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ABSTRACT: Photosynthetic organisms have found various smart ways to cope with -
unexpected changes in light conditions. In many cyanobacteria, the lethal effects of a

sudden increase in light intensity are mitigated mainly by the interaction between sk 9!‘ s&
phycobilisomes (PBs) and the orange carotenoid protein (OCP). The latter senses high

light intensities by means of photoactivation and triggers thermal energy dissipation from
the PBs. Due to the brightness of their emission, PBs can be characterized at the level of ‘
individual complexes. Here, energy dissipation from individual PBs was reversibly A

switched on and off using only light and OCP. We reveal the presence of quasistable

intermediate states during the binding and unbinding of OCP to PB, with a spectroscopic signature indicative of transient
decoupling of some of the PB rods during docking of OCP. Real-time control of emission from individual PBs has the potential
to contribute to the development of new super-resolution imaging techniques.

he orange carotenoid protein (OCP), phycobilisomes OCP senses the conditions in which photoprotective energy
(PBs), and the fluorescence recovery protein (FRP) are dissipation is required and, in response, forms an active, red
the key players in the major photoprotective mechanism in form, known as OCP-.'*"*' Under low light intensity
cyanobacteria." By means of molecular mechanisms involving conditions, OCP remains in an inactive conformation,
these complexes, the transfer of excitation energy from PBs, the characterized by an orange color, and is therefore called

OCP°. Only OCP" binds to PB"** and induces excitation
energy quenching, ie., it switches PB’s light harvesting
functionality off."*

WT-OCP (OCP from wild-type Synechocystis PCC 6803)
does not detach from PB spontaneously, and the energy in PB
is quenched as long as an OCP is bound, i.e., as long as FRP
does not detach OCP from the PB.”**° When the light
intensity decreases, the activity of FRP is signified by the
recovery of fluorescence from PB, indicating that PB is switched
on again.23

FRP is not required for the recovery when the positively
charged argininelSS in OCP is replaced by an uncharged
bulk allophycocyanin (APC) and the terminal emitters residue, like leucine.'” While R155L-OCP induces energy
(TEs).”" The TEs funnel excitations to the RCs.'’ Regulation quenching similarly to WT-OCP, it does not form a stable

light harvesting complexes of many strains of cyanobacteria, to
the photosynthetic reaction centers (RCs) is tightly regu-
lated.”” These regulatory mechanisms are crucial to sustain the
photosynthetic activity despite rapidly fluctuating light
conditions.* In particular, when the amount of solar energy
absorbed by a PB exceeds the capacity of the RCs, the
production of potentially lethal reactive oxygen species in RCs
is mitigated by thermal energy dissipation from PB.’

In a low light intensity scenario, PBs transfer excitation
energy to the RCs. Usually, the absorbed energy flows from six
distal phycocyanin (PC) rods to the central core containing

of the excitation energy flow takes place predominantly in the complex with PB."” Thanks to its decreased binding affinity to
PB core, either in APC or TE, emitting at ~660 and ~680 nm, PBs, R1SSL-OCP is an ideal candidate to study the reversibility
respectively. of energy quenching in the absence of FRP.

Besides the regulatory mechanisms present in cyanobacteria The emission dynamics observed through the lens of SMS
occupying extreme conditions,'""'” recent single-molecule provide valuable insight into the fundamental properties of PBs.
spectroscopy (SMS) studies on PBs revealed an intrinsic, While these dynamics usually have a stochastic character and
light-induced energy-dissipative channel that can be activated in
any part of PB but with the highest probability at the level of Received: March 12, 2018
the TEs."” In contrast, the major OCP-related photoprotective Accepted:  April 24, 2018
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mechanism leads to energy quenching at the level of APC. Published: April 24, 2018
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can be controlled only to a limited extent, e.g,, by alterations in
the rate of excitation,"> here we present a signature of a
controlled interaction between two physiological partners, OCP
and PB, revealing biologically relevant phenomena hidden in
ensemble measurements.

