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Abstract

Halomicronema hongdechloris, the first cyanobacterium reported to produce the red-shifted chlorophyll f (Chl f) upon
acclimation to far-red light, demonstrates remarkable adaptability to diverse light conditions. The photosystem II (PS II)
of this organism undergoes reversible changes in its Chl f content, ranging from practically zero under white-light culture
conditions to a Chl f: Chl a ratio of up to 1:8 when exposed to far-red light (FRL) of 720-730 nm for several days. Our ps
time- and wavelength-resolved fluorescence data obtained after excitation of living H. hongdechloris cells indicate that the
Soret band of a far-red (FR) chlorophyll involved in charge separation absorbs around 470 nm. At 10 K, the fluorescence
decay at 715—720 nm is still fast with a time constant of 165 ps indicating an efficient electron tunneling process. There is
efficient excitation energy transfer (EET) from 715-720 nm to 745 nm with the latter resulting from FR Chl f; which mainly
functions as light-harvesting pigment upon adaptation to FRL. From there, excitation energy reaches the primary donor in
the reaction center of PS II with an energetic uphill EET mechanism inducing charge transfer. The fluorescence data are well
explained with a secondary donor Py, represented by a red-shifted Chl a molecule with characteristic fluorescence around
715 nm and a more red-shifted FR Chl f with fluorescence around 725 nm as primary donor at the Chly,, or Py, position.

Keywords “Uphill” energy transfer - Electron transfer - Primary donor - Photosystem II - Electron tunneling - Far-red light -
Halomicronema hongdechloris - Anti-Stokes luminescence

Introduction

Chlorophyll f (Chl f), the most red-shifted chlorophyll mol-
ecule known to date, was discovered in 2010 in the cyano-
bacterium Halomicronema hongdechloris (Chen et al. 2010,
2012). Chl f differs from Chl a by a formyl group present
at the C-2 position, making it [2-formyl]-Chl a (Chen et al.
2010; Willows et al. 2013). Employment of red-shifted Chl
species most likely reflects evolutionary adaption to the light
conditions in the local environment (Chen et al. 2012; Ueno
et al. 2019). This is well known for Acaryochloris marina,
which is adapted to an ecological niche that is abundant in
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far-red (FR) and near-infrared light, accumulating up to 99%
of its total chlorophyll content as Chl d (Miyashita et al.
1996). This substitution of Chl a by Chl d in A. marina’s
photosystems extends the spectrum of light that can be har-
nessed for oxygenic photosynthesis and carbon fixation by
the organism to the near-infrared region (Mielke et al. 2011).
Chl d mainly functions as a light-harvesting pigment in A.
marina with an absorption maximum at 714-718 nm for
PS II in living cells (Marquardt et al. 1997, Marquardt et al.
2000, Mimuro et al. 1999, Mimuro et al. 2000, Mimuro et al.
2004, Chen et al. 2005, Petrasek et al. 2005, Schmitt et al.
2006, Schmitt 2011, Theiss et al. 2011).

However, to this day, there is still a controversial debate
about the nature of the primary and secondary donors in
the PS 1II reaction center (RC) of H. hongdechloris. This
accounts not only for the chemical nature, but also for the
structural position of the involved chlorins, since recent
studies discuss either Chl a, Chl d, or Chl f as possible
candidates for the four central donor side chlorins in the
PS II RC, which are Py, Py, Chl;, and Chlp, (Niirnberg
et al. 2018; Zamzam et al. 2020; Judd et al. 2020). It is
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proposed that the composition of PS Il in H. hongdechloris
is similar to Chroococcidiopsis thermalis which contains
four Chl £, one Chl d, and about 30 Chl @ molecules, while
it seems to be clear that the primary donor is formed by a
red-absorbing pigment with a maximum of the Q, absorb-
ance band at 726 nm (Zamzam et al. 2020; Judd et al. 2020).
Zamzam et al. (2020) studied two different purified, isolated
PS II core complexes. For the white-light (WL) measure-
ments, these authors used Thermosynechococcus elonga-
tus, whereas Chroococcidiopsis thermalis was used for the
FRL measurements. Based on their results, Zamzam and
coworkers established a model for the central reaction
center, in which the pigments of the four Chl molecules (Pp;,
Pp,, Chlp,;, and Chly,,) and the two pheophytin molecules
(Pheop,; and Pheoyy,) were varied to understand the changes
induced by exposing the cells to FRL. However, it is still not
finally clarified, which molecule at which position functions
as the primary electron donor, but it was proposed that it is
either Chlp, or Pp, (Zamzam et al. 2020; Judd et al. 2020).

In the PS I reaction center, the primary donor is formed
by FR Chl d in A. marina (Itoh et al. 2001, 2007; Tomo et al.
2008; Schenderlein et al. 2008). The nature of the primary
donor of PS Il in A. marina is most probably a Chl a/Chl
d heterodimer as proven by the electrochromic shift intro-
duced by a charged Chl d cation (Schlodder et al. 2007) or
possibly a Chl d homodimer (Tomo et al. 2007). Therefore,
the idea of functionally highly distinct and specialized het-
erodimers is appealing to understand the photochemistry in
far-red light-absorbing species that possibly exhibit uphill
excitation energy transfer (EET) mechanisms.

Red-shifted chlorophylls localized within the antenna
system can work as energy traps retarding the EET to the
reaction centers, thus, transiently storing energy for sev-
eral nanoseconds. From such red-shifted traps EET occurs
energetically uphill to finally induce charge separation in
the reaction center. (Trissl 1993; Croce et al. 2000; Gobets
and van Grondelle 2001; Jennings et al. 2003; Allakhver-
diev et al. 2016). Such thermally activated EET from red
states to bulk Chls was observed as a rate-limiting step for
charge separation in the PS I from maize thylakoids (Croce
et al. 2000). Direct evidence for uphill EET from red Chl to
the special pair was observed in Ostreobium containing a
large quantity of red Chl @ molecules harvesting light above
700 nm (Wilhelm and Jakob 2006). A common technique
for detecting uphill EET is the measurement of blue-shifted
anti-Stokes fluorescence, which was demonstrated in chloro-
plasts with more than 100 nm wavelength shift after excita-
tion with 800 nm (Hasegawa et al. 2011). In previous work
on H. hongdechloris, we analyzed temperature-dependent
anti-Stokes fluorescence and showed that EET can bridge
an energy gap of up to 13 kJ mol~" according the Arrhenius-
Eyring theory (Schmitt et al. 2019; Friedrich and Schmitt
2021).
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Kurashov et al. showed that EET from red-shifted Chl f
with an absorption maximum of up to 760 nm can reach the
primary donor (most probably a Chl a/Chl a’ heterodimer)
in the PS I of Synechococcus sp. PCC 7335 (Kurashov et al.
2019), with a similar mechanisms also suggested for the PS
I of H. hongdechloris (Kato et al. 2020).

