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Photosynthetic organisms have evolved light-harvesting
antennae over time. In cyanobacteria, external phycobili-
somes (PBSs) are the dominant antennae, whereas in green
algae and higher plants, PBSs have been replaced by proteins of
the Lhc family that are integrated in the membrane. Red algae
represent an evolutionary intermediate between these two
systems, as they employ both PBSs and membrane LHCR
proteins as light-harvesting units. Understanding how red algae
cope with light is not only interesting for biotechnological
applications, but is also of evolutionary interest. For example,
energy-dependent quenching (qE) is an essential photo-
protective mechanism widely used by species from cyanobac-
teria to higher plants to avoid light damage; however, the
quenching mechanism in red algae remains largely unexplored.
Here, we used both pulse amplitude-modulated (PAM) and
time-resolved chlorophyll fluorescence to characterize qE
kinetics in the red alga Porphyridium purpureum. PAM traces
confirmed that qE in P. purpureum is activated by a decrease in
the thylakoid lumen pH, whereas time-resolved fluorescence
results further revealed the quenching site and ultrafast
quenching kinetics. We found that quenching exclusively takes
place in the photosystem II (PSII) complexes and preferentially
occurs at PSII’s core antenna rather than at its reaction center,
with an overall quenching rate of 17.6 + 3.0 ns™". In conclusion,
we propose that E in red algae is not a reaction center type of
quenching, and that there might be a membrane-bound protein
that resembles PsbS of higher plants or LHCSR of green algae
that senses low luminal pH and triggers qE in red algae.

Primary endosymbiotic events gave rise to three branches of
photosynthetic eukaryotes: the red algae, the green algae, and
the glaucophytes. From these branches, various photosynthetic
organisms have evolved adapted to different environments (1).
Red algae belong to the most primitive eukaryotic algae (2, 3),
which are widespread in both marine and freshwater where
they play significant ecological roles (4). Red algae also contain
unique polysaccharides, proteins, and other organic substances
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(5, 6), which have been widely used in food, pharmaceutical
products, and in many other fields of industry (7, 8). Because of
its distinct evolutionary position and its ecological and com-
mercial importance, the number of studies on red algae is
increasing rapidly. However, compared with the green line-
ages, the understanding of their photosynthetic processes,
especially their regulatory mechanisms, lags far behind.
Photosynthetic organisms capture sunlight by using com-
plex light-harvesting antennae that bind a network of pigments
to funnel the excitation energy to the reaction centers of
photosystem I (PSI) and photosystem II (PSII), where charge
separations take place (9, 10). PSI in red algae uses trans-
membrane proteins of light-harvesting complex I (termed
LHCRs) encoded by lhcr genes as antenna (11, 12). These
LHCR proteins belong to the LHC superfamily in eukaryotic
organism (11, 13). Unlike PSI, the PSII core complex in red
algae does not have any additional membrane-intrinsic an-
tenna (14), but uses water-soluble proteins: phycobilisomes,
similar to cyanobacteria (15, 16). In the last decade, the
structures of PSI-LHCRs and PSII of the red alga Cyanidio-
schyzon merolae have been determined at the atomic level,
showing that the core complex moiety from cyanobacteria was
largely inherited and additional new subunits typical for
eukaryotic oxygenic organisms evolved (17, 18). Clearly, the
photosynthetic machinery of red algae has the characteristics
of both cyanobacteria and green algae, being endowed with
unique light harvesting and energy transfer kinetics.
Photosynthetic organisms have to control the balance be-
tween efficient light harvesting at low light intensities and
efficient dissipation of excess light energy at high light in-
tensities. This challenge is further complicated by rapid
changes in the light intensity occurring during the day on land,
but also in tidal habitats in the sea (19). Without regulatory
mechanisms that can rapidly respond to increases in the light
intensity, the photosynthetic apparatus would suffer severe
photodamage (9). This rapid energy dissipation process of
green algae and vascular plants is termed energy-dependent
quenching (qE). It is one of the nonphotochemical quench-
ing (NPQ) processes (normally the dominant one) that cause a
decrease of the maximum fluorescence intensity as reviewed in
(9, 20, 21). qE is essential for the optimum growth of plants,
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Ultrafast quenching kinetics of qE in the red alga

