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Chapter 1

Introduction

1.1 Imaging living matter

Living matter provides a variety of challenges to the chemist. Cells contain a very large
number (more than 10°) of chemical components whose concentrations vary from 1072
mol.L.™! (for DNA) to 107! mol.L ™! (for ions such as Na™, KT or C17) and which exhibit
a well-defined heterogeneous spatial distribution. Dynamics are observed at various time
scales and do not always reach a steady state. For example, the membrane polarization
occurs within a few milliseconds, the dynamics of the metabolites happens at the second
time scale, and the actions of transcriptome and proteome occur from minutes to hours.
As a consequence, interrogating living cells requires sensitive imaging of a large number
of components in real time.

A crucial issue is to image one or several targeted components of the cell without
interference from the other components. It is therefore necessary that the target exhibits
a specific signature. However, the elemental composition and functional groups of the cell
components are essentially the same. An exogenous chemical construct with a specific
signature can be introduced by genetic encoding to label a targeted components.! The
properties of the label can therefore be harnessed to improve selective imaging.

Due to high sensitivity of fluorescence, fluorescent labels and in particular fluores-
cent proteins (FPs) have been widely developed. Light is used to probe and measure
the amount of label. Micromolar concentrations of bright fluorophores can be currently
detected with a time acquisition of 0.01 s. The present level of performance is not suffi-
cient to analyze the dynamic behavior of low abundance biomolecules (e.g. mRNA and
transcription factors) and needs to be improved. In any case, a balance has to be found

between sensitivity and temporal resolution.



The heterogeneity of living matter causes differential absorption and light scattering.
Moreover the fluorescence emission of the labels may be polluted by light emission from
endogenous cell compounds of the cells, a phenomenon known as autofluorescence.® Hence
overcoming autofluorescence is a challenge for the design of imaging protocols.

Multiplexed fluorescence imaging, which allows simultaneous visualization of a large

number of different labels, is currently limited not by labeling but by label discrimination.

1.2 Spectral discrimination

In the usual spectral-based approach, the discrimination of fluorescent labels relies on the

choice of absorption and emission wavelengths.%

1.2.1 Fluorophores of all colors

Myriads of organic fluorophores are used in biological applications.” Their small size
makes it possible to label biomolecules without disturbing their biological function. Their
versatility is harnessed to meet the specific conditions imposed by biology. As shown
in Fig. 1.1, common fluorophores such as fluoresceins, rhodamines, 4,4-difluoro-4-bora-
3a,da-diaza-s-indacene (BODIPY dyes), and cyanines exhibit favorable features: high
molar absorption coefficients (25,000—250,000 M~'cm™!), moderate-to-high fluorescence
quantum yields over a large wavelength range, and often limited photobleaching (irre-
versible loss of fluorescence).®1°

The discovery of the green fluorescent protein (GFP) has revolutionized the field of flu-
orophores for bioimaging. Thirty years after its discovery in the jellyfish Aequorea Victoria
2 the first cloning of the GFP gene!? and its successful expression in both prokaryotic
and eukaryotic cells'® have opened unprecedented opportunities for selectively labeling
proteins and visualizing their role in dynamic cellular processes in living systems in real
time, e.g. protein expression, localization, translocations, interactions, and degradation.'*
A major effort has been undertaken to engineer brighter fluorescent proteins and to ex-
tend their chromatic palette.!® As shown in Fig. 1.2, it has resulted in a wide palette of

fluorescent proteins absorbing and emitting from the UV to the near Infra-Red.'6 24

1.2.2 Multicolor fluorescence imaging

Despite the developments of organic fluorophores, the width of the absorption and emis-

sion bands intrinsically limits the number of discriminatable labels using spectral dis-
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Figure 1.1: Diagram of typical organic fluorescent dyes in the space of maximum emission
wavelength and brightness. The color of the chemical formula indicates its wavelength of

maximum emission. For clarity, only the fluorophoric moiety of some molecules is shown.
Adapted from Lavis et al.’
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Figure 1.2: Illustration of the maximum absorption wavelength for some of chromophores
of FPs covering the whole visible spectrum. Adapted from Dean et al.?®

crimination. An illustration can be found in Fig. 1.3 which displays the distribution in

the visible range of four fluorescence emission spectra with a width at half height of 100



nm. Even with a rich hardware of light sources and optical devices, no more than four

fluorescent labels can be distinguished without spectral deconvolution.?

normalized intensity

500 620 740
emission wavelength (nm)

Figure 1.3: Schematic fluorescence emission spectra of four fluorophores with wavelengths
of maximal emission spanning the entire visible spectrum. The width at half-height of
the spectra is 100 nm.