Our former studies indicated that an entropy gain sup-
ports the EET from Chl fto the special pair in the PS II of H.
hongdechloris, since only few Chl f molecules are coupled
to a large pool of Chl a molecules, which might explain the
efficient harvesting of red-shifted light at 745 nm. Such an
entropy effect reduces the free energy gap between Chl fand
Chl a during the endothermal EET process (Schmitt et al.
2019; Friedrich and Schmitt 2021).

H. hongdechloris seems to contain Chl a-containing and
Chl f-containing PS II after FRL adaption (Schmitt et al.
2020), and the EET between phycobilisomes and the differ-
ent PS II reaction centers is strongly remodeled after FRL
acclimation (Schmitt et al. 2020). Due to the existence of PS
II complexes containing either Chl a and Chl f or Chl a only,
it can be assumed that the structure of at least one or two
molecules of the secondary and possibly also of the primary
donor at the Py, Pp,, and Chlyy, positions, respectively, is
based on Chl a after FRL adaption—at least in a fraction
of PS II reaction centers, and only one or two molecules
are substituted by Chl fin some part of the reaction centers
(Schmitt et al., 2020).

Zamzam et al. (2020) recently proposed that the second-
ary donor in the reaction center of PS II in Chroococcidi-
opsis thermalis might consist of red-shifted Chl a at the Py,
position while the primary donor is a FR chlorophyll at the
Chlyy, position, which is either a Chl d or a Chl f (P720).
This was concluded after observing an electrochromic shift
of 21 +4 cm™! due to formation of the semiquinone anion,
Q, . From the wavelength (726 nm), it was concluded that
the primary donor (PD) is a FR chlorophyll; however, the
true chemical nature of the PD is still elusive. Judd et al.
(2020) observed the same electrochromic shift and added
that the PD might also be located at the Py, position. We
assume that the PS II of Chroococcidiopsis thermalis is pos-
sibly similar to H. hongdechloris but not necessarily identi-
cal as no evidence for Chl d in the PS Il of H. hongdechloris
was found so far.

Electron transfer between the Chl a and the FRL-
absorbing chlorophyll takes place within a few picosec-
onds; therefore, EET occurs efficiently from Pp; to Chlyy,;
at room temperature. For our simulations, we set this
value to 50 ps which is the time resolution limit of our
instrumentation. According to Zamzam et al. (2020), the
excited state of FRL-absorbing Chl d/Chl f (P720) at Chlp,
is energetically lower than Chl a in Chroococcidiopsis
thermalis, and, presumably, there is no backward electron
transfer possible to the Chl a at Ppy;. The excited state is,
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therefore, localized at P720. However, the authors showed
that FRL-absorbing Chl d/Chl f not only occurs as a pig-
ment in the antenna, but is directly involved in primary
charge separation.

We propose that the localization of the excited state
to P720 represents an optimum between the high-energy
state of many Chl a molecules and the low-energy state of
a few Chl f molecules. The picture is similar to an “uphill”
EET supported by entropy, but it does not involve direct
EET. More likely, it represents an energetic distribution
of the electron wave function that gives rise to a charge
separation from an energetically lower state, which in turn
induces electron transfer (ET) into an energetically higher
state. We follow this picture assuming that it is essential to
bear in mind the fact that wave functions are extended, can
overlap, and can give rise to electron tunneling processes
to “overcome” or “penetrate” energetic barriers.

In such a sense, ET can occur via a Chl a in the Py,
position, where Chl a is practically involved as a support-
ing molecule with an energetic state between P680 and
P720. The spectral position of the Chl a in the Ppy; position
is adjusted at the energetic optimum for efficient charge
separation, ET to Pheo and subsequent stabilization by
ET to Q,.

Materials and methods
Cell culture

Halomicronema hongdechloris cultures were kept at room
temperature (25 °C) in 50-mL Erlenmeyer flasks containing
KES seawater medium under constant shaking, as described
(Tomo et al. 2014; Chen et al. 2012) and were grown under
far-red light (FRL) by illuminating culture flasks by a cir-
cular array of 720 nm LEDs. Far-red light intensity was
adjusted to 10 uE m~2 s™!, since at intensities exceeding
this value, the cultures bleached rapidly, as described (Li
et al. 2014). For reference, cells were grown under white
light (WL) with an intensity of 30 uE m~2 s~!. White light
was obtained from “warm white natural neon tube” resem-
bling a temperature spectrum of 3000 K (Osram, Munich,
Germany).

Absorption spectra

Absorption spectra were recorded on methanolic total pig-
ment extracts prepared from intact WL- or FRL-adapted H.
hongdechloris filament bundles in a 1-cm quartz cuvette
between 300 and 800 nm with a UV-1800 spectrophotometer
(Shimadzu, Berlin, Germany) at room temperature (298 K).

Fluorescence emission a spectra

Fluorescence emission a spectra were recorded on intact H.
hongdechloris filament bundles at room temperature in KES
medium. For this purpose, cell colonies were placed directly
in the middle of regular 1-cm quartz cuvettes with 1 mm
optical path length. The cells were placed inside the excita-
tion light beam and adjusted to maximize the fluorescence
signal. The fluorescence and excitation spectra were meas-
ured with a Fluoromax-2 spectrofluorometer (Horiba Jobin
Yvon, Bensheim, Germany). The cell filaments were excited
at different wavelengths using a Xenon lamp (Osram XBO
100, Carl Zeiss, Germany) as light source and by wavelength
selection with a monochromator, while emission spectra
were recorded between 600 and 800 nm during excitation
with 430 nm and 470 nm at room temperature. Slits were
set to 4 nm for excitation and 4 nm for emission, while the
integration time was 1 s and the increment 1 nm. Excitation
spectra were recorded observing the fluorescence at 710 and
730 nm from 400 nm up to 10 nm below the corresponding
observation wavelength.

Time- and wavelength-correlated single-photon
counting (TWCSPC)

Spectrally resolved fluorescence decay curves were recorded
on intact H. hongdechloris filament bundles at room tem-
perature in KES medium. For this purpose, cell colonies
were transferred into the ca. 1 mm diameter tip of a Pasteur
pipette, which served as spectroscopic cuvette placed in the
laser focus with a multi-axis translation stage. Measurements
were performed employing a Hamamatsu R5900 16-channel
multi-anode photomultiplier tube (PMT) with 16 separate
output (anode) elements and a common cathode and dyn-
ode system (PML-16C, Becker&Hickl, Berlin, Germany)
as described in (Schmitt et al. 2019). A 470 nm pulsed laser
diode (LHD-470, Picoquant, Berlin) delivering 80 ps full-
width at half-maximum (FWHM) pulses at a repetition rate
of 20 MHz was used for excitation. The fluorescence was
observed via a 488 nm longpass filter (AHF Analysentech-
nik, Tiibingen, Germany).

