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ABSTRACT

CP29, a chlorophyll (Chl) a/b-xanthophyll binding protein, bridges energy transfer between the
major LHCII antenna complexes and Photosystem Il reaction centres. It hosts one of the two
identified quenching sites making it crucial for regulated photoprotection mechanisms. Until now,
the photophysics of CP29 has been studied on the purified protein in detergent solutions, since
spectrally overlapping signals affect in vivo measurements. However, the protein in detergent
assumes non-native conformations compared to its physiological state in the thylakoid membrane.
Here, we report a detailed photophysical study on CP29 inserted in discoidal lipid bilayers, known
as nanodiscs, which mimic the native membrane environment. Using picosecond time-resolved
fluorescence and femtosecond transient absorption (TA), we observed shortening of the Chl
fluorescence lifetime with a decrease of the carotenoid triplet formation yield for CP29 in
nanodiscs as compared to the protein in detergent. Global analysis of TA data suggests a ‘Chl*
guenching mechanism dependent on excitation energy transfer (EET) to a carotenoid dark state,
likely the proposed S*, which is believed to be formed due to a carotenoid conformational change
affecting the S; state. We suggest that the accessibility of the S* state in different local
environments plays a key role in determining the quenching of Chl excited states. In vivo, non-
photochemical quenching is activated by de-epoxidation of violaxanthin into zeaxanthin. CP29-
Zeaxanthin in nanodiscs further shortens Chl lifetime, which underlines the critical role of

zeaxanthin in modulating photoprotection activity.

KEYWORDS: Photosynthesis, CP29, nanodiscs, Non-Photochemical Quenching, energy

transfer.



I. INTRODUCTION

In oxygenic photosynthesis, the conversion of sunlight into chemical energy occurs upon
light absorption by pigment-protein complexes known as the light-harvesting complexes (LHCs),
embedded in the thylakoid membrane. LHCs efficiently transfer the excitation energy to the
reaction centre where it initiates charge separation and fuels electron transport steps which lead to
the reduction of NADP™ and the synthesis of ATP, needed for CO2 absorption and sugar synthesis
by the Calvin-Benson cycle. The mechanisms of these excitation energy transfer (EET) processes
have been extensively studied, and are now rather well understood.t®

Besides light harvesting, LHCs play a key role in protecting photosynthetic organisms from
dangerous processes triggered by excessive absorption. High irradiance, exceeding the maximal
capacity for photochemical reactions, leads to intersystem crossing (ISC) and production of triplets
(3ChI*) which, in turn, react with O2 to yield singlet oxygen (*O2*) and photoinhibition.” Plants
and algae have evolved photoprotective mechanisms to prevent photodamage, among which the
most impressive is Non-Photochemical Quenching (NPQ)%° which harmlessly dissipates
excessive photoexcited states as heat, thus preventing them from triggering unwanted
photochemical reactions and charge recombination. NPQ is catalysed within LHC proteins,
including CP29, through switching from a light harvesting to a dissipative quenched state, closely
following changes in irradiance.

Like all LHCs, CP29 binds chlorophyll (Chl) a, Chl b and carotenoids (Cars) of the
xanthophyll family. The lowest energy Q bands of Chls absorb in the red, with peaks at 678 nm
(Qy band of Chl a), 640 nm (Qy band of Chl b), shoulder around ~ 590-620 nm (Qx band of Chl a,
the assignment of this band is being debated'®*?) and 590 nm (Qx band of Chl b). The Chls also

display absorption in the 430-470 nm wavelength range, the so-called Soret or B band. Cars only
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absorb in the blue-green region of the spectrum, with their lowest energy transitions peaking at
480-510 nm, and display a peculiar photophysics, with the lowest energy singlet excited state (S1)
being optically dark,*® so that it does not appear in the linear absorption spectrum. The first
optically allowed transition is therefore to the second excited state S, from which relaxation to the
dark S; state occurs on the ~100-fs timescale through an internal conversion (IC) process; the S1
state, in turn, relaxes non-radiatively to So on the ~10-ps timescale through a second IC process.