To exceed this limit, one possibility is to process the fluorescence signal. The two main
algorithms of image processing are linear unmixing and spectral phasor analysis.

In linear unmixing, the reference spectra of the fluorophores are first collected. The
signal detected in each spectral channel is considered as a linear combination of the
contributing fluorophores.? The number of detection spectral channels should be at least
equal to the number n of fluorophores contained in the sample.?” The concentration of
each fluorophore is obtained by solving a linear system of at least n equations with n
unknowns. In the case where more than n spectral channels have been analyzed, the
conditions of compatibility between the additional equations lead to an estimate of the
accuracy of concentration determination.

The spectral phasor analysis exploits the fundamental frequency of the Fourier trans-
form of the fluorescence spectra.?®2 For each pixel, the real and imaginary parts of the
Fourier transform at the fundamental frequency are used as coordinates in a scatter plot.
Discrimination occurs in a 2-dimensional space, without necessitating reference spectra
nor numerical procedures.?® Yet these two data processing methods generate a significant

loss of temporal resolution and sensitivity.3°

1.3 Dynamic contrast

Spectral parameters are not the only features of fluorescent labels which can be used
for discrimination purposes. The strength of dynamic contrast is to exploit the kinetic

properties of fluorophores in order to distinguish them.3!



1.3.1 Simple absorption/emission photocycle
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Figure 1.4: Jablonski diagram. Possible transitions between the electronic states of a flu-
orophore. A fluorophore in the fundamental singlet state Sy absorbs light (hv) and yields
the first excited singlet state S;. The state S; may relax into Sy, by either nonradiative
internal conversion (IC) or fluorescence emission (fl), or yields the first excited triplet
state T} by inter-system crossing (ISC). The state 7} relax into the fundamental state
So by phosphorescence emission (ph). Various reaction pathways can be further initiated
from S; and 77 as suggested by the big open arrows.

Fluorescence emission involves an absorption/fluorescence emission photocycle whose
dynamics can be harnessed for discrimination purposes as shown in Fig. 1.4. A fluorophore
in the fundamental state Sy can absorb light with the rate constant kp, up to 10'° s!
and reach the first singlet excited state S;. The relaxation of S; towards Sy occurs either
nonradiatively or by fluorescence emission, the two associated rate constants kic and kg
being in the 107-10* s~! range. The triplet state T} is reached from S; with a rate
constant kisc spanning the 10%-10'° s=! range. Among other pathways 7T} relaxes by
phosphorescence emission, with the rate constant kyy, in the 1-10° s7* range.

Depending on a variety of factors, e.g. temperature, viscosity, pH, solvent polarity, and
the presence of fluorescence quenchers, the fluorescence lifetime of common fluorophores
ranges from hundreds of picoseconds (e.g. for cyanines) to hundreds of nanoseconds (e.g.
for pyrenes) and is generally anticorrelated with the quantum yield of fluorescence.?
The fluorescent proteins exhibit similar fluorescence lifetimes ranging from 1 to 4 ns.
In the purpose of expanding the range of fluorescence lifetimes, long-lived luminophores
have been developed, e.g. lanthanide-based luminescent probes,** azadioxatriangulenium
(ADOTA) fluorophores,>:36 Ag clusters.?” Eventually quantum dots often exhibit longer
fluorescence lifetimes than organic fluorophores, e.g. 10-100 ns for CdSe nanocrystals

protected with a ZnS shell.?8



The lifetime 1/(kic + ka) of the excited state S; has been exploited to distinguish
fluorophores in Fluorescence Lifetime Imaging Microscopy (FLIM).3%4% However the nar-
row lifetime dispersion, spanning one order of magnitude in the nanosecond range, of the
bright fluorophores currently used in fluorescence bioimaging has necessitated complex

data processing methods.?% 4!