Calculation of the decay-associated spectra (DAS)
and decay-associated yield spectra (DAYS)

Decay associated spectra (DAS) were determined by fitting
a theoretical model for the time-resolved fluorescence decay
F(¢) for each measured wavelength section 7; (i=1...16).
This model function is a multiexponential decay (up to four
components) with individual amplitude prefactors A(z,)
(j=1,..,4) for each measured wavelength section but com-
mon (global) fluorescence decay times z; (j=1,..,4) for the
whole spectral range:
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4
F(t, 1A (4:)) = D A(h) €1 (1)
=1

As the measured data are a convolution of the system’s
instrumental response function, /IRF, with the ideal data
model the fit function FIT denotes to

FIT (t, A, A;(4;). 7)) = Fo(4;)

°° u @)
+ / (IRF(I’) : ZA]-(Ai) e—(f—")/ff>dt’
0 j=1

The wavelength-dependent A,(4;) denote the amplitudes
for the decay times 7; (j=1,..,4). The fit procedure employ-
ing a Levenberg—Marquardt algorithm minimizing the
reduced Chi square, ;(rz (A4) , for each wavelength channel
after convolution of the fit function with the instrumental
response function (IRF) is in detail described in (Schmitt
2011).

The result of this analysis is visualized by plotting A(7;)
(see Eq. 2) for each lifetime 7; which represents the DAS that
reveal the spectral distribution of individual decay compo-
nents. DAS can, therefore, provide information on differ-
ent dynamic processes such as direct fluorescence decay of
spectrally overlapping states and EET processes between
coupled states.

The determination of the DAYS follows the DAS as
described in detail in (Schmitt 2011) by multiplying the
spectral shape of the fit amplitudes of all decay components
in the DAS with the corresponding time constant of the
decay component. In contrast to the DAS, the amplitudes
represented in the DAYS are, therefore, proportional to the
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Fig.1 A Room-temperature absorption spectra of methanolic
extracts from H. hongdechloris cells adapted to WL (black line) and
illuminated with FRL for three days (red line) after normalization
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overall signal amplitude (registered number of photons) that
contributes to that component:

DAYS}(4) = 1A;(4) ®)

Mathematical modeling

The formalism of rate equations can be used treating differ-
ent molecules as localized states. The solution of such linear
rate equation systems allows to simulate the DAS assuming
Gaussian emission from each fluorescent state (For details
regarding the simulation, see Schmitt 2011; Schmitt et al.
2019).

Results and discussion

The absorption spectra of methanolic extracts from H.
hongdechloris cells adapted to white light (WL) and far-
red light (720 nm, FRL) for 3 days are shown in Fig. 1A
after normalization to the same value in the Q, absorption
band of Chl a at 665 nm assuming that Chl a is the most
stable (“invariant”) pigment over time compared to the other
involved pigments (PBP and Chl f). The spectra reveal that
there are distinct changes in pigment composition when H.
hongdechloris cells were grown under FRL compared to
the WL control sample (Fig. 1A, red vs. black curve). The
difference between the absorption of FRL-adapted cells
(red curve) and WL-adapted cells (black curve) is shown
in Fig. 1B. After three days of FRL illumination, a dis-
tinct additional absorbance with maximum at 700-720 nm
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0.08- A
0.061 I )
0.04- ‘

0.024
0.00- 1/ AN
-0.02 ; \V
-0.04 1 V
-0.06

A absorption
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wavelength / nm
to the amplitude at 665 nm. B Difference absorbance spectra of H.

hongdechloris extracts from FRL-adapted cells and the correspond-
ing WL-adapted control sample as shown in panel (A)
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appeared, which was absent in the WL-adapted samples,
and is attributed to the formation of Chl f (see green arrow
4 in Fig. 1B) (Chen et al. 2010, 2012). The relative Chl
f absorbance (determined as area of the Chl f absorption
at 700-720 nm compared with a single Gaussian fit of the
Q, absorption band of Chl a at 665 nm) reaches up to 10%
after 12 days of FRL illumination, but does not grow fur-
ther (Schmitt et al. 2019). It is known that the Chl a content
in FRL-adapted cells decreases so that the relative content
of carotenoid absorption between 400-500 nm increases in
FRL-adapted cells (see green arrow 1 in Fig. 1B) (Chen
et al. 2012). In addition, a shift of the Qy absorption band
of Chl a is observed indicating that mainly the spectral con-
tribution of blue-shifted Chls decreases (green arrow 2 in
Fig. 1B) with an absorption maximum below 665 nm, while
the content of red-shifted secies with absorption at wave-
lengths larger than 665 nm increases (see green arrow 3 in
Fig. 1B).
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Fig.2 A Room-temperature absorbance spectra of methanolic
extracts of H. hongdechloris cells adapted to WL (dashed line) and
cells adapted to FRL for 5 days (red solid line) normalized at 665 nm.
B Room-temperature fluorescence emission spectra of intact WL-
adapted H. hongdechloris cells upon excitation with 430 nm (dashed
line) and after FRL adaption for five days (red solid line) normalized

There is an absorption band in the range between 470 and
500 nm in both, WL- and FRL-adapted cells (Figs. 1, 2A,
green arrow 1), which might correspond to the Soret band of
a FR-absorbing Chl. The review of the absorption spectra of
isolated PS I (Kurashov et al. 2019) and isolated PS II com-
plexes (Judd et al. 2020; Zamzam et al. 2020) indicates, that
this peak at 470 nm is mainly caused by pigments localized
in photosystem II.

To further analyze the pigment composition, absorbance
and fluorescence spectra of WL- and FRL-adapted samples
after five days of FRL adaption are compared in Fig. 2. The
fluorescence spectra are normalized to the amplitude at
686 nm as the Chl a emission is expected to be the most sta-
ble over time under all cultivation conditions. When put back
to WL of an intensity of 30 uE m~2 s~, the content of Chl f
started to decline (Schmitt et al. 2019) indicating that Chl f
formation in response to changes in the chromatic conditions
is a reversible process. In addition, prominent changes due to
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at 680 nm (reprinted with permission from Schmitt et al. 2020). C
Room-temperature fluorescence emission spectra of intact WL-
adapted H. hongdechloris cells upon excitation with 470 nm (dashed
black curve) and samples adapted to FRL (red curve) for 5 days. D Fit
of the fluorescence emission band from FRL-adapted cells as shown
in (C) with three Gaussian bands between 700 and 800 nm
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redistribution and remodeling of phycobilisomes (PBS) can
be observed (Chen et al. 2012, 2010; Schmitt et al. 2020).
However, since the bilin pigments are covalently attached
to the phycobiliproteins (PBPs), they cannot be extracted
by organic solvents, and, therefore, do not contribute to the
spectral changes shown in Figs. 1 and 2A.

