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To avoid photodamage, photosynthetic organisms are able to
thermally dissipate the energy absorbed in excess in a process known
as nonphotochemical quenching (NPQ). Although NPQ has been
studied extensively, the major players and the mechanism of quench-
ing remain debated. This is a result of the difficulty in extracting
molecular information from in vivo experiments and the absence of a
validation system for in vitro experiments. Here, we have created a
minimal cell of the green alga Chlamydomonas reinhardtii that is able
to undergo NPQ. We show that LHCII, the main light harvesting com-
plex of algae, cannot switch to a quenched conformation in response
to pH changes by itself. Instead, a small amount of the protein LHCSR1
(light-harvesting complex stress related 1) is able to induce a large,
fast, and reversible pH-dependent quenching in an LHCII-containing
membrane. These results strongly suggest that LHCSR1 acts as pH
sensor and that it modulates the excited state lifetimes of a large
array of LHCII, also explaining the NPQ observed in the LHCSR3-less
mutant. The possible quenching mechanisms are discussed.

photosynthesis | light-harvesting | nonphotochemical quenching |
green algae | thylakoid membranes

hotosynthetic organisms get their energy from light and have

developed a series of mechanisms to respond to the changes in
light intensity that occur in their natural environment (1, 2). This is
particularly important in high-light conditions, as the energy
absorbed in excess can induce photodamage, eventually leading to
the death of the organism. Photosynthetic organisms are equipped
with many pigment—protein complexes, most of which in plants and
green algae are members of the light-harvesting complex (Lhc)
multigenic family (3). These complexes maximize light absorption
in low light, but can easily become overexcited in high light (4),
when a large part of the absorbed light cannot be used for charge
separation in the reaction centers of the photosystems. Especially
when the changes in light intensity are very fast, and thus protein
degradation is not an option, photoprotective mechanisms need to
be switched on to avoid the formation of singlet oxygen. The most
rapid response to high light intensity is the dissipation of a large
part of the absorbed energy as heat in a series of processes known
as nonphotochemical quenching (NPQ) (1, 5, 6).

The general idea is that the LHCs can switch between a light-
harvesting conformation, characterized by a long excited-state life-
time, and a quenched (Q) conformation that shows a shorter lifetime
because of the presence of competing de-excitation processes (7).
How this switch is induced and the nature of these de-excitation
processes is a matter of debate. It is known that NPQ is triggered by
low luminal pH, which is a signal for the overexcitation of the
membrane; this activates the quenching processes (5, 8), which in-
volves the proteins PsbS (in plants and mosses) (9, 10) and/or light-
harvesting complex stress related (LHCSR) (in green algae, mosses,
and diatoms) (10-12). The green alga C. reinhardtii has two LHCSR
proteins: LHCSR3, the product of the Lhcsr3.1 and Lhcsr3.2 genes,
and LHCSR1, encoded by the Lhcsrl gene. These two proteins have
82% sequence identity (11) and are expressed in stress conditions
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such as high light (13), but also iron- (14) and sulfur-deficiency (15).
However, their transcription is differently regulated; whereas
LHCSR3 is only expressed on high light stress in photoautotrophic
conditions at ambient CO,, LHCSR1 transcription seems to be
mainly controlled by light (16). LHCSR3 is considered the protein
mainly responsible for NPQ in C. reinhardtii, as a mutant lacking
this protein shows a strong reduction of NPQ (11). LHCSR3 is a
pigment-binding protein able to switch in vitro to a Q confor-
mation at low pH (17) because of the protonation of its C ter-
minus (18). No information is available regarding LHCSRI,
which has not been purified or reconstituted in vitro. In addition
to these proteins, LHCBM1, one of the main components of the
major antenna complex LHCII, has also been shown to be im-
portant for NPQ in C. reinhardtii (19). The role of de-epoxidation
of the carotenoid violaxanthin to zeaxanthin, important for NPQ in
other systems (20, 21), is not clear in C. reinhardtii (22): zeaxanthin
is not required for the activity of LHCSR3 (17), but in its absence,
the levels of NPQ are lower (22).