Cars play several roles in photosynthesis by: (i) acting as accessory light-harvesting
pigments, which transfer their photoexcitation energy to Chls; (ii) protecting the photosynthetic
apparatus via quenching *Chl* and O,*; (iii) being needed for the fastest component of the NPQ
process, known as gE, which dissipates !Chl* in excess. Several molecular mechanisms have been
proposed for the qE process, some of which may be mutually non-exclusive and act concertedly:
energy/electron transfer between Chls and Cars**?°, excitonic mixing of Chls and Cars?®?? or
interactions between Chls?3-25, In recent years, genetic manipulation of gE-related proteins in land
plants has shown promise towards enhancing light and water use efficiency.?®?” However, the
detailed molecular mechanism underlying photoprotection is still unclear?®, which is limiting the
exploitation of its full potential in improving plant and algal productivity.

The photoinduced processes in LHCs have been studied in detail using a variety of time-
resolved optical spectroscopies, such as time-resolved photoluminescence (TRPL),2%3!
femtosecond transient absorption (TA)**32% and two-dimensional electronic spectroscopy.3+3
However, since in vivo spectroscopy on leaves and thylakoid membranes is hindered by strong
scattering and by the presence of many spectrally overlapping signals, the studies are typically
performed on isolated LHCs extracted from intact systems and solubilized using detergents.
Unfortunately, detergents provide a local environment that is dramatically different with respect
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to that of the thylakoid membrane. This may introduce non-native protein conformational changes
and subtle changes in pigment—pigment as well as pigment—protein orientations and distances,
influencing the photophysics of the complex.3” An approach to solve this problem is the use of
nanodiscs, which are discoidal lipid bilayer membranes, mimicking the near-native membrane
environment. Recently, Son et al.®®3° reported differences of up to 40% in the EET timescales
within the LHCII complex embedded in nanodiscs and in detergent, indicating a strong influence
of the environment on photophysics.

CP29 is one of the monomeric LHCs of plants and algae; it contains ~13-14 Chls (around
10 Chl a and 4 Chl b) and 3 Cars, namely violaxanthin (Vio), neoxanthin (Neo) and lutein (Lut).
CP29 plays an important role in the EET transfer pathways within Photosystem II (PSII)
supercomplexes, because of its pivotal location connecting the CP47 subunit of PSII core complex
to the outer LHCII and CP24 antenna subunits, hosting the largest pigment complement. CP29
also plays a crucial role in photoprotection since it catalyses qE, which is triggered by the detection
of low luminal pH. Indeed, under excess irradiation the ATPase enzyme activity is inhibited from
lack of its ADP substrate, impairing H* backflow to the stroma and causing lumen acidification.
This activates both enzymes violaxanthin de-epoxidase, leading to zeaxanthin (Zea) synthesis®,
and PSBS, a pigment-less subunit which interacts with CP29 and induces conformational changes
leading to quenching®'. Such CP29 conformational change brings Chls a603, a609 and Zea bound
to the L2 site in close contact, activating a dissipative channel.*? Chl a616, in addition, is involved
in the propagation of the quenching to the PSII core.**** Due to the interactions between the Zea
S: dark state and Chl Qy excited states, it has been suggested that Zea is directly involved in Chl

quenching via the gE mechanism.?04°



Here, we combine picosecond TRPL and femtosecond TA spectroscopy to investigate the
ultrafast photophysics of CP29 from Arabidopsis (A.) thaliana inside nanodiscs and compare the
results to those obtained in detergent environment. Following Chl photoexcitation, we observed
faster Chl fluorescence decay and a corresponding reduction in the Car triplet formation yield for
CP29 in the nanodiscs as compared to the detergent. To understand the role of Zea in the NPQ
process, we compared the photophysics of nanodisc-embedded CP29 with Vio vs. Zea. Our
observations shed light on the influence of local environment on the photophysics of CP29,
elucidating the importance of reproducing a near-native environment when studying the molecular

mechanisms underlying the photoinduced dynamics.

Il. MATERIALS AND METHODS

A. Sample Preparation

The detailed sample preparation procedures, including MSP 1E3D1 overexpression, purification
and tag cleavage by TEV protease, CP29-Vio and CP29-Zea over-expression in A. thaliana and
purification, the assembly of CP29 within nanodiscs, are described in the Supporting Information
(Sh.