OCP quenches the excitation energy in PBs upon
illumination both in vivo and when isolated in solution. As
long as our SMS measurement took place in the dark, i.e., using
a laser beam to excite PBs but without any external
illumination, we detected an average of 7—8 fluorescing
complexes per 10 ym X 10 pm region, a number that was
independent of the presence of WT-OCP (Figure S1).
However, in the presence of WT-OCP and upon short external
illumination with a blue light-emitting diode (LED), the
average number of clearly visible, strongly fluorescing PB
complexes per detection area irreversibly dropped to 0.7 PBs
(Figure S1). Moreover, the number of visible, strongly
fluorescing complexes did not decrease when immobilized
PBs were illuminated with the same blue LED but in the
absence of OCP (Figure S2). We can therefore safely conclude
that the observed drop in the number of strongly fluorescing
complexes in the presence of WI-OCP and upon illumination
was due to the formation of stable, quenched OCP-PB
complexes.1 In this experiment, illumination triggered OCP
photoactivation, leading to the formation of OCP', which
bound to the immobilized PB complexes and induced energy
dissipation.

In order to investigate the dynamics and molecular
characteristics of OCP-induced energy quenching at the level
of an individual complex, one PB at a time was excited with a
laser beam for a prolonged time of 3 min. Due to the presence
of OCP, illumination with the external blue LED triggered
energy quenching in the PBs. Figure 1A,B shows two typical
examples of PB fluorescence emission traces in the presence of
activated WT-OCP, where the decrease in fluorescence
intensity was clearly correlated with the external blue LED
illumination. The decrease in fluorescence intensity occurred in
parallel with shortening of the fluorescence lifetimes, indicating
that quenching was caused by energy dissipation and not by
pigment bleaching or detachment of a subunit."> The switch
into the fully quenched state corresponded to ~90% shortening
of the average fluorescence lifetime (down to 0.16 + 0.02 ns,
vide infra). Once the fluorescence was fully quenched, it
remained at a relatively constant level and did not recover
throughout the measurement, indicating that WT-OCP
remained bound to the PB.

Occasionally, a sudden, large increase in the fluorescence
lifetime and a small or negligible change in fluorescence
intensity were observed, signifying photodegradation of an
OCP-PB complex (Figure S3)."> Despite that, the average
survival time before photodegradation of the OCP-induced
quenched PB complexes was 110 s. Under similar experimental
conditions and at a comparable excitation power, the survival
time of PBs in the absence of OCP was 23 s."> The nearly 5-
fold increase in the survival time in the presence of OCP points
to a new possible role of OCP in photoprotection. Apparently,
apart from shielding photosynthetic RCs from overexcitation
under intensive illumination, OCP also protects and stabilizes
the integrity of PBs while in the quenched state. This stabilizing
role of OCP may be of particular importance for the emerging
in vitro technological applications of OCP.”’

Under our experimental conditions, a quenched state lasting
longer than a few seconds was observed only rarely, regardless
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Figure 1. Excitation energy in individual PBs can be quenched using
only WT-OCP and light. Representative traces of binned fluorescence
counts (black), resolved intensity levels (red), and associated
fluorescence lifetimes (blue). The correlated drop in fluorescence
intensity and shortening of lifetimes upon 20 s illumination with a blue
LED light (cyan bar on top) are caused by accumulation of OCP" and
subsequent binding to PB, inducing irreversible quenching of energy.
The LED light increased the detected counts. While in (a) quenching
is induced after LED illumination, in (b) quenching is induced during
the illumination. The delay time between the start of illumination and
quenching depends on diffusion of OCP" to the PB and is stochastic.
Complexes in (a) and (b) remained intact and in a quenched state
until the end of the measurement of 180 s. The average dwell time in
the fully quenched states from 21 individually measured complexes,
characterized by fluorescence lifetimes of <0.3 ns, was 68 s (SE = 11
s), where “dwell time” denotes the duration of a constant fluorescence
intensity level. Laser irradiance of ~0.86 W/ cm? at 594 nm was used.
Fluorescence lifetimes were fitted for intensity bins of 500 photons or
more.