One of the main obstacles to the complete understanding of
NPQ mechanisms resides in the gap between in vitro and in vivo
studies. On the one hand, the complexity of the thylakoid mem-
brane makes it very difficult to obtain molecular information from
in vivo experiments. On the other hand, a definitive in vitro system
for the study of the quenching is not available. Here we have de-
veloped a “minimal NPQ cell,” in which we study the effect of the
individual NPQ players in the membrane of C. reinhardtii. We show
that the presence of LHCII and a small amount of LHCSR1 is
sufficient for inducing a very fast and reversible pH-dependent
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Fig. 1. Quantification of the LHCSR1 and LHCBM1 proteins in cells before vitamin treatment (Cont) and in LHClI-only and LHCII+LHCSR cells. The apoproteins
overexpressed in E. coli (0.25-5 ng) and in control, LHCII-only, and LHCII+LHCSR1 cells were detected immunologically, using LHCSR1 and LHCBM1 antibodies.
Four dilutions of the apoproteins (the quantities in ng loaded on each well are indicated on the figure) and two replicas for the total protein extracts are
loaded (10 pg for each well). Rpl37 was used as loading control in each blot. In each blot, the samples derive from the same experiment, and gels/blots were

processed in parallel.

quenching. This system represents an excellent model to study the
mechanism of NPQ in cells.

Results

Using a vitamin repressor system, it is possible to completely de-
plete C. reinhardtii cells of photosystem (PS) I and II core compo-
nents under normal and high-light conditions (23-25) (Fig. S14). As
shown previously, at the beginning of the treatment, the cells con-
tain all the components of the photosynthetic apparatus and grow
normally. After vitamin treatment, the photosynthetic apparatus is
degraded, starting with the core complexes of PSI and PSII, and
after 6 d in normal light and 3 in high light, the thylakoid membrane
of these cells contains mainly LHCII (24, 25) (Fig. S1B). The ad-
vantage of these cells compared with PSI- and PSII-less mutants is
that they can grow in light and acclimate to different conditions
even during the first days of the vitamin treatment, allowing the
selective expression of stress-response proteins such as LHCSR. Fig.
1 shows that cells that were grown in normal light conditions do not
contain LHCSR proteins; such cells are designated as LHCII-only.
Note that these cells contain LHCBM1, the LHCII subunit that has
been shown to be important for NPQ in C. reinhardtii (19). In
contrast, expression of LHCSR1 (but not of LHCSR3) was ob-
served in cells exposed to high light. The absence of LHCSR3 is
expected in these conditions, as this protein was shown to be
expressed only in photoautotrophic growth (11). Our data instead
indicate that the expression of LHCSR1 is differently controlled, in
agreement with the data on the transcripts (16). Expression of
LHCSRI increased during the first 24 h of high light, and then
slowly declined (Fig. S1C). After 3 d of high light, the cells con-
tained LHC (mainly LHCIT) and LHCSR1 and are designated as
LHCII+LHCSR1. To determine the relative amount of LHCSRI1
with respect to LHCII, we immunologically quantified LHCII and
LHCSRI, using LHCBM1 and LHCSRI1 apoproteins expressed in
E. coli as references (Fig. 1). The LHCSR1/LHCBM1 ratio was
estimated to be 0.050 + 0.003. Considering that LHCBM]1 is only
one of the major LHCII proteins (26), we can conclude that
LHCSRI represents less than 5% of the proteins in the membrane.