1.3.2 Rich reaction photocycles

Photochemical systems

a b

‘one d SEY

Figure 1.5: Four families of photochemical systems used or potentially exploitable in imag-
ing protocols based on dynamic contrast. a: Reversibly photoswitchable FRET system.
Under illumination the donor fluorophore (green disk) is quenched by the photochromic
acceptor (black disk). b: Photoactivation from a dark state (black disk) to a fluorescent
state (green disk) and then a bleached state (gray disk). c¢: Photoconversion from a
fluorescent (green disk) to a red-shifted fluorescent state (red disk) and then a bleached
state (gray disk). d: Reversibly photoswitchable fluorophore reversibly switched between
a fluorescent state (green disk) and a dark state (black disk).

The dynamics of fluorophores can be even very rich, leading to various characteristic
times spanning various orders of magnitude (from ns to s). The excited states, singlet Sy
and triplet T}, may be the first steps in complex reaction pathways, involving fluorescent
and non fluorescent states and often photochemical steps.*> The many possible reaction
pathways induced by light are illustrated by four families of photochemical systems as

shown in Figure 1.5:%2

a If two fluorophores are close enough and if the emission wavelength of one fluo-
rophore matches the absorption wavelength of the other one, a Forster resonance

energy transfer (FRET) happens. The fluorescence of the donor fluorophore is

quenched by the photochromic acceptor which in turn may become fluorescent.*?

FRET systems have been used in imaging protocols based on dynamic contrast.445

b In the photoactivatable fluorophores, an illumination irreversibly transforms a dark,

i.e. non fluorescent, state into a fluorescent state which in turn is bleached, i.e.

irreversibly loses fluorescence.*6



¢ The photoconvertible fluorophores are irreversibly photoconverted from a fluorescent
state to a red-shifted fluorescent state. Photoconvertible fluorophores end in a dark

bleached state.*”

d Reversibly photoswitchable fluorophores (RSFs) exhibit switches between states of
different brightnesses when illuminated at one or two wavelengths.*®°° A same fluo-
rescent label can generate cycles of fluorescence emission under periodic illumination

without significant loss of the fluorescence signal.

Reversibly photoswitchable fluorescent proteins (RSFPs) combine the benefits of
the fluorescent proteins (FPs) and the RSFs.?%5! Dronpa has been the first discov-
ered RSFP in 2004.52 The 28 kDa Dronpa is made of an 11-stranded beta-barrel
surrounding the p-hydroxybenzylidene imidazolinone chromophore.?® As shown in
Fig. 1.6A, at neutral pH, the absorption spectrum of Dronpa exhibits a major peak
at 503 nm, which is associated with the anionic deprotonated state of the chro-
mophore.?>5 At lower pH, this peak is converted into a peak at 388 nm, which is
associated with the protonated state of the chromophore.?®?* Illumination at 490
nm followed by illumination at 400 nm induces the same transformations in Dronpa
as a decrease of pH followed by an increase, as evidenced by the evolution shown in

Fig. 1.6B of the absorption spectrum.

As displayed in Figs. 1.6C,D the emission spectrum of Dronpa displays a predom-
inant peak at 515 nm.** As shown in Fig. 1.6E, the protonated state of Dronpa is
bright and the deprotonated state is dark, which makes Dronpa a negative photo-
switcher. The recovery of the bright state can be either spontaneous, (i.e. thermally-
driven), with a half time of 14 h in the dark at room temperature, or light-driven
under illumination at 388 nm.?? Dronpa exhibits a low bright-to-dark photoswitch-
ing quantum yield (3.2 107%) and a relatively high dark-to-bright photoswitching
quantum yield (3.7 1071).52 Several fast-photoswitching mutants of Dronpa have
been reported such as Dronpa-2,°> Dronpa-3,°° and rsFastLime.?” Moreover, posi-
tive photoswitchers such as Padron have been introduced.’” In this case the most

stable state is not fluorescent.