of whether the PBs were in the absence or presence of OCP°
(Figure S4). Analysis of the quenched states observed in the
presence of photoactivated WT-OCP" makes it clear that long-
lived quenched states, characterized by an average dwell time of
68 s, are highly unlikely to be observed if the dynamics were
purely light-induced, i.e., without OCP. For example, for PB
not quenched by OCP, the probability of finding a quenched
state lasting between 30 and 120 s is, on average, only 0.4%,
while this probability is at least 21% for PB quenched by WT-
OCP when using the same excitation rate per complex (Figure
S4). The low probability of finding long-lasting quenched states
in PB in the absence of OCP, together with correlation between
blue LED illumination and the induction of fluorescence
quenching in the large majority of measured cases, confirms
that the quenched states discussed in this study are related to
the activity of OCP. In our experimental setting, OCP"
accumulated due to LED illumination and freely diffused
until it eventually bound to PB, inducing a nonemissive state.

DOI: 10.1021/acs.jpclett.80b00767
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Remarkably, induction of a nonemissive state is not a one-
step process. Fluorescence spectra, collected concomitantly
with the fluorescence lifetimes and intensities, revealed the
presence of intermediate states preceding the fully quenched
states (Figure 2). The emission in the intermediate states was
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Figure 2. Emission spectra of unquenched, intermediate, and fully
quenched states. Measured fluorescence spectra (thin lines) and fits
(thick lines) of the unquenched (black) and intermediate (blue) states.
Intermediate states occurred between unquenched and fully quenched
states. The measured spectra were deconvoluted with two skewed
Gaussians with peak positions at 667.7 + 0.3 (black dotted) and 720.2
+ 4.6 nm (gray dotted) for the unquenched state, and at 652.4 + 2.0
(blue dashed) and 743.4 + 5.8 nm (red dashed) for the intermediate
states. The red band in the intermediate state spectrum was broad,
characterized by a full width at half-maximum (fwhm) of 105 + 7 nm.
Intermediate states are considered those states directly preceding fully
quenched states, the latter having fluorescence lifetimes shorter than
0.3 ns. The spectrum of the quenched state (green) was fitted with a
skewed Gaussian peaking at 658.5 + 2.0 nm. The number of spectra,
each collected for 1 s, over which each spectrum was averaged is
denoted by n. In all cases a measured baseline was subtracted from the
spectra.

partly quenched and had excessively broad fluorescence spectra
featuring a major peak at 652.4 + 2.0 nm, on average, further
blue-shifted than the average spectral maximum of the fully
quenched state at 658.5 & 2.0 nm. Intuitively, such a large blue
shift of an intermediate emission state suggests decreased
connectivity between the rods and the core in PBs. Indeed, our
modeling confirms that the connectivity should be drastically
less; the large spectral shift of the intermediate states can be
explained when 2 of the 6 rods, on average, are transiently
uncoupled from the PB core or if the average energy-transfer
rate between the core and the rods is 20 times lower, or a
combination of these two possibilities, such as one rod being
fully decoupled and the remaining five having decreased
connectivity with the core (Figure 3 and Supporting
Modeling). In contrast, the fully quenched states are well-
described by the same compartmental kinetic model but with
no changes in the rod—core connectivity, ie., the intercom-
partmental kinetic energy-transfer rates for intact PB complexes
in refs 13 and 15 were used. The average degree of fluorescence
quenching (@) and extent of the blue shift (A4,,,) of the
measured spectra are presented as two single points in Figure 3,
one for the intermediate state (open circle) and one for the
fully quenched state (filled circle), and can be compared
directly with the modeled relationship between ®q and A4,
for different types of decreased connectivity between the rods
and the core. We conclude from Figure 3 that the docking of
OCP on PB has a significant but transient impact on the
structure of PB.
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Figure 3. Docking of OCP" decreases connectivity between the rods
and the core of PB. Calculated shift in the fluorescence spectral peak
position of PB (AA,,) for all possible degrees of fluorescence
quenching (®g) induced by OCP" for different types of decreased
interaction between the rods and core of PB. Continuous lines
represent models whereby the indicated number of rods were
completely disconnected from the core (ie., the energy-transfer rate
to and from those rods was 0). Gray dashed lines represent models
where all the rods remained connected to the core but the energy-
transfer rates to and from the rods were all decreased by a factor of 10
or 20. The four-compartmental kinetic model for PB detailed in ref 13.
was used and the 660 nm emitting component of the core was
considered to be the site of OCP-induced quenching. Average
parameters of the measured fully quenched states (filled symbols) and
intermediate states (open symbols) of WT-OCP—PB (circles) and
R1SSL-OCP—PB (triangles) are shown. Peak positions were obtained
from Figures 2 and S, considering only the blue spectral bands
obtained from the fits. For the fully quenched states, @ was calculated
from 1 — /7y, where 7; and 7y are the lifetimes of the quenched state
and the preceding fully unquenched state, respectively. For the
intermediate states, @, was calculated similarly but using an intensity
ratio instead of a lifetime ratio, considering the blue spectral band of
the intermediate states. Error bars denote standard deviations obtained
from the fits. For more information, see Supporting Modeling.