B. Spectroscopic characterization

Linear absorption and fluorescence spectra. Absorption spectra were collected at room
temperature (RT) using a SLM Aminco DW-2000 spectrophotometer in buffer containing Hepes
50 mM, NaCl 0.15 M, glycerol 20%, pH 7.5 (and 0.03% a-DM in detergent samples). Fluorescence
spectra were acquired using a Jobin—-Yvon Fluoromax-3 spectrofluorometer. RT spectra were
obtained in buffer containing Hepes 50 mM, NaCl 0.15 M, pH 7.5 (and 0.03% a-DM in detergent

samples) (0.02 max OD in Qy region).



Time-resolved photoluminescence. TRPL measurements*® were performed using a 40 MHz
mode-locked super-continuum fiber laser (Fianium Inc., SC-450) emitting pulses of about 30 ps
full width at half maximum (FWHM). A band-pass filter (10 nm FWHM) centered at 630 hm
(Thorlabs, Inc.) was employed to spectrally filter the laser beam, which is coupled to a graded-
index fiber (100 um diameter) followed by a lens to focus the beam onto the sample. The sample
was concentrated at OD/cm 0.1 on an optical path-length of 0.3 cm. A 650 nm long-pass filter was
used before the detection to remove the excitation pulses. The detection system consists of a
spectrometer (Acton, sp-2151i, Princeton Instruments) coupled to a 16-channel photo-multiplier
tube (PML16-C, Becker & Hickl) connected to a time-correlated single-photon counting (TCSPC,
SPC130EM, Becker & Hickl) board. The overall instrumental response function (IRF) of the
detection chain has a FWHM of about 200 ps. During all TRPL measurements, the samples were
kept at 10°C.

Transient absorption. TA measurements®%*” were performed using a home-built setup based on
a regeneratively amplified Ti:Sapphire laser (Libra, Coherent) emitting 100-fs pulses at 800 nm
wavelength and 1 kHz repetition rate. An optical parametric amplifier was employed to generate
~80-fs pulses with ~10-nm bandwidth at central wavelengths of 630 nm and 510 nm, resonant
with the Chls and the Cars, respectively. White-light continuum generation was used to obtain a
broadband probe beam (470-700 nm) by focusing the fundamental wavelength pulses in a 2-mm-
thick sapphire plate. Appropriate filters were used to reject the remaining light at 800 nm. The
transmitted probe after the sample was sent to a spectrometer (SP2150 Acton, Princeton
Instruments) and detected using a linear image sensor driven and read out by a custom-built board
(Stresing Entwicklungsburo).*® For each probe wavelength, the differential transmission (AT/T)
was measured as a function of the pump-probe delay. The pump and probe pulses were spatially
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overlapped on the sample at magic-angle (54.7°) polarization. The spatial profiles of pump and
probe beams were imaged at the overlap position using a camera before each measurement, and
the obtained cross-sections were used to calculate the fluence. The pump fluence was adjusted to
3-5 nJ/em? (0.95 x 10% — 1.59 x10*2 photons/cm?), a regime in which bimolecular exciton-exciton
annihilation processes are negligible. During all TA measurements, the samples were kept at 10°C.
In order to avoid any possible sample degradation during measurements, the signal levels of
different TA scans were compared and no degradation was observed for the reported TA data.

Global analysis. Spectro-temporal data matrices acquired from the TA measurements were fitted
globally using the Glotaran software program.*® A sum of exponential functions were used to fit
the TA data with a numerical deconvolution of the IRF and a polynomial to describe the chirp of
the probe. The fitting of the experimental data was optimized until no systematic residuals were

present both in the time and wavelength variables.
I11. RESULTS AND DISCUSSION

Figure 1a shows the three-dimensional structure of CP29. Figure 1b presents a schematic
illustration of CP29 within a membrane nanodisc or solubilized in detergent. The absorption
spectra of CP29-Vio in detergent and in nanodiscs (normalized to the area in the 560 to 720 nm
range) have similar profiles, as shown in Figure 1c. However, the difference absorption spectra,
shown in the lower panel of Figure 1c, highlight minor changes in both Chls and Car bands,
indicating a change in pigment arrangement influenced by the nanodiscs. The absorption spectrum
of CP29-Zea exhibits a redshift in the Car S, (0-0) absorption (around 490-500 nm) compared to

