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ApcE plays an important role in light-induced excitation energy
dissipation in the Synechocystis PCC6803 phycobilisomes
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Abstract

Phycobilisomes (PBs) play an important role in cyanobacterial photosynthesis. They capture light and transfer excitation
energy to the photosynthetic reaction centres. PBs are also central to some photoprotective and photoregulatory mechanisms
that help sustain photosynthesis under non-optimal conditions. Amongst the mechanisms involved in excitation energy
dissipation that are activated in response to excessive illumination is a recently discovered light-induced mechanism that
is intrinsic to PBs and has been the least studied. Here, we used single-molecule spectroscopy and developed robust data
analysis methods to explore the role of a terminal emitter subunit, ApcE, in this intrinsic, light-induced mechanism. We
isolated the PBs from WT Synechocystis PCC 6803 as well as from the ApcE-C190S mutant of this strain and compared
the dynamics of their fluorescence emission. PBs isolated from the mutant (i.e., ApcE-C190S-PBs), despite not binding
some of the red-shifted pigments in the complex, showed similar global emission dynamics to WT-PBs. However, a detailed
analysis of dynamics in the core revealed that the ApcE-C190S-PBs are less likely than WT-PBs to enter quenched states
under illumination but still fully capable of doing so. This result points to an important but not exclusive role of the ApcE
pigments in the light-induced intrinsic excitation energy dissipation mechanism in PBs.

Keywords Single-Molecule Spectroscopy - Phycobilisomes - Excitation Energy Transfer - Thermal Energy Dissipation -
Photoregulation

Introduction

Cyanobacteria and some algae use phycobilisomes (PBs)
as their major photosynthetic light-harvesting complexes
(LHCs), transferring excitation energy to the reaction centres
(RCs). PBs are water-soluble, multi-subunit pigment-protein
complexes adherent to the cytoplasmic (stromal) surface of
thylakoid membranes (Glazer 1984). While their general
architecture can differ depending on the specific organism
or conditions, all types of PBs bind numerous linear tetrapy-
rrole pigments (Zhao et al. 2012). PBs are all composed
of multiple pigment-protein subunits and (mostly) non-pig-
mented linker proteins (de Marsac and Cohen-bazire 1977)
that work as a scaffold and tune the optical properties of the
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pigmented subunits (Adir 2005). Pigment-protein subunits
of PBs are organised as heterodimers — often referred to as
“monomers” — that, in turn, form trimers and hexamers.

In the hemi-discoidal structure of Synechocystis
PCC6803 (hereafter, Synechocystis) PBs, the tri-cylindri-
cal core is surrounded by, on average, six rods (Arteni
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et al. 2009). Each rod is formed by two to three phycocya-
nin (PC) hexamers and a number of colour-less linker pro-
teins that define the order of hexamers and tune the proper-
ties of the pigments. Each PC hexamer is composed of 12
polypeptides covalently binding 18 phycocyanobilin pig-
ments (Yu et al. 1981; Duerring et al. 1991). Typically, a
PC hexamer from Synechocystis absorbs light at ~ 620 nm
and emits at~ 650 nm, although red-shifted emission
from PC was also reported (Gwizdala et al. 2018b). Rods
are attached to the core via the rod-core linker proteins
(Yamanaka et al. 1980; Lundell et al. 1981).

The primary building block of the core is the
allophycocyanin (APC) trimer composed of three ApcA
and three ApcB subunits—six polypeptides covalently
binding six phycocyanobilin pigments (Zilinskas 1982;
Lundell and Glazer 1983a, b). Four APC trimers and
two small core linker proteins (ApcC) form the upper
cylinder of the core (distal from the thylakoid membrane).
With absorption at~ 650 nm and emission at~ 660 nm,
APC trimers receive excitation energy from the PC
rods and transfer it to the bottom cylinders of the core,
which, in addition to ApcAs, ApcBs and ApcCs, also
contain specialised subunits—ApcD, ApcE and ApcF—
collectively referred to as terminal emitters (TEs) (Lundell
and Glazer 1983a, b). While ApcD and ApcE replace
single ApcA subunits in two adjacent APC trimers in
the bottom cylinders, ApcF replaces an ApcB subunit
in the trimer containing ApcE. A structural model of
Synechocystis’ PBs (Liu et al. 2021), based on chemical
cross-linking studies and cryo-electron microscopy
structures of red algae PBs (Zhang et al. 2017; Ma et al.
2020), as well as the recent structures of cyanobacterial
phycobilisomes (Zheng et al. 2021; Dominguez-Martin
et al. 2022), revealed that in Synechocystis, ApcE and
ApcF do not form a heterodimer (“monomer”), as
suggested previously (Lundell and Glazer 1983b), but
instead belong to two neighbouring heterodimers. Thus,
according to this model, their pigments are separated by
the shortest distance between any phycocyanobilins in
Synechocystis’ PBs (20,6 A) (Liu et al. 2021).