Interestingly, the emission spectrum of the intermediate state
displays also a clear additional band with a maximum near 745
nm (Figure 2). This broad and strongly red shifted band most
likely originates from an OCP-induced charge-transfer (CT)
state in one of the phycobilins of PB.”*** The CT state could
be either induced by the interaction between (1) the phycobilin
and the carotenoid of OCP, (2) the phycobilin and amino acid
residues of OCP, (3) OCP and the amino acid residues of PB,
which in turn interact with the phycobilin, or (4) a combination
of these three scenarios.

The emission spectra of the unquenched and fully quenched
states with average fluorescence peak positions at 669.9 and
658.5 nm, respectively, resemble the bulk spectra reported
previously,' as well as the single-molecule spectra of
unquenched states."” The red band present in the spectrum
of the intermediate state is no longer visible in the fully
quenched state. The large blue shift upon OCP-induced
quenching is larger than any other spectral shift observed for
the light-induced dynamics."”

The OCP-related energy quenching mechanism is switched
off when cells are no longer exposed to high light intensity. The
process of fluorescence recovery usually depends on FRP. Use
of R155L-OCP in this study to induce energy quenching at the
level of individual PBs allowed us to observe and investigate the
recovery of fluorescence at the level of individual PBs, in the
absence of FRP. When illuminating PB with blue light in the
presence of R155L-OCP, the PB fluorescence intensity was

DOI: 10.1021/acs.jpclett.80b00767
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observed to decrease and the fluorescence lifetimes were found
to shorten by 90% (down to 0.15 + 0.01 ns, vide infra),
similarly as in the presence of WT-OCP. However, in contrast
to WT-OCP, in this case, the fluorescence recovered from the
quenched state (Figure 4A,B). The concomitant increase in the
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Figure 4. R155L-OCP induces reversible energy quenching of
individual PBs. Two representative traces of binned fluorescence
counts (black), resolved intensity levels (red), and associated
fluorescence lifetimes (blue). Upon illumination (cyan bar on top)
fluorescence quenching was induced. The PB in (a) remained
quenched for ~120 s before the emission recovered. The complex
in (b) initially entered the quenched state for ~80 s and recovered
briefly via a short intermediate state. After 120 s, the fluorescence of
PB was quenched again and remained quenched until the end of
measurement. Complexes in (a) and (b) stayed intact during the
entire measurement of 180 s. An irradiance of ~1.5 W/cm? was used
to excite the PBs at 594 nm. Fluorescence lifetimes were fitted for
intensity levels consisting of >500 photons.

florescence intensity and lifetime signifies the detachment of
R1SSL-OCP from PB. A similar recovery of fluorescence after
energy quenching induced by RISSL-OCP was previously
observed in bulk measurements,'” where it was directly related
to the detachment of OCP from the complex.