and photosynthetic mutants that have an impaired qE capacity
have a limited tolerance to high light, which may even lead to
the death of these organisms in extreme cases (22). Because of
its significant physiological role, it has been intensively inves-
tigated in the past decades. Chlorophyll fluorescence-based
techniques have been shown to be invaluable probes for
energy dissipation processes (23). Photoexcited chlorophyll
relaxes to its ground states mainly via three pathways: energy
transfer to the RC to drive charge separations; the intrinsic
radiative decay, namely fluorescence, and nonradiative decay
in the form of heat. qE reflects an increase in the rate constant
for dissipation of excitation energy as heat. These three
pathways compete with each other. Stable charge separations
can be blocked by closing the reaction centers (24, 25), which
reduces the system to competition between fluorescence and
heat dissipation. An increase in the rate constant for heat
dissipation (via qE) decreases the maximum chlorophyll
fluorescence intensity. Thus, chlorophyll fluorescence has
been routinely used as a noninvasive probe to study this pro-
cess either on a timescale of minutes or on an ultrafast time-
scales from femtoseconds to nanoseconds (26, 27).

In both eukaryotic algae and higher plants, qE is a reversible
short-term feedback mechanism regulating the dissipation of
excess light energy under high light conditions. In this process
the light-harvesting complex stress-related proteins (LHCSR,
also called LHCX in diatoms) and photosystem II subunit S
(PsbS) are the key regulators for algae and higher plants,
respectively (22, 28). Both proteins are sensitive to the lumen
pH. Under high light, the thylakoid lumen becomes acidic,
thereby inducing protonation of the c-terminus of LHCSR (29)
or the helixes of H2 and H3 in PsbS, which triggers confor-
mational changes of light-harvesting proteins to their qE states
(30, 31). LHCSRs are pigments-binding proteins, which have
the potential to quench the excitation energy (32, 33), while
PsbS is pigment free and thus has to interact with other
cofactors, such as lutein and zeaxanthin, which can dissipate
excitation energy (34-36). Thus far, a similar, specific, pho-
toprotective protein has not yet been identified in red algae
(20). In addition, the activation process of qE and the possible
quenching sites are still unclear. It has been documented that
in Rhodella violacea and in Porphyridium cruentum, qE is
ApH-dependent (37), but it is not the case in another type of
red alga, Dixoniella giordanoi, as recently reported (38).
Regarding the quenching site, the LHC antenna system of PSII
is one of the quenching targets in green algae and higher plants
(33, 39), but so far there is no evidence that LHCs attach to
PSII acting as antennae in red algae (14, 40). Therefore, the
quenching site may be further narrowed down to either the
PSII core antenna or the reaction centers (RC). Currently it is
unclear where the quenching sites are localized, and further
experimental studies are necessary to clarify this point. Other
key questions that already have been addressed in detail in
higher plants are, e.g,, what are the kinetics of this type of qE
and whether PSI is directly quenched, remain to be explored in
red algae.

Here, we checked the qE level and its ApH-dependence by
recording the  pulse-amplitude-modulated  chlorophyll
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fluorescence traces of unicellular red algae Porphyridium pur-
pureum (also named P. cruentum). And we performed spectrally
resolved picosecond fluorescence measurements on cells in both
unquenched and quenched states. With the use of both global
and target analysis, we further identified the PSII core antenna as
the quenching site and numerically quantified the ultrafast
kinetics of both light harvesting and qE in this type of red algae.