RSFPs have been successfully employed by different imaging protocols based on

dynamic contrast.’® 63



A A ::Cg'g'm 011.0 g «~— 0min,6min
H =o 3min
o y :\\\gg @ 0.4 —/Gmin
804 _\ : 3 0. i
c 7.0 c 9min
8 . ﬂa.s = _/wzmin
5 ; 6.0 5 2 | —/WSmim
202 | 5.5 802 20min
o | ‘—\5.0 g \/ —/30 .
< 45 , min
0 W A—4.0 0 et 4 ,://40mim
T 1 T T T 1
300 400 500 600 300 400 500 600
400 nm
C >1.0 D E 490 nm, 0.4 Wiem®  0.14 W/em?
= 2
gc > 2
= 805 Sy
£ c ze
5 8 <3
z 3 8
S 0 |“ —= = T 1 § " . b
2 300 400 500 600 20—
0 10 20 30 4050 60 70
Wavelength (nm) Tima lean

Figure 1.6: Photochromic properties of Dronpa. A: pH dependence of Dronpa absorbance.
B: Irradiation-dependent changes in Dronpa absorbance. Absorbance spectra obtained
during irradiation at 490 nm (black) and after irradiation at 400 nm (red) are displayed.
C: Normalized excitation (dotted line) and emission (solid line) spectra of Dronpa. D:
Fluorescence micrograph of Hel.a cells expressing Dronpa. Scale bar, 20 pum. E: Fluo-
rescence evolution of Dronpa in a fixed Hela cell. During the marked intervals, the cell
was continuously illuminated at 490 nm (0.40 W /cm?) or 400 nm (0.14 W/cm?) to induce
forward photoswitching or backward photoswitching, respectively. Adapted from Ando
et al.>?

Discrimination protocols

Several protocols exploit dynamic contrast to image spectrally similar fluorophores. In this
section I focus on bleaching-assisted multichannel microscopy (BAMM),% transient state
imaging microscopy (TRAST),% 57 optical lock-in detection (OLID),%® synchronously am-

45,68

plified fluorescence image recovery (SAFIRe), and out-of-phase imaging after optical

modulation (OPIOM).6263,69-71

Bleaching-assisted multichannel microscopy (BAMM) BAMM exploits the spe-
cific kinetic signature of photobleaching under constant illumination. The contribution of
each fluorescent label is extracted using linear unmixing methods as shown in Fig. 1.7.64
BAMM was successfully applied to organic dyes, autofluorescent biomolecules and fluo-

rescent proteins.®* Up to three spectrally similar fluorophores have been discriminated.

Transient state imaging microscopy (TRAST) TRAST selectively discriminates
fluorophores by monitoring illumination of long-lived, photo-induced transient dark states

which emerge from the time-averaged fluorescence response to a pulsewave illumina-
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Figure 1.7: Principle of BAMM implemented with fluorescent beads. a: The first frame
of a 30-frame photobleaching experiment, with each frame consisting of a yellow /red dual
spectral channel image of a mixture of 5 different fluorescent beads. Examples of different
bead types are boxed and labeled as I-V. Scale bar is 50 ym. b: Fluorescence evolution
of beads I-V in (a), during the photobleaching experiment. Concatenated frames 1-30
correspond to frames 1-30 in the yellow channel (570-620 nm) of image (a). Concatenated
frames 31-60 correspond to frames 1-30 from the red channel (663-738 nm) of image (a).
Each bead type has a unique spectral-bleaching “fingerprint”. c: False-coloured unmixed
image of all five bead types. Abundance maps for bead types I-V are coloured red, yellow,
purple, green and blue, respectively. d: The cross-talk matrix of the unmixing process.
Cross-talk is generally low across all bead types except for bead type II into channel 1
(bead type I). This is due to the similarity in their bleaching rates, and low signal from
type II beads. For all other bead types, more than 97% of the bead signal is unmixed

into the correct channel. Adapted from Orth et al.%

tion.%%" The principle of TRAST is summarized in Fig. 1.8. The image of the tar-
geted label is obtained by the ratio of two images recorded with different excitation pulse
widths adapted to the relaxation time of the dark state of interest. TRAST has been

used to achieve multiplexed imaging by exploiting the triplet state, which is sensitive to

the presence of molecular dioxygen and heavy ions such as iodide.%

Optical lock-in detection (OLID) In OLID a periodic light perturbation drives RSFs
throughout several cycles of photoswitching.?® Then the fluorescence evolution is cross-
correlated with a reference signal obtained from a small region where only the reversibly
photoswitchable fluorophore is present. The signal of the targeted RSF yields a non van-
ishing cross-correlation coefficient whereas the background, e.g. ambient light, autoflu-
orescence or another reversibly photoswitchable fluorophore, leads to a cross-correlation
coefficient close to zero, as illustrated in Fig. 1.9.