The optical properties of the TEs seem to differ across
cyanobacterial strains, as evidenced by different optical
properties of PBs isolated from different mutants and
deprived of one or more TEs (e.g., ApcD or ApcF) (Maxson
et al. 1989; Gindt et al. 1992, 1994; Ashby and Mullineaux
1999; Jallet et al. 2012). Moreover, the specific functions and
roles in energy transfer of different TEs were also recently
shown to vary across the strains (Calzadilla et al. 2019).
However, there seems to be a consensus that in all strains,
ApcE is a red-shifted component of PB with emission
at~ 680 nm and is responsible for transferring excitation
energy to the photosynthetic RCs.
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While the mutants missing genes encoding for the
ApcD or ApcF still constitute functional PBs, with ApcA
or ApcB replacing these missing subunits, respectively
(Gindt et al. 1994; Ashby and Mullineaux 1999; Jallet
et al. 2012), the lack of ApcE prevents the formation of a
PB complex (Shen et al. 1993). Apart from its pigmented
domain that resembles ApcA, ApcE also contains 1) a few
linker domains that serve as a scaffold for other APC trim-
ers in the core, and 2) a loop responsible for anchoring
PBs to the thylakoid membranes (Capuano et al. 1991,
1993; Ajlani and Vernotte 1998; Dominguez-Martin et al.
2022). Without the linker domains of ApcE, the PB com-
plex is not formed. However, the phycocyanobilin pigment
of ApcE can be removed from PB through site-directed
mutagenesis, i.e., a substitution of cysteine 190 (cova-
lently binding the phycocyanobilin pigment to the pro-
tein matrix; numbering as in Synechocystis) with another
amino acid residue (Fig. 1) (Gindt et al. 1994; Jallet et al.
2012). Thus, it is possible to deplete the PBs of the exci-
tation energy transfer functions of ApcE but to preserve
its structure. Mutants in which cysteine 190 was replaced
with a serine in ApcE were previously constructed in
Synechococcus PCC 7002 (Gindt et al. 1994) or Synecho-
cystis (Jallet et al. 2012), and their PBs (ApcE-C190S-
PBs) were characterised. For both mutant strains, the bulk
fluorescence emission spectra of ApcE-C190S-PBs were

ApcE-C190S-PB

Fig. 1 Structural model of the PB of Synechocystis, in which the rods
surround the central core (inset in the upper left corner). The upper
cylinder of the PB core is shown in pink, while the bottom cylinders
are in orange. The TE subunits in one of the bottom APC cylinders
in WT-PB and in ApcE-C190S-PB are shown in the upper and lower
circles, respectively. The protein matrix is shown as a semi-transpar-
ent surface and the phycocyanobilin pigments are shown as sticks or,
for the TE pigments, as spheres. TE subunits are ApcD (green), ApcF
(blue), and ApcE (red). In WT-PBs, all TE subunits bind pigments.
In ApcE-C190S-PB, cysteine 190 was replaced by a serine and ApcE
does not covalently bind a pigment. Structures were obtained from
the structural model of (Liu et al. 2021) and redrawn in PyMol 1.6
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blue-shifted when compared to the WT-PBs (Gindt et al.
1994; Jallet et al. 2012). Thus, while only 2 phycocyanobi-
lin pigments are missing in the ApcE-C190S-PBs (leaving
a total of up to 394 pigments vs 396 pigments in Synecho-
cystis’ WT-PB) (Fig. 1), the emission from the pigments
in ApcE is, indeed, red-shifted in comparison to other
pigments in APCs, and ApcE is one of the TEs receiving
excitation energy from the other pigments in the complex
(Shen et al. 1993; Gindt et al. 1994; Jallet et al. 2012; van
Stokkum et al. 2018). Interestingly, when ApcE-C190S-
PBs are isolated in darkness, the pigment binding site of
ApcE is still occupied by a phycocyanobilin pigment that
is non-covalently bound, emits further to the red, and is
photounstable (Gindt et al. 1992, 1994; Jallet et al. 2012;
Miao et al. 2016). Upon short pre-illumination of the iso-
lated ApcE-C190S-PBs, the pigment is no longer visible
spectroscopically, and this change is irreversible—i.e., the
pigment is likely photobleached or leaves the site (Jallet
et al. 2012). Such behaviour was only observed in the case
of pigments in reengineered PBs.

