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Abstract

Light-harvesting complex II (LHCII) is the major antenna complex in higher plants and green algae. It has been suggested
that a major part of the excited state energy dissipation in the so-called “non-photochemical quenching” (NPQ) is located in
this antenna complex. We have performed an ultrafast kinetics study of the low-energy fluorescent states related to quenching
in LHCII in both aggregated and the crystalline form. In both sample types the chlorophyll (Chl) excited states of LHCII are
strongly quenched in a similar fashion. Quenching is accompanied by the appearance of new far-red (FR) fluorescence bands
from energetically low-lying Chl excited states. The kinetics of quenching, its temperature dependence down to 4 K, and
the properties of the FR-emitting states are very similar both in LHCII aggregates and in the crystal. No such FR-emitting
states are found in unquenched trimeric LHCII. We conclude that these states represent weakly emitting Chl-Chl charge-
transfer (CT) states, whose formation is part of the quenching process. Quantum chemical calculations of the lowest energy
exciton and CT states, explicitly including the coupling to the specific protein environment, provide detailed insight into
the chemical nature of the CT states and the mechanism of CT quenching. The experimental data combined with the results
of the calculations strongly suggest that the quenching mechanism consists of a sequence of two proton-coupled electron
transfer steps involving the three quenching center Chls 610/611/612. The FR-emitting CT states are reaction intermediates
in this sequence. The polarity-controlled internal reprotonation of the E175/K179 aa pair is suggested as the switch control-
ling quenching. A unified model is proposed that is able to explain all known conditions of quenching or non-quenching of
LHCII, depending on the environment without invoking any major conformational changes of the protein.
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FR Far-red
HL High light
Introduction

LHCII, the light-harvesting antenna complex of photosys-
tem (PS) II, in higher plants and green algae is the most
abundant membrane protein complex in nature, accounting
for about 80% of the light absorbed by PSII. The LHCIIb
monomer contains eight chlorophyll (Chl) a, six Chl b, two
luteins (Lut), one neoxanthin (Nx), and one violaxanthin
(Vx) chromophore as cofactors and the X-ray structure of
the native trimers has been determined to high resolution
in two different crystal forms (Liu et al. 2004; Standfuss
et al. 2005). The trimeric LHCII and the monomeric (minor)
LHCII complexes (CP24, CP26, and CP29) together with the
PSII core form the PSII supercomplex (Yakushevska et al.
2003; van Amerongen and Croce 2013) whose structure has
been determined recently to high resolution (Wei et al. 2016;
Su et al. 2017).

All photosynthetic organisms have to cope with largely
varying light intensities changing over several orders of
magnitude in a diurnal cycle but even within much shorter
times (e.g., within seconds in sunflecks). These widely
and quickly varying light intensities provide a pronounced
challenge to the organisms since the high intensities could
easily exceed their maximal photosynthetic capacity. In the
absence of effective and rapid regulation and photopro-
tection mechanisms, highly destructive states such as Chl
triplets, singlet oxygen, and other reactive oxygen species
would develop (Matsubara et al. 2012; Demmig-Adams et al.
2012; Jahns and Holzwarth 2012; Ruban 2015). One of the
most effective regulation mechanisms in photosynthetic
organisms that prevents photo-destruction is the so-called
“non-photochemical quenching” (NPQ) which converts Chl
excited states in the antenna efficiently into thermal energy.
While overall NPQ in plants and green algae consists of
several different components and occurs in different antenna
complexes, it is believed that the major part of the NPQ, the
rapidly forming and rapidly relaxing so-called qE-quench-
ing, is located in the LHCII complex (Horton et al. 1996;
Holzwarth et al. 2009; Miloslavina et al. 2011; Ruban 2019;
Nicol et al. 2019). In vivo it requires the presence of a small
protein, PsbS, which is activated by a ApH across the mem-
brane (Li et al. 2009). The molecular mechanism of NPQ
in LHCII is, however, a matter of intense debate (Jahns and
Holzwarth 2012; Holzwarth and Jahns 2014; Ruban 2016,
2019; Bennett et al. 2019).

The LHCII aggregation model as an explanation for
NPQ in vivo—as proposed by Horton and coworkers (Hor-
ton et al. 1991; Ruban et al. 1991)—has found support in a
wide range of experiments (reviewed in (Horton et al. 2005;
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Holzwarth and Jahns 2014)). While NPQ in general is a
property of the intact system, it is of particular interest for
the present work that the excited state quenching of LHCII
can be studied—as a model system—in vitro, which allows
for the application of a wider range of spectroscopic tech-
niques than are generally applicable to intact chloroplasts or
leaves. As a membrane protein in the isolated form LHCII is
usually surrounded by a detergent micelle, and in this parent
solubilized form the excited states are not quenched effi-
ciently. Aggregation of the isolated LHCII complex in vitro,
effected in various ways by removing the detergent, causes
strong Chl excited state quenching that is accompanied—in
particular at low temperatures—by a pronounced red-shift of
the fluorescence (Ruban and Horton 1992; Mullineaux et al.
1993; Pieper et al. 1999a, b; Ostroumov et al. 2007; Milo-
slavina et al. 2008; Ilioaia et al. 2008; Tutkus et al. 2018;
Crisafi et al. 2018), a Raman-detected modification in the
conformation of Neoxanthin (Nx) (Ruban and Horton et al.
1995; Robert et al. 2004; Pascal et al. 2005), the carotenoid
(Car) that is the most peripheral to the LHCII trimer. NXx is
actually protruding from the LHCII complex with one end
(Liu et al. 2004; Standfuss et al. 2005; Wei et al. 2016; Su
et al. 2017). Interestingly the strong fluorescence red-shift
and the specific changes in the Nx conformation have also
been observed in LHCII crystals whose Chl excited states
have been shown to be also strongly quenched (Pascal et al.
2005). More recently a PsbS-dependent red-shift of the fluo-
rescence maximum and a strongly enhanced FR fluorescence
intensity, as compared to isolated trimeric LHCII, have been
found at r.t.—and even more pronounced at low tempera-
tures (Lambrev et al. 2010)—in a fluorescence component
appearing in intact leaves of Arabidopsis upon induction
of NPQ (Holzwarth et al. 2009; Miloslavina et al. 2011).
Also the fluorescence lifetimes of the major FR fluorescence
component (ca. 200—400 ps in w.t. Arabidopsis) were close
to the ones found in the aggregated quenched LHCII com-
plex in vitro (Miloslavina et al. 2008; Holzwarth et al. 2009;
Miiller et al. 2010; Miloslavina et al. 2011). These remark-
able similarities in the spectroscopic properties of quenched
LHCII in vitro and in vivo further strengthened the view that
qE-quenching may indeed be related to a functional detach-
ment and structural modification of LHCII similar to the
aggregation processes in vitro (Holzwarth et al. 2009; Bet-
terle et al. 2009; Lambrev et al. 2010; Johnson et al. 2011),
possibly accompanied by some controlled structural change
within LHCII (Ruban et al. 2007; Liguori et al. 2015).

So far four alternative photophysical/photochemical
mechanisms have been discussed for the quenching of Chl
excited states in Chl-protein antenna complexes, three of
them involving modified interactions with Cars: (1) Energy
transfer from a Chl excited state to the S, state of a nearby
Car, based on the “gear-shift-mechanism” (Frank et al.
1994). The quenching mechanism proposed by Ruban et al.
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(2007) is a special case of this energy transfer to Car, how-
ever, without implying the Car gear-shift but rather a pro-
tein conformational change affecting the Chl—Car interaction
with Lut. (2) A “carotenoid-induced internal conversion”
(CIC) of a Chl excited state by increased coupling to the
S, state of a nearby carotenoid. This mechanism has been
proposed initially as an entirely theoretical model (Naqvi
1998; van Amerongen and van Grondelle 2001) but was later
invoked for the explanation of some experimental obser-
vations (Bode et al. 2008, 2009; Liao et al. 2010; Ilioaia
et al. 2011; Chmeliov et al. 2016; Mascoli et al. 2019) and
theoretical calculations (Chmeliov et al. 2015). This mecha-
nism differs, however, only slightly from the one originally
proposed by Ruban et al. (2007). (3) Chl-Chl exciton cou-
pling enabling the rapid formation of a fluorescent Chl-Chl
charge-transfer (CT) state as an intermediate in the excited
state quenching (Miloslavina et al. 2008; Miiller et al. 2010;
Wahadoszamen et al. 2012; Kell et al. 2014; Yang et al.
2014). 4) The formation of a Chl-Car CT state by electron
transfer from a Car to a nearby Chl (Dreuw et al. 2003; Holt
et al. 2005; Wormit et al. 2009; Dall’Osto et al. 2017; Leuen-
berger et al. 2017). Experimentally the latter mechanism
has been proposed only for quenching in the monomeric
minor LHCII antenna complexes (Avenson et al. 2008) and
there seems to exist agreement in the literature that it can be
excluded as the quenching mechanism for the major LHCIIb
aggregates since no associated Chl anion/Car cation states
were observed (Ruban et al. 2007; Avenson et al. 2008; Miil-
ler et al. 2010). Nevertheless it has been suggested as the
quenching mechanism in a recent theoretical study (Cupel-
lini et al. 2020). Double pulse experiments suggested that
the Car cation formation was a two-photon process (Amarie
et al. 2008, 2009). This is supported by recent experiments
showing that it could indeed be an artifact of using high-
intensity pulses (van Oort et al. 2018).