The absorbance of total methanolic pigment extracts
from H. hongdechloris cells are shown in Fig. 2A after nor-
malization at 665 nm. After 5 days of FRL adaption, more
profound changes are observed between 400 and 500 nm
due to increased carotenoid content (mainly f-carotene), as
noted previously (Chen et al. 2012; Schmitt et al. 2019). This
might be a mechanism to protect PS II, especially when reac-
tive oxygen species (ROS) are formed (Schmitt et al. 2019,
2020). Carotenoids are efficient quenchers of ROS and of
excited singlet and triplet states in PBS (Schmitt et al. 2014;
Schmitt and Allakhverdiev 2017; Maksimov et al. 2014,
2015, 2016; Schmitt et al. 2020).

The absorbance spectrum of methanolic extracts of FRL-
adapted H. hongdechloris cells (red solid line in Fig. 2A)
exhibits a shoulder around 710 nm indicating Chl f pro-
duction (green arrow 2 in Fig. 2A), which is visible after
three days of FRL adaption (Fig. 1A) and reaches a maxi-
mum of about 10% compared to the Q, peak of Chl a after
5-8 days. The Soret band of FR-absorbing Chls in PS II
might be localized around 470 nm where a peak is visible
in the absorption spectra (green arrow 1 in Fig. 2A). We,
therefore, aimed to excite the chlorophylls via the Soret
band at 430 nm to measure fluorescence and compare the
results with fluorescence spectra observed after excitation at
470 nm (compare Fig. 2B and C).

Figure 2B shows the room-temperature fluorescence
emission spectrum after excitation with 430 nm light.
430 nm light most probably excites both, Chl a and Chl
f. The fit of Gaussian bands to the spectra as published
previously (Friedrich and Schmitt 2021) reveals emission
bands at 650 nm (PBS emission), 686 nm (Chl a emission),
715 nm, 739 nm, and 745 nm for FRL-adapted samples.
The long-wavelength bands at 715 nm, 739 nm, and 745 nm
might result from low-energy Chl a species, red-shifted
PBS emission, and Chl f (Majumder et al. 2017; Tomo et al.
2014; Schmitt et al. 2019). The arrows in Fig. 2B indicate
the reduction in fluorescence occurring at 650 nm due to
the decay of PBPs during FRL adaption (green arrow 1
in Fig. 2B) for FRL-adapted cells, while fluorescence at
745 nm increases (green arrow 3 in Fig. 2B). Fluorescence
at 715 nm is reduced after FRL adaption (green arrow 2 in
Fig. 2B) indicating that it probably represents far-red PBPs
or red-shifted Chl a species.

Strong reduction of the PBS content was observed in
FRL-adapted cells indicating that PBSs degrade during
FRL adaption down to the size of RL-absorbing APC cores
(green arrow 1 in Fig. 2B) (Li et al. 2014, 2018).
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Upon excitation with 470 nm (Fig. 2C, D), the peak at
650 nm is weak, in line with the low PBS absorption at
470 nm.

To disentangle the main emission at 740 nm occurring
upon excitation with 470 nm, a Gaussian fit of the spec-
trum was carried out (Fig. 2D) to compare the results with
the Gaussian fit of the fluorescence spectra measured upon
excitation with 430 nm (Friedrich and Schmitt 2021). Inter-
estingly, the fluorescence spectrum obtained upon excitation
with 470 nm (Fig. 2C) indicates the presence of a Gaussian
band at 723 +26 nm in form of a slight shoulder (see green
arrow 2 in Fig. 2C and red curve in Fig. 2D) for both, WL-
and FRL-adapted cells (dashed vs. red curve in Fig. 2C, D),
which is not found in the spectrum obtained with 430 nm
excitation.

The three Gaussian bands and their FWHM values are
723 £26 nm, 739 + 19 nm, and 745 +25 (see Fig. 2D). The
question arises, which emitter is responsible for the fluo-
rescence around 723 nm that appears upon excitation with
470 nm in both WL- and FRL-adapted samples (region indi-
cated by arrow 2 in Fig. 2C, red curve in Fig. 2D) but not
after excitation with 430 nm.

To summarize the findings of the fluorescence study,
there are at least four distinguishable long-wavelength
emitters with remarkably different emission wavelengths
of 715 nm (mainly observed upon 430 nm excitation) or
723 nm (mainly observed upon 470 nm excitation), 739 nm
and 745 nm (with both, 430 nm and 470 nm excitation)
occurring in the fluorescence spectra of FRL-adapted H.
hongdechloris cells. The most red-shifted peaks at 739 nm
and 745 nm are attributed to Chl f fluorescence, in line
with previous observations (Chen et al. 2012; Schmitt et al.
2019). The presence of fluorescence in the 715-740 nm
range in WL-adapted cells, in which no Chl f was detected
(Chen et al. 2012), suggests that the emission contains con-
tributions of far-red-shifted PBSs and red Chl a molecules
already present in WL-adapted cells. Since the Soret band of
Chl a is located at 430 nm, but shifts to the red in red-shifted
Chl a, the transition from 715 nm upon 430 nm excitation to
725 nm upon 470 nm excitation indicates that there are dis-
tinguishable subspecies of Chl a or Chl f that exhibit Soret
bands which shift from 430 to 470 nm.

The fluorescence excitation spectra of WL- and FRL-
adapted cells of H. hongdechloris are shown in Fig. 3. It is
clearly visible that far-red emission at 710 nm and 730 nm
occurs in both, FRL- and WL-adapted cells (Fig. 3A, B red
solid curves vs. dashed black curves). But there are different
dependencies on the excitation wavelengths for the observed
FRL emission in both cases.

In the WL-adapted samples, only a minor fraction of far-
red fluorescence is excited via the Soret band of Chl a or
Chl f (see green arrow 1 and 3, respectively, in Fig. 3A and
B for the dashed curve). This accounts for both, 710 nm
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Fig.3 Room-temperature fluorescence excitation spectra of H.
hongdechloris cells adapted to WL (dashed black curves) and illumi-
nated with FRL for five days (red curves), monitored at observation

(Fig. 3A) and 730 nm (Fig. 3B) fluorescence. In marked
contrast, in FRL-adapted cells (red curves in Fig. 3), the
710 nm fluorescence (Fig. 3A), and especially the 730 nm
fluorescence (Fig. 3B) is preferentially excited between 400
and 470 nm via the Chl Soret bands (see green arrow 1 and
green arrow 3 in Fig. 3B): There is a small but characteristic
peak at 470 nm, at which the Soret bands of red-shifted Chl
a and Chl f might show stronger absorption (green arrow 3
in Fig. 3A and B). This indicates that especially the 730 nm
fluorescence mainly results from FR chlorophylls, which
might be red-shifted Chl a or Chl f. The 730 nm fluorescence
is also directly excited via the Soret band of Chl @ at 430 nm
(indicating that Chl a is strongly coupled to the FR Chl). In
Fig. 3, the difference between the dashed black curve and the
red curve is more pronounced for the fluorescence emission
at 730 nm as compared to 710 nm indicating that mainly the
730 nm emission is enhanced via specific emission channels
formed due to FRL adaptation. In addition, for both, 710 nm
emission and 730 nm emission, the absorption shifts to the
red in FRL-adapted as compared to WL-adapted samples
when excited via the PBSs (550-650 nm, green arrows 2 in
Fig. 3A and B), which is in line with the finding that PBS
degrade down to the long-wavelength-absorbing APC cores
in FRL-adapted samples, which are responsible for the peak
at 650 nm.