Single-molecule spectroscopy (SMS) is a powerful
tool to study molecular processes taking place in PBs and
their subunits (Loos et al. 2004; Goldsmith and Moerner
2010; Long et al. 2015; Wang and Moerner 2015; Squires
and Moerner 2017; Gwizdala et al. 2018b, a; Squires
et al. 2019; Moya et al. 2022), as well as in other LHCs
(for recent reviews see: (Kondo et al. 2017; Gruber et al.
2018)). Our previous SMS studies on isolated PBs revealed
a molecular mechanism governing excitation energy flow
in PBs that could be rapidly activated in cells exposed
to excessive illumination (Gwizdala et al. 2016). This
mechanism is intrinsic for PBs (i.e., it does not require the
Orange Carotenoid Protein (Kay Holt and Krogmann 1981;
Kerfeld et al. 2003, 2017; Wilson et al. 2006; Bao et al.
2017; Gwizdala et al. 2018a; Kirilovsky 2020; Dominguez-
Martin et al. 2022)) and involves light-induced switching of
pigments between different emissive states. Each pigment in
the isolated complex can either be in a bright state, which
signifies that an excited state lasts long enough to decay by
means of fluorescence emission (representing an effective
light-harvesting state in vivo), or in a dark state (Goldsmith
and Moerner 2010; Wang and Moerner 2015), in which
the excited-state lifetime is shortened by energy quenching
(vide infra for the mechanistic explanation of dark states). A
single pigment in a dark state in PB can lead to a significant
decrease in the emission intensity and a shortening of
the fluorescence lifetime of the whole complex (Kriiger
et al. 2019). Since the excitation energy transfer in PBs is
diffusion-limited, a pigment in a dark state does not instantly
quench all the excitation energy in the complex, and, as a

result, some emission from the complex still takes place.
Thus, a complex with a single pigment in a dark state may be
considered to be in a “dim” state. The probability of entering
such a dim state increases with increasing excitation light
intensity (Gwizdala et al. 2016).

Although all pigments of PBs are capable of entering
a dark state, energy quenching in an intact PB complex
predominantly occurs in the pigments of the core (APC or
TEs) (Gwizdala et al. 2016). It remains to be established
whether it is solely because an excitation is most likely
to be found in these red-shifted compartments of PBs
or whether subunits of the core have specific structural
arrangements that make their pigments more likely to act
as energy quenchers. When a pigment in the core enters a
dark state, the fluorescence intensity drastically decreases,
the fluorescence lifetime is proportionally shortened, and the
emission is blue-shifted. However, if a pigment belonging
to a higher-energy compartment of PB, e.g., a PC rod,
assumes a dark state, the fluorescence intensity decrease,
lifetime shortening, and blue-shifts are less pronounced (i.e.,
a smaller fraction of excitation energy in the PB complex is
quenched), yielding the so-called intermediate quenching
states (Gwizdala et al. 2016). Already earlier studies
showed that the properties of PBs and their subunits can be
explored using SMS and that the subunits of PBs display
dynamic behaviour, even though PBs photobleach easily
(Loos et al. 2004; Goldsmith and Moerner 2010). Various
physicochemical mechanisms were suggested to explain
these dynamics (Wang and Moerner 2015; Navotnaya et al.
2022); however, a recent Stark spectroscopy study coupled
with SMS studies showed that energy quenching in PBs
involves light-induced dark states with a charge transfer
character (Kriiger et al. 2019; Wahadoszamen et al. 2020).
Thus, it was proposed that the underpinning mechanism
behind the dynamics of PBs emission is related to charge-
transfer states.