The initial OLID observable, the cross-correlation coefficient, is not linearly related

58

to the reversibly photoswitchable fluorophore concentration.”® To solve this problem,

Du et al. have introduced the “scope” defined as the difference between the maximum
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Figure 1.8: TRAST principle. a: Simplified state diagram of a typical organic dye
molecule, including the ground singlet state (Sp), the first excited singlet state (Si), the
lowest triplet state (77) and the oxidized radical state (R"). The parameters kisc, kr, Kox
and k..q denote the rate constants for intersystem crossing from S to 71, relaxation of T}
to Sy, oxidation of T} to R, and reduction from R™ to Sy, respectively. b: Measurement
principle for TRAST imaging. Pulsewave excitation (top). The fluorescence intensity
within a certain region is normalized to 1 for short pulse widths (less than triplet lifetime
7r), and fluorescence response curves can then be generated for that particular region.
In these curves, the fluorescence intensity decreases with increasing pulsewidths because
of an increased population build-up in 737 and thereafter in R™ (bottom). c: Measured
fluorescence response curves of the dye Rhodamine 110 in aqueous solution, showing two
distinct relaxation processes with increasing pulse widths, which can be attributed to
triplet state build-up and photo-oxidation, respectively. d: Images showing the triplet
state build-up (left) and build-up of the photo-oxidized state R* (right). The triplet
state image (left) is formed as a ratio of two images recorded with excitation pulse widths
wy < 77 and wy > 77, but shorter than the build-up time of R*. The radical state image
(right) is formed as a ratio image from images recorded with the pulse width ws, and a
pulse width ws, longer than the build-up time of R™. The pulse widths w;, wy, and w;
are indicated in subfigure c. Adapted from Widengren et al.5
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Figure 1.9: Illustration of OLID. A: Internal reference signal for the optical switching of
C11-nitroBIPS in cells within a Xenopus spinal cord explants measured by using fluores-
cence of merocyanine (MC). The normalized signal was obtained from a selected region of
5 x b pixels with strongest MC-fluorescence corresponding to 5 cycles of optical switching
of the probe and was used in the pixel-by-pixel calculation of the correlation coefficient.
B: Fluorescence-intensity image of the C11-nitroBIPS stained cells within the Xenopus
spinal cord explant. C: Correlation image corresponding to subfigure B, which used the
signal shown in subfigure A as a reference signal. D: Variation with the pixel position
of the relative fluorescence intensity (black) and the correlation coefficient (red) of C11-
nitroBIPS associated with the yellow boxed region in subfigures B and C, respectively.
Adapted from Marriott et al.®

and the minimum fluorescence intensity observed during the experiment.”" The corre-
lation coefficient multiplied by the “scope” enhances the signal-to-noise ratio and gives
quantitative information.

A more refined quantitative version of OLID valid in the presence of bleaching has
been recently developed.™ The principle is as follows. Due to periodic illumination,
the fluorescence signal is modulated and its Fourier transform is computed. Whereas
bleaching contributes to the entire Fourier spectrum, photoswitching only leads to peaks
at the excitation frequency and its harmonics. Using this property, the characteristic
times of photoswitching and bleaching are extracted. The fluorescence evolution is then
correlated to a monoexponential function with the characteristic time of photoswitching.
For each pixel, a quantitative information on the concentration of the fluorophore is

obtained using the correlation coefficient and the scope.

Synchronously amplified fluorescence imaging recovery (SAFIRe) In SAFIRe,
the kinetics of long-lived dark states is exploited. A primary constant illumination leads
to fluorescence emission and a secondary red-shifted modulated light drives the transition

between fluorescent and dark species, which results in modulated fluorescence intensity.