To test the ability of the membranes to respond to pH changes,
we measured the fluorescence of the cells at pH 7.5 and 5.5. The
fluorescence intensity of the LHCII-only cells is the same at the two
pHs (Fig. 24). To ensure that the result is not a result of the ab-
sence of a rapid equilibration of the proton concentration between
the medium and the cells and between the stroma and the lumen of
the thylakoids, we added the protonophore nigericin (27-29). The
presence of nigericin did not affect the results, indicating that
the absence of equilibration of the proton concentration is not the
reason for the absence of quenching (Fig. 24).
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In contrast to the results obtained with the LHCII-only cells, the
LHCII+LHCSRI1 cells showed nearly 50% fluorescence quenching
at pH 5.5 (Fig. 2B) compared with pH 7.5 while the differences in
absorption are negligible (Fig. S2). The very rapid quenching ob-
served indicates a rapid equilibration between the medium and the
cells and within the stroma and the lumen, suggesting that after
vitamin treatment, the membranes are porous. This was confirmed
by the fact that the addition of nigericin did not change the extent of
the quenching. To further exclude the possibility that the observed
quenching is a result of damage of the membrane induced by the
low pH, we checked the reversibility of this process. Fig. 2B shows
that the quenching process is fully reversible when the pH is ad-
justed back to 7.5. In addition, the quenching recovery process can
be repeated many times, showing that the high fluorescence in the
recovery state is not a result of irreversible processes such as pig-
ment loss or damage (Fig. S3).

To check whether the difference in quenching between LHCII-
only and LHCII+LHCSR1 cells was a result of morphological
differences in their thylakoid membrane, electron microscopy was
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Fig. 2. Fluorescence traces of LHCIl-only and LHCII+LHCSR1 cells. (A) LHCII-
only, (B) LHCII+LHCSR1 cells with (red)/without (black) nigericin. The signal was
collected at 680 nm. Nigericin (100 pM) addition and pH changes are indicated
by arrows.
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Fig. 3.

Freeze-fracture electron micrographs of the cells. (A) Control cells.
(B) LHClI-only cells. (C) LHCII+LHCSR1 cells. T, thylakoids.

performed. (Fig. 3). The cells lacking the core complexes showed
short and hyper-layered thylakoids forming small hyperstacked is-
lands, a pattern previously observed in PSI-less mutants (30).
However, the thylakoid organization was the same in LHCII-only
and LHCII+LHCSR1 cells (Fig. 3 B and C), indicating that this is
not the reason for the observed difference in their response to pH.

Zeaxanthin-dependent quenching has been identified as a com-
ponent of NPQ, and in plants has been suggested to enhance the
pH response of the complexes (8). However, Bonente et al. (17)
showed that in C. reinhardtii, zeaxanthin was not necessary for the
activation of LHCSR3, and they suggested that the lower NPQ
observed in some conditions in a mutant without zeaxanthin (22)
could be a result of the binding of this xanthophyll to LHCBM1. We
therefore tested the presence of zeaxanthin in our cells, as well as its
possible involvement with the observed fluorescence quenching. In
the LHCII-only cells, zeaxanthin accounts for ~5% of the total
carotenoids (Fig. 4), but no pH-dependent quenching was observed
in these cells (Fig. 24). The amount of zeaxanthin reaches 20% of
the total carotenoids in the LHCII+LHCSR1 cells that have been
exposed to high light for 3 d, wherein pH-induced quenching is
robust (Fig. 2B). The amount of zeaxanthin remains the same after
4 d of high light treatment (Fig. 4B), whereas LHCSRI is strongly
reduced, as it is degraded faster than LHCBM1, which was still
present in a high amount (Fig. S1). In these cells, the pH-dependent
quenching becomes very small (Fig. 44), indicating that zeaxanthin
is not able to induce a pH response in LHCBMI1 by itself, and
suggesting a correlation between the amount of LHCSR1 and
the quenching.