In this contribution reporting on time-resolved fluo-
rescence experiments as a function of temperature, we
focus on a detailed spectroscopic and kinetic characteri-
zation of the low-energy FR fluorescent states appearing
in quenched aggregated LHCIIb in vitro and on the com-
parison of their properties to the analogous FR-emitting
states showing up also in crystalline LHCII. Comparison
to analogous studies in the crystal form is particularly
important since this allows to exclude or confirm pro-
nounced interactions between neighboring LHCII trimers
as an explanation for the quenching and/or the source of
the FR emissions. The kinetics of the quenching has been
studied before at low temperature (Mullineaux et al. 1993)
and at r.t. (Miloslavina et al. 2008; Miiller et al. 2010;
Magdaong et al. 2013) in aggregates, in LHCII crystals
(Pascal et al. 2005), and also for qE-quenching in vivo
(Holzwarth et al. 2009). Study of the pronounced tempera-
ture dependence of the kinetics reported before also by

Chmeliov et al. (2016) provides, however, novel insights.
We are comparing here the temperature-dependent kinet-
ics—measured over a wide temperature range and with
very high signal-to-noise ratio—of both LHCII aggregates
and crystals with the results of quantum chemical calcula-
tions explicitly taking into account the Chl exciton states,
the Chl-Chl CT states, and also including their protein
surrounding. This combination allows us to propose the
detailed mechanism of protein control of quenching on
the basis of a Chl-Chl CT state mechanism, in full agree-
ment with previous transient absorption and fluorescence
experiments (Miloslavina et al. 2008; Holzwarth et al.
2009; Miiller et al. 2010).

Methods

Isolation of LHCII from spinach and preparation
of aggregated LHCII

BBY particles were prepared according to the method of
van Leeuwen et al. (van Leeuwen et al. 1991) with minor
modifications. In the final step the pellet was resuspended
in 20 mM Tricine, pH 7.5, 5 mM Na-EDTA and diluted to
a final concentration of 0.7 mg Chl,,/ml. The BBY suspen-
sion was quickly solubilized by mixing with n-dodecyl-f3-
D-maltoside (B-DM) to 0.7% for 10 min. Unsolubilized
material was centrifuged out at 10 000 X g for 15 min. The
suspension was laid on a linear sucrose density gradient
(0.1 M to 0.6 M sucrose) with 5 mM Tricine (pH 7.5) and
0.06% B-DM and centrifuged at 100 000 x g for 16 h at
4 °C. The LHCII trimer fraction was collected from the
middle band of the gradient, concentrated by centrifuga-
tion in filter tubes (Amicon Ultra 15 centrifugal filter units,
nominal molecular weight limit 30 kDa; Merck Millipore)
and frozen for storage. LHCII aggregates were prepared by
incubating the trimers at a concentration of 0.2-0.3 mg/
ml Chl with 0.3-0.4 g/ml Bio-Beads SM-2 (Bio-Rad) for
2 h. The Bio-Bead treatment was carried out three times
and in the last treatment the beads were left in the solution
overnight at 2-3 °C. After removing the beads, the aggre-
gates were diluted with buffer (5 mM Tricine (pH 7.5),
5 mM MgCl,). The aggregation process was followed by
measuring the fluorescence intensity vs. the fluorescence
of the solubilized LHCII trimers. Typically aggregates
had a 10-15-fold decreased fluorescence yield. The trimer
and aggregate suspensions were shock-frozen by inserting
them into a liquid nitrogen bath with the samples included
in a thin (0.2 mm pathlength) cuvette without adding cryo-
protectant. The OD was kept very low (< 0.02) to prevent
self-absorption.
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LHCII crystallization

Hexagonal plates of pea LHCII were obtained by vapor dif-
fusion at 15-22 °C as described (Standfuss et al. 2005), at
10-20% polyethylene glycol 350 monomethyl ether, 10-20%
glycerol, 50 mM MES buffer pH 5.3 -5.6 and 20 mM
sodium chloride. Crystals had a typical size of around
150 % 150 X 15 pm. Thin hexagonal crystals were harvested
from the mother liquor and washed at least twice with a
chlorophyll-free cryo-protectant solution (polyethylene gly-
col 350 monomethyl ether and glycerol added to the mother
liquor at a final concentration of 20% each). The crystals
were frozen immediately after crystal growth in the cryo-
loops and the crystals were never thawed up for the meas-
urements but were inserted frozen into the cooling setup of
the fluorescence lifetime apparatus. Crystals are optically
dense up to about 685 nm which causes self-absorption of
the fluorescence (Barros et al. 2009). We have minimized
self-absorption by exciting and detecting in a front-face
mode. Furthermore most of the fluorescence of interest in
this work occurs at wavelengths above 685 nm and is thus
not affected by self-absorption.

Time-resolved fluorescence

Fluorescence kinetics as well as steady-state fluorescence
has been measured using a single-photon timing (SPT) appa-
ratus as described elsewhere (Miiller et al. 1991) with tem-
poral resolution of 2-3 ps under magic angle polarization
conditions in a liquid helium cryostat. The measured instru-
ment response function (IRF) of the lifetime spectrometer
had a width (FWHM) of 35 ps. It has been demonstrated in
the past that lifetimes down to 3 ps can be resolved reliably
with that apparatus even for very complex multi-component
kinetics. For example the well-known 3 ps kinetics of charge
separation in bacterial reaction centers in combination with
complex charge recombination kinetics have been resolved
(Miiller et al.1991, 1992; Holzwarth 1995; Miiller et al.
1996). This is possible due to the extremely high signal-to-
noise ratio and large linear dynamic range of the SPT tech-
nique, which typically exceeds that of streak camera systems
by at least two orders of magnitude.

For measurements on aggregates, the solution was fro-
zen without adding a cryo-protectant in order not to dis-
turb the aggregated structure and not to modify the surface
properties. Crystals were cooled by a home-built open cold
nitrogen jet stream with the crystal mounted in a cryoloop.
Aggregated (oligomers) and crystalline LHCII were excited
at 663 nm and the fluorescence decays were detected in the
670-780 nm wavelength region as a function of tempera-
ture. Signals were recorded at very high signal/noise ratio
(typically 20,000-60,000 peak counts in the decay) taking
advantage of the very large linear dynamic range of the SPT
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technique. Time-resolved fluorescence has been analyzed
by global and target analysis procedures and results are pre-
sented as decay-associated emission spectra (DAES) and
species-associated emission spectra (SAES) (Holzwarth
1996). For excellent fits, the total X2 values should be below
1.1 and the residuals should have only minor deviations from
a random distribution around zero. Additionally in the tar-
get analysis procedure the free-running SAES should have
physically reasonable shapes and the model should result
in physically reasonable rate constants which are internally
consistent (Holzwarth 1996).

Quantum chemical calculations

Quantum chemical calculations have in the past addressed
the locally excited and exciton states of LHCII (see (Konig
and Neugebauer 2011; Miih and Renger 2012), while the
description of CT states has been a challenge for computa-
tional chemistry so far; (see also (Balevicius Jr et al. 2017;
Cupellini et al. 2019; Segatta et al. 2019) for reviews).

For the problem at hand, we need to include a cluster of at
least three excitonically coupled Chl molecules representing
the lowest excited states in the complex (Miih et al. 2010;
Novoderezhkin et al. 2011; Magdaong et al. 2013), together
with their protein environment. Such extensive super-system
calculations for CT states require the use of methods that are
both computationally affordable and still provide physically
meaningful results. We use here the long-range corrected
density functionals CAM-B3LYP (Yanai et al. 2004) and
®B97XD (Chai and Head-Gordon 2008). Our study, to the
best of our knowledge, reports for the first time long-range
corrected time-dependent density functional theory (TD-
DFT) calculations encompassing a cluster of three Chls.
The three Chls constitute the minimal unit that is required
to understand the mechanisms of CT state formation and
quenching in LHCII out of the lowest energy exciton states.
The computational effort has been reduced by several sim-
plifications (e.g., removal of the phytyl chains of the Chls
and the representation of the protein environment as a point
charge field (PCF)), but it retains all essential properties
that are required to describe the involved electronic states,
including in particular the CT states, and their dependence
on environmental charges and different protonation states.
We are aware that the absolute excitation energies calculated
in this manner do carry some substantial systematic errors,
in particular since we ignore multi-electron excitation char-
acter in the TD-DFT approach (Grimme 1996). We note,
however, that at this stage we are primarily interested in
revealing the relative changes of the CT energies upon some
very specific changes in the environment, i.e., the transfer
of a single proton between adjacent cofactors such as an
amino acid (aa) pair in the protein. Such relative changes
in the energies of the CT states are much more precise in
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our calculations than their absolute energies. More precise
calculations of the CT state energies would require very
costly calculations, and would have to include in particular
also a dynamic charge environment, rather than a fixed PCF
environment.

Our present calculations bear some close similarity to
previous work on Chl-Car coupling in LHCII (Kroner and
Gotze 2012). Our model contains the coupled Chl cluster
consisting of the three Chl a molecules forming the quench-
ing center (residues number 601, 602 and 607 of chain A
in PDB structure 2BHW (Standfuss et al. 2005)—these
residues are labeled Chl 610, 612 and 611, respectively,
throughout this work in accordance with the previously
published structure (Liu et al. 2004); c.f. Fig. S1, electronic
Supporting Information (ESI) for the shell of aa residues
and lipids embedding the chromophores at a distance up
to 4 nm (ONIOM method) (Dapprich et al. 1999) in the
crystal structure. A detailed list of the aa residues and cofac-
tors incorporated in the shell and the quantum mechanically
treated core are also listed in ESI, Fig. S1. Our choice is
consistent with the fact that the excitonically coupled cluster
of these three Chls has been identified as providing the low-
est energy excited states in the LHCII complex (Miih et al.
2010; Novoderezhkin et al. 2011).

The calculations were performed in the following man-
ner: In a first series of calculations, we explored a wide range
of possibly relevant groups (in particular amino acid pairs
in different possible (re)protonation states) surrounding the
quenching center that might strongly influence CT state
energies. Out of all the re-protonizable groups tested two
pairs of aas or lipids were identified close to the proposed
quenching Chl cluster of interest.! Two groups were found to
be the predominant factors controlling the Chl-Chl CT state
energies: the E175/K179 pair and the PG/K182 couple, with
phosphatidylglycerol (PG) as an integral constituent of the
LHCII trimer structure and coordinating Chl 611 (Liu et al.
2004). We subsequently calculated the point charge fields
(PCFs) describing the protonation states (i.e., four different
PCF configurations in total) using the AMBER99 (Wang
et al. 2000) force field Coulomb parameters. PG charge
parameters were computed as outlined in (Kroner and Gotze
2012). For each of the four PCFs, we then computed the TD-
CAM-B3LYP/6-31G(d) excited state energies for all vertical
excitations within the Chl Q band excitation region, includ-
ing the Chl-Chl CT states. For comparison, the Chl cluster
spectrum in vacuo has also been calculated. A more detailed
description of the computational methods used and the exact
sequence of steps taken is presented in the ESI.