Fluorescence emission spectra of PB before and after R1SSL-
OCP-induced quenching were nearly indistinguishable (Figure
SA), confirming that interaction with OCP does not induce any
permanent (ie., preserved after the detachment of OCP)
changes in the PB structure and spectral properties. Moreover,
intermediate states with a clear, broad, red-shifted band were
also observed in the presence of R155L-OCP, both for
fluorescence quenching and recovery, suggesting that OCP
docking and undocking mechanisms are involved in the
induction of energy quenching and in recovery from the
quenched state, respectively (Figure SB).

Modeling of the relationship between ®q and Al
indicates that the connectivity between the core and rods is
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Figure 5. Interaction between OCP and PB does not introduce
permanent changes in the PBs. Thin lines denote normalized
fluorescence spectra and thick lines fitted double skewed Gaussians.
(a) The difference between the spectrum of the unquenched states
before (black) and after (magenta) quenching is negligible. (b) The
difference between the spectra of the quenched (green) and
intermediate (blue) states is mainly in the red part of the spectra.
The blue band of the intermediate state’s spectrum peaks at 657.5 +
2.7 nm while that of the fully quenched state peaks at 658.6 + 3.0 nm.
The number of single-molecule spectra over which averaging was done
is denoted by n. In all cases a measured baseline was subtracted from
the spectra.

again significantly reduced when RISSL-OCP—PB is in an
intermediate state compared to its quenched and unquenched
states (Figure 3). In fact, the experimental data point of the
average intermediate state (open triangle) agrees well with a
model where an average of two rods are transiently uncoupled,
similarly to WT-OCP—PB, or where the energy-transfer rates
between the core and all of the rods are on average 10—20
times slower than those for the quenched and unquenched
states.

The fluorescence lifetime distribution obtained from all
quenched states was investigated more closely. Quenched
states, either photoactivated, available intrinsically for PBs in
the absence of OCP, or induced by WT-OCP or R155L-OCP,
revealed some interesting mechanistic insights into the OCP-
induced mechanism (Figure 6). The OCP-induced quenched
states are characterized by shorter fluorescence lifetimes than
those that were light-induced and intrinsic for PB in the
absence of OCP. Shorter fluorescence lifetimes mean that when
OCP" is bound to a PB more energy is dissipated than in the
quenched states that are intrinsically available for PBs, per given
time. The average fluorescence lifetime of 0.16 ns of PB in the
OCP-induced quenched state corresponds remarkably well with
the lifetime of 0.157 ns obtained in a previous bulk in vitro
time-resolved fluorescence study, where a quenching rate of
30.3 ns™! was calculated.” It was shown that this quenching

DOI: 10.1021/acs.jpclett.80b00767
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Figure 6. Without OCP, PBs do not enter fully quenched states.
Distributions of fluorescence lifetimes shorter than 0.5 ns, weighted by
their corresponding dwell times, for PB (green), induced by WT-OCP
(red) and induced by R1SSL-OCP (blue). First, a Gaussian was fitted
to the distribution for PB (green), and subsequently two Gaussians
were fitted to the distributions of the OCP-induced quenched states.
The lifetimes related to the activity of OCP were disentangled from
the lifetimes of quenched states accessible by PBs in the absence of
OCP by constraining the peak position and fwhm of the second
Gaussian (green) to be the same as that of PB (top). Peak positions of
these fits at 0.35 + 0.03 (green), 0.16 + 0.02 (red) and 0.15 + 0.01 ns
(blue) were taken as the average fluorescence lifetimes. The total dwell
time considered is denoted by t.

rate strongly competes with excitation energy transfer to the
photosystems (rate of 15.9 ns™'),"* in particular, to Photo-
system II (rate of 50 ns™'),’" allowing OCP to provide
photoprotection to photosynthetic RCs.