We next investigated the characteristics of the fluorescence
quenching in LHCII+LHCSR1 cells. Steady-state fluorescence
spectra of unquenched (UQ), Q, and recovered (R) cells were
measured at room temperature (RT) and 77 K (Fig. 5 4 and B).
At RT, in agreement with the fluorescence kinetic results (Fig.
2B), we observed ~50% fluorescence quenching when the pH
was lowered to pH 5.5 (Q) compared with the cells initially at pH
7.5 (UQ). This change was largely reversible when the pH was
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adjusted back to 7.5 (R). The spectral shape did not change during
quenching, suggesting that no major changes in the organization of
the thylakoid membrane are associated with the quenching (Fig. S4).

The 77 K emission spectra of the cells in all three conditions
showed maxima at 680 and 705 nm (Fig. 5B). As shown previously
(25), the 705-nm peak is a result of the presence of a small amount
of LHCA, the antenna complexes of PSI, characterized by red
emission (31, 32), that receive energy from LHCII and/or to LHCII
aggregates, and is thus an indication of the presence of LHC clus-
ters in the membrane. The shape of the emission spectra of the UQ
and Q cells remains similar, again suggesting the pH treatments do
not disturb the local equilibrium/connection of the complexes in the
thylakoid membrane. The intensity of the 680-nm peak relative to
the 705-nm peak is lower in the Q cells, suggesting the 680-nm form
is more Q than the 705-nm form. Please note that only relative
conclusions can be obtained from the 77 K spectra.

To investigate the kinetics of the quenching and its absolute
effect on the different spectral components, we next performed
time-resolved fluorescence measurements on the cells at RT and
77 K in UQ, Q and recovery conditions. At RT, the fluorescence
decay of UQ and R cells can be described with three components
with lifetimes of 90 and 740 ps and 2 ns. The decay-associated
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Fig. 4. Fluorescence kinetic and carotenoid compositions. (A) Fluorescence

trace of 4 d high light (LHClI+zea) cells. The signal was collected at 680 nm.
pH changes are indicated by arrows. (B) Carotenoid composition of the
control (before vitamin treatment), Six days normal light (LHCll-only), 3 d
high light (containing LHCII+LHCSR1+zea), and 4 d high light (containing
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lut, lutein; zea, zeaxanthin; beta, p-carotene. The data derive from three
replicates.

PNAS | July5,2016 | vol. 113 | no.27 | 7675

PLANT BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1605380113/-/DCSupplemental/pnas.201605380SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1605380113/-/DCSupplemental/pnas.201605380SI.pdf?targetid=nameddest=SF4

L T

/

1\

=y

1.0
]
Q
c
]
Q
N
]
=
o
=
w
0.0
14
Loy
=
©
—
o]
Q
c
Q
=}
@
@
S
= 01
= ——290 ps =740 ps ——2.0 ns| 118 ps 530 ps 3.10ns
= =80 ps= =497 ps= =2.3ns =85ps = =393ps= =270ns
++90ps- ++ 740ps- = = 2.0ns| »+» 113ps- - - 520ps- - - 2.89ns|
650 700 750 650 700 750

wavelength (nm)

wavelength (nm)

Fig. 5. Steady-state and time-resolved fluorescence spectra of LHCII+LHCSR1 cells. (A) Steady-state fluorescence at room temperature (B) and at 77 K. (C) Time-
resolved fluorescence at room temperature and (D) at 77 K. For the time-resolved data, DAS, estimated from global analysis, are shown and the corresponding
lifetimes are indicated. The excitation wavelength was 475 nm for all experiments. Fluorescence spectra of UQ, Q, and R were induced and measured on the same cells
at room temperature, but on different cells at 77 K. The 77 K spectra under different conditions were normalized to their respective maximum in B and to their time

0 emissions in D; see streak images in Fig. S5.

spectra (DAS) are shown in Fig. 5C. These three components are
assigned to different LHC populations, where the nature of this
heterogeneity has been presented in our previous work (25). Three
components are necessary for the fit of the decay kinetics in the Q
cells, but they differ in amplitude and lifetime from those of UQ
and R. The quenching mainly affects the longest lifetime compo-
nent, the amplitude of which is reduced by >40% in Q cells
compared with UQ cells. However, the quenching is not limited to
the slowest component: the lifetime of the second component was
reduced from 740 ps in UQ cells to ~500 ps in Q cells, and a small
change in lifetime (from 90 ps in UQ to 80 ps in Q cells) was
observed for the fastest component.

