes signals in
subpanels B2, C2, D2 and anti-Stokes signals in
subpanels B3, C3, D3. Complete FSRS spectra of
OCPo are shown in the Figure 6 and for
comparison with signals in solvents in the Figures
4 and 5, subpanels A2 (Stokes), A3 (anti-Stokes).
The only difference between the Figure 4 and
Figure 5 is scaling and removal of the ultrafast
components in order to facilitate visualization of ps
components that exhibit the most striking
difference between vibrational dynamic of
echinenone in solvents and in OCPo.

The initial component (blue) decays with a lifetime
of 70 fs and is primarily associated with the S,
state’s C=C stretch. This is characterized in the
Stokes spectra as a broad band extending from
~1550 cm~' to 1800 cm™', with a center around
1640 cm~'. In the anti-Stokes spectra, the band is
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qualitatively similar. The appearance of the S,
state is consistent with the literature.®®%°

The main distinction between S, state signature
of echinenone in OCPo and in solvents, depicted
in Figure S4, is that, in the OCPo experiment, the
S, band is more clearly defined at these delays
and is also broadened toward a region close to
the 1517 cm~' GS vibration, which, according to
the literature,*® is likely associated with the ICT
state. This observation aligns with the findings in
OCPo TA, where the S, absorption in the near IR
region extends to approximately 650 nm, a range
where ICT band is typically observed. The distinc-
tive vibration features of the carotenoid in the pro-
tein might arise due to the more constrained
environment of echinenone in OCP caused by the
presence of the hydrogen bonds.

The second component, associated with a
lifetime of 140 fs (depicted in red, Figure 6 for
OCPo and Figure S4 for echinenone in solvents),
is postulated to predominantly signify the ICT
state in the case of echinenone in OCPo. In the
FSRS data, both in the Stokes and anti-Stokes
regions, a prominent ICT band at 1550 cm™' is
observed. Currently, in the TA of echinenone in
OCPo, we observe the emergence of broad
absorption as described earlier (peaking at 670
and 750 nm). As we have already hinted, it is
challenging to attribute the peak at 670 nm to the
S, state, since in the FSRS, we see very weak or
no characteristics of this state. The negative
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shoulder of the ICT band in the anti-Stokes signal
likely arises from the re-pumping of the ICT state
into the S, state via the Rp pulse, possibly
supplemented by inversion in the vibration level
population and resonance with ICT state
stimulated emission. The generation of a
superposition of vibrational coherences at various
resonances is known to produce distorted peak
shapes, in particular in the anti-Stokes frame (for
details see “Peak shapes in FSRS spectroscopy”
in the Supporting information and Refs. 70,71).

The third component, denoted in yellow and
arising from a process with a lifetime of 500 fs, is
predominantly associated with the coexistence of
the ICT and hot S, states in both echinenone in
solvents and in OCPo. In the FSRS signal from
OCPo, the Stokes component features a
prominent band peaking around 1700 cm™ ',
extending asymmetrically towards lower
wavenumbers. This observation aligns with the
Morse potential approximation, where excited
vibration states are more closely spaced and so
red shifted, confirming the distinctive character of
a hot S; state. Analogous to the preceding
component, the anti-Stokes frame shows a
superposition of the negative shoulder, likely
stemming from vibration population inversion and
possibly, to a lesser extent, from S, state re-
pumping (for details see “Peak shapes in FSRS
spectroscopy” in the Supporting Information). This
latter effect is deemed less probable than at
140 fs, as the TA at 500 fs is already notably
diminished at 790 nm, making any re-pumping
induced by the Rp pulse minimal. While in
echinenone in cyclohexane we mainly observe
very similar features as in OCPo at this time
scale, the experiment with echinenone in polar
solvents show broad peak centered around
1650 cm ™' probably originating from a mixture of
hot S; and ICT state.

The fourth (magenta) component, best visualized
in Figure 5, was fitted with a lifetime of ~3 ps in both
TA and FSRS signals for OCPo and ~6 ps for
echinenone in solvents. Its  pronounced
differences between OCPo and echinenone in
various solvents, regardless of the solvent type,
make it a central focus of this study. For
echinenone in solution, this component, observed
in both Stokes and anti-Stokes signals, features a
distinct, sharp band peaking around 1775 cm™'
with only minor differences among solvents.
Additionally, a less pronounced band around
1240 cm™ ' was consistently recorded in all solvent
datasets. These two modes serve as well-
established indicators of the relaxed S; state of
carotenoids, assigned to the blueshifted C=C and
C—C modes, respectively.”>”® Notably, however,
when echinenone is bound in OCPo, the C—C
mode still appears around 1233 cm~', while the
C=C mode at 1775 cm™ is entirely absent in both
Stokes and anti-Stokes frames. Instead, highly
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pronounced bands emerge on the red edge of the
GS bleach of C—C and C=C stretch, peaking
around 1135 cm~' and 1488 cm~', presumably
originating from hot GS modes. This feature is not
distinctly pronounced for echinenone in solution.
Another surprising aspect is that for echinenone in
solution, Stokes and anti-Stokes signals exhibit
similar information, whereas in OCPo, the Stokes
component predominantly features hot GS charac-
teristics, while the anti-Stokes component displays
ICT features not markedly different from those at
500 fs. This suggests that the relaxed ICT state
has considerably less resonance at 790 nm in
OCPo but retaining significant resonance at
700 nm where anti-Stokes resonance is effectively
positioned. It's crucial to note that alongside the
presence of hot GS modes, TA reveals the pres-
ence of a peak in the bluest part of the spectra
(573 nm), previously identified as the S* state signa-
ture. This correlation leads us to conclude that we
are observing signatures of the same phenomenon.