In this work, we investigate whether ApcE in the core
of PBs is a significant player in the rapid light-induced
excitation energy quenching mechanism. While our previous
studies showed that the core is the most probable site of
quenching (Gwizdala et al. 2016; Kriiger et al. 2019), at
that time, we were unable to point at the specific subunits
of the core where the quenching is most likely to take
place. Here, we addressed this limitation by exploring the
properties of individual ApcE-C190S-PBs from a mutant
of Synechocystis (Jallet et al. 2012) using SMS and a two-
state analysis (Kriiger et al. 2011b, a; Valkunas et al. 2012;
Schorner et al. 2015; Assefa et al. 2021) and comparing them
with the PBs isolated from WT Synechocystis (WT-PBs).
This study also builds on previous investigations of ApcE-
C190S-PBs involving bulk methods (Gindt et al. 1992, 1994,
Jallet et al. 2012). The sensitivity of SMS allowed us to
identify differences between complexes that differ only by
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two pigments out of nearly 400. Our study of ApcE-C190S-
PBs enhances the understanding of the involvement of
different components of PB in the excitation energy flow
and regulation in these complexes, which is critical for the
success of photosynthesis under fluctuating environmental
conditions.

Results and discussion
Light-induced PB dynamics

The fluorescence counts from individual WT-PBs and
ApcE-C190S-PBs were recorded over a period of tens of
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Fig.2 Examples of the dynamic switching of fluorescence intensity
and lifetimes, and their correlations for A and B ApcE-C190S-PB and
C and D WT-PB at 2448 and 2480 mW cm™2 illumination, respec-
tively. A and (C fluorescence intensity traces (grey) with intensity
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seconds using an SMS setup (Fig. 2A and C). For both types
of PBs, these measurements revealed significant dynamics in
fluorescence intensity and corresponding fluorescence life-
times. Under continuous excitation, the complexes switched
between bright states, characterised by a high number of
counts and long fluorescence lifetimes (~ 1,6 ns), and dim-
mer states of emission, in which the number of counts was
decreased and the fluorescence lifetimes were shortened.
We will refer to the most strongly quenched states as “dim
states” and those corresponding to weaker quenching as
“intermediate states”. As shown previously, energy quench-
ing and dimmer emission states from a PB complex can be
explained by a single pigment entering a light-induced dark
state and serving as a quencher for the complex (Kriiger
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et al. 2019). The correlation between fluorescence intensity
and lifetime of all the emission states (Fig. 2B and D) and
the reversibility of the switches between states with different
intensities signify that excitation energy quenching in the
complexes is responsible for the appearance of the dimmer
states (Gwizdala et al. 2016). The lack of two phycocyanobi-
lin pigments in the ApcE subunits of ApcE-C190S-PBs did
not change the capacity of these complexes to enter dimmer
states and dissipate energy, as judged from a visual inspec-
tion of the intensity-lifetime traces.

To compare the fluorescence lifetimes with intensity
(Fig. 3), we first pre-screened the datasets to include in the
analysis only the complexes that were representative of
intact or nearly intact PBs that did not undergo irrevers-
ible photodamage during the measurement (see details of
pre-screening in the Methods section, and Table S1). The
pre-screening ensured that we only considered complexes
characterised by a similar absorption cross-section (i.e.,
similar number of pigments per complex), which allowed
us to maintain a constant excitation rate across the selected
complexes. These criteria ensure that the conclusions drawn
from these experiments are reflective of the properties of
PBs as they are in the cells. However, in a previous study,
we showed that pre-screening alone does not always remove
data from incomplete or photodamaged PBs from the data-
set, nor does it correct any setup-related errors such as drift
in the excitation beam focus, direction, or intensity, or slight
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differences in setup alignment between measurement days
(Assefa et al. 2021). Thus, in addition to the pre-screen-
ing, we also introduced normalisation of the fluorescence
intensity to avoid artificial broadening of the intensity dis-
tribution to smaller intensity values (compare Fig. 3 with
Fig. S1). Without such normalisation, the broadening of
the intensity—lifetime distributions may lead to an incorrect
interpretation, such as the appearance of a new type of state
characterised by low fluorescence intensity and long fluo-
rescence lifetime.