Overall, it is less likely to induce the red fluorescence
at 710 nm by direct excitation into the Soret band of Chls.
Rather, the 710 nm fluorescence is mainly excited via PBS
absorption around 550 nm with an additional peak at 650 nm
for APC, while fluorescence at 730 nm is more likely excited
via the Soret bands of FR Chl @ or Chl fin FRL-adapted
samples (400-500 nm).

B 730 nm fluorescence

1.5

---WL 5 days
—— FRL 5 days

1.0

fluorescence / a.u.

0.5

0.0 T . .
400 500 600 700

wavelength / nm

wavelengths 710 nm (A) and 730 nm (B). (Reprinted with permission
from Friedrich and Schmitt 2021)

Time-resolved fluorescence spectra: DAS and DAYS
at room temperature

Insights into processes such as excitation energy transfer
(EET) and electron transfer (ET) can be obtained by cor-
relating the time-resolved fluorescence in different spectral
regions. Therefore, spectrally resolved fluorescence decays
were recorded with 470 nm excitation (illumination intensity
100 W/m?) on intact filament bundles of H. hongdechloris
cells, either WL or FRL adapted for five days, using multi-
channel TWCSPC. The resulting decay-associated spectra
(DAS) and decay-associated yield spectra (DAYS) of WL-
and FRL-adapted samples are shown in Fig. 4.

All cells show a distinct spectral dependence of the
3 decay components (WL-adapted) or 4 decay components
(FRL-adapted) used for fitting with the following time con-
stants: A fast component of about 78 ps in WL-adapted sam-
ples (Fig. 4 A,C) and two fast components with 40 ps (black
squares) and 170 ps (red circles) in FRL-adapted samples
(Fig. 4B,D), an intermediate component with 500 ps in WL-
(red circles in Fig. 4A, C) and 710 ps in FRL-adapted sam-
ples (blue triangles in Fig. 4B, D), and a slow component
with 1.1 ns in WL- (blue triangles in Fig. 4A, C) and 1.8 ns
in FRL-adapted samples (green triangles in Fig. 4B, D). The
DAYS show peaks and shoulders that can be attributed to
the components at 650 nm (PBS emission), 686 nm (Chl
a emission), and FR Chl a or Chl fin the long-wavelength
regime at 710-725 nm and 740 nm (Fig. 4C, D), which had
been determined by Gaussian fits of the fluorescence emis-
sion spectra (see Friedrich and Schmitt 2021, and Fig. 2D).
In WL-adapted cells (Fig. 4A, C), the medium component
(500 ps) peaks at 680 nm and at 740 nm, while the fast
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Fig.4 Room-temperature decay-associated spectra (DAS) upon
470 nm excitation for WL- (A) or FRL-adapted cells (B) after global
approximation by a sum of three exponential decay components for
WL-adapted cells, and four components for FRL-adapted cells,

78 ps component peaks around 715 nm (see especially the
DAYS, Fig. 4C). This finding indicates that the fastest of
the resolved EET/ET processes occur from a molecule emit-
ting fluorescence at 715 nm, which is strongly excited with
470 nm. Therefore, we assume that this is a red-shifted Chl
(most probably a far-red Chl a) absorbing at 470 nm, which
is involved in charge separation.

In FRL-adapted cells (see DAS in Fig. 4B and DAYS
in Fig. 4D), the fastest decay component of 40 ps (black
squares) shows a peak at 700710 nm and a distinct rise
kinetics at 745 nm indicating a fast EET between the red-
shifted Chl a and the most red-shifted Chl molecule(s),
most probably a far-red Chl fat 745 nm. In addition, a long-
wavelength component of 1.8 ns (green triangles in Fig. 4D)
shows peaks at 720 nm and 745 nm indicating the presence
of long-wavelength energy traps in the FRL-adapted sam-
ples. The intermediate time component is prolongated in
FRL-adapted samples with 710 ps (blue triangles in Fig. 4B,

@ Springer

amplitude / norm.

(B) 290 K, FRL DAS

—=—40 ps

10 —— 170 ps

] ——710 ps
0.8+ ——1.8ns
0.6
0.4+
0.2+
0.0+
-0.24
.0.41
061, . . . .

60 640 680 720 760

wavelength / nm

(D) 290 K, FRL DAYS

1.0

£
2 0.6

~

S04
E

‘502

m

(]
0.0
024
600

680 720 760

wavelength / nm

640

respectively. The decay-associated yield spectra (DAYS) were cal-
culated according to Eq. 3 (see Materials and Methods) and are pre-
sented in (C) for WL-adapted and in (D) for FRL-adapted samples.
FRL adaption was conducted for 5 days

D) instead of 500 ps in WL-adapted samples (red circles in
Fig. 4A, C) albeit with a similar spectral structure. Addition-
ally, in FRL-adapted samples, the fast 170 ps component
(red circles in Fig. 4B, D) shows peaks at 685 nm, 720 nm,
and 745 nm indicating strong coupling between the corre-
sponding states as they decay with the same time constant.
The subsequent electron transfer (ET) from the primary
donor and the charge stabilization upon electron transfer to
the primary plastoquinone Q, are found to be prolongated
in FRL-adapted as compared to WL-adapted cells (Zamzam
et al. 2020). The longest decay time constant of 1.1 ns results
from (isolated) PBPs in WL-adapted samples at 650—-680 nm
(blue triangles, Fig. 4A, C), while a FR excitation energy
trap with a time constant of 1.8 ns is formed in FRL-adapted
samples at 720-740 nm (green triangles, Fig. 4B, D).

The DAS (Fig. 4A, B) and DAYS (Fig. 4C, D) show broad
emission bands correlating to the different time constants,
because the spectral components subsume several EET and
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ET processes as well as contributions from PS I, which are
difficult to disentangle because of the strong spectral overlap
of all molecules. To overcome this limitation, we measured
time-resolved fluorescence at low temperatures, in order to
benefit from the reduced spectral overlap of the various spe-
cies under these conditions.