! The crystal structure of LHCII (Standfuss et al. 2005) as deposited
in file ID 2BHW in the protein database has been used as structural
basis.
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Fig.1 Steady-state fluorescence spectra (not normalized) of LHCII
aggregates (A) and crystal (B) at different temperatures. The fluo-
rescence spectrum at T=5 K for LHCII trimers in detergent is also
shown for comparison. The trimer spectrum is normalized to the
maximal intensity of the aggregates at 5 K. The excitation wavelength
was 663 nm

Results

The temperature dependence of the steady-state fluo-
rescence of LHCII aggregates and of LHCII crystals is
shown in Fig. 1. The 5 K emission spectrum of the trim-
eric LHCII in detergent is also shown for comparison. It
peaks at — 680 nm and shows the well-known low-intensity
vibrational sideband around 740 nm (Pieper et al. 1999a,
b, 2001). Already at r.t. (Miloslavina et al. 2008) but much
more pronounced at lower temperatures (Fig. 1), LHCII
aggregates show a new red-shifted emission maximum
(peak around 690-700 nm depending on temperature) and
also a substantially enhanced fluorescence tail extending
well above 780 nm as compared to trimeric complexes
at the same temperature. This FR part of the fluores-
cence spectrum increases drastically upon lowering the
temperature. Below 170 K a long-wave shoulder appears
(~710 nm, Fig. 1a) and around 100 K the spectrum shows
a plateau in the region 690-710 nm. Lowering the tem-
perature further, this plateau develops into a broad band
with a maximum in the region 690-700 nm and with fur-
ther decrease of the temperature to 5 K this FR maximum
shifts hypsochromically to 692 nm and the band narrows
pronouncedly. From 170 to 5 K, the total fluorescence
intensity increases by a factor of 7-8. Crystalline LHCII
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(Fig. 1b) shows a similar temperature behavior. At corre-
sponding temperatures the crystal has a slightly narrower
emission spectrum than the aggregates with maxima at
700 nm (100 K), 695 nm (50 K), and 687 nm with a pro-
nounced shoulder at 700 nm (5 K). As for aggregates a
very strong increase of the fluorescence yield by a factor of
~10 is observed going from 200 to 5 K for crystals. Over-
all the temperature dependence of the emissions of both
LHCII forms reveals a very complex mixture of different
T-dependencies rather than a single uniform T-effect.
The experimental fluorescence decays of LHCII aggre-
gates and crystals at various wavelengths and temperatures
as measured by single-photon counting are given in the
electronic Supporting Information (ESI) Fig. S2. These
data show that for both aggregates and crystals the normal
LHCII emission around 675—-680 nm is highly quenched
(very short lifetimes). The results from the global lifetime
analysis are shown as decay-associated emission spectra
(DAES) in Fig. S3 together with the average lifetimes T,
as a function of wavelength. Typically six lifetimes were
required to fit the decays over the whole wavelength range
in a global fit. Interestingly the t,,, of both aggregates
and crystals increases strongly towards the longer emis-
sion wavelengths and decreases strongly with increasing
temperature (Fig. S4), quite in contrast to the more or less
wavelength- and T-independent decays for trimers in the
same wavelength range (Fig. S2). The spectral shapes of
the fluorescence spectra and the plots of the average life-
times differ largely. While the maxima in the steady-state
fluorescence are for most temperatures below 700 nm the
average lifetimes have their maximum above 700 nm.
This behavior indicates that the fluorescence is not uni-
form across the emission band but originates from sev-
eral different species emitting with very different spectra
and lifetimes. The increase in t,,, is most pronounced at
the lower temperatures while at higher temperatures t,,,
is much less wavelength-dependent (Figs. S3—-S5). Near
680 nm 7,,, is very short in all cases, ranging typically
well below 100 ps again drastically different from trim-
ers, which show a uniform long average lifetime of ca.
5 ns also around 680 nm. Generally two kinetic rise terms
(negative-amplitude components) are resolved (Fig. S3).
For temperatures < 100 K the shortest lifetime components
are ca. 8 ps and as short as 4 ps for 170 K with spectral
maximum near 680 nm. The longer lifetimes range from
40-60 ps up to 4.3 ns and for each temperature the longest
lifetime shows the most bathochromically shifted DAES.
Lowering the temperature shifts the longest-lived DAES
pronouncedly to the blue. Thus at 5 K the maximum of
the slowest component in both aggregates and crystals
is located at 690-695 nm but at 170 K the longest-lived
component peaks at 715-720 nm. Also the long-wave-
length components show the smallest amplitudes in the
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FR region. At r.t. maximal lifetimes of aggregates are in
the range of ca. 500 ps (Miloslavina et al. 2008).

Global target modeling

More insight into the kinetic details and the physical basis
of the spectral/kinetic components can be obtained from
kinetic target analysis (Holzwarth 1988, 1991, 1996) by test-
ing out different kinetic compartment models on the data in
a global fashion. Initially a wide range of different compart-
ment models has been tested on the data, starting with the
5 K data (c.f. Fig. S6 for a selection of the many different
kinetic schemes tested). At the lowest temperatures, energy
can only flow energetically downhill while all energetic
uphill processes are prohibited. Thus at the low temperatures
pure sequential kinetic forward models or branched/paral-
lel sequential forward models with zero backward reaction/
energy transfer rates should be able to describe the data. In
the target analysis, the requirement for the acceptance of a
particular kinetic scheme as physically reasonable is not only
that the fluorescence decays over the whole spectrum must
be fitted very well. It is furthermore required that the result-
ing SAES must also show physically reasonable shapes (for
example all positive amplitudes) (Holzwarth 1996). From
comparison of all the tested kinetic schemes, it was found
that either a model of two parallel sequential kinetic schemes
(6 components) or a branched sequential scheme (also 6
components) populated from the same starting compartment
were required for a physically reasonable and numerically
satisfactory description of the data in a compartment model.
On the basis of the pure mathematical quality of fit criteria
alone (residuals, X2 values, physically reasonable shapes of
spectra etc.), these two schemes could not be distinguished
unequivocally in all cases (i.e., different temperatures, crys-
tals vs. aggregates etc.). The results of these two models
differed only significantly in the rates of the initial fast step
which is likely an internal energy transfer process. However,
they gave essentially identical results for the spectra and the
kinetics of formation and decay of the FR-emitting states,
which are the most relevant for the present analysis. We thus
present and discuss here only the results for the branched
model (c.f. Figs. 2 and 3 and Fig. S6). The time-dependent
concentrations of all species within this model are shown in
Fig. S7. The excellent quality of the resulting fits is shown
for both LHCII forms for selected wavelengths and tempera-
tures in Figs. S8—S11. The residual plots for all emission
wavelengths in the respective experiments are also shown
in these figures.

There is one additional strong argument favoring the
choice of the branched kinetic scheme: Only with this model,
it was possible to fit all the data of both LHCII forms over
the entire temperature range up to about 220 K in a satisfac-
tory manner. At still higher temperatures, the spectra (SAES)



Photosynthesis Research (2020) 144:171-193

177

Oligomers

6.6
3 T=5K 18.5 5 cT, |—| CT;
©
p 113 lo.8
s Chl* | —
£ aT> 29 ey,
103
: 8.5
3 19 .6/7 CcT, |— | CT,
)
E cnir | 123 10
=
£
s 39N 27 er,
103
8.5 er, |22 [ er
:i . 1 | = 2
3 107 4 09 32
3 chi* | == 76 i3
£ 9.3
£ ~ 1.2
G 10.7 — | CT,
0.4
0.0

680 690 700 710 720 730 740 750 760
wavelength, nm

Fig.2 SAES (left) and kinetic models with rate constants [ns™']
(right) obtained from the target analysis of the fluorescence kinet-
ics of LHCII aggregates at different temperatures using the branched
kinetic scheme. The excitation wavelength was 663 nm. Right hand
side: Each compartment for each species (rectangular box) is colored
in the same way as the corresponding SAES on the left. The rate
constants (ns~!, black numbers) of processes are shown next to the
arrows. The assignment to Chl* or CT states as discussed in the text
is shown inside of the box. The fast rate constants (rates>50 ns™')

of the FR components become extremely broad and both
spectra and kinetics are strongly overlapping, both for crys-
tals as well as for aggregates (data not shown). Notably the
data in the higher temperature range are very similar to the
previously published r.t. data (Miloslavina et al. 2008; Miil-
ler et al. 2010)). Thus a resolution of the kinetics with the
branched (or parallel) models was not possible anymore and
a simplified sequential single branch scheme is adequate, in
agreement with the previous data (Miloslavina et al. 2008;
Miiller et al. 2010).

Fitting using simpler target models, e.g., the model pro-
posed by Chmeliov et al. (2016) as well as a sequential
model with three fluorescing states, was also performed.
Exemplary results of such fits for both aggregates as well as
the crystal are shown in Figs. S12-S16, with typical exam-
ples of resulting SAES shown in Fig. S12. These results
show that the kinetic model proposed by Chmeliov et al.,
involving two fluorescing states and a non-fluorescent
(“dark” state), falls far short of adequately describing the

have an error of ca.+10%, while the slower rate constants have an
error of ca.+5%. Note that all SAES are normalized for better com-
parison (see text explaining the fact that the CT states have a low
radiative rate and thus a smaller area under the curve, corresponding
to a smaller amplitude, as compared to ordinary Chl excited states).
The corresponding data showing IRF, experimental decays, theoreti-
cal fitting function, quality of fit and all the residual plots are given in
Figs. S8-S11 of the ESI

experimental data, both for aggregates (total X2= 22.1 of
the fit for T=100 K) as well as for LHCII crystals (total
X2= 13.1 of the fit for T=100 K). The sequential model
(reversible reaction steps) with three fluorescent components
results in a better—but still overall inadequate—fit quality
(total X2 in the range of 2-3 for 7= 100 K) as compared to
the model of Chmeliov et al.”