Results
Fluorescence quenching of red algae cells is triggered by ApH

The qE capacity of photosynthetic organisms is highly
dynamic and depends on the growth conditions (41-44). To
check if this species of red algae shows qE, PAM chlorophyll
fluorescence of dark-adapted cells was measured. A rapid
fluorescence induction was observed upon high light illu-
mination, and the quenching reached a maximum NPQ
value around 0.9 within ~100 s (Fig. 1A). In darkness, the
quenching level was maintained without noticeable relaxa-
tion. However, following the addition of the membrane
uncoupler nigericin, it relaxed completely, reaching even
higher fluorescence levels than in the dark-adapted state
(45). This suggests that this type of quenching is ApH-
dependent (Fig. 14). With these data, qE formation in the
cells under our growing conditions could be successfully
quantified. The fact that the fluorescence level on addition
of nigericin was higher than that of the dark-acclimated
state indicates that there are also other energy regulatory
processes involved. Indeed, earlier reports demonstrated that
state transitions, another type of short-term regulation,
occur in many photosynthetic organisms (46-48). They
could co-occur with qE during high light illumination
(46, 49). Unfortunately, state transitions have spectral fea-
tures similar to those of qE, making it hard to separate
them (49). In this work, a chemical approach was employed
for this purpose. First, cells were locked in state I by
following an established protocol (50). DCMU [3-(3,4-
dichlorophenyl)-1,1-dimethylurea] and HA (hydroxylamine)
were used to block electron transfer from Q, to Qg and
prevent at the same time recombination between Q,~ and
the PSII donor side. Simultaneously, weak light illumination
enabled PSI to drain the electrons from the plastoquinone
(PQ) pool. Note that HA has no effect on fluorescence
quenching (Fig. S1). Along with the oxidation of the PQ
pool, the fluorescence of the cells gradually increased to a
stable state I level. Subsequently, acetic acid (HAC) was
added to lower the pH and thereby induce fluorescence
quenching (Fig. 1B). This treatment mimics the luminal pH
drop that triggers qE (27, 51). Finally, the fluorescence
emission was restored by adjusting the pH to 7.6 by the
addition of KOH. This demonstrates that the quenching is
largely reversible (Fig. 1B). The pH titration curve shows
that the fluorescence quenching starts at pH 6.4 and reaches
its maximum value at pH 5.0 (Fig. 1C). The above results
indicate that the use of weak-acid-induced quenching allows
us to study the qE process of cells in State I, thus excluding
fluorescence changes caused by state transitions.
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Figure 1. PAM Chl fluorometer traces of P. purpureum. The gray curves represent Chl fluorescence of cells undergo high light illumination (white bar) and
dark relaxation (black bar), and the red plots represent the maximum fluorescence (Fm'’) induced by each saturating pulse. A, the quenching relaxes
following the addition of nigericin (100 uM). B, Quenching was also induced at pH 5.5 when acetic acid was added to the cell solution, and the fluorescence
intensity was restored when the pH was adjusted back to 7.6 by adding KOH. The NPQ was 0.92 + 0.14 in P. purpureum cells. Note that, the cells were kept

under weak light (25 pmol photons-m™

s, gray bar) in the presence of DCMU and HA (100 uM) to state 1. Six biological replicas were measured for all

measurements. C, pH titration curve in cells. The pH titration curve was obtained by sequentially adding 2 pl acetic acid (1.75 M stock solution) in the
presence of nigericin (100 uM). Six biological replicas were measured for cells. The fitted curve is a polynomial function (y = A2 + (A1-A2)/(1 + (x/x0)-p)),
yielding x0 (the midpoint pH) of 5.64 + 0.04. Data are expressed as mean + SD of six independent experiments.

Quenching occurs in the chlorophylls associated with the
photosystems and not in the phycobilisome