CP29-Vio, as the conjugation length increases upon de-epoxidation.> The differences observed in



the Qy region can be attributed to the changes in the protein-Chl interaction due to the Zea-

dependent conformational changes, as Cars do not absorb in the 600-700 nm range.
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Figure 1: Structure and absorption of CP29. (a) Three-dimensional structure of CP29 from pisum
sativum (PDB file: 5XNL5). Two sides of the protein are shown to display all the bound pigments. For
simplicity, Chls are represented by porphyrin groups only. The polypeptide backbone is depicted in grey;
Chl a in dark green; Chl b in light green; Vio in purple; Lut in yellow; and Neo in pink. (b) Schematic
illustration of CP29 inside membrane nanodisc (top) and solubilized in detergent (bottom). (c) Normalized
steady-state absorption spectra of CP29-Vio in detergent, CP29-Vio in nanodisc and CP29-Zea in nanodisc.
Difference absorption spectra are shown at the bottom. The cyan and magenta spectra represent the
excitation at 510 nm and 630 nm to selectively pump Car and Chl, respectively.

Figure 2a reports normalized TRPL traces of CP29-Vio in detergent, CP29-Vio in
nanodiscs and CP29-Zea in nanodiscs upon excitation at 630 nm, integrated over the 650—750 nm

wavelength range. All the TRPL decays are fitted well with three lifetime components and the



timescales are shown in Table 1. The observed lifetimes of CP29 can be attributed to the presence
of different emissive states, in agreement with the literature.?>* In the case of CP29-Vio in
detergent, the long component (4.2 ns) gives the largest contribution to the lifetime (89%), whereas
small fractions are found in slightly (1.8 ns, 6%) and strongly (0.37 ns, 5%) quenched states. The
time-gated fluorescence spectra shown in Figure S1 in the Sl are similar, indicating that the
terminal emitter domain of all samples is identical.>> From this observation, it can be concluded
that the quencher in CP29-Vio in detergent could be a non-emissive (dark) state populated from
Chl excited states.® The fluorescence lifetime of CP29-Vio in nanodiscs is significantly quenched
(~20%) compared to the CP29-Vio in detergent (Table 1). The contribution of moderately
quenched states (1.8 ns) increases from 6% to 25%, confirming the strong influence of the
environment on the quenching efficiency. The Chl fluorescence is further quenched in the presence
of Zea, where the contributions of moderately quenched states (2 ns) is enhanced to 68%. The
quenching observed in CP29-Zea in nanodiscs compared to CP29-Vio in nanodiscs can be
attributed either to the presence of additional quenching sites or to conformational changes in CP29

induced by Zea, as in both cases CP29 is within a membrane-like environment.

Table 1: Time constants and corresponding amplitudes obtained by tri-exponential fits of the fluorescence
decays.

Sample T1 (Al) T2 (Az) T3 (AS) Tavg

CP29-Vio detergent 4.25 ns (89.0%) 1.79 ns (6.0%) 0.37 ns (5.0%) 3.90 ns

CP29-Vio nanodisc 3.95 ns (69.8%) 1.83 ns (25.0%) 0.22 ns (5.2%) 3.23ns

CP29-Zea nanodisc 3.43 ns (30.0%) 2.05 ns (67.7%) 0.19 ns (2.3%) 242 ns
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Figure 2: TRPL and TA. (a) Fluorescence lifetime traces of CP29-Vio in detergent, CP29-Vio in
nanodiscs and CP29-Zea in nanodiscs at 10°C. The samples were excited at 630 nm and the emission signal
is integrated between 650—750 nm. The dark lines are tri-exponential fits to the data. (b) TA map of CP29-
Vio in nanodiscs (pumped at 630 nm). TA Kinetics at 680 nm (c) and 510 nm (d) are shown for all three
samples.

To investigate the Chl quenching mechanisms, we have employed TA spectroscopy, which
is also sensitive to non-emitting states. Figure 2b shows the TA map of CP29-Vio in nanodiscs
following selective Chl excitation at 630 nm (see Figure S2 in the SI for TA spectra at selected
time delays for all samples). We have performed fluence dependent measurements in order to keep
the excitation fluence below the threshold for non-linear effects, such as the formation of transient
quenchers and singlet-singlet annihilation.®® The fluence dependent kinetics at 680 nm upon
excitation at 630 nm for all the samples are shown in Figure S3 in the SI. We have selected the
pump fluences of 3.6 pJ/cm?, 5.3 puJ/cm? and 4.7 pJ/cm? for CP29-Vio detergent, CP29-Vio in