2 We note here that the three-state model used by Chmeliov et al.
(two fluorescing components, plus one non-fluorescent “dark state”)
(Chmeliov et al. 2016) is kinetically indistinguishable in fluorescence
data from a simpler two-state model with two fluorescent components
since presence or absence of the “dark state” has no influence on the
fluorescence kinetics. The proposal of the “dark state” in the kinetic
model is thus an unproven assumption lacking experimental evidence.
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Fig.3 SAES (left) and kinetic models with rate constants [ns™']
(right) obtained from the target analysis of the fluorescence kinet-
ics of LHCII crystals at different temperatures using the branched
kinetic scheme. The excitation wavelength was 663 nm. Right side:
Each compartment (rectangular box) is marked by a number and the
box is colored in the same way as the corresponding SAES to the
left. The rate constants (ns~!, black numbers) are shown next to the

Quantum chemical calculations

The TD-DFT calculations for the coupled chromophore sys-
tem (Chls 610, 611 and 612 in the PCF of the environment,
see Fig. 4 for a structure) yielded a large variety of excited
states, of which we show only the Q band state energies and
the energies of some additional states which are energeti-
cally close (Fig. 5). The energies of the Q band states appear
slightly blue-shifted compared to the experimental bands
due to the calculations providing vertical excitation energies,
i.e., not energies corresponding to actual ground state to Q
transitions with large Franck—Condon factors.

For the crucial CT state energies, the effect of the proto-
nation changes in the triple Chl cluster environment is very
strong as expected. Without any protein environment for the
Chl cluster (gas phase, Fig. 5, right side, top), we find only
local Q band excitations, e.g., Qy excitations in the low-
est energy range at 579, 567 and 563 nm with oscillator
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arrows. The assignment to Chl* or CT states as discussed in the text
is shown inside of the box. The fast rate constants (rates>50 ns™')
have an error of ca.+10% while the slower rate constants have an
error of ca.+5%. Note that all SAES are normalized for better com-
parison (c.f. caption Fig. 2). The corresponding data showing IRF,
experimental decays, theoretical fitting function, quality of fit and all
the residual plots are given in Figs. S8-S11 of the ESI

strengths of 0.62, 0.17 and 0.05, respectively. Such a result
can be expected when coupling three chromophores without
any environmental disturbance. No CT state is found in the
vicinity of the Q, states in the absence of the protein. Upon
introduction of the protein environment and PCFs, the cal-
culations yield a large number of CT states within and below
the Q, band region (Fig. 5, left and center). Most impor-
tantly the energies of these CT states are strongly dependent
on the specific protonation state configuration at the two
protonation/deprotonation centers considered here.

The various low-lying CT states differ both in terms of
their electronic character and their dependence on the envi-
ronment. One group of CT states reflects electron transfers
from Chl 610 to Chl 612 (states marked red in Fig. 5). These
states are very sensitive to the protonation state of the E175/
K179 aa pair. The lowest Chl610— 612 CT state is strongly
shifted to lower energies (>2000 cm™") upon protonation
of K179. It gets even more shifted to lower energies upon
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Fig.4 Molecular structure of the proposed quenching center in
LHCII showing the arrangement of the relevant molecular groups for
quenching in surface presentation. The protein is shown in dark gray.
The highly surface-exposed and strongly exciton coupled Chl-triple
(Chl610, Chl611, Chl612, shown in different shades of green) is indi-
cated with blue labels, along with the associated amino acids (K175/
E179 pair) and lipid/amino acid pair (PG/K182). Luteins are shown
in light transparent yellow and the protruding neoxanthin in transpar-
ent orange. Other Chl a and Chl b molecules are shown in transparent
light blue

switching the protonation state of the PG/K182 pair, albeit
the latter effect is significantly smaller. This can be attrib-
uted to the larger distance of the PG/K182 pair to Chls 610
and 612.

The second group of CT states (marked black in Fig. 5)
represents Chl610 — 611 CT states. The energy of these
states is strongly dependent on the PG/K182 protonation
state, which is explained by the spatial proximity of PG/
K182 to Chl 611. The energies of the lowest CT states shift
by about 1500 cm™" to lower energies upon PG™/H-K182*
to PG-H/K182 reprotonation.

The effect of E175/K179 reprotonation on these states
is only a red-shift of no more than 500 cm™!, e.g., when
going from column A on the left side of Fig. 5 to column
A on the right hand side, one finds only a minor shift in
energy for the states marked in black.

Other CT states were not observed, likely due to the
presence of D162 close to Chl 610, enforcing Chl 610
to act as an electron donor in all the different protona-
tion states tested. Therefore, we can conclude that the two
observed classes of CT states exhibit distinctively different
energy response upon changes in the protein environment.
While being slightly affected by both (protonation) residue
pairs, each class has its dominant control element. For the
610 — 612 CT states that element is the E175/K179 aa
pair, for the 610 — 611 CT states it is the PG/K182 pair.
The orbital presentations of the involved CT transitions
are shown in Fig. S17 (see also Fig. 5 for the energies).
These presentations clearly show the CT character of the
assigned transitions.

Fig.5 Energy level diagram for
locally excited/exciton states
(green lines) and CT states

(red and black lines for the two
different CT states formed) of

£ %
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the excitonically coupled cluster —
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Discussion

New FR-emitting states in LHCIl aggregates
and crystals

As a general summary of the experimental data one can
conclude that both aggregates and crystals show strongly
quenched excited state decays around 680 nm, the main
emission band of trimers. In that range the lifetime is
shorter by a factor >20 as compared to unquenched trim-
ers (Figs. S3 and S4). Invariably related to the drastically
shortened lifetimes around 680 nm is the appearance of
strongly temperature-dependent FR-emitting species with
lifetimes ranging from — 100 ps to more than 4 ns (note
that the emission spectrum of the long-lived component
in the quenched case is very different from that of LHCII
trimers). The total fluorescence yield increases pronounc-
edly with decreasing temperature, as has already been
noticed earlier (Mullineaux et al. 1993; Ruban et al. 1995a,
b) and the temperature dependence of the spectra shown
in Fig. 1 is very similar to the one previously reported.
At all temperatures, the fluorescence spectrum of both
quenched LHCII forms is drastically different from those
of unquenched trimeric LHCII at the same temperature
(see also Mullineaux et al. 1993; Ruban et al. 1995a, b).
A very similar temperature behavior is observed for crys-
tals although the spectra at very low temperatures differ
slightly from those of the aggregates. The dominant reason
for this is the presence of pronounced self-absorption in
the crystal at the short emission wavelengths. The most
striking observation for both types of quenched LHCII is
that several well-distinguishable FR-emitting states appear
at lower temperatures: F684, F— 690, F —700, F — 720,
and F—743 (Figs. 2 and 3, the numbers reflect the approxi-
mate wavelength of the spectral maximum) whose ampli-
tudes show a pronounced temperature dependence. For the
states with fluorescence peaks in the range 690-700 nm,
the temperature behavior has been reported earlier (Ruban
and Horton 1992; Ruban et al. 1995a, b). The states emit-
ting further to the red range have also been resolved pre-
viously in time-resolved experiments at low temperatures
although their exact origin had not been understood at
the time (Mullineaux et al. 1993). The FR-emitting states
show a highly unusual temperature dependence (Figs. 2
and 3). The longer-wavelength emitting states are more
populated at higher temperatures (Fig. S7), while the
shorter wavelength emitting FR states get relatively more
populated at the lower temperatures in both aggregates and
crystals. The F— 679 state also shows a pronounced tem-
perature dependence. Its relative contribution to total fluo-
rescence increases with temperature, i.e., opposite to the
fluorescence intensity from the long-wavelength emitting

@ Springer

states (Figs. 2 and 3). This different behavior points to
a different origin of the F — 679 state from all the oth-
ers. The F— 679 state represents the equilibrated excited
states of the LHCII complex prior to quenching. It is the
same state that is also observed for the trimeric solubilized
LHCII (c.f. Figure 1) (Pieper et al. 1999a, b, 2001), while
at the low temperatures the aggregates and crystals show
only very weak emission around 679 nm, i.e., the lowest
energy excited states are very rapidly depopulated to the
FR-emitting states. These FR states (c.f. Figure 2) clearly
represent a group of fluorescent states that are not pre-
sent at all in solubilized trimers but only in the quenched
LHCII aggregates and crystals.

The most red-shifted components undergo the slowest
relaxation (Figs. 2, 3, branched model). Their lifetimes actu-
ally do change in the 5-170 K temperature range only by
a factor of about 2, but the total intensity of their fluores-
cence changes by a factor of 7-8. Thus it is clear that the
origin of the large temperature dependence of the steady-
state fluorescence as well as the differences in the spectral
shapes between steady-state fluorescence (Fig. 1) and aver-
age lifetimes (Figs. S3, S4 and S5) does not simply reflect
a change in lifetimes but has a more complex origin related
primarily to pronounced changes in the relative populations
of these different states (Fig. S7). As we can see from the
rate constants in the target models (Figs. 2 and 3), both the
rise and the decay rates of these intermediates are tempera-
ture-dependent. The combination of all these changes then
gives rise to the observed very complex overall tempera-
ture dependence of the steady-state spectra (Fig. 1). Note
that this observed temperature dependence is indeed highly
unusual. In almost all fluorescing systems, whether simple
molecules in solution or, e.g., complex antenna systems,
lowering the temperature typically leads to a bathochromic
shift of the overall fluorescence (Beechem and Brand 1985;
Schulman 1985; Murata and Satoh 1986). However, in the
case of quenched LHCII aggregates and crystals lowering
the temperature leads to a pronounced hypsochromic shift of
the fluorescence. Thus, a very special situation with regard
to the properties of the FR-emitting excited states and their
kinetics must be realized in that case (vide infra for more
detailed discussion of the complex temperature dependence
of the reaction rates and the CT state spectra). From qualita-
tive analysis of the temperature dependence of spectra and
lifetimes, it can be concluded that in both aggregates and
crystals there appear to exist two groups of temperature-
activated processes that have their approximate activation
energies in a range corresponding to thermal energies of
about 30 K and around 80-100 K, respectively.