The room temperature (RT) absorption spectrum was
measured. It contains absorption features typical for both
phycobilins  (500-670 nm) and Chls (400-500 nm,
630-700 nm) (Fig. S2). To measure the steady-state emission
fluorescence of the unquenched (UQ) and quenched (Q) states
at RT, excitation at 430 nm and 545 nm was chosen. These
wavelengths selectively excite chlorophylls and phycobili-
somes, respectively. All the PSII RCs were “closed” by pre-
illuminating the cells in the presence of DCMU and HA. We
observed a ~50% fluorescence drop at pH 5.0 (Q) compared
with the cells kept at pH 7.5 (UQ). Fluorescence difference
spectra (AF=Fyq-Fq) were calculated for each excitation
wavelength (Fig. 2, A and B). Upon 430 nm excitation (Fig. 24),
the fluorescence emission peaks at 685 nm and 689 nm for UQ
and Q cells, respectively, whereas their difference spectra peak
at 683 nm showing a few nanometer blueshift. When the
phycobilisomes were excited, the emission spectra showed
three peaks, ~580 nm, 660 nm, and 685 nm, respectively,
corresponding to the emission from detached phycoerythrin,
the phycobilisomes, and the photosystems. Upon quenching,
the emission at 580 nm and 660 nm was hardly affected,
whereas the emission at 685 nm was substantially decreased.

SASBMB

Taken all these results together, it seems that not the phyco-
bilisomes, but the chlorophylls associated with the photosys-
tems quenched the excitation energy. To confirm the
quenching site, time-resolved fluorescence was recorded at
three different wavelengths (685 nm, 695 nm, and 720 nm) by
using TCSPC (Fig. 2, C-E). In all cases, Q cells showed a
much-accelerated fluorescence decay due to the presence of a
quencher. Nonetheless, because the vibration band of PSII
fluorescence overlaps with the fluorescence emission of PSI at
700 nm to 800 nm, the TCSPC used here does not have the
resolving power to distinguish PSI and PSII fluorescence
emission.

The quenching site is PSII rather than PSI

To further investigate the quenching site of qE in
P. purpureum, time-resolved fluorescence of intact cells with
both higher time resolution and spectral resolution was
measured with a streak camera system at 77K before and after
adding HAC. Low-temperature fluorescence measurements
allow a better spectral separation of PSI and PSII, since the
former contains “red-chls” that are much more populated at
77K (25). Moreover, to keep the red algae physiologically stable
at RT for a long period during the measurement is technically
challenging. As directly visible from the streak-camera images,

J. Biol. Chem. (2022) 298(4) 101783 3



Ultrafast quenching kinetics of qE in the red alga

A * B*
UQ-430 nm ex UQ-545 nm ex
+ Q-430 nm ex = Q- 545 nm ex

_ — AF _ — AF

E] 34 5 34

8 s

8 8

c 24 c 27

@ @

o o

a a

o )

S S

o 14 o 11

3 3 o™ p

T8 ™ s v

’
----- T T T o T = T T T T
600 650 700 750 800 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)
Cc ¢ D E ¢
——UQ-685 nm —— UQ-695 nm —UQ-720 nm

_ Q-685 nm _ Q-695 nm Py —— Q-720 nm
S 34 3 S 34

s s s

@ o @

g g g

o 21 ] o 21

o o o

] 7] a

o g 5

o ] o

2 M 3 3 1

™ i o

) /1] S ] o4l
0 2 4 6 8 10 2 4 6 8 10 0 2 4 6 8 10

Time (ns)

Time (ns)

Time (ns)

Figure 2. Steady-state spectra and fluorescence lifetime decay curves of P. purpureum cells at room temperature. A and B, fluorescence emission
spectra of P. purpureum cells at 430 nm and 545 nm excitation. Both the UQ state (orange) and the Q state (red) were measured on the same cells at room
temperature. The black line represents the difference spectrum of UQ versus Q. All spectra were plotted without normalization. C-E, the TCSPC fluorescence
decay curves of UQ state (black) and Q (red) state at 685 nm, 695 nm and 720 nm, respectively. The excitation wavelength was 510 nm and the peak counts
were equalized for each measurement. Three biological replicas were measured for all measurements.

the fluorescence decay in the PSII region (680—-695 nm) was
faster at pH 5.5 (Q) compared with 7.0 (UQ) (Fig. 3, A and B).
This quenching can also be seen in the reconstructed steady-
state spectra (Fig. 3C) that, together with the fluorescence
decay curves at 685 nm and 695 nm, show a clearly faster
fluorescence decay (Fig. 3, D and E). However, in contrast, the
fluorescence decay at 720 nm (Fig. 3F), largely originating from
PSI, was not altered at all by quenching (see other three bio-
logical replicates in Fig. S4). These results indicate that the qE
quenching in P. purpureum predominantly took place in PSII.