DAS and DAYS at low temperatures
(A) 250 K, WL DAS
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Fig.5 Low-temperature DAS determined upon 470 nm excitation for
WL- (left column, panels A, C, E) or FRL-adapted cells (right col-
umn, panels B, D, F) after global approximation of the fluorescence
decay curves by a sum of three exponential components for WL-

DAS and DAYS at low temperatures

At low temperatures in WL-adapted cells (see DAS in
Fig. 5A, C, E), four spectral regions of fluorescence emis-
sion can be discriminated. This is mainly visible in the
DAYS at 10 K (Fig. 6E): The first is observed around
650 nm, which mainly comprises PBS fluorescence, the
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adapted cells, and four components for FRL-adapted cells, respec-
tively. The temperature varies between the figure panels from 250 K
(A, B) over 130 K (C, D) to 10 K (E, F). FRL adaption was con-
ducted for 5 days
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Fig.6 Low-temperature decay-associated yield spectra (DAYS)
determined upon 470 nm excitation for WL-(A, C, E) or FRL-
adapted cells (B, D, F) by global approximation of the fluorescence
decay curves with a sum of three exponential components for WL-

second is located around 686 nm, which can predomi-
nantly be attributed to Chl a (in PS II), the third is located
around 720 nm, and, finally, the most red shifted is found
around 740 nm. As discussed above, the band at 720 nm
most probably results from red-shifted (FR) Chl, which
could be Chl a or Chl f while the 740-745 nm peak results
from FR Chl f.
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adapted cells, and four components for FRL-adapted cells, respec-
tively. The temperature varies along the figure panels from 250 K (A,
B) over 130 K (C, D) to 10 K (E, F). FRL adaption was conducted
for 5 days

In WL-adapted samples, we observed energetic decou-
pling of pigments upon cooling to very low temperatures
(visible as rather isolated Gaussian bands of the differ-
ent decay components as depicted in Fig. 6E), whereas in
FRL-adapted cells, the emissions at 720 nm and 740 nm
remain coupled (see blue, black and red curve in Fig. 6F).
For the WL-adapted cells, three components are necessary
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to obtain satisfactory fit results. The time constant of the
fastest component (black squares) increases from 85 ps at
250 K (Fig. 5A) to 170 ps at 10 K (Fig. 5E), and it dominates
the emission at 720 nm. The intermediate component (red
circles) increases from 490 ps at 250 K (Fig. 5A) to 610 ps at
10 K (Fig. 5E). Both components dominate the DAS (Fig. 5)
and DAYS (Fig. 6). In addition, a third component with a
lifetime between 1.1 ns (250 K) and 1.6 ns (10 K) is found in
WL-adapted samples (blue triangles in Fig. 5A, C, E), which
contributes to both, the PBS (650 nm) and the Chl a regime
(686 nm). In the DAS, the contribution of these components
at 650 nm and 686 nm is hardly visible, since the excitation
of PBSs and Chl a is low at 470 nm. In the DAYS, it can
be seen that both, Chl @ and PBSs, slightly emit with both
time constants (470—600 ps, red circles and 1.1-1.6 ns, blue
triangles). The long fluorescence lifetimes and the isolated
peaks indicate that the PBSs and Chl a, which are partially
excited at 470 nm, are not functionally coupled to the reac-
tion center, and decay with slow time constants, which are
typical for distorted isolated PBSs (Li et al. 2001; Schmitt
et al. 2006; Schmitt 2010). The reason for the decoupling
at low temperatures (10 K) might be due to slow freezing
with a cooling rate of 1 K/s, which typically leads to PBS
decoupling (Schmitt et al. 2006; Schmitt 2010; Schmitt et al.
2011; Schmitt et al. 2020; Maksimov et al. 2013). Interest-
ingly, the red states at 720 nm and 740 nm decay fast even
at the lowest temperature. The time constants at 10 K are
determined as 170 ps (black squares, 720 nm) and 610 ps
(red circles, 740 nm) (see Fig. 6E).

For FRL-adapted cells, satisfactory fits of the time-
resolved fluorescence data are only obtained with four com-
ponents, which were determined as 42 ps (250 K) to 90 ps
(10 K) (black squares), 150 ps (250 K) to 240 ps (10 K)
(red circles), 700 ps (250 K) to 850 ps (10 K) (blue trian-
gles), and 2.0 ns (250 K) to 2.7 ns (130 K) (green triangles)
(Fig. 5B, D, F and Fig. 6B, D, F).

The PBS fluorescence at 650 nm is almost abolished,
in accordance with the fact that the PBS are degraded to
APC cores upon FRL adaption, and hence, do not absorb at
470 nm. Also, at 685 nm, the emission is weaker compared
to WL-adapted samples, and probably difficult to resolve due
to the small amplitude. Thus, both fast components (black
and red curves) again dominate the emission at 720 nm and
740 nm with a peak of the 40 ps (250 K, Fig. 6B) to 90 ps
(10 K, Fig. 6F) (black squares) component in the region
of 700-720 nm and the red curve 150 ps (250 K, Fig. 6B)
to 240 ps (10 K, Fig. 6F) (red circles) peaking at 740 nm.
However, there is a distinct difference between WL- and
FRL-adapted cells, as the fastest component (black squares)
shows a profound rise kinetics at 740 nm indicating a fast
EET from 720 to 740 nm, which is responsible for the very
fast time constant of the 40 ps (250 K, Fig. 6B) to 90 ps
(10 K, Fig. 6F) component (black squares). In addition, the

second fastest component 150 (250 K, Fig. 6B) to 240 ps
(10 K, Fig. 6F) (red circles) exhibits positive maxima both at
720 nm and 740 nm indicating that the emission of the two
species occurs from a coupled system that spreads from 720
to 740 nm and involves both emitters, the putative primary
donor at 720 nm and the far-red Chl f at 740 nm. We have
to note that the spectral resolution of the DAS and DAYS
is limited to about 12.5 nm, and, therefore, an exact deter-
mination of the wavelength ranges (as it is possible from
absorption and fluorescence spectra) is not possible in the
DAS and DAYS.

In order to interpret the DAS of WL- and FRL-adapted
H. hongdechloris cells, we modeled the DAS by setting
up a reaction scheme, which is structurally depicted in
Fig. 7 based on the suggestion of Zamzam et al. (2020).
This model represents a minimal kinetic scheme to explain
the experimental observations. The DAS were all recorded
upon excitation with 470 nm, assuming an excitation into the
Soret band of red-shifted Chl a or Chl f species. Therefore,
our simulation was performed assuming mainly excitation
energy transfer (EET) and electron transfer (ET) processes
from the red antenna molecules and the primary donor in
the RC of PS II. The ET from the primary donor results in
primary charge separation and the production of a radical
pair consisting of the Chl™ cation and a pheophytin (in the
following denoted as Chl*/Pheo™), from which the electron
is then transferred further, and charge separation is stabilized
by transfer to the primary plastoquinone Q, (see Fig. 7).

Basically, two mechanisms contribute to the electron
transfer (ET) processes in the course of charge separation:
The first is thermally activatA%d ET with a probability given
by the Boltzmann factor e” 7, and the second is caused by
electron tunneling (ETUN), which is temperature-independ-
ent, and remains as the only ET mechanism at the lowest
temperature (10 K), when the probability for thermally acti-
vated ET is zero.