The lowest energy emitting state in solubilized trimers
at low temperature has been found at — 679 nm with an
inhomogeneous width of 70-80 cm™! with several emit-
ting states located at slightly shorter wavelength (Pieper
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et al. 1999a, b, 2001). This is in good agreement with
the properties of the first excited state(s) found in the tar-
get models for the two lowest temperatures (Figs. 2 and
3) for both aggregates and crystals (for proper compari-
son note that the spectral resolution in our time-resolved
studies ranges from 2—4 nm, i.e., much lower than that of
the above-mentioned detailed studies of low-temperature
hole-burning and fluorescence (Pieper et al. 2001)). We
assign those states—at least for 5 K and 100 K data—to
the same Chl excited states that are also fluorescing in
unquenched solubilized trimers. The energy differences of
the maximum of the trimers’ lowest energy emitting state
to the maxima of the FR-emitting states are in the range of
~200-1000 cm™'. Note that the most red-shifted FR states
are significantly populated only at the higher temperature
(c.f. Figs. 2 and 3). If this pronounced spectral shift should
be caused by exciton coupling between Chls or between
Chls and Cars, it would require a drastic increase in the
respective excitonic coupling energies, at least 500 cm™
and up to 1000 cm™! (depending on the interaction model),
when going from the unquenched solubilized to the
quenched aggregated or crystalline states. This could only
be brought about by rather large conformational rearrange-
ments changing distances and orientations of pigments.
We note here that the largest exciton coupling energies in
the trimeric LHCII state—for the lowest energy Chl pairs
that are located at very close distance —are < 120 cm™!
(Novoderezhkin et al. 2005). Any larger excitonic cou-
pling would have to show up as large correlated changes
in the absorption and CD spectra, concomitant with the
very large red-shifts in the fluorescence. Several groups
have measured absorption and CD spectra in various envi-
ronments and for both solubilized and aggregated LHCII
(Javorfi et al. 1996; Naqvi et al. 1997; Lambrev et al. 2007,
Magdaong et al. 2013; Akhtar et al. 2015, 2019a, b). Only
some small increase in the absorption at the red tail of
the Q, absorption band and at most small changes in the
shorter wavelength Qy range as well as large specific CD
changes in the Car and Chl Q, (436 nm) absorption range
have been reported for non-solubilized aggregates. Moreo-
ver, these CD changes were found to be unrelated to the
induction of fluorescence quenching (Akhtar et al. 2015).
Also anisotropic CD spectra, which are in general more
sensitive to isolate exciton interactions, failed to detect
significant changes in the FR region upon aggregation
(Akhtar et al. 2019a). Quite interestingly, and in direct
contrast to all the proposed Chl-Car exciton quenching
models, actually an increase, rather than a decrease, of
Chl-Lut exciton coupling has been found when going from
the non-solubilized aggregated LHCII to the unquenched
detergent-solubilized LHCII trimers (Naqvi et al. 1999)
along with the expected changes in the CD spectra (Lam-
brev et al. 2007; Akhtar et al. 2015).

In an early hole-burning study comparing solubilized
trimers and aggregates it was found that there occurred at
best minor red-shifts in the main Chl Q, absorption band
(670-685 nm) of less than 2 nm in aggregates vs. trim-
ers (Pieper et al. 1999a, b). In contrast, clear evidence for
strongly red-shifted Chl-Chl CT states has been found by
hole-burning in the red tail of LHCII aggregates (Kell et al.
2014) in addition to CT state sensitization by LHCII aggre-
gates in photovoltaic solar cells (Yang et al. 2014) which is
only possible if the sensitizer is able to transfer an electron.
It follows from all these observations that we can exclude
that the strongly red-shifted (200-1000 cm™') emitting
states whose appearance is closely associated with quench-
ing—both in aggregates and in the crystals—are caused by
increases in the exciton coupling strength between Chls or
between Chls and Cars, thus requiring major conformational
rearrangements. It is revealing in this context that authors
who actually do propose a Chl-Car quenching model (Fox
et al. 2017), were unable to propose any structural changes in
LHCII large enough such that an energy transfer quenching
by Cars would be switched off (i.e., the long searched for
“unquenched conformation”). Taken together these observa-
tions essentially exclude already the hitherto proposed Car
quenching mechanisms as well as any Chl-Car CT quench-
ing (see more detailed discussion below). Rather, to explain
these very large observed fluorescence red-shifts and the
observed switching, quite a different mechanism of quench-
ing must be invoked. At this point it is essential to note that
despite some small differences in the detailed parameters,
the overall high similarity of the fluorescence spectral prop-
erties, the rate constants and lifetimes and their tempera-
ture dependence in aggregates vs. crystals strongly suggests
that the same phenomena give rise to the FR fluorescence
bands and their peculiar temperature dependence in both
LHCII forms. In fact all our data indicate that (i) these FR-
emitting states are Chl-Chl CT states and (ii) that they rep-
resent intermediates in the quenching process of the excited
Chl* state, as has been proposed earlier both on the basis
of fluorescence as well as femtosecond transient absorption
kinetics (Miloslavina et al. 2008, 2011; Miiller et al. 2010).

Both FR-emitting states (Figs. 2 and 3) show drastically
wider bandwidths than the initially excited Chl state(s)
and also much wider than the fluorescence emissions of
solubilized unquenched trimers, i.e., bandwidths of several
hundred cm™! for the FR states vs. 70-80 cm™' in trim-
ers are observed (see also Pieper et al. 1999a, b, 2001).
Thus either the electron—phonon coupling or the inhomo-
geneous broadening, or both, of the FR-emitting states are
pronouncedly larger than for the typical Chl excited states,
indicating drastically different electronic properties. The
recent hole-burning experiments in the weak FR absorp-
tion tail of LHCII aggregates indeed revealed states with
very large electron—phonon coupling (Huang-Rhys factors
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S=3-4) (Kell et al. 2014) which could only be interpreted
as Chl-Chl CT states that have a weak transition moment to
the ground state.

The area under the SAES of an emitting state is propor-
tional to the radiative rate (Holzwarth 1986, 1996). Accord-
ing to this criterium the FR-emitting states also differ drasti-
cally from those of the directly excited “normal” Chl excited
states. For the FR states in aggregates and crystals the radia-
tive rates are quite low, i.e., in the range of 0.05-0.15 of the
radiative rate of a typical Chl excited state. This situation is
expected for Chl-Chl CT states.

We have excluded above that major changes of the exciton
coupling within the trimers (either between Chls or between
Chls and Cars) could explain the FR-emitting states. This
excludes also any major increases in inter-trimer coupling.
The relative arrangement of LHCII trimers in the crystals is
known from the X-ray structure (Liu et al. 2004; Standfuss
et al. 2005). For LHCII aggregates several pieces of evidence
exist that similar trimer-trimer arrangements might be realized
(Li 1985; Garab et al. 1988) as are present in two-dimensional
crystals (Kiihlbrandt 1984). We may also expect a signifi-
cant degree of inhomogeneity in the inter-trimer contacts of
aggregates, even if they were in principle following a similar
structural arrangement as two-dimensional crystals. Such an
inhomogeneity is not present in the crystal, which is one of
the key reasons why we include the quenching comparison of
aggregates and crystals in this study. The comparison leads
us to conclude that close trimer—trimer contacts, as appearing
undoubtedly in the aggregates, can be excluded as the cause of
the quenching. For LHCII crystals, the exciton coupling due to
the strongest possible inter-trimer contacts has been calculated
for both type of crystals (Barros et al. 2009). This interaction
for type Il crystals (Standfuss et al. 2005) corresponds to the
coupling energy between Chls 612 in two adjacent trimers
which is 11 cm™". For type I crystals (Liu et al. 2004) this cou-
pling energy is maximally 60 cm™' corresponding to coupling
of Chls 605/614 in two adjacent trimers. Thus the largest inter-
trimer interaction energy of 60 cm™' could at best shift the
lowest energy emitting state to ca. 683 nm from 680 nm even
in type I crystals. For the type II crystals used in the present
study the expected shift due to inter-trimer coupling would
be even less. Hole-burning experiments on LHCII aggregates
have indeed localized the low-energy Chl excited state in the
aggregates at the same low-energy Chls as in the trimer at
683 nm (Pieper et al. 1999a, b). Thus the inter-trimer cou-
plings and their associated spectral shifts are far too small in
order to explain the appearance of the FR-emitting states but
they explain the minor red-shifts of up to 2 nm observed in
the spectra. One may argue that for aggregates various inter-
trimer arrangements may in principle be possible. However
inspection of the crystal structure of LHCII reveals that the
closest possible inter-trimer Chl pair would always have to be
either the Chl 612—Chl 612’ pair, since Chl 612 is the Chl that
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is located closest to the protein surface, or the Chl 605/614
pair, depending on relative arrangement. Since in type I crys-
tals these inter-trimer Chls are in a rather favorable position
already, we conclude that any other inter-trimer arrangement in
aggregates would not lead to a much larger inter-trimer exciton
coupling than the value of 60 cm™! calculated for the type I
crystals (Barros et al. 2009). Thus also for aggregates we can
exclude that the reason for the emergence of the FR-emitting
states could be excitonic inter-trimer contacts. We thus come
to the conclusion that the quenching in aggregates and in
crystals of LHCII and the associated appearance of similar
FR-emitting states in both systems can neither be related to
inter-trimer contacts causing inter-trimer exciton coupling nor
to conformational distortions caused by inter-trimer interac-
tions. This is so far—even though a definite mechanism was
not proposed—the underlying implied assumption (in connec-
tion with the conformational change hypothesis and the related
search for the so far elusive “unquenched conformation”) for
the quenching observed in LHCII aggregates. We can now
clearly exclude this hypothesis. This leaves us with the notion
that the quenching process must be explained by mechanism(s)
that are entirely limited to the size of a single trimer, or possi-
bly even a single monomer within a trimer. It is thus interesting
to refer to the study of Ilioaia et al. (2008) who reported strong
excited state quenching similar to aggregates in a non-aggre-
gated trimeric form of LHCII embedded in a gel. Quenching
was switched on when the detergent micelle in the gel was
removed and could be switched off reversibly when the deter-
gent micelle was reconstituted. A more recent study has also
shown that the CD changes associated with trimer-trimer con-
tacts and quenching are fully separable and independent from
each other (Akhtar et al. 2015). Our conclusions appear to be
in full agreement with these works. Consequently quenching
in aggregates (and likewise in crystals) cannot be explained by
aggregation-induced trimer-trimer contacts. It must be rather
explained by the removal of the detergent layer and the ensu-
ing modified properties around the surface-exposed Chls, in
particular by the change from an apolar environment present
in a lipid micelle (or a lipid membrane) to a polar environment
(i.e., LHCII surface exposed to water and salts) in aggregated
LHCII and/or crystals (i.e., a “polarity switch” model).