As previously mentioned in the TA section on
experiments in solvents, the fifth (green)
component represents the spectra following the
final relaxation of the excited state back to the
ground state. The FSRS signal in polar solvents,
where the solvent to echinenone ratio is
unfavorable, is predominantly characterized by GS
bleach. This is likely due to molecules that were
photodamaged during the experiment and fail to
recover. However, for echinenone in OCPo and
cyclohexane, a distinct downshift in the C—C and
C=C ground state stretches is observed, which
presumably stems from the hot GS. In both OCPo
and cyclohexane, the downshift of the C=C
stretch peaks at 1494 cm™', indicating almost
identical signatures in both OCPo and
cyclohexane solutions. This downshift is
noticeably smaller than that observed in the 3 ps
component of OCPo, which not only shows a
peak further in the red at 1488 cm~" but also a tail
that extends to much lower energies. This
suggests that the hot GS observed in the 3 ps
kinetics of OCPo is likely “hotter” indicating a
population of higher vibrational states compared to
cyclohexane.

The final blue component was exclusively fitted
for OCPo. Within TA, it signifies the persistent
radical amid various processes. In FSRS spectra,
this component appears featureless. While this
component may be expected to contain a
photoproduct of early photoactivation, the
available dataset lacked a sufficient signal-to-
noise ratio at extended pump probe delays to
overcome the minimal quantum yield of OCPo to
OCPr state photoconversion. Due to the
substantial TA at 790 nm, especially within
the initial 200 fs of TA, the Rp pulse induces
notable sample degradation when probing these
time scales by elevating the sample to unnatural
higher-level states. Consequently, dedicated
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experiments are favored to capture the
photoproduct formation, avoiding probing of
ultrafast  processes.  Although  meaningful

dynamics at the nanosecond to millisecond time
scale couldn’t be directly extracted, averaging
measurements after 500 ps yielded spectra of the
photoproduct, presented in Figure 7. These data
originate from an experiment where the anti-
Stokes region was not detected. The primary
feature is a positive band at 1504 cm~' with a
slight negative feature at 1540 cm™', qualitatively
aligning with the difference spectra between the
OCPo and OCPr shown in Figure 3, B2-3. We
leave the deeper investigation of the early
photoproduct dynamics for further studies.

Discussion

Three significant distinctions have emerged from
the analysis of vibrational signals in optically excited
echinenone across various solvents and in OCPo.
Firstly, there are well resolved vibrational
signatures of S, and ICT states during the initial
140 fs of carotenoid evolution. Secondly, a
conspicuous absence of an established signature
of the S; state, usually manifested as a narrow,
blueshifted C=C stretch around 1775 cm~", in the
OCPo. Thirdly, the OCPo exhibits more robust
and enduring signatures of a vibrationally excited
GS.

An investigation into potential causes and their
implications for the photoactivation mechanism of
OCPo is warranted. Notably, a brief S, state
lifetime of approximately 70 fs was observed, a
timescale considerably faster than typical vibration
decoherence times observed for molecules at
room temperature. The question arises as to
whether such a short-lived state can exhibit a
discernible vibrational signature. This inquiry
hinges on the extent to which the molecular
structure is defined in such a state. If significant
structural rearrangements occur during the brief
lifetime of this state, its vibrational spectra will be
intricate and potentially lack distinct features.
Conversely, stability during the ES prompts well-
defined frequencies for vibrational modes, albeit
constrained by the state’s finite lifetime. The
temporal energy uncertainty dictates an
approximately 200 cm~' full width at half
maximum bandwidth for a 70-fs state, aligning
well with the observed Raman band associated
with the S, state in OCPo. This suggests that
echinenone in solution might undergo rapid
structural rearrangement that is restricted in OCPo
as can be deduced from the more elusive Raman
signature of the S, state in solution.

The second difference between OCPo and
echinenone in solvents involves the absence of a
clear S; state vibration population signature in
OCPo. This complexity might arise due to distinct
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conformations of echinenone in solvents and
OCPo, where the end ring is in the trans
configuration, and the effective conjugation length
of echinenone in OCPo is thus slightly longer,
contributing to a shorter S; state lifetime.
Experiments reveal a clear signature of a hot S4
state at 500 fs in both the Stokes and anti-Stokes
regions, comparable to observations in
cyclohexane. Notably, the S; state in OCPo
appears somewhat hotter than in the solution, as
evidenced by the broader vibrational peaks
extending into lower energy modes. However, the
signature of the relaxed S; state around
1775 cm~ ' is not detected at all in OCPo, while it
is very clear for echinenone in all studied solvents.
This strongly suggests that no significant
population of the relaxed S; state is formed, and
such observation cannot be fully accounted for by
the shortening of the lifetime compared to
solvents. Target analysis of the TA data suggests
that approximately 50 % of the S; state decays to
the GS with a lifetime of 500 fs, and then
approximately 75 % of the remaining S,
population decays with a lifetime of 2.9 ps. It is
important to note that we tested vibration
signatures of OCPr, and it shows the band of the
relaxed S; state even though downshifted
compared to echinenone in solution (cf.
Figure S16). So, the observed lack of relaxed S;
signatures is inherent to OCPo where the excited
state dynamic appears to be ICT state dominated
well beyond to what the echinenone molecule
manifests even in the most ICT enhancing solvents.