The decay kinetics at 77 K provide detailed spectral information
of the quenching process. These kinetics are also well described by
three lifetime components. The lifetimes and their corresponding
DAS are shown in Fig. 5D. The first DAS with a lifetime of ~100 ps
has a positive peak at 680 nm and a negative one at ~705 nm, in-
dicating downhill excitation energy transfer. The quenching process
affects this component, as upon quenching, the amplitude of the
positive signal increased and that of the negative signal decreased,
and its lifetime was reduced by ~30%. This means that the
quenching is very fast, taking place in the first 100 ps after excitation,
and thereby competing with energy transfer to the red forms.

The DAS of the 500-ps component has a large positive contribu-
tion at ~685 nm and a small dip at ~710 nm. Two processes occur on
this time scale: the depopulation of the 685-nm form, which is re-
sponsible for most of the positive signal, and an excitation energy
transfer process to far-red pigments. The 500-ps component responds
to the quenching process as well: the lifetime becomes shorter, from
530 to 390 ps, and the DAS shows less excitation energy transfer
character in the Q cells. The DAS with a 3- ns lifetime has positive
amplitude with maximum at 710 nm and represents the fluorescence
decay of the red-most pigments, most likely associated with the
LHCA proteins (25). At 77 K, these red pigments receive most of the
energy, acting as energy traps, indicating that they are well connected
to the LHCII. That the amplitude of this component decreases on
quenching is because less energy is funneled to these forms in
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quenching conditions, as the quenching process competes with
energy transfer to these forms. The lifetime of this component
also remains very long in Q cells (2.7 vs. 3.1 ns), showing that
these red pigments are not the quenching sites.

To extract the rate constants of the quenching processes, we per-
formed target analysis on the 77 K measurements, using a sequential
model (see fit in Fig. S6). The results are shown in Fig. 6. The evo-
lution-associated spectra of the three components in UQ and Q cells
are identical, suggesting no changes occur in the LHC organization
(e.g., aggregation) during quenching. Note that the creation of ag-
gregates would result in the appearance of a component around 700
nm (33). The analysis shows that most of the (%uenching occurs in the
680 nm form, with a rate constant of 2.6 ns™ (360 ps).

Discussion

In this work, we have created a minimal cell, lacking both PSI and
PSII, for the study of NPQ in vivo in the green alga C. reinhardtii.
These cells have made it possible to disentangle the role of indi-
vidual NPQ components in the quenching process and to test a
series of hypotheses regarding the mechanism of NPQ.

Based on measurements on isolated complexes, it has been
proposed that the protonation of LHCII at low pH induces a
conformational change of the complex to a Q state (34, 35). We
have recently shown that this is not the case for isolated LHCII in
the absence of aggregation from both plants and C. reinhardtii (18,
26). Our results here show that LHCII in the membrane is not
quenched in response to pH changes, and that the quenching can
also not be induced by the interaction of zeaxanthin with LHCBM1.
The data clearly show that the membrane only acquires the ability
to switch states in response to pH when LHCSR1 is present. Very
little information is available about LHCSR1 of C. reinhardti;,
however, this protein has a very high homology with LHCSR3 that
was previously shown to assume a Q conformation at low pH by
in vitro experiments, with a reduction in its fluorescence yield of
~30% (17, 18). LHCRSI also retains the C-terminal tail that was
shown to be essential in LHCSR3 for sensing the pH (18). Here we
observe a 50% quenching of the fluorescence of a large amount of
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LHCII in the presence of a very small amount of LHCSR1, which
suggests this protein is an excellent quencher.