The correlation between normalised fluorescence
intensity and fluorescence lifetimes for the pre-screened
complexes showed that both ApcE-C190S-PBs and
WT-PBs typically switched between a bright state and a
quasi-continuum of dimmer states (Fig. 3A and B). For a
range of excitation light intensities (Fig S2 and S3 for ApcE-
C190S-PBs and WT-PBs), the bright state is characterised
by average fluorescence lifetimes of 1,65+0,01 ns and
1,55+ 0,02 ns for WT-PBs and ApcE-C190S-PBs,
respectively. The shorter lifetime of ApcE-C190S-PB in its
bright state could be explained by the ApcE subunit having
a longer fluorescence lifetime than the other subunits as
hesitantly suggested by (Long et al. 2015). However, this
longer lifetime of ApcE remains to be confirmed.

The quasi-continuum of intermediately quenched and
dim states suggests that energy quenching can occur in
any part of the complex. Deeply quenched (dim) states in
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Fig. 3A and B (i.e., those signified by the shortest fluores-
cence lifetimes and the lowest intensity) are most likely
related to quenching in the low-energy compartments of
PBs, i.e., the core, because the majority of excitations are
affected by quenching in the core (Gwizdala et al. 2016;
Kriiger et al. 2019). The intermediate states, on the other
hand, are likely due to quenching in the distal, high-energy
parts of the PBs (e.g., PC rods), because when quenching
takes place in one of the rods, excitation energy transfer
from the other rods to the core is unaffected (van Stok-
kum et al. 2018). Thus, the distinction between the deeply
quenched, dim states, and intermediate states derives from
and is related to the hand-like structure of hemi-discoidal
PBs and the unidirectionality of energy transfer in these
complexes. An alternative explanation for the intermedi-
ate states could be related to various quenching strengths
of pigments in the dark states. However, a previous study
on APC trimers indicated the presence of only one type
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of dark state in these complexes (Wang and Moerner
2015). A comparison of the intensity state distribution for
ApcE-C190S-PBs and WT-PBs in Fig. 3A and B does not
reveal any significant differences between the two types
of complexes as their global structure and number of pig-
ments remain similar. We have previously shown that the
magnitude of switching between different emission states
in WT-PBs changes with the excitation light intensity
(Gwizdala et al. 2016). A similar response to illumination
was observed for ApcE-C190S-PBs. With increasing exci-
tation rate—within the range 423 x 10° — 4423 x 10° and
294 % 10 - 4458 x 10° photons absorbed per complex per
second for ApcE-C190S-PBs and WT-PBs, respectively—
the complexes switched more frequently between differ-
ent states as shown in representative examples in Fig. 4
for ApcE-C190S-PBs and Fig. S4 for WT-PB. It is worth
pointing out that even at the highest excitation rate used in
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this study, the probability of singlet—singlet annihilation
was 9,3 x 10 and thus negligible.

Multistep model quantification of PBs dynamics

Since the complexes switched between a large number of
different intensity states, we first used a multistep analysis
model to sample the global fluorescence intensity dynamics
of the complexes, the same approach that was used in an
earlier study (Gwizdala et al. 2016). In this approach, every
statistically significant change in the fluorescence intensity
between two consecutive intensity levels counts as an inten-
sity switch. The switch can be to a lower intensity, i.e., from
a relatively unquenched to a more quenched state (U — Q),
or a higher intensity level, i.e., from a relatively quenched to
a more unquenched state (Q — U). Such a multistep analysis
includes all the emission dynamics and does not discriminate
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Fig.5 Switching rates following a multistate model for A ApcE-
C190S-PBs and B WT-PBs, and C the ratio of the two switching
rates for both types of complexes for ApcE-C190S-PB (green stars)
and WT-PB (black triangles). In A and B, switches from quenched to
unquenched states (Q — U) are shown as red circles and switches in