Ultrafast kinetics of light harvesting and qE in P. purpureum
at 77K

To quantitatively describe the kinetics of light harvesting
and qE, both global analysis and target analysis were per-
formed. The former provides a pure mathematical description
of the data, showing the possible excitation energy transfer
processes and the depopulation of low energy states, whereas
the latter uses a realistic compartmental model composed of
subunits of the photosystems to model (fit) how energy flows
from one pool to another. The global analysis required four
decay components to obtain a satisfactory fit of the data. The
resulting decay-associated spectra (DAS) are shown in
Figure 4A. The first DAS of 10 ps (black) mainly represents
excitation energy transfer from higher energy Chl a to lower
energy Chl a. The second DAS of 112 ps (red) is largely pos-
itive, but it has a dip in the red part of the spectrum
(~730 nm), which may represent a trapping process in PSII

4 | Biol. Chem. (2022) 298(4) 101783

(660-700 nm) and a relatively slow energy transfer process
within PSI (700-780 nm). The third DAS of 452 ps represents
the slow trapping process in both PSII and PSI. The slowest
component has a long lifetime of 2 ns and peaks at 695 nm and
720 nm. This component is a mixture of the decaying of “red-
chls” in both PSII and PSI, in agreement with many previous
reports (25, 52-54). Regarding the quenching dynamics, the
amplitudes of blue and green DAS in the Q state were
significantly reduced, by approximately 50%, in the region
between 680 nm and 700 nm (Fig. 4, B and C), whereas the red
part between 700 nm and 760 nm was not changed. This in-
dicates that the fluorescence quenching site was in PSII and
that it occurred at an earlier stage in energy flow. Otherwise, it
would influence the two slowest components very differently.

The PSII core complexes were heavily quenched during qE

The data of UQ and Q cells upon 400 nm excitation were
fitted simultaneously to generate the quenching model
(Fig. 5A). In total, seven compartments were resolved, four of
them belonging to PSI, whereas three represent PSII. For the Q
state, the PSII part was duplicated in the scheme for clarity
(Fig. 5A). Estimated from the initial excitation, PSI absorbs
roughly 80% of the energy, and the rest was mainly absorbed
by PSII, in line with the fact that these cells, like cyanobacteria,
contain more PSI than PSII (55). Excitation energy absorbed
by the PSI bulk (690 nm) was sequentially transferred to the
other three compartments with fluorescence emission peaks at
702 nm, 710 nm, and 715 nm. These results are consistent

SASBMB
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Figure 3. Time-resolved fluorescence data at 77K using 400-nm excitation. A, streak-camera images of P. purpureum cells in unquenched (UQ) state.
B, streak-camera images of Porphyridium cells in quenched (Q) state. These images represent the fluorescence intensity (color gradient) as a function of
time (vertical axis) and wavelength (horizontal axis); every vertical line represents a fluorescence-decay trace at the corresponding wavelength, while every
horizontal line reflects a fluorescence emission spectrum at a certain delay time point. C, the reconstructed steady-state spectra of cells in the UQ (black line)
and Q (red line) states. For comparison, they were normalized to their maximum. D-F, fluorescence decay curves of cells in UQ state (black line) and Q (red
line) state at 685 nm, 695 nm, and 720 nm. Each pair is normalized to their maximum, respectively. The fluorescence intensity is plotted on a logarithmic

time scale.

with the four DAS components of PSI fitted in our global
analysis and are largely in agreement with previous reports on
PSI kinetics at 77K (25, 27). For PSII, three compartments
were resolved, of which two emit at 685 nm. These were set to
have an identical spectrum during the fitting. One of the
pigment pools emitting at 685 nm carries the initial excitation
energy, and it was tentatively assigned to bulk Chls in PSII core
complexes, including the higher energy pigments in both CP43
and CP47 subunits. The other compartment emitting at
685 nm possibly originates from the red pigment in CP43. The
third compartment, emitting at 695 nm, has a spectrum that is