How is quenching created? The time-resolved data show that
most of the quenching occurs in the 680-nm fluorescence band
(LHCII) in 360 ps. The quenching competes with the energy
transfer from LHCII to the LHCI. The energy transfer from LHCII
to LHCI indicates these complexes are already clustered and well
connected in the UQ membrane. Interestingly, the change in pH
does not influence the spectra of the components, which remain the
same in UQ and Q conditions. This indicates that no (additional)
aggregation is induced in the Q state, as new emission forms would
have been expected if LHCII aggregates were forming (36, 37). The
data thus suggest that the low pH mainly “activates” LHCSRI.

How can this effect on LHCSR1 be extended to LHCII? Two
possible mechanisms can be put forward. In the first, a pH-dependent
conformational change in LHCSR1 induces a conformational change
in LHCIL This can occur via direct protein—protein interactions be-
tween LHCSR1 and the neighboring LHCIIS, or it can be the result
of a “domino effect,” facilitated by the tight packing of the
complexes in the membrane. In the second, LHCSR1 acts as a
local fast trap, receiving the excitation energy from LHCII. The
rate constant of the quenching is ~2.6 ns™ (360 ps of lifetime),
and a LHCII population with a similar lifetime has been pre-
viously observed in vitro (38); alternatively, 360 ps may represent
the time the energy takes to arrive at the trap, where it is
quenched very rapidly. Both mechanisms are plausible options,
although a 360-ps transfer time might seem rather fast (39, 40) if
the quencher is only LHCSR1, as this complex is only present in
small amounts in the membrane.

In conclusion, our data strongly suggest that, as is the case for
LHCSR3, LHCSR1 acts as a pH sensor in the membrane of
C. reinhardtii and induces quenching of LHCII. The presence of
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LHCSRI1 can explain the large NPQ observed recently in the npg4
mutant of C. reinhardtii, which lacks LHCSR3 but still contains
LHCSR1 (41).

Materials and Methods

Strain and Cell Growth. The RR5 strain containing the Nac2 gene fused to the
MetE promoter and Thi4A riboswitch was grown in TAP (Tris-acetate-phosphate)
medium under continuous normal light (60 pmol photons m=2 s~"). Addition of
vitamins B12 and thiamine-HCl for Nac2 repression was carried out as described
earlier (23, 24). Normal-light grown cells were kept under the same light con-
ditions for 6 d after the start of vitamin repression. High-light cells were grown

under 400 pumol photons m=2 s,

Protein Extraction and Immunoblot Analysis. Total protein extraction and im-
munoblot analysis was performed as described earlier (24). Protein extracts were
quantified using a bicinchoninic acid assay (Sigma). All the antibodies used are
from Agrisera, with the exception of Rpl37, which was a gift from Jean-David
Rochaix. The antibody against LhcoM1, LHCSR1, and LHCSR3 of C. reinhardtii is
specific for these proteins, as they are produced using a peptide that is specific
for each protein.

LHCSR1 and LhcbM1 Apoproteins. LHCSR1 was amplified from a <cDNA library
(Stress Ill, Chlamydomonas Resource Center) with the primers 5° AGAGGATCC-
CAGCCCTTCAACCCTACCAA 3’ and 5 ACCATGGGATCCATGGCTATGATGATGCG-
CAAGG 3, using the Q5 polymerase (New England Biolabs) in a reaction
supplemented with 1 M betaine. The PCR product and expression vector petMHis
were digested with BamHI and Xhol, ligated, and transformed into BL21 Escher-
ichia coli for expression (42). LhcbM1 was cloned and expressed as described (26).
The apoproteins were quantified using a bicinchoninic acid assay (Sigma).