To obtain further insights into the mechanism of EET,
thermally activated ET, and ETUN processes at low tem-
peratures, the logarithm of the fastest rate constant found in
WL-adapted samples and of the second fastest rate constant
in FRL-adapted samples was plotted against the reciprocal
temperature in the form of Arrhenius graphs, which indicate
thermally activated temperature regimes (linear rise of /n k
with 1/T) and the contribution of electron tunneling as a
constant, i.e., temperature-independent, rate constant.

For the analysis of the temperature dependence of the
rate constants according to the Arrhenius-Eyring theory, the
fastest rate constant was chosen for WL-adapted cells, since
these samples exhibit no significant EET between the excited
species at deep temperatures. Therefore, it is assumed that
this rate constant represents the ET from the primary donor.
In FRL-adapted samples, one further decay component
was necessary to fit the data satisfactorily, and the fastest
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Fig.7 Excitation energy

and electron transfer scheme
(reprinted with modification
with permission from Mamedov
et al. 2015). In the 3D structure
of the PS II core complex,

the redox cofactors are shown
within the protein backbone:

Py, and Ppy, denote the Chls

of the reaction center; Chlp,,
Chlyy,, chlorophyll molecules on
D1 and D2 proteins; Phe, pheo-
phytin, one on D1 and another
on D2; Q, (on D2), a one-elec-
tron acceptor plastoquinone; Qg
(on D1), a two-electron acceptor
plastoquinone. Red arrows
indicate transfer processes

with rate constants indicated. PB
The kinetic scheme shows the
rate constants involved in EET
and ET processes occurring in
the PS II reaction center of H.
hongdechloris as used in the
simulations
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component (see black curve in Fig. 5B, D, F and Fig. 6B, D,
F) exhibits a negative amplitude at 740 nm, which indicates
fast EET to Chl f. Therefore, it is assumed that the second
fastest time constant (red curves) represents ET from the pri-
mary donor in the FRL-adapted species. However, it can be
seen that the qualitative temperature dependence is anyway
similar for both rate constants (Fig. 8).
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Fig.8 A Arrhenius plots of the rate constant of fastest fluorescence
component in WL-adapted samples (170 ps decay time at 10 K),
and of the second fastest decay component in FRL-adapted sam-
ples (240 ps decay time at 10 K). B Expanded view of the thermally
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As can be inferred from Fig. 8A, the Arrhenius plot is a
fairly linear function just for sufficiently high temperatures
between 290 K (1/7=0.0034) and 130 K (1/7=0.0077),
while for lower temperatures, the rate constant stays essen-
tially constant. In this low-temperature regime, a tempera-
ture-independent electron tunneling process is apparently
observed.

B = WL adapted
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activated temperature range from (A), fits of the negative slopes of
the In k values over 1/T are shown with resulting activation energies
determined from the fitting results
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For a quantitative analysis, an extended function was
derived that includes both, thermally activated ET as well as
electron tunneling (ETUN). In the most simple assumption,
we anticipate that the overall rate constant for the electron
transfer k,,, = k(T) + k is composed of the sum of a temper-
ature-dependent term k(7)) according the Arrhenius-Eyring
theory, and a temperature-independent term k, which rep-

resents ETUN as described by Eq. (4):

kges = k(T) + ky

S S @)
ET = =
koo K(T)+k

Therefore, the natural logarithm of the overall rate con-
stant for the ET, k,,; = k(T) + k, is a transcendental func-
tion for the temperature-dependent ET part that contributes
to overcome the free energy AG according to
k(T)=A, -exp (ﬁ) and the temperature-independent

ETUN part k:

-AG
Ink,, =1In (AO - exXp < o7 > + k0> 5)

For temperatures approaching 10 K, the temperature-
dependent term from the Arrhenius-Eyring theory can be
neglected, and the low-temperature approximation holds,
since Ink,, (10 K) ~ In (k,). However, at sufficiently high
temperatures, the temperature-dependent term k(7)) deter-
mines the ET, and the total kinetics follows the Arrhenius-

Eyring expression:

—-AGY
k(T)=AO-exp< T T>
B

With the Gibbs—Helmholtz equation AG = AH — TAS,
it follows:

1.5 90 ps
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Fig.9 Simulation of the DAS without (kgpyn=0) (left side) and
with electron tunneling (kpryy=4 ns™!) (right side) for the EET and
ET processes in FRL-adapted samples as depicted in Fig. 7 at 10 K.
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This can be sirﬁpliﬁed in such a way that the slope of
Ink(T) over 1/T follows the enthalpy difference between
reaction products and educts %, while the intersection with
the y-axis is determined by the expression
V=In <A0 - exp (2—: > ), which comprises the entropy dif-
ference and an (unknown) normalization factor A that has
the character of an effective entropy parameter (involving
different numbers of electron donor and electron acceptor
molecules, similar to a degeneracy factor or the effective
density of states).

The following results are obtained for WL-adapted

samples:

ko = (170ps)~" AH = 13.3 meV
and for FRL-adapted samples:

ky = (240ps)~! AH = 5.8 meV

These results imply that charge separation at 10 K from
the primary donor takes place with a 170 ps time constant
in WL-adapted samples, and with 240 ps in FRL-adapted
samples, and is due to electron tunneling mainly.

0.25

0:.25
O =

e}

wavelength / nm

The DAS on the right side reproduces the experimentally observed
dynamics, as depicted in Fig. 5SF
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Simulation of the DAS

The DAS of the FRL-adapted H. hongdechloris cells at low
temperatures (10 K) were simulated by developing a system
of molecules with distinct excited states involved in EET
and ET processes. The population dynamics of these states
were then modeled with a rate equation system (see Frie-
drich and Schmitt 2021) as shown in Fig. 9. It was assumed
that the secondary donor (Ppy,;) in the reaction center of PS
Il in H. hongdechloris might consist of red-shifted Chl a
at the P, position, while the primary donor is a FR Chl
at the Chlyy, position, which is most probably a Chl f as
depicted in Fig. 7. The corresponding simulations of WL-
and FRL-adapted samples at room temperature can be found
in Schmitt et al. (2019, 2020).

Since the DAS were all recorded upon excitation with
470 nm into the Soret band of the primary donor in PS II,
these models mainly encompass the primary charge separa-
tion and radical pair formation (Chl*/Pheo™). From pheo-
phytin, the electron is then transferred to the primary plasto-
quinone Q,. In addition, the antenna complexes contain PBS
and domains of Chl @ and Chl f, which are coupled by EET
(see Fig. 7) (for details see Friedrich and Schmitt 2021).