A 10
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uQ-2 ns Q-2 ns
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700 720 740

Wavelength (nm)

680 760

distinct from the others. This compartment probably reflects
the red forms of Chls in CP47. This model is a simplified
version of the model proposed in (56). Compared with that
model, we left out the radical pairs (RPs), as our datasets have a
limited resolving power with respect to these nonfluorescent
compartments. Nevertheless, the model can distinguish be-
tween different interpretations and remains informative. For
several other models that were tested, either the fitting went
completely wrong or the fitting quality dropped sharply.

To determine which compartments of PSII were initially
quenched, we allowed an additional quenching pathway for
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Figure 4. Decay-associated spectra (DAS) of UQ and Q at 77K in P. purpureum. A, DAS of cells in both UQ (solid lines) and Q (dashed lines) states, they are
normalized to emission spectra at time 0. The corresponding lifetimes are indicated in the figure, note that, for comparison reason, lifetimes were forced to
be the same during the fitting for UQ and Q states. B and C, DAS of the lifetime component of 400 ps (blue) and 2 ns (green) plotted in A were highlighted

again without additional normalization.
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each pool in turn, and we found that the most satisfactory
fitting could only be obtained when the bulk Chls were set to
quench. Moreover, we noticed that not all the PSII was
quenched under our conditions, but only 40-50% of them
(varying slightly among replicates). Finally, the quenching rate

was estimated to be 17.6 + 3.0 ns™".

Discussion
gE in P. purpureum is ApH-dependent

While it has been well documented that in green algae,
mosses, and higher plants, the qE process is activated by low
luminal pH, it remains controversial in red algae (37, 38).
Delphin et al. found that in the presence of the membrane
uncouplers NH,Cl or nigericin, the fluorescence of the
R. violacea and P. purpureum cells is no longer quenched by
high light (37). However, Fattore et al. (38) later found that
nigericin-treated D. giordanoi cells still performed quenching
in response to high light, and their NPQ rose with the increase
of the actinic light intensity. Note that in their experiments,
the far-red light was turned off during the measurements,
which should be kept on to keep the cells in state I. Here, we
performed the same experiment again using P. purpureum and
found that the qE process is indeed activated by a low lumen

6 . Biol. Chem. (2022) 298(4) 101783

pH, in line with previous results (37, 46, 57). We speculate that
in the study of D. giordanoi, State II may have been induced
under high light illumination, even in the presence of nigericin,
which then led to qE-like fluorescence quenching. Neverthe-
less, biodiversity in qE mechanisms among different species
within the Class of Rhodophyceae should not be excluded.

Phycobilisome and PSI are not quenched

Here, we provided direct evidence to show that qE in red
algae takes place predominantly in the PSII complexes. In
principal, all pigment-binding photosynthetic subunits
including PSII core complex, PSI core complex, and their
peripheral antenna LHCs could potentially be the initial target
of quenching, and indeed in the green lineage, it was found
that the quenching site is nonspecific (33, 35, 39, 58-60). In
contrast, in cyanobacteria, the qE occurs specifically in phy-
cobilisomes, and the orange carotenoid protein (OCP) is
indispensable for this process. Red algae also contain phyco-
bilisomes; however, the gene encoding OCP protein is lacking
(61). This rules out this phycobilisome-OCP type of quench-
ing. This is consistent with our observation that the emission
at 660 nm from phycobilisomes was not changed upon
quenching. Another question is if other photosynthetic com-
plexes, such as PSII core, PSI (PSI core plus its antenna

SASBMB



LHCRs), are quenched. Our ultrafast fluorescence spectro-
scopic results precisely separated the kinetics of PSI and PSII.
These measurements clearly demonstrated that only PSII was
affected by qE, at least in cells that were kept in state L.