nanodiscs and CP29-Zea in nanodiscs, respectively.
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The TA map shown in Figure 2b exhibits a strong peak around 680 nm due to ground-state
bleaching (GSB) and stimulated emission (SE) of the Chl a singlet excited state (*Chl a*). The TA
kinetics at 680 nm for all the three samples are shown in Figure 2c. The traces are in good
agreement with the TRPL data, exhibiting faster GSB/SE decay in nanodiscs compared to
detergent. On the contrary, the TA Kkinetics at 640 nm at early timescales (reported in Figure S4 in
the SI), which represent the EET from Chl b to Chl a, show slower decay in nanodiscs compared
to detergent. As minor perturbations to inter-pigment distances can have significant impact on the
EET dynamics, the slower dynamics observed for Chl b to Chl a EET suggests that the specific
pigments involved might move further apart in nanodiscs as compared to detergent. While the
overall structure of the CP29 protein is expected to become more compact in the nanodiscs as
compared to the detergent, it may well be that in the new structure the distance of specific pigments
increases; alternatively, the lower EET dynamics may be due to a relative rotation of the transition
dipole moments of the chromophores. A similar slow-down of the Chl b to Chl a EET process has
also been observed for the LHCII complex in nanodiscs.*

In order to investigate the quenching of *Chl*, we looked at the region of the TA spectrum
from 450 to 600 nm. As we selectively pumped Chls at 630 nm rather than directly exciting the
Cars, any signal from the Car molecules must be due to an interaction of ‘Chl* with Cars. As
shown in the inset of Figure S2 in the SI, TA spectra from 450 nm to 600 nm exhibit a broad and
rather featureless band due to the excited state absorption (ESA) of 1Chl* and also contain evidence
of the Car GSB (peaking at 500 nm) and, for long delays, the Car triplet—triplet ESA (peaking at
510 nm).*>* The ESA signal build-up at 510 nm observed on the nanosecond timescale can be
attributed to the formation of the Car triplet state (3Car*), by a triplet—triplet EET from the Chl

triplet state (*Chl*), which in turn is formed from the *Chl* by 1SC.%55¢ Thus, the buildup of the
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3Car* signal is related to the ‘Chl* lifetime, i.e. the longer is the *Chl* lifetime, the larger the
fraction of Car* states which is formed. Figure 2d shows the TA traces at 510 nm, revealing
significantly less formation of 3Car* in nanodiscs compared to the detergent sample. These

observations correlate well with the *Chl* lifetime data shown in Figure 2a.
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Figure 3: Global analysis of CP29-Vio nanodisc upon excitation at 630 nm. DAS resulting from global
analysis of TA data of CP29-Vio in nanodiscs upon excitation at 630 nm reveal five components: (a) first
3 components; (b) last 2 components. (c) Energy level diagrams (not to scale) illustrate the main
photophysical processes at different time delays. The double sided arrow in the top panel indicates coupling
between Car-Chl b.

To understand in detail the photophysical processes involved in YChl* deactivation, we
have performed global analysis of the TA data. Figures 3a and 3b show the decay-associated

spectra (DAS) for CP29-Vio in nanodiscs. A DAS spectrum consists of the wavelength dependent
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amplitude of a given exponential component of the global fit. Hence, it represents how much the
TA signal grows or decays on each timescale and for each wavelength, helping correlate bands
that evolve together. A negative DAS amplitude means an increasing AT/T (rise in GSB/SE or
decay in ESA) whereas a positive DAS means a decreasing AT/T (decay in GSB/SE or rise in
ESA). The TA data of CP29-Vio in nanodiscs following 630 nm excitation was adequately fitted
with five components. The first DAS with 800 fs time constant shows signals at 470 nm, 494 nm,
640 nm, and 678 nm. The signals at 470 nm (B band) and 640 nm (Qy band) correspond to the
decay of Chl b GSB (positive DAS) whereas the signal at 494 nm represents the Car GSB decrease.
We note that, since photoexcitation at 630 nm is out of resonance with Cars, the signals observed
at 494 nm at time zero are due to a coupling between Car and Chl b, as reported in previous
studies.>?15" Hence, the depopulation of the coupled excited state results in a decreased GSB of
both Chl b and Car (S2 band at 494 nm). The negative DAS at 678 nm corresponds to an increase
in the GSB of the Qy band of Chl a, which acts as acceptor, as schematically shown in Figure 3c.
The second DAS with 4.2 ps time constant (red line in Figure 3a) has similar features as the
previous DAS. However, the decrease of GSB in both Chl b and Car at lower rates can be attributed
to the involvement of red Chl b. Different timescales for Chl b — Chl a EET depending on the
involvement of blue Chl b (~100s fs) or red Chl b (few ps) have been reported in the literature.>®-
62 The 4.2 ps DAS also exhibits a derivative lineshape at 675 nm, corresponding to a red shift of
the GSB/SE of Chl a, a signature of intramolecular vibrational relaxation (IVR) within Chl a.
The third DAS at 84 ps (blue line in Figure 3a) shows a positive band around 678 nm,
revealing a GSB decrease in Chl a. This component is in agreement with the fastest observed
lifetime component from the TRPL measurements, considering that the obtained 200-ps value is