The molecular model

We will in the following develop a LHCII quenching model
that is consistent with the occurrence of the FR fluores-
cence components in the quenched state taking into account
the results of experimental as well a Chl exciton and CT
state calculations which locate the lowest energy excited
state at the Chl-triple 610/611/612 (Novoderezhkin et al.
2005; Mozzo et al. 2008; Ramanan et al. 2015) and iden-
tify this group as the quenching center in LHCII (Ruban
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et al. 2007; Mozzo et al. 2008; Bode et al. 2009; Miih
et al. 2010). In all of these discussions the clear distinction
between the implied “quenched state” (which we define as
the lowest energy excited state of LHCII) and the “quench-
ing state” (or intermediates formed out of that state) is of
crucial importance. Inspection of that region in the crystal
structure reveals several groups as candidates for a “polar-
ity switch” model. The easiest way to switch from a non-
polar to a polar environment in a protein is a proton transfer
between neighboring groups (protonation/deprotonation
reaction). Such a localized proton transfer on two aa or
cofactor pairs would not have any major consequence for
the overall conformation of the protein. We identified two
sites to be straightforward proton switching sites in LHCII:
The aa pair formed by E175/K179, located between Chls
612 and 611, and a pair formed by K182 and a PG mol-
ecule, which coordinates the Mg ion of Chl 611. These two
sites have a decisive influence on the energies of the Chl
CT states according to the quantum chemical calculations
(c.f. Fig. 5). Thus our theoretical results strongly support
the idea of a polarity switch controlling the energies of the
CT states of the system. Opening the “quenching gate”
by a switch to a polar environment in addition requires
the surface accessibility of the relevant group(s). This is
the case only for the E175/K179 pair which is strongly
surface-exposed (Fig. 4). We thus propose this pair as the
ideal candidate acting as the initial switch or sensor for
controlling quenching. We propose that reprotonation of
the initially neutral E175/K179 pair (in the unquenched
stated) opens the gate to quenching by lowering drasti-
cally the CT state energies of the Chl610/Chl612 pair by
about 2000 cm™! thus allowing the formation of the first
CT pair, Chl610%/Chl612~. The pK values of the E/K pair
in strongly different polar environments are explained theo-
retically by the “Depolarization Born effect” (Pace 2009;
Pace et al. 2009). Our calculations also suggest that the
initially generated CT state is likely not the final state, but
it will undergo further relaxation to lower lying CT states.
A PG7/K182-H* reprotonation forming the neutral PG-H/
K182 state and lowering the energy of the initial Chl-Chl
CT state by another ca. 1500 cm™! becomes a favorable
reaction step once the first CT state (610 — 612 CT) has
been formed (c.f. Fig. 5). In such a protonation environ-
ment the formation of a Chl610%/Chl611~ state by a second
electron transfer step is energetically favored (Fig. 5). The
overall sequence of events (Fig. 6) described here for the
quenching process is a classical two-step proton-coupled
electron transfer process (PCET) which occurs in many
chemical and biological processes and can control a vari-
ety of different functions (Hammes-Schiffer et al. 2008;
Hammes-Schiffer 2009).

We have thus identified two groups of CT states, one of
which can be controlled directly by an external factor (via
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o
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610°/612 I
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610°/611°"", Charge recombination
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PG"/K182-H*
VR
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Fast; potentially more i Slow

Fig.6 Energetic and kinetic scheme explaining the suggested
sequence of reaction steps for quenching in aggregates/crystal of
LHCII. Electron transfer processes are indicated with bent arrows
labeled e and the numbers shown indicate the Chl molecules
involved. A polar environment induces a reprotonation in the initially
neutral E175/K179 aa pair, which lowers the energy of the Chl CT
state(s) below the excited state energy (gate open), thus switching on
Chl-Chl CT formation from Chl610 to Chl 612 producing the CT1
state. This electron transfer step triggers a proton transfer step from
K182-H' to PG, which subsequently reduces the energy of the CT
states further and thus induces a second electron transfer step from
Chl612 to Chl611 to form the CT2 state. The latter finally recombines
to the ground state to complete the quenching process

the protonation control of the E172/K175 pair), while the
other allows for a further drop in overall energy and a second
electron transfer step due to an internal CT-driven proton
transfer (from K182-H* to PG™). It is straightforward to cor-
relate these two CT states with the sequentially formed CT),
and CT, state kinetics (compartments, c.f. Figs. 2 and 3)
observed in fluorescence. In the absence of further relaxa-
tion possibilities the lowest energy CT state(s) could then
recombine to the ground state, either directly or via the rapid
formation (on the several nsec time scale) of a Chl triplet
state due to spin dephasing of the radical pair in the lowest
CT state (Bixon et al. 1988; Ogrodnik et al. 1988; Volk et al.
1993), thus completing the quenching process. This reaction
scheme is shown in detail in Fig. 6 and the corresponding
potential energy diagram, explaining also the peculiar tem-
perature dependence of the FR fluorescence states is pro-
vided in Fig. 7.

The crucial step for the excited state quenching is the
very rapid formation of the first CT state out of the Q,
excitonic state (with nearly temperature-independent time
constants in the range of 50 ps, c.f. Figs. 2 and 3). The

@ Springer



Photosynthesis Research (2020) 144:171-193

184
A
non-polar symmetric polar non-symmetric
environment environment
5 Chl* Exc* CT Chl* Exc* CT
5| ——/
i ?

Fig.7 Top: Schematic potential energy diagram showing the pro-
cesses of formation, interconversion and recombination to ground
state of the Chl-Chl CT states in LHCII. This scheme is a simplified
sequential reaction scheme that reflects only one branch in the kinetic
schemes shown in Figs. 2 and 3. GS, ground state (black); ‘Chl*’—
lowest excitonic Chl state (green) with fluorescence at—680 nm;
‘CT," (blue) and ‘CT,’ (red)—FR fluorescing Chl-Chl CT states;
b, and b,—temperature-dependent potential energy barriers for CT
state formation and recombination; dashed arrows—fluorescence (fl)
of Chl-Chl exciton and CT states with fluorescence maxima in the
685-760 nm region; curved arrows—CT reaction steps for CT state
formation (green and blue) and finally recombination to ground state
(red). Bottom: Cartoon illustrating the “polarity-switching” model
for quenching. In a non-polar/symmetric environment the Chl-Chl
CT states are higher in energy than the locally excited states (Chl*
and exciton states). CT states can not be formed corresponding to the
unquenched situation (left). In a polar environment the CT states are
energetically below the excited states and the quenching process is
possible (right)

quantum chemical calculations result in the local O, band
excitation energies being fairly unaffected by the different
protonation states. This agrees with the experimental find-
ing that the absorption spectrum of quenched aggregates
and crystals, as compared to unquenched trimeric LHCII,
does not differ substantially in the main absorption bands,
but only shows a weak FR tailing in the quenched LHCII
reflecting absorption of low-lying mixed CT states (Mag-
daong et al. 2013; Kell et al. 2014).
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Controlling the quenching switch

According to this proposition the quenching form of LHCII
is the E1757/K179-H* protonated form and the surface-
accessible E175/K179 site plays the key role of the initial
switch or “gate-keeper” which decides whether quench-
ing by CT state formation can occur or not. This E/K pair
senses the immediate environment of LHCII. As for the
neutral, non-quenching H-E/K variety, there exist several
arguments to postulate its preference in unquenched LHCII
in vivo, especially when bound to the PSII supercomplex.
In vivo in the PSII supercomplex (PDB entry 3JCU (Wei
et al. 2016)) the immediate environment enforces the neu-
tral state: The E175/K179 pair directly interacts with a
cluster of negatively charged residues (e.g., E128/E129/
D130 in the “center W protein” of PSII and similar groups
in the minor antenna complexes). Thus a charge on E175
in LHCII is energetically unfavorable at the binding site
of LHCII in the PSII supercomplex. The monomers not
bound to other proteins in the supercomplex are located in
the non-polar environment of the hydrophobic membrane
lipid tails thus also favoring the neutral form. The same
holds true for isolated LHCII trimers in a proteoliposome
membrane, or if surrounded by the hydrophobic tails of
detergents in a micelle. Such non-polar hydrophobic envi-
ronments enforce the non-quenching form as a result of
the depolarization Born effect, which is known to result
in uncharged aa residues in the absence of a stabilizing
polar solvent (Pace 2009; Pace et al. 2009). In contrast,
the charged form of the E/K pair is realized in aggre-
gates, where the removal of the detergent affords a polar/
charged environment around this pair thus switching to the
quenched form (Mullineaux et al. 1993; Pascal et al. 2005;
Miloslavina et al. 2008; Miiller et al. 2010) (c.f. Fig. 7).
The mechanism of salt bridge reprotonation by environ-
mental polarization change is also well established through
high level computations (Nagy and Erhardt 2010). Essen-
tially the same situation is realized in the crystal which
does not contain a sufficient amount of detergent to build
a protecting micelle around the trimers and allows access
of water and salts to the surface of LHCII, thus inducing
also a quenching situation. Interestingly, the direct switch-
ing between polar (inducing quenching) and non-polar
(non-quenching) environment has been demonstrated with
trimeric LHCII in a gel which excludes aggregation (Ilio-
aia et al. 2008). Our model thus provides a consistent and
transparent explanation for the different situations under
which quenching is either switched on or is disabled.