By combining isolated PBs, OCP, and illumination, we were
able to control the fluorescence emission from individual PB
complexes. A biological system, composed of an engineered
OCP—PB hybrid, using light for precise and reversible
molecular control of the activation or deactivation of emitters
is a promising candidate to contribute to the development of
novel super-resolution imaging techniques where the emission
from the fluorophores could be switched on and off.

We managed to control the interaction between OCP and
individual PBs—two physiological partners—and revealed
hidden molecular details of the crucial, photoprotective
mechanism of cyanobacteria. Binding of OCP involves
temporary rearrangements in the structure of PB, leading to
decreased energy transfer from some of the rods to the core.
Importantly, in the fully quenched state, the connectivity is
regained and the whole complex, containing all of the rods, is in
an energy-dissipating, quenched state. OCP in a complex with a
PB stabilizes the latter and conserves its light harvesting
functionality over prolonged periods of time.

The spectra of intermediate states suggest additionally that
OCP induces directly or indirectly CT states in a phycobilin in
PB. The involvement of these states in quenching needs to be
further explored.

Thanks to R1SSL-OCP, we observed the complete cycle of
the OCP-related mechanism, involving quenching and recovery
from the quenched state, at the level of a single PB complex.
Recovery of fluorescence after quenching shows that OCP-
induced quenching is completely reversible and that the
spectroscopic properties of PB are the same before and after
quenching.

The interactions revealed in this study at the level of single
molecules not only provide important insights into the dynamic
molecular mechanisms in the photosynthetic apparatus of
cyanobacteria but also constitute a new class of molecular
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fluorescence markers in which emission can be manually
controlled at the single-complex level.

B EXPERIMENTAL METHODS

Sample Preparation. PBs were isolated in 0.8 M K-phosphate,
pH 7.5 buffer from WT Synechocystis PCC 6803, as described
previously." Introduction of the point mutation in the OCP
encoding gene was described elsewhere.”” WT-OCP and
R155L-OCP were isolated from Syenchocystis PCC 6803
AcrtR™ and the RISSL-AcrtR' mutant, respectively, as
described elsewhere.'® All samples were stored in darkness at
—80 °C and thawed directly before measurement.

Experimental Conditions and Procedures. The PBs were
prepared for the SMS measurement as described previously.'?
Briefly, PBs diluted with 0.8 M K-phosphate, pH 7.5 buffer to
~S pmol were immobilized on a poly-L-lysine-treated micro-
scope glass and rinsed three times with the same buffer to
remove unbound complexes.'® Thereafter, OCP was added to a
final concentration of 2.1 ymol. The OCP initially saturated the
surface of the coverslip, and the remaining fraction was freely
diffusing. In order to induce photoconversion of OCP, the
surface of the coverslip glass was illuminated for 20 s with 240
pmol of blue photons s™' m™> emitted by a 475 nm LED. PBs
were excited using an irradiance of ~0.86 W/cm® at 594 nm,
unless stated differently. The same objective was used to focus
the excitation beam and collect the emitted fluorescence.
Fluorescence intensity, lifetimes, and spectra were measured
simultaneously after dividing the fluorescence beam by a 50/50
beam splitter, as described elsewhere.'® Blue light was removed
from the beam by a combination of the three optical filters
KC13, OC12, and XC18 (Utrex Cryostats, Estland).

In order to create the images shown in Figures S1 and S2, a
window of 10 gm X 10 um was raster-scanned by the laser
beam with a dwell time of 3 ms per pixel.

All measurements were performed in the presence of oxygen
and at room temperature.

Data Analysis. Analysis of fluorescence intensity was
performed using a home-written MatLAB (Mathworks) script
based on the intensity change point algorithm described in ref
32, and the fluorescence lifetimes were fitted using code
obtained from and described in ref 33. For intensity levels
consisting of more than 500 photons, fluorescence lifetimes
were resolved by fitting a monoexponential convolved with the
measured IRF of the single-photon avalanche photodiode.
Kinetic modeling was performed in Wolfram Mathematica.
Analyzed data was visualized using Origin 9.1.
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