Electron Microscopy. Aliquotes of control cultures and cultures treated with vi-
tamin at normal and high light were pelleted and cells resuspended in 6 mL of
cold 20 mM Hepes at pH 7. Next, 1.5 mL of a cold 4% (vol/vol) glutaraldehyde
solution in the same buffer was added dropwise to each, with intermittent
swirling. After 30 min on ice, the fixed samples were washed twice with cold
buffer and shipped on ice by express mail to the Deep Etch EM Facility (www.
heuserlab.wustl.edu/services/index.shtml) of the Department of Cell Biology and
Physiology, Washington University School of Medicine, where they were im-
mediately snap-frozen at liquid-helium temperature, as described in ref. 43.

Room- and Low-Temperature (77 K) Fluorescence Measurement. Room- and low-
temperature (77 K) fluorescence emission spectra were recorded by a FluoroMax
spectroluorometer (HORIBA Jobin-Yvon). The pH was decreased/increased by the
addition of acetate/KOH buffer to the 2-mL cell culture in a cuvette. The excitation
wavelength was 475 nm, and emission was detected in the 650-780-nm range.
Excitation and emission slit widths were set to 3/3 nm. All RT fluorescence spectra
were measured in 10-by-10-mm quartz cuvettes with magnetic stirring, using
samples of OD 0.05 (Qy band intensity), and 77 K emission was measured with 10
times more concentrated samples in Pasteur pipettes with ~1 mm diameter, which
was kept in a home-built liquid nitrogen-cooled device during the measurement.

Pigment Composition. The pigment composition was analyzed by fitting spectra
of 80% acetone extracted cells with the spectra of the individual pigments, and
HPLC was performed as described previously (44). The average of at least three
independent measurements was used.

Time-Resolved Fluorescence. Time-resolved fluorescence measurement were
performed with a (sub) picoseconds streak-camera setup (details in refs. 45 and
46), which combines a femtosecond laser source (Coherent Vitesse Duo + a
regenerative amplifier Coherent RegA 9000+ an optical parametric amplifier
Coherent OPA 9400) with a streak camera detecting system (C5680). The
repetition rate was set to 50 kHz, and the OPA output set to 475 nm for ex-
citation. The laser power was adjusted to 15 pW, and the laser beam was
focused to a spot with diameter ~50 pm in the sample. Fluorescence emission
was collected at right angles by a spectrograph (Chromex 2501S, 50 groves/mm
ruling, blaze wavelength 600 nm, spectral width 260 nm), with central
wavelength set at 720 nm. Scattered excitation light was removed with an
optical long-pass filter. A 2-ns time window was used, and a high signal-to-
noise ratio was achieved by averaging 15 single images, each obtained after
analog integration of six exposures of 10 s. Images were corrected for back-
ground and shading and then sliced into traces of ~2.6 nm width.

Cells were directly measured in a 10-by-10-mm quartz cuvette at room tem-
perature or in Pasteur pipettes of ~1 mm diameter at 77 K. Care was taken to
minimize the path length (<1 mm) to allow measurements on high-concentration
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samples (OD750 nm = 3, mainly scattering) without significant self-absorption. A
laser intensity-dependent study confirmed the absence of singlet-singlet annihila-
tion for both temperatures, and strong magnetic stirring (~25 Hz) was applied to
the sample to avoid singlet-triplet (S-T) annihilation at room temperature. To make
sure the S-T annihilation was also absent in the 77 K measurements, a lower pulse
energy and a lower laser repetition rate ~10 kHz were tested separately, and no
visible changes of the kinetics were observed, which means the measurement is
either S-T annihilation-free or saturated at a lower pulse energy/repetition rate; our
conclusions are not affected by either possibility.

Global and Target Analysis. Data obtained with the streak-camera setup were
globally analyzed with the R package TIMP-based Glotaran (47). The data were
first fitted as a sum of exponential decays convolved with an instrument
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response function, and the amplitudes of each decay component as a function
of wavelength are called DAS. After the DAS was calculated with global
analysis, target analysis was performed so that the direct quenching site and
quenching rate could be visualized in a straightforward way, based on a
compartmental model. See details of the methodology of both global and
target analysis and their applications in ref. 48, and more details about the
fitting results in Fig. S6.
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