With the choice of the time constants as depicted in
Table 1, the simulated DAS as shown in Fig. 9 were
obtained. Negative signs at the index letters mark the back-
wards transfer rates. While Fig. 9 (left side) shows the simu-
lation result without electron tunneling (ETUN), the right
side of Fig. 9 includes a tunneling rate constant of 4 ns™!
(250 ps time constant), which is included as the optional
electron tunneling pathway in Fig. 7 (green arrow with rate
constant kpyy). Remarkably, the agreement between experi-
mental and simulated DAS (compare Fig. 9, right side with
Fig. 5F) is satisfactory after inclusion of the ETUN process.

The results show that even at 10 K, charge separation
occurs within 200 ps (kppy.) With just about 10% recom-
bination probability (2 ns) (k ppp.), Which is only slightly
smaller than the one of open and active PS II RCs at room

Table 1 Rate constants used in the simulation shown in Fig. 9

1

Rate constant ns~ Rate constant ns~
kpbaEET 3.3 kfa-EET 3
K*gpr 6 k* gy 0
kpbeET 3.3 kpbf—EET 0
kfaEET 1 kfd-EET 3
kdeET 4 K pphe 0.5
Kpp 20 KPBS, 0.8
Kpphe 5 KChE, 0.5
Kpneq 1.5 KChd, 0.5
kPO L 0 KChay 0.5
kETUN
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temperature. The charge stabilization by ET to plastoqui-
none Q4 (kppeq) is assumed to occur within 670 ps to fit the
experimental data. Thus, for FRL-adapted cells, EET from
Chl a to the far-red Chl as primary donor and the subsequent
charge separation is even possible at 10 K.

If the system is simulated without an ETUN process, the
lowest electronically excited state at 740 nm would quickly
be populated at 10 K and would slowly decay with the
intrinsic lifetime (1.7 ns) according to the long fluorescence
decay time (see Fig. 9, left side). However, such a long-lived
energy trap is not observed in the cells at 10 K. Therefore,
the fluorescence at 740 nm cannot be emitted from an iso-
lated long-lived trap at low temperatures (10 K). It decays
fast and overcomes the excited states in the trap via depopu-
lation by electron tunneling.

Conclusion

To summarize, we identified a small absorption band at
470 nm in FRL-adapted H. hongdechloris cells, which we
attribute to the Soret band of the a red-shifted Chl molecule
that might be the primary donor of PS II. Most probably,
this molecule is a red-shifted Chl a at the Py,; and/or FR Chl
feither at at the Chlp; or Ppy, position (Zamzam et al. 2020;
Judd et al. 2020).

Of note, a recent cryo-EM study, which reported the
structure of far-red light-adapted PS II from Synechococcus
sp. PCC 7335 at 2.25 A resolution (Gisriel et al. 2022) iden-
tifed one Chl d molecule in the Chlyy; position while at the
Py, position, Chl a is preserved even under FRL illumination
similar to our assignment for H.hongdechloris containing
Chl f as FRL pigment. Four additional Chl f molecules are
found in the core antenna which function as red energy traps
contributing to FRL absorption in Synechococcus sp. PCC
7335. Actually, the true chemical nature of the two chloro-
phyll molecules at the Chly,; and Py, position are not yet
fully clarified but also the findings of Gisriel et al. support
the general hypothesis that the FR-absorbing Chl is located
at Chlp,. Further structural work is required to elucidate
whether these positional assignments are universally valid
across many FRL-acclimating species or whether species-
specific differences in chromophore composition may have
developed in evolution.

Time-resolved fluorescence dynamics measured upon
excitation with 470 nm light at room temperature and down
to cryogenic temperatures of 10 K suggest that the molecule,
which absorbs at 470 nm, facilitates or undergoes a charge
transfer proceeding with a time constant of 160 ps even at
10 K in WL-adapted H. hongdechloris cells. Charge trans-
fer at such a low temperature is supported by an electron
tunneling mechanism. Support of this hypothesis was pro-
vided from the Arrhenius analyses of the fast fluorescence



Photosynthesis Research (2024) 159:273-289

287

component, which exhibited a temperature-dependent and
an additional temperature-independent contribution for the
overal ET rate constant. The latter, temperature-independent
component is characterized by a time constant of 160 ps in
WL-adapted samples. The situation is similar in WL- and
FRL-adapted cells, with the main difference in FRL-adapted
samples that a further EET process from 720 to 740 nm can
be found. This indicates the existence of a long-wavelength
energy trap in the antenna system that consists of Chl fand
is well coupled to Chl a at the P, and/or FR Chl f at at
the Chly,; or P, position even at low temperatures. As the
Chl fis strongly coupled to the primary donor even at low
temperatures, fast depopulation of the Chl f excited states
via an electron tunneling mechanism is possible that is only
slightly slower compared to WL-adapted samples and was
determined to 240 ps in FRL-adapted cells at 10 K.

Comparing the results obtained on WL- and FRL-adapted
H. hongdechloris cells, we found that the primary donor
shows fluorescence at about 725 nm in FRL-adapted sam-
ples with a strong absorption of the Soret band at 470 nm.
Our method does not allow for the exact determination of
the chemical nature of the primary and secondary donors
which still could be a red-shifted Chl a or FR Chl f; however,
the model simulations agree with our measurements when
performed according to the assignment of Zamzam et al.
(2020), assuming that the secondary donor in the reaction
center of PS Il in H. hongdechloris might consist of a red-
shifted Chl a at the Ppy, position, while the primary donor is
a FR Chl at the Chlp, position, which is most probably Chl
fas depicted in Fig. 7.

As demonstrated in our previous work (Schmitt et al.
2019), Chl fis not only present as a pigment in the antenna
system of H. hongdechloris, but it is also involved in direct
ET within the reaction center, as shown in Fig. 7. However,
in terms of energetics, the position of the real primary donor
is located at 725 nm fluorescence wavelength, inbetween Chl
a (686 nm fluorescence) and a long-wavelength antenna Chl
f (745 nm fluorescence). This also accounts for the second-
ary donor, which is most probably a red-shifted Chl a in the
Pp, position with fluorescence at 715 nm.

In this regard, we can confirm the results of Zamzam
et al. (2020), who proposed a model for the central reaction
center, which under WL adaptation conditions consists of
the four Chl a molecules (Pp;, Pp,,Chlp;, and Chlp,) and
the two pheophytins (Pheop; and Pheop,,).

Such a primary donor Chly,, and secondary donor Py,
being energetically located between Chl a and Chl f would
be able to optimize the uphill energy transfer due to its inter-
mediate energetic position, since it is optimally activated
from Chl f and still has enough energy for water splitting
in accordance with an electron tunneling process that sup-
ports the ET. The primary donor should not be too low in
energy because according to the Marcus theory, the ET is

most efficient when electron donor and electron acceptor
are in resonance. Admittedly, the recombination probability
would also be large then; however, this process is efficiently
suppressed in photosynthesis by sufficiently fast ET to Q,4,
charge stabilization, membrane dynamics, and plastoquinone
mobility, which ultimately separate the charges and enable
an efficient and directional electron transfer.
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