between dim, intermediate, or strongly emissive (bright)
states. Thus, in a multistep analysis, energy quenching in any
part of the complex is considered. Applying this approach
to the time-resolved SMS data of ApcE-C190S-PBs and
WT-PBs allowed us to quantify the switching rates between
different states (Fig. 5) and to obtain a global picture of
the intensity dynamics. For both types of PBs, the switch-
ing rates in both directions (k;_,, and k_, ) increased with
an increasing excitation rate. More importantly, the ratio of
the two rates, k;,_,o/ ko_, > increased with enhanced illumi-
nation for both ApcE-C190S-PBs and WT-PBs (Fig. 5C),
signifying that both complexes respond to enhanced illu-
mination by shifting their dynamic intensity equilibrium
towards quenched states, the essence of the intrinsic light-
induced quenching mechanism (Gwizdala et al. 2016). In
other words, with increasing light intensity, the switching
rates towards the quenched states (k;,_,,) grow faster than
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logarithmic functions derived from Gwizdala et al. 2016 (red lines).
Fits in C serve to guide the eye. Error bars denote standard errors
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the switching rates towards the unquenched states (kQHU)
and, on average, the complexes dissipate a larger fraction
of excitations. Since the switching rate ratios of WT-PBs
and ApcE-C190S-PBs are mostly similar within the error
margins (Fig. 5C), the removal of the two pigments from the
ApcE subunits of ApcE-C190S-PBs had a negligible effect
on the overall free energy landscape of the complex. This
result is not unexpected since the two types of complexes in
this study should have similar overall structures and differ
by only two phycocyanobilin pigments (out of 396) and each
intensity decrease likely corresponds to quenching at the
level of a single pigment (Kriiger et al. 2019).

Two-state model analysis of PB dynamics

An alternative, equally simple but complementary approach
to the switching analysis involves a two-state model that
highlights the processes taking place exclusively in the PBs
core as opposed to the multistep model describing the global
dynamics of complexes (Assefa et al. 2021). Due to a large
number of pigments in PBs — each capable of becoming a
quencher when excited — the distribution of states in PBs
seems quasi-continuous (e.g., Fig. 3). However, by assuming
a coarse structural model of a PB — composed of the rods
and the core — and knowing that the strongest quenching
takes place in the core (Gwizdala et al. 2016), the two-
state model gives access to the emission dynamics of the
core. It is worth noting that a two-state model was similarly
used to focus on large intensity changes attributed to the
terminal-emitter chlorophyll a cluster in the main plant light-
harvesting complex LHCII (Kriiger et al. 2012).

By considering that at a given time, a complex can either
be in a bright or a dim state separated by a threshold, a
two-state analysis only accounts for switches across the
threshold, i.e., those involving energy quenching in the
PBs core. Energy quenching in the rods is not expected in
this analysis model because a switch from a bright to an
intermediate state typically does not involve crossing the
threshold. Here, the threshold positions were determined as a
saddle point between the Gaussians fitted to the fluorescence
lifetime distributions (Fig. S5 and S6 and Table S2) and had
average values of 1,23 +0,10 ns and 1,29 + 0,07 ns for the
ApcE-C190S-PBs and WT-PBs, respectively (standard error
as uncertainty). These Gaussians compare well with the
distributions of the bright (unquenched) and dim (quenched)
states resolved from a three-state Gaussian mixture model
(Fig. S7) and highlight again that large-intensity changes
correspond to switches between these bright and dim states.
It is worth noticing that for a given type of PB there are
no significant differences in the peak position of fitted
Gaussians across different excitations (Table S2 and Fig.
S8) and the threshold positions also remain significantly
unchanged (Table S2), justifying our fitting procedure. We
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have previously demonstrated that the threshold position has
little impact on the two-state analysis, especially for stable
samples (Assefa et al. 2021), further justifying the complex
preselection procedure used in this study to only analyse
intact complexes.

The general trend in the two-state analysis is similar to
the multistate model and shows that the switching rates
ky_o and ky_,;; both increase with an enhanced excitation
rate (Fig. 6A and B), indicating that with increasing light
intensity, the PB cores become more dynamic. Importantly,
the ratio k;_, o /ky_ revealed a striking difference between
WT-PBs and ApcE-C190S-PBs (Fig. 6C). While the gen-
eral trends are again similar, i.e., the ratio of switching rates
increases with the excitation intensity, the values for ApcE-
C190S-PBs are significantly lower than for WT-PBs across
the range of investigated light intensities. Thus, ApcE-
C190S-PBs respond less to illumination than WT-PBs. This
difference is significant, considering that it results from the
effect of the removal of only two out of almost 400 pigments.
It demonstrates that the pigments of ApcE play an important
role in light-induced energy dissipation in PBs. While the
lack of pigments in ApcE hinders the response of the PB
core to light it does not completely block it, confirming that
other subunits of the core also play a role in light-induced
energy dissipation.