11
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Figure 1.10: SAFIRe imaging principle. A: Fluorescence evolution of an optically mod-
ulatable blue fluorescent protein (modBFP/H148K) with constant primary excitation at
372 nm and modulated secondary excitation at 514 nm. The insets show Jablonski di-
agrams illustrating the populations of dark (D;) and bright (Sy) states during the two
half-periods of light modulation. B: Fluorescence evolution of aqueous modBFP /H148K
with 372 nm primary excitation and 514 nm secondary excitation modulated at 13 Hz.
The inset shows the fast Fourier transform (FFT) of the bulk time series, highlighting
the modulation frequency encoded in the fluorescence signal. C: Analysis of optically
modulated fluorescence image stacks by taking the Fourier transform of each pixel’s time
series. The demodulated image is formed from the peak of the FFT amplitude at each
pixel. Adapted from Hsiang et al.®®

The Fourier transform of the oscillating fluorescence signal displays peaks due to the
kinetics of the reversibly photoswitchable fluorescent label. The background-free image
of the label is obtained from the maximum of the peak of the Fourier transform of the

oscillating fluorescence signal.*> %%

™ An illustration of the protocol is shown in Fig.1.10.
SAFIRe has been first validated with Ag nanodots,” and then with organic fluorophores
like xanthene™ and Cy5.”" It was later implemented with RSFPs.?? 6! The combination
of SAFIRe and FRET dispenses with the secondary red-shifted illumination for dark state
depopulation.** SAFIRe has been also extended to simple fluorophores by depleting their
fluorescent state using stimulated emission induced by a modulated secondary laser at a
longer wavelength than the fluorescence emission.™

Out-of-phase imaging after optical modulation (OPIOM and Speed OPIOM)
Our group developed a discrimination protocol based on the modulation of illumination.
Photochemical systems under modulated illumination are modeled by forced dynamical
systems. Interestingly forced dynamical systems often possess resonance phenomena.”- %0
OPIOM has been applied to reversibly photoswitchable fluorophores (RSFs) described by

the two-state mechanism?b% 69

Bright state = Dark state (1.1)
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Figure 1.11: Principle of OPIOM (a—c) and Speed OPIOM (d—f). a: Modulated illumina-
tion of mean intensity I at the frequency w and the wavelength A\; = 480 nm. d: Double
modulation in antiphase. I{ and I are the mean light intensities at the wavelengths
A1 = 480 nm and Ay = 405 nm, respectively. b,e: Two-state mechanisms of a negative
reversibly photoswitchable fluorophore with a fluorescent most stable state (green disk).
[llumination at A; = 480 nm yields the dark state (black circle). The bright state is
recovered either thermally (b) or under illumination at Ay = 405 nm (e). c,f: Resonance

of the quadrature Fourier amplitude of fluorescence oscillation in the control parameter
space (I, w) for OPIOM (c) and (I9/I7,w/I}) for Speed OPIOM (d).

The quadrature Fourier amplitude of fluorescence oscillations at the excitation fre-
quency displays an extremum for well-chosen control parameters such as the excitation
frequency and the mean light intensity as illustrated in Fig. 3.1.3. The resonance phe-
nomenon occurs when the control parameters of the excitation match the kinetic parame-
ters of photoswitching. In order to facilitate the experimental implementation of OPIOM,
user-friendly analytical resonance conditions have been made precise.

The mean feature of OPIOM consists in harnessing resonance properties for dicrimina-
tion purposes. In a mixture of several RSFs with different kinetics, adjusting the control
parameters to the resonance of the targeted RSF is sufficient to eliminate the contribution
of the other RSF's to the quadrature Fourier amplitude. Since the fluorescence emission

is directly related to the population of the bright state, the quadrature Fourier amplitude
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also gives quantitative information on the amount of the targeted fluorophore. Addi-
tionally OPIOM benefits from lock-in amplification, which improves the signal-to-noise
ratio.

The OPIOM imaging protocol has been applied to RSFPs.6%%3 In a first attempt, a sin-
gle light modulation at the wavelength A; = 480 nm has been used with a thermally-driven
backward reaction step. OPIOM has been experimentally validated using green RSFPs in
microsystems, mammalian cells, and zebrafish embryos with a wide-field epifluorescence
microscope or a single plane illumination microscope.®® These initial implementations of
OPIOM suffer from low values of the rate constant of thermal recovery. Even with the
fastest recovering RSFP, Dronpa-3, the image acquisition takes more than 2 minutes.5?