The quenching does not occur in the RC

PSII core complex is further composed of the reaction
center (RC) and two core antenna proteins, CP43 and CP47.
Kirilovsky and colleagues (37) suggested that the PSII fluo-
rescence quenching might occur in the reaction center other
than its core antenna because the minimal fluorescence was
not quenched during qE. A similar opinion was expressed by
Krupnik et al. (57). They observed a reaction center-based
quencher in red algae by measuring isolated PSII complexes
at low pH. However, our data favor the view that qE occurs in
the antenna and not in the RC itself. In the first place, we
would like to emphasize that using Fy quenching as an indi-
cator for the presence of an RC-based quencher should be
reconsidered. An interesting study on Arabidopsis has pointed
out that gE might function differently in RCs that are in the
open and closed state, respectively (62), making Fo a less
reliable indicator. Moreover, the F, after high light illumina-
tion might not represent the true Fy, anymore, since the PQ
pool is likely to remain partially reduced considering the
additional electron feed-in via NADPH dehydrogenase in
darkness (nonphotochemical reduction of the PQ pool). Sec-
ondly, in an RC-based quenching model, the quencher was
assigned to the Chl cation P680" (57, 63), a radical formed
during charge separation, but in our case cells were kept in
complete darkness, and addition of a weak acid won’t create
excitons. One may doubt if weak-acid-induced quenching
equates the biological process of qE. Regarding this question,
in a previous study we have established a solid correlation
between weak-acid-induced quenching and the expression of
LHCSR proteins in the Chlamydomonas system (27). It was,
however, not practical to use this approach for red algae since
no qE-defective mutant of red algae was available. Neverthe-
less, the chance that these two quenching processes, light-
induced and weak-acid-induced, are different is very small in
our opinion.

The quencher is highly effective but unknown

The quenching rate was estimated to be 17.6 + 3.0 ns™’,

which corresponds to a lifetime of 55 ps, PSII core complexes
contain 35 chlorophylls, if we count one quencher per dimer,
that would mean under the scheme of ultrafast equilibrium,
the slowest quenching time per Chl is about 55 ps/70 =
0.78 ps, which is extremely fast. On the other hand, this fast
quenching rate is not surprising, several reported rates on the
single molecule level in different quenching systems are even
faster (27, 64, 65). It seems that this high rate of quenching is
essential for the qE process to outcompete photochemical
quenching, which is equally fast (subpicosecond). And only in
this way it could guarantee an effective photoprotection, even
for open RCs. One question that arises here is: what exactly is
the nature of this ultrafast quencher? Photoprotective proteins
such as PsbS, LHCSR, and LHCX are the key players of qE in
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vascular plants, green algae, moss, and diatoms, respectively
(20, 66). Given the fact that qE in red algae can also be trig-
gered by a low luminal pH and that it belongs to an antenna
type of quenching, we suggest that there may be a membrane-
bound protein that resembles PsbS in higher plants or LHCX/
SR in branches of green algae and mosses being responsible for
the observed energy dissipation in PSII.

Experimental procedures
Algae culture

P. purpureum strain FACHB-840 was purchased from the
Freshwater Algae Culture Collection at the Institute of
Hydrobiology (FACHB). Cells were cultured in artificial sea
water (ASW) medium (Andersen et al. 2005) at 25 °C under
continuous white light (25 pmol photons-m™>s™"). The liquid
culture was kept on a shaker at 100 rpm.

PAM fluorescence measurement

The chlorophyll fluorescence curve in Figures. 1 and 2 was
measured with a pulse amplitude modulation fluorometer
(Dual-PAM-100; Heinz Walz GmbH). Saturating light
(6000 pmol photons-m 2-s™!, 250 ms) and actinic light
(1500 pumol photons-m™2s™") were used; NPQ was calculated
as NPQ=(F,-F.)/Fy. All cells were dark adapted for at least
15 min before measurements.