Why are the CT states fluorescent?

Chl-Chl CT states, which can be considered Chl*/Chl™ radi-
cal pairs similar to a primary Chl-Chl radical pair formed
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in photosynthetic reaction centers, would be non-fluores-
cent in first approximation since such states do not carry
oscillator strength to the ground state. However it has been
demonstrated both theoretically as well as experimentally
that such Chl-Chl CT states gain oscillator strength by
electronic coupling to the parent exciton states (Bixon and
Jortner 1969). The exact radiative rates of CT states depend
pronouncedly on the relative orientation of the molecules
forming the CT states, the specific properties of the environ-
ment, and the energy difference to their parent exciton states.
Documented cases are the “red fluorescing Chls” in Lhca4
(Novoderezhkin et al. 2016, 2018) and the P-band of the bac-
terial RC. The P-band has been studied extensively by vari-
ous spectroscopic methods and it has been concluded that it
represents a strongly mixed state between the P-exciton state
and the intradimer CT state (Lathrop and Friesner 1994;
Zhou and Boxer 1997, 1998; Moore et al. 1999). The FR
states in LHCII bear very pronounced similarities to the “red
Chl fluorescence” states in the Lhca4 antenna complexes of
PSI which have been shown by Stark spectroscopy to rep-
resent CT states that are strongly coupled to the respective
exciton state(s). They are also fluorescent and show a similar
temperature dependence as the LHCII aggregates (Ihalainen
et al. 2000; Croce et al. 2002; Frese et al. 2002; Thalainen
et al. 2003; Morosinotto et al. 2003, 2005; Gibasiewicz et al.
2005; Croce et al. 2006, 2007). Another example is the
RC of PSII (Konermann, Gatzen et al. 1997, Konermann,
Yruela et al. 1997; Hughes et al. 2004; Krausz et al. 2005;
Hughes et al. 2006a, b; Novoderezhkin et al. 2007; Thapper
et al. 2009). All of these Chl-Chl CT states exhibit large
electron—phonon coupling, leading to a very large homoge-
neous bandwidth, as well as large inhomogeneous broaden-
ing (Hayes et al. 2000; Ritsep et al. 2000; Croce et al. 2007;
Romero et al. 2009). We thus propose that the FR states
observed in the LHCII aggregates and crystal (Figs. 2 and
3) represent Chl-Chl CT states gaining their (weak) optical
transition moment to the ground state by intensity borrowing
from their parent excitonic Chl states. A strong Stark effect
on this fluorescence can thus be expected and has indeed
been found experimentally (Wahadoszamen et al. 2012). The
CT states observed in this work carry an oscillator strength
that is in the range of 15-20% (CT1 and CT1’ states), and
ca. 10% (CT2 and CT2' states), resp. of the lowest excited
state of LHCII which is taken as a reference.

The need for a branched kinetic model can be attrib-
uted to the pronounced energetic disorder and inhomoge-
neous broadening of the CT states which are much more
sensitive in their energies to small conformational changes
(within the usual inhomogeneous linewidth) than ordinary
excited or exciton states. Furthermore formation of the CT
states is associated with very large reorganization ener-
gies, demanding major dielectric and structural relaxations
after their formation (Heitele and Michel-Beyerle 1987;

Heitele et al. 1989, 1990). Conformational relaxations are,
however, increasingly hampered by lowering the tempera-
ture which makes it then possible to distinguish different
states, representative of broad CT state energy distribu-
tions. Consequently, the branched kinetic model describes
a bimodal distribution of the reaction rates and energies of
the CT states (Heitele and Michel-Beyerle 1987; Heitele
et al. 1989, 1990). This model is of course an approxima-
tion to the actual distribution functions, albeit a very good
one as exemplified by the excellent fits of the model for
the experimental data. Overall these properties explain the
highly unusual temperature dependence of the spectra (spec-
tral blue-shifts upon lowering the temperature), the unusual
temperature dependence of the reaction rates (i.e., non-
monotonous rates upon lowering the temperature, Figs. 2
and 3), and the apparently decreasing energy gaps between
the CT and exciton states with decreasing temperature.® At
low temperatures there exist more or less static distributions
allowing only limited and slowed-down relaxation (cool-
ing). At higher temperatures, these static distributions are
replaced by rapidly relaxing CT states and dynamic distribu-
tions, as exemplified by the strong red-shifts and broadening
of the CT fluorescence spectra. This leads to a pronounced
overlap of the different CT state spectra and of their kinetics,
thus not allowing further separation. Finally, at r.t. a sin-
gle sequential kinetics describes the experimental data very
well (Miloslavina et al. 2008; Miiller et al. 2010). Overall
LHCII excited state quenching has high similarity to many
aspects of the dynamics of the electron transfer and CT state
relaxation dynamics in photosynthetic reaction centers. This
has been studied extensively by a range of methods both
for PSII reaction centers (Roelofs et al. 1991; Roelofs et al.
1993; Gatzen et al. 1996; Konermann and Holzwarth 1996;
Konermann, Gatzen et al. 1997; Konermann, Yruela et al.
1997; Holzwarth et al. 2006; Szczepaniak et al. 2008; 2009)
as well as for bacterial reaction centers (Miiller et al. 1995;
Holzwarth and Miiller 1996; Wang et al. 2007; Guo et al.
2012; Pan et al. 2012, 2013).

Quenching models that require changes
in Chl-carotenoid and Chl-Chl interactions

The still prevailing quenching models for LHCII involve a
modification in the electronic coupling between a Chl and
an adjacent Car activated by a major conformational change
of the protein core backbone and the relative orientations
of Chls and Cars. To switch on a quenching process in an
unquenched LHCII trimer Chl-Car coupling would have

3 Due to the pronounced CT state relaxation at higher temperatures
this system does not show the temperature dependence of reaction
rates expected for a normal Boltzmann equilibrium.
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to be modified strongly either by a modified trimer—trimer
interaction or intra-trimer in the crystal form. One possibil-
ity is the so-called CIC quenching model proposed theo-
retically by Naqvi (1998) and more recently taken up for
explaining in vivo quenching (Bode et al. 2009). Alterna-
tively an increased Chl-Car exciton coupling could increase
the energy transfer rate to a Car S state, e.g., of Lutl, as the
quenching center, which is located next to Chls 610 and 611
(Ruban et al. 2007; Fox et al. 2018). The two models are
actually quite similar and both require a pronounced con-
formational change that would allow for a drastic change in
Chl-Car coupling strength (van Amerongen and van Gron-
delle 2001; Ruban et al. 2007; Fox et al. 2018). Krueger
et al. (1998) have calculated the Coulomb couplings between
BChl Q, states and the adjacent Car in the bacterial antenna
complexes to be in the order of a few cm™! up to max.
100 cm™!. However the Chl—Car couplings in LHCII are typ-
ically weaker by an order of magnitude (Fox et al. 2018) and
it has been estimated that the (calculated theoretical) cou-
pling strengths might in fact be largely overestimated. These
Coulomb couplings can in principle induce an excited state
mixing resulting in an increase in non-radiative decay of the
excited state (CIC model) (van Amerongen and van Gron-
delle 2001). Alternatively they could also induce an energy
transfer from Chl to the Car S, state, given favorable ener-
getic positions. In both cases these small couplings would
induce quite a small spectral shift of the involved Chl excited
state (and also the Car state) in the same order of magnitude.
Thus these relatively small coupling energies would lead to
minor energy shifts only in the modified fluorescing states
of at most a few nm as compared to the unquenched trimer.
Such small shifts would be consistent with the relatively
minor band-shifts in the absorption and hole-burning spectra
that have been reported upon aggregation of LHCII (Pieper
etal. 1999a, b, 2001). They would, however, not be able to
explain energetic shifts up to 1000 cm™!, as is required to
explain the strongly shifted FR-emitting states observed in
this work for quenched aggregates and crystals of LHCII. To
induce energetic shifts of that magnitude, very large confor-
mational changes would have to occur. We consider the pos-
sibility to achieve, by a mere conformational change, such a
large increase in coupling strength between Chl and Car and
corresponding spectral shifts as highly unlikely in view of
the fact that the LHCII protein is very rigid in its hydropho-
bic core where the Chls and Cars are located (Barros et al.
2009). The decisive question is, however, not whether some
energy transfer to Car or some non-radiative decay of the
Chl excited state is possible due to electronic mixing. Rather
the decisive question is whether the required changes would
be large enough to allow a controlled switching on and off
of the deactivation rate by a factor of 30-100 (Ruban et al.
2007; Miloslavina et al. 2008; Holzwarth et al. 2009; Miiller
et al. 2010), a magnitude required to explain the observed
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in vitro as well as the in vivo quenching effects in LHCII.
To switch on and off quenching—going for example from
LHCII trimers in detergent to aggregates—this conforma-
tional change would have to be not only very drastic but also
non-random and reversible in a controlled manner to allow a
controlled increase in the quenching rate by nearly 2 orders
of magnitude relative to the unquenched state. Notably the
authors who do propose a conformational switching model
and a Car-induced Chl excited state quenching (Kriiger et al.
2014; Chmeliov et al. 2015; Duffy and Ruban 2015; Chme-
liov et al. 2016) were not able—despite many efforts—to
come up with any defined conformational change model that
would allow the required large changes in quenching rates
by Cars (Fox et al. 2017).