Spectral analysis

Maintaining the threshold from the two-state analysis,
we next compared the fluorescence emission spectra of
ApcE-C190S-PBs and WT-PBs in bright and dim states
with the bulk spectrum (Fig. 7). The bulk fluorescence
emission spectra of ApcE-C190S-PBs are blue-shifted by
6,9 nm compared to WT-PBs due to the missing pigment
of the red-shifted ApcE subunit, in agreement with previ-
ous reports (Jallet et al. 2012). For each type of PB in this
study, the fluorescence emission spectra of complexes in
dim states were blue-shifted from the bulk spectrum, while
the spectra of complexes in bright states were somewhat
red-shifted (Fig. 7). In addition, the ApcE-C190S-PBs
were capable of entering reversible far-red emission states,
similar to the states described previously for WT-PBs (Fig
S9) (Gwizdala et al. 2016; Kriiger et al. 2019; Wahadosza-
men et al. 2020). These observations demonstrate that the
bulk spectra constitute averages over the complexes’ full
spectral heterogeneity that is accessible through SMS, i.e.,
at any given moment, the bulk contains subpopulations of
complexes in bright states, dim states, and far-red emis-
sion states, respectively. Moreover, the average spectra of
all individually measured ApcE-C190S-PBs in bright or
dim states were blue-shifted in comparison to the respec-
tive WT-PBs average spectra. The far-red states indicate
that the physicochemical origins of energy quenching are
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Fig.6 Switching rates following a two-state model for A ApcE-
C190S-PBs and B WT-PBs, and C the ratio of the switching rates
ratios for both types of complexes for ApcE-C190S-PB (green stars)
and WT-PB (black triangles). In A and B, switches from quenched to

the same in ApcE-C190S-PBs and WT-PBs and involve
charge-transfer states (Kriiger et al. 2019; Wahadoszamen
et al. 2020). Since the complexes were briefly illuminated
during the raster scan before the onset of the spectral
measurements, we did not observe the spectroscopic signa-
tures of the non-covalently ApcE-bound phycocyanobilin
pigment in ApcE-C190S-PBs. Like for ensemble measure-
ments, these signatures would irreversibly disappear upon
initial illumination (Jallet et al. 2012), which, in the case
of the SMS experiments occurred before data collection.

Importantly, the average single-molecule spectra for both
types of PBs investigated in this study overlap well with
the bulk spectra (Fig S10). Their peak positions as well as
the full-width half maxima are nearly identical (Table S3),

unquenched states (Q — U) are shown as red circles and switches in
the opposite direction (U— Q) as blue squares. Regression fits were
performed as described for Fig. 5. Error bars denote standard errors

indicating that the single-molecule conditions used in this
study did not noticeably impact the complexes.

Conclusions

While it is impossible to study PBs deprived of their
ApcE subunits, it was possible to use SMS to explore the
properties of ApcE-C190S-PB complexes depleted of
the ApcE pigments. Despite the crucial role of ApcE in
excitation energy transfer to the RCs, the lack of its pigment
did not introduce significant global spectroscopic changes
in isolated PBs other than a blue shift in their emission
spectra and a slight shortening of fluorescence lifetime.
However, a two-state intensity data analysis model, which
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Fig.7 Emission spectra of PBs in unquenched (red) and strongly
quenched (blue) states (according to the two-state model analysis)
compared with the bulk (black) spectra of A ApcE-C190S-PBs and B

provides information about the emission dynamics in the PB
core, clearly demonstrated that in the case when the ApcE
pigments are not involved in excitation energy transfer,
PBs are less capable of entering states in which excitation
energy is dissipated, thus potentially affecting their ability to
switch into a photoprotective state. We conclude that ApcE
is not only responsible for feeding photosynthetic RCs with
excitations captured by the PBs, but also plays an important
role in the regulation of light-induced excitation energy flow
in PBs.

Methods
Sample preparation

The WT-PB and C190S-ApcE-PB were isolated from WT
Synechocystis PCC6803 and from a mutant (Jallet et al.
2012) as described in (Gwizdala et al. 2011). Samples were
thawed 30 min before the measurement and diluted ~ 10°
times with 0,8 M K-phosphate buffer at pH 7,5 directly
before the measurement.