The third difference pertains to the vibrational
dynamics of the hot GS in OCPo. Comparative
analysis with echinenone in solvents
demonstrates a more pronounced redshift of the
ground state C=C mode in 3 ps component in
OCPo, indicating the formation of a much hotter
form of GS vibrations. While signs of a hot S;
state can be traced in the FSRS signals at the
picosecond timescale in solvents, as mentioned
above, no relaxed Sy vibration is observed in
OCPo. Instead, an unusually hot GS is formed,
aligning with the timescale dominated by the S*
state in TA.

These combined results contribute to a
hypothesis regarding  the photoactivation
mechanism of OCPo. The cooling dynamics of
echinenone in OCPo and in solution are posited to
be markedly different, as depicted in Figure 8. In
solution, photon absorption likely triggers a
structural conformational change associated with
changes in bond length alteration.”* This leads to
major repositioning within the potential energy sur-
face, possibly facilitating a transition to the S, state
that might be favored after the conformational
change. Also, a certain amount of energy can be
dissipated during nuclear repositioning into solvent.
Rapid S, state cooling at the 500 fs timescale forms
a stable S4/ICT coupled population defined by an
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Figure 8. (A) Model of vibration cooling of echinenone in solvents. Energy is partially absorbed by structural
adaptation to reduced bond alteration in the S, state. Later, additional energy is released during the S; state cooling.
Only a fraction of the energy is released from the electronic ground state. (B) Model of vibrational relaxation in OCP.
Sterical restriction and hydrogen bonds reduce the potential for conformational changes. Also, a very small S,
population is formed. As a consequence, the hotter GS is formed with much higher levels of backbone C=C and C—C
excitation. This results in more longitudinal changes of the backbone. C: Difference between conformational changes
of carotenoid in solution and in OCP. In solution more lateral distortions are expected. Sterical restrictions in OCP lead

to more energy in longitudinal modes.

blueshifted S; vibration mode at 1775 cm~' and a
small ICT band at 1620 cm~'. After transitioning
to the GS, potential energy is gradually released,
resulting in only mildly hot GS vibrations. In contrast
to that in OCPo, spatial constraints and hydrogen
bonds on the keto group limit structural relaxation
in the S, state, probably leading to an S¢/ICT state
strongly favoring the ICT configuration and a rapid
transfer into the GS with an extraordinary level of
C=C and C—C backbone stretch mode excitation.
This funnels more energy into longitudinal modes,
with less lateral dissipation. S* was already sug-
gested as a precursor of OCP photoactivation®’;
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in this context, we confirm that with the observation
that itis likely a form of unusually hot GS with its lon-
gitudinal modes excited in particular. Highly vibra-
tionally excited modes of the backbone are thus
suspected to be a precursor of photoactivation.

Conclusion

The comparison of vibrational signatures of the
carotenoid echinenone in OCPo and organic
solvents reveals distinctly different dynamics of
energy dissipation following photon absorption. In
solvents, the GS is achieved with only moderately
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excited backbone C—C and C=C stretch modes,
whereas in OCPo, the GS is formed with highly
populated longitudinal stretching vibrational
modes. Given that the formation and decay
dynamics coincide with TA signatures previously
assigned to the so-called S* state of echinenone,
compelling evidence suggests that, at least in
OCPo, the S* state is a form of an unusually hot
electronic GS.

When comparing the vibrational definition of the
echinenone S, state in solvents and OCPo,
speculation arises that, in solvents, a substantial
amount of energy is temporarily stored and
dissipated through conformational changes,
releasing a significant amount of energy laterally
to the polyene backbone. It seems plausible that
in a sterically restricted environment, such as a
protein binding pocket, more energy remains in
longitudinal stretching C=C and C—C modes.
This enables the conversion of photon energy into
nuclear motion directionally, transferring it into
work, which, in the case of the OCPo protein,
involves destabilization of the echinenone
conformation in the binding pocket and facilitating
the transition into OCPr.

Consequently, we propose that one driving
mechanism behind OCPo photoactivation is the
extraordinarily high level of excitation in
longitudinal stretching modes of the carotenoid
polyene backbone. This phenomenon appears to
occur during both the excited and ground states,
as unusually hot C=C stretch modes are
observed in both cases. Highly excited backbone
modes are expected to lead to bond length
alteration triggering a conformational change. We
propose that features observed in this work should
be compared with structural data and density-
functional calculations in the future.
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