close to the IRF of the apparatus. Moreover, the DAS contains a weak negative peak at 510 nm.
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At 84 ps, the possibility of a depopulating Car Triplet can be ruled out. However, there is the
possibility that the quencher spectrum can have the characteristics of a Car Sy state. To verify this
possibility, we have performed TA upon direct Car excitation to obtain the TA spectrum of Sy,
which will be discussed later. In this context, the observed signals do not contain any clear
indication of having electrochromic shift of the carotenoid S state, which is reported in the
literature for other Chl-Car systems.5364

The next DAS with 1.7 ns time constant (green line in Figure 3b) shows the decrease of Chl
a GSB (positive peak at 678 nm) and the build-up of the Car triplet state ESA at 510 nm. In
addition, a clear increase in Car GSB (negative peak at 494 nm) confirms the energy transfer
according to the scheme *Chl*— 3Chl*— 3Car*.

The last DAS component represents the decay of excited Chl a Qy and Car T to their
respective ground states over timescales much longer than the experimental time window. One
should notice that, due to the limited time window over which the TA data are acquired, an accurate
determination of the time constants of the long-lived DAS is not possible. We also performed
global analysis of the TA data of the other two samples and the DAS for CP29-Vio in detergent
and CP29-Zea in nanodiscs are shown in Figure S5. Both samples exhibit similar photophysical
processes as CP29-Vio in nanodiscs, although the timescales differ slightly, as shown in the Table
2.

Table 2: Time constants from the Global Analysis of the TA data upon excitation at 630 nm.

Sample 71 (PS) T2 (pS) 73 (PS) T4 (PS) Ts
CP29-Vio detergent 0.66 4.3 65.0 1880 >10ns
CP29-Vio nanodisc 0.80 4.2 84.5 1700 >10 ns
CP29-Zea nanodisc 0.69 4.1 64.0 1750 >10 ns
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Figure 4: TA and Global analysis of CP29-Vio nanodisc upon excitation at 510 nm. (a) TA spectra at
selected time delays for CP29-Vio in nanodiscs. The pump fluence was 27.1 pJ/cm? The DAS reveal six
components: (b) first 3 components; (c) last 3 components. (d) Energy level diagrams (not to scale) illustrate
the main photophysical processes at different time delays.
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We have also performed the TA measurements upon excitation at 510 nm, which is mainly
resonant with the Car S state. In this case the photoexcitation scenario is much richer and involves
the following processes: (i) IC from the Car bright S; state to the dark S; state; (ii) EET from the
S, state of Cars to Chls; (iii) VR within the hot Car S state; (iv) IC from the Car S; state to the
ground state So; (v) EET from the S; state of Cars to Chls; (vi) radiative decay of the Chls and
formation of *Car* via ISC. TA spectra at selected time delays for CP29-Vio in nanodiscs upon
excitation at 510 nm are shown in Figure 4a. The TA spectra for CP29-Vio in detergent and CP29-
Zea in nanodiscs are shown in Figure S6. The DAS for CP29-Vio in nanodiscs, shown in Figure
4b and 4c, reveal six main components.

The first DAS at 241 fs shows the decay of the GSB of Chl b (640 nm) and GSB of Car
(495 nm) and the build-up of Car S1 ESA band at 535 nm and Chl a GSB at 678 nm. This DAS
contains the S,—S; IC process in the Cars, EET from Cars S; state to Chl a and from Chl b to Chl
a. The photophysical processes are schematically displayed in Figure 4d.