Thus the small changes in quenching rates in various con-
formation states suggested by the theoretical calculations
mentioned above and the large changes in quenching rates
induced upon aggregation (see Horton et al. 1991; Mull-
ineaux et al. 1993; Miloslavina et al. 2008; Magdaong et al.
2013; Chmeliov et al. 2016 and data presented in this work)
as well as in the crystal are in pronounced disagreement.
Clearly to explain the fluorescence yield changes, quenching
rate changes, and the huge spectral shifts to the FR region by
a change in Chl-Car coupling one would require to observe
correspondingly large changes in the absorption, and in par-
ticular shifts in the CD spectra which is not the case (vide
supra). In principle the CIC hypothesis might be consist-
ent with the observed small absorption changes, but it is,
however, neither consistent with the documented weak hole-
burning spectra accompanied by very large Huang-Rhys fac-
tors (Kell et al. 2014) nor with the pronouncedly shifted FR
fluorescence bands.

As an alternative scenario, the formation of a Chl-Car
CT state, which could also be brought about by a changed
electronic Chl-Car coupling and which might in principle
explain the observed FR fluorescence bands, has been con-
sidered. Such a mechanism has been proposed for example
recently on the basis of theoretical calculations (Cupellini
et al. 2020). This model causes, however, several contradic-
tions with established experimental data. To explain the lack
of experimental evidence for such a mechanism from ultra-
fast transient absorption measurements (Ruban et al. 2007;
Miiller et al. 2010), the authors proposed that the formed
Car™Chl~ CT state might be extremely short-lived. This is,
however, quite unlikely since the recombination of CT states
to the ground state typically occurs on much slower time
scales than their formation for fundamental reasons related
to the large reorganization energies involved in their forma-
tion which then either involves singlet-to-triplet dephasing
or thermally activated recombination (Ogrodnik et al. 1988a,
b; Heitele et al. 1989; Bixon et al. 1994). Furthermore, a
Chl—Car CT state would be easily observable even in the
case of very short lifetimes in the NIR around 800-1000 nm
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due to the extremely strong difference absorption band of the
associated Car cation with difference extinction coefficients
of 140 000 to 200 000 M~! cm™" and the absence of other
strong signals in that region (Amarie et al. 2007, 2008). Fur-
thermore, an extremely short-lived Chl-Car CT state, such
that it cannot be detected anymore by femtosecond transient
absorption, would then also fail to explain the key observa-
tion of the FR fluorescence which has lifetimes in the range
from several 100 ps to many ns. In contrast clear evidence
for a long-lived (ns), Chl-Chl CT state was observed in the
transient absorption data (Miiller et al. 2010) as well as the
hole-burning data (Kell et al. 2014). We can thus exclude
both the Chl-Car CT hypothesis as well as the Chl-Car
CIC or excitonic coupling hypothesis as viable quenching
mechanisms for LHCII. Furthermore, no viable mechanism
was proposed in the work of Cupellini et al. (2020) that
would allow the controlled switching between quenched and
unquenched conformations.

Chmeliov et al. (2016) have recently also measured
the temperature dependence of the fluorescence kinetics
of LHCII aggregates (but not of crystals), albeit at much
lower signal-to-noise ratio due to the employed streak cam-
era detection. Formally their data are similar to ours. The
authors have, however, only been able to resolve the kinetics
into two spectral components and three kinetic components.
Our measurements show that the kinetics of both aggregated
LHCII as well as of crystals is, however, much more com-
plex (c.f. Figs. S3, S5, and Fig. S12 ft.), showing up to 6
lifetime components. This discrepancy can be explained to
the most part by the lower signal-to-noise ratio of the streak
camera detection vs. the single-photon counting detection
employed in the present measurements. Chmeliov et al.
(2016) consequently suggested a three-component Kkinetic
model, comprising the (lowest) excited state of LHCII,
one “red emitting form”, which is interpreted as a Chl-Chl
CT state, but according to their interpretation is explicitly
not involved in quenching. Interestingly that “red emitting
form”, present always in the aggregates in low amounts, is
populated in their model by long-distance, possibly multi-
step, energy transfer from the LHCII excited state(s), from
energy donors residing to a large part in other LHCII trim-
ers than the “red state” (Gelzinis et al. 2018).* The third

* The authors (Gelzinis et al. 2018) claim that they have tested our
Chl-Chl CT state kinetic model (Miloslavina et al. 2008; Miiller et al.
2010) and found it to be inconsistent with their fluorescence kinetic
data on LHCII aggregates. We note that their interpretation is a gross
misinterpretation of our CT state model, since they modeled an
energy transfer process as populating the “red state”. In contrast in
our Chl-Chl CT state kinetic model an electron transfer process from
the excited LHCII state to the Chl-Chl CT state, residing in the same
LHCII monomer as the formed CT state, populates the “red state”.
state. Thus the interpretation used in their modeling (Chmeliov et al.
2016; Gelzinis et al. 2019) has no resemblance to and deviates funda-
mentally from our proposed kinetic model.

state in their model is a non-fluorescent “dark quenched
state” populated by the quenching process. In such a case
their kinetic data should be fitted equally well with a mere
two-component model (see footnote 2 above). The authors,
however, explicitly excluded such a two-component as not
describing their data (Chmeliov et al. 2016) which creates
an internal contradiction. Testing similar simplified models
(Figs. S12 ff.) on our data clearly demonstrates that there
must exist more than two fluorescing species differing in
both their spectra and in their kinetics.

Ignoring the different levels of complexity in the analy-
sis, the major differences of the model of Chmeliov et al.
(2016) to our kinetic model are two-fold. As suggested by
detailed target analysis performed here the appearance kinet-
ics of the FR fluorescent state(s) corresponds exactly with
the decay kinetics of the excited state of LHCII. This shows
that the FR state(s) are the immediate reaction products
of the excited state quenching process and thus represent
direct intermediates in the quenching reaction, in contrast
to the interpretation of Chmeliov et al. The fast electron
transfer reaction is only possible if it is occurring from the
excitonically coupled Chl dimer/trimer which then also car-
ries the CT state. This also excludes the possibility that the
FR-emitting state(s) are representing merely some hetero-
geneous conformational states of the LHCII excited state or
a Chl-Chl CT state being i) populated independent of the
quenching process to a small extent and ii) are not involved
in quenching, as proposed in the model of Chmeliov et al.
Quite in contrast to that interpretation our data show une-
quivocally that the actual excited state quenching of both
aggregates as well as crystals is very fast (decay times
of —30-50 ps, depending on temperature), while Chmeliov
et al. state that the “NPQ trap is rather slow”, a conclusion
which also appears to be in contradiction to their proposed
kinetic scheme. The second major difference of our model to
that of Chmeliov et al. consists in the fact that in our case the
excited state decay of LHCII is homogeneous and that virtu-
ally all LHCII complexes undergo quenching. The proposal
of a high percentage of “unquenched” LHCII complexes and
the occurrence of fast inter-complex energy transfer pro-
cesses in the aggregates (between different trimers) (Chme-
liov et al. 2016) is inconsistent with the essentially identical
quenching processes in the crystal, which not only possesses
a homogeneous environment for each LHCII trimer but also
where such fast energy transfer processes do not occur due to
low inter-trimer coupling (Barros et al. 2009). The assump-
tion of fast inter-complex energy transfer (to the “red states”)
and highly inhomogeneous quenching of only parts of the
trimeric complexes is, however, a central element in the
quenching model of Chmeliov et al. (2016). In summary,
the quenching data obtained here on crystals and the close
similarity of quenching processes in both types of samples—
despite their extreme differences in relative arrangement and
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environment of LHCII trimers—do prove that the quenching
model of Chmeliov et al. does not represent a valid descrip-
tion of the quenching kinetics in LHCII.

Conclusion

On the basis of the reported kinetic and spectral properties
of the FR-emitting states, we propose a Chl-Chl CT state
model for quenching. All experimental data, including the
previously published r.t. fluorescence and femtosecond TA
data are in excellent agreement with this model and it is sup-
ported also clearly by the quantum chemical calculations.
The proposed mechanism is a sequence of two proton-cou-
pled electron transfer steps. This model involving two emis-
sive Chl-Chl CT states as quenching intermediates is also in
excellent agreement with the results of fluorescence Stark
spectroscopy in aggregated LHCII which demonstrated the
presence of two fluorescent CT states, both directly related
to quenching (Wahadoszamen et al. 2012). Finally, the
proposed quenching model is also in excellent agreement
with single-molecule fluorescence studies on LHCII trim-
ers which revealed the relatively slow switching between
unquenched complexes emitting around 680 nm and sev-
eral quenched states emitting in the FR region (Kriiger et al.
2010, 2011a, b). Of particular interest is also the finding that
a change of the local environment of the complexes to more
polar and/or more acidic conditions caused more frequent
switching to the quenched state(s) (Kriiger et al. 2011a),
although internal aa pair reprotonation was not considered
in these papers as the switch controlling quenching.

More work is required to understand the detailed molecu-
lar interactions and changes in the vicinity of the quenched
Chls for the different cases of in vivo quenching, which
requires the interaction with PsbS, a small protein present
in the thylakoid membrane (Li et al. 2004). It is interesting
in this connection that we have been able very recently to
demonstrate strong PsbS-induced quenching of LHCII in
proteoliposomes co-reconstituted with PsbS. These sam-
ples showed far-red CT state fluorescence exclusively in the
quenched state very similar to the one reported here (Paw-
lak et al. 2020), and very similar to the LHCII quenching
detected in intact leaves (Holzwarth et al. 2009; Miloslavina
et al. 2011). For the discussed cases of in vitro quenching,
it is remarkable that such seemingly different situations
like depleting the LHCII from its detergent layer, or putting
it into a crystal, is able to switch on essentially identical
quenching processes in a reversible manner. Furthermore
all available data are fully consistent with the idea that the
quenched and unquenched states of LHCII do not differ sig-
nificantly in their protein backbone and cofactor conforma-
tions and their relative orientations in the relevant hydro-
phobic core part, as has been proposed earlier (Barros et al.
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2009). This interpretation is strongly supported by the “...
near identity of the cryo-EM structure of LHCII within the
supercomplex... to the previous crystal structure of isolated
LHCII (Liu et al. 2004)...” (Wei et al. 2016). In summary
all these observations and correlations should help to put an
end to the intense and long-standing—but so far elusive—
search for the “unquenched conformation” of the LHCII
trimer complex.
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