SMS measurements

SMS measurements were performed at room temperature
in the presence of air following the protocols described in
(Gwizdala et al. 2016), but using a different custom-built
SMS setup, described previously in (Kyeyune et al. 2019).
The setup was modified to measure fluorescence emis-
sion from PBs (see the spectra of the optical filters given
in Fig. S11) according to (Gwizdala et al. 2016). Briefly,
pulsed 594 nm laser light (Fianium Supercontinuum laser
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WT-PBs. Grey dashed line shows the peak position of the bulk spec-
tra. All spectra were collected using the same optical setup

(SC400-4-PP)) excited the PBs immobilized on poly-L-
lysine (PLL)-coated coverslips. The same objective (Nikon,
1.45 NA, oil immersion) was used for excitation and emis-
sion. Fluorescence passed through a dichroic beam split-
ter (605dcxt, Chroma Technology Corp.) and fluorescence
filters (600LPF, Edmund optics, and KC-13, OU Maico
Metrics) before being projected onto the detectors. Using
a non-polarising beam splitter, 70% of the fluorescence
was directed onto a single-photon avalanche photodiode
(Micro Photon Devices PD-050-CTE or Excelitas SPCM-
AQR-16) coupled to a time-correlated single-photon count-
ing (TCSPC; SPC-134, Becker & Hickl GmbH) unit used
to register time-tagged time-correlated photons, which were
subsequently used to construct fluorescence intensity traces
and corresponding lifetime histograms. Fluorescence emis-
sion spectra (30% of the fluorescence) were collected with
an Electron Multiplying Charge-Coupled Device (EMCCD;
Andor iXon3) camera after dispersing the light by a dif-
fraction grating (Thorlabs, GR25-0608, 600 grooves/mm,
750 nm blaze). All measurements were performed at room
temperature and in the presence of oxygen. Bulk spectra
were collected using the same SMS setup.

Data pre-selection

A modified pre-selection procedure from (Gwizdala et al.
2016) was used in this study. Briefly, all intensity traces were
first fitted with intensity levels using a home-written script
employing the change-point algorithm of (Watkins and Yang
2005). For levels binning over 500 photons, the fluorescence
lifetimes were resolved using a home-written script adapting
the method described in (Smith et al. 2017). Fluorescence
lifetime-intensity correlations were then established for
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each complex individually and the distribution of the slopes
of these correlations — as indicators of the relative size of
the complexes — was fitted with a Gaussian function. Only
complexes whose slope was within 2 standard deviations
from the average and whose maximal fluorescence lifetimes
were between 1,5 and 2 ns were included. To eliminate
setup-related variations in fluorescence intensity or any
possible variations related to sample orientation on the
microscope cover glass, the intensity level values were
proportionally normalised to 100% for the level of highest
counts for each pre-selected complex as in (Assefa et al.
2021).

Data analysis

The threshold position in the two-state analysis was
established as the local minimum between two Gaussians
fitted to the distribution of fluorescence lifetimes. For these
fits, initially, half-Gaussians were fitted to the outer edges
of the distributions and then mirroring second halves were
added to complete both Gaussians. The threshold was then
used to divide states assumed by the complexes as bright,
“unquenched” states (characterised by lifetimes longer
than or equal to the threshold value) and dim, “quenched”
states (with lifetimes shorter than the threshold value). The
multistate analysis was performed as in (Gwizdala et al.
2016) and the switching rates k;,_, and k,_,, were defined
as follows:

_NU=- 0

. _N(Q - U)
vme ™ 2Ty

ST

where N is the total number of resolved switches in a given
direction, and 7 denotes the total dwell time in unquenched
(ty) or quenched states (TQ).

Fluorescence lifetimes were resolved for all intensity
levels binning over 500 photons, by deconvolving the
fluorescence lifetime distribution histogram with a
monoexponential function and the measured instrument
response function (IRF) of the setup (Fig. S12). The IRF
was measured by using back-scattered light at 665 nm that
passed through all optical components of the setup.

Fluorescence emission spectra were fitted with Gaussians
as described previously (Gwizdala et al. 2016). Error bars
shown in the figures are standard errors. The analysis was
performed using in-house written Python, Matlab, or Origin
9.1 codes and isualised using PyMol 1.6 and Origin 9.1.

andky_,
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