The second DAS at 1.6 ps exhibits similar features as the previous one and can be assigned
to EET from the hot S; state of Cars to Chl a, resulting in a decay of Cars GSB and a build-up of
Chl a GSB.

The next DAS at 13 ps shows a decrease of Car GSB at 495 nm and S1 ESA at 535 nm and
an increase in Chl a GSB at 678 nm and corresponds to the IC of the vibrationally relaxed Car S:
to So in parallel with EET from S; to the Chl a Qy bands. It also contains some IVR in the Qy state
of Chl a, with its characteristic derivative lineshape.

The DAS at 39 ps, besides some residual Car decay, exhibits a quenching of the Chl a Qy
band similar to the fast component observed upon excitation at 630 nm, including the negative
peak at 510 nm. It is to be noted that the peak at 510 nm is observed at a shorter wavelength and
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clearly separated from the characteristic ESA of the Car S state as evident from the plot shown in
Figure S8 for the DAS obtained upon different excitation wavelength. Although the quencher
spectrum resembles that of the Car triplet, it possesses a lifetime (few tens of picoseconds) similar
to that of a Car singlet excited state.>® The quencher species can be attributed to the Car S* state
which has previously been reported in the literature for many other Cars in solution®-8 and in
LHCs®"%. Recently, it has been demonstrated in a LHC binding astaxanthin that the Chl excitation
is quenched by the astaxanthin S* state, which becomes accessible via a twist of the carotenoid
end-ring.”> Mascoli et al.*® have observed a similar quencher in detergent-solubilized monomeric
CP29, and by applying a heterogeneous model to TA measurements, they assigned it to a
carotenoid S* state. Although the existence of Car S* state is very well documented in the
literature, the origin of this state is still debated. It has been interpreted both as hot ground state
signal”® and as a separate electronic state’* as well. Balevigius Jr et al.” have illustrated the dual
origin of the S* signal as absorption from the hot ground state such as both non-equilibrium
vibronic populations and increased local temperature before IVR is over and the S* signal indicates
increased local temperature only at times exceeding IVR.

The last two DAS at 1.1 ns and >10 ns show the build-up of Car triplet and the decay of
excited Chl a Qy and Car T to their respective ground states, respectively. DAS for CP29-Vio in
detergent and CP29-Zea in nanodiscs upon 510 nm excitation also exhibit similar processes, as
shown in Figure S7. We can speculate that the enhanced quenching of Chl excited states within
nanodiscs compared to the detergent can be related to the greater accessibility of the S* state in
the near native environment. Consistently, it can be suggested that the enhanced quenching in
CP29-Zea vs CP29-Vio, both in nanodiscs, might well derive from an increased accessibility of
the carotenoid (Zea) S* state to ET from Chl a.
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IV. CONCLUSION

In this work, we have analyzed the photophysical processes in CP29 inside nanodiscs using the
combination of TRPL and TA. CP29 in a near-native membrane environment is in a significantly
quenched state compared to when it is solubilized in detergent. This observation confirms that the
local environment plays a key role in determining the conformation and dynamics of the
photosynthetic complexes. Global analysis of the TA data reveals the photoinduced processes at
different time delays. It suggests a possible excitation energy transfer from the Chl a Qy to a Car
dark state S*, which is generated due to conformational changes in the Car S; state. The formation
of the S* state is further confirmed by performing TA measurements upon selectively exciting the
Car at 510 nm. We have also investigated the role of Zea in the photoprotection mechanism of
CP29 in nanodiscs, which exhibit enhanced quenching of Chl emission in the presence of Zea.
Light harvesting proteins undergo several quenching mechanisms’ including gE, which is
activated by low luminal pH and gZ, which depends on the synthesis of Zeaxanthin. The system
we have analysed here, includes Zea but not the pH sensor PSBS, and is therefore relevant for the
understanding of the pH-independent, Zea dependent type of quenching.’”” The nanodisc system,
however, is open to the possibility of including, besides CP29, also PSBS, allowing for analysis
of the gE component of the quenching. Finally, the verification of the role of individual
chromophores in the processes discussed above, will rely on ultrafast spectroscopy studies on

CP29 mutants*, affected on pigment binding sites, to be performed.
SUPPORTING INFORMATION
See the supplementary material for sample preparation and Figures S1-7.
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