Acetic-acid-induced chlorophyll fluorescence quenching

Before measurements, the cells were washed and resus-
pended with fresh ASW medium (pH 7.6). To keep the cells in
State 1, they were preilluminated under low light (25 pmol
photons-m™2:s™") in the presence of 100 yM DCMU and 1 mM
HA. Acetic acid (1.75 M stock solution) was used to tune the
pH down to 5.0, and KOH (1.75 M) was used to adjust the pH
back to 7.6. In Figure. 1B, 100 uM nigericin was added to
dissipate the pH difference over the thylakoid membrane.

Steady-state fluorescence spectroscopy

Fluorescence emission spectra were recorded on an
FLS1000 Photoluminescence Spectrometer (Edinburgh). Cells
were resuspended in artificial sea water and directly measured
in a 10*10*40 mm quartz cuvette at room temperature. The
sample OD at the maximum emission in the red region of the
spectrum was adjusted between 0.1 and 0.15 for fluorescence
measurements. Magnetic stirring was on to prevent cell sedi-
mentation. In all measurements, a bandwidth of 3 nm was
used for both excitation and emission, and the step size was
1 nm. An optical long-pass filter (550) nm was placed before
the detector to remove scattered light.

Time-resolved fluorescence

Fluorescence lifetime decay measurements of P. purpureum
cells at room temperature were performed with a time-
correlated single photon counting setup (Edinburgh
FLS1000). A picosecond diode laser (EPL Series,510 nm) with
a repetition rate of 10 MHz was used for excitation. Sample
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OD at 670 nm was adjusted between 0.1 and 0.15 to avoid
significant self-absorption. For measuring cells during
quenching, cells were kept in a fully quenched state by adding
acetic acid as aforementioned, and to ensure the PSII RCs were
in a homogeneous closed state, 100 uyM DCMU and 1 mM HA
were added for both the UQ and Q states.

Time-resolved fluorescence at 77K was recorded with a
subpicosecond streak-camera system (HAMAMATSU Uni-
versal Streak camera C10910) combined with a spectrograph
(Princeton Instruments Acton SpectraPro SP-2300, grating of
150 grooves/mm, blaze wavelength 500 nm). A CW DPSS
green laser (Spectra-Physics Millennia eV) pumped a Ti:Sap-
phire ultrafast oscillator (Spectra-Physics Tsunami Series).
This laser was used to produce ultrashort pulses at 800 nm
(repetition rate of 80 MHz), and its second harmonic (400 nm)
was used for excitation. Power-dependent studies showed that
the observed decays were annihilation-free, see Fig. S3. The
samples were kept in liquid nitrogen in a cold finger, and their
optical density at 670 nm was ~1.0 with 3 mm optical path.
Scattered light was removed with a long-pass optical filter
(550 nm). For each fluorescence measurement, a high signal/
noise ratio was achieved by averaging a sequence of 150 single
images with a CCD exposure time of 10 s for each image.

Global and target analysis

Data obtained with the streak-camera setup were globally
analyzed with the R package TIMP-based Glotaran, and for
details of the methodology of global and target analysis, see refs.
(67, 68). In our data, the typical FWHM value of the instrument
response function IRF (¢ 1) was estimated to be 12 ps. For global
analysis, singular value decomposition results suggest that a
minimum model of four decay components was necessary to
satisfactorily fit the data. For direct comparison, all four lifetimes
were linked (forced to be identical) between UQ and Q states.

Target analysis would allow us to directly reveal the
quenching site and rate. Here, seven compartments were
resolved in our target analysis. A set of constraints were used:
(1) nonnegative least squares were applied; (2) the two com-
partments of 685 nm in purple were set to have an identical
spectrum during the fitting; (3) the initial excitations were
fixed during the fitting; (4) zero constraints were used on
photosystem I compartments: amplitudes of the SAS were
forced to be zero, up to 680 nm (black), 685 nm (red), 695 nm
(blue), and 700 nm (green), respectively.

Both global and target analyses were performed on four
biological replicas using a same set parameter, and the results
were largely reproducible (Fig. S5).

Data availability

All data described are contained within the article.

Supporting article  contains

information.
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