Since most photoswitched green RSFPs yield the stable state under illumination at the
wavelength Ay = 405 nm, a secondary illumination at Ay = 405 nm has been introduced in
order to accelerate the recovery process.’>8! The advanced protocol called Speed OPIOM
uses illumination at the two wavelengths A\; = 480 nm and Ay = 405 nm modulated in
antiphase.®® The Speed OPIOM signal is twice higher than the one obtained in the orig-
inal one-color OPIOM.% For both OPIOM and Speed OPIOM, the resonance conditions
set two control parameters. Since the second illumination introduces a third control pa-
rameter in Speed OPIOM, one control parameter can be chosen at will. This degree of
freedom can be used to increase one mean light intensity and consequently reduce the
acquisition time. The millisecond timescale has been reached. Experimental validations
have evidenced that Speed OPIOM is a powerful protocol for quantitative imaging of
RSFs, which can overcome a background of autofluorescence or ambient light.%® It is
as well efficient for multiplexed fluorescence imaging. Using Speed OPIOM our group

imaged three spectrally similar RSFPs in 1 s without deconvolution scheme.53

1.4 Outline of the manuscript

The state of the art of the discrimination protocols in fluorescence imaging reveals that
multiplexing remains challenging even if three or four labels have been successfully im-
aged, for example using Speed OPIOM. For a long time our research group has been
concerned with exploring how the integration of tailored fluorescent probes with well-
thought instruments and protocols of signal acquisition could level off current limitations.
The rich photochemistry of reversibly photoswitchable fluorophores provides attractive

opportunities for dynamic contrast protocols beyond the sole field of superresolution mi-
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croscopies.

During my PhD, I designed two fluorescence imaging protocols, which exploit dynamic
contrast by exposing reversibly photoswitchable fluorophores to either constant illumina-
tion or periodic illumination. I only realized part of what has been a collective effort
under the supervision of Ludovic Jullien. I did my PhD in parallel with Raja Chouket’s.
She did all experiments and part of data processing with another member of the group,
Thomas Le Saux. I was in charge of the theoretical part, which includes the study of
kinetic models, the design of experimental protocols, and part of data processing under
the co-supervision of Ludovic Jullien and Annie Lemarchand (Laboratoire de Physique
Théorique de la Matiere Condensée, Sorbonne Université).

This collective work gave rise to several reviews. Two short reviews qualitatively
present discrimination protocols with a special focus on OPIOM.5%:83% An accepted book
chapter provides a more extensive review of imaging protocols, experimental setups, and
fluorescent labels.®*

The manuscript is organized as follows. In chapter 2, I analyze the fluorescence signal
of reversibly photoswitchable fluorophores under constant illumination. One of the key
ideas in order to take advantage of the complex kinetics of reversibly photoswitchable
fluorophores is to change the limiting steps of kinetics by tuning light intensity for different
initial conditions. At low intensity the limiting step is a photochemical step while, at
sufficiently high intensity, the limiting steps are thermal steps. Our goal is to improve
the performance of multiplexing by extracting the largest possible non redundant kinetic
information from fluorescence evolution. The question that arises is to find the relevant
steps of a photocycle in the experimentally accessible time window.

This concern led me to investigate adiabatic approximations and the elimination of fast
variables in a dynamical system. Section 2.1 presents the differential equations governing
the evolution of fluorophore concentration and the relationship between concentration and
fluorescence evolution. Different methods of elimination of fast variables, the quasi-steady-
state approximation and the pre-equilibrium approximation, are detailed in section 2.2. In
section 2.3, the quasi-steady-state approximation is applied to reversibly photoswitchable
fluorescent proteins (RSFPs) in order to obtain reduced mechanisms valid under four
different conditions of illumination. We use the reduced mechanisms to prove that the
characteristic times extracted for different illumination conditions offer non redundant
information. Section 2.4 presents two methods of data processing: Curve fitting and

spectra of characteristic times are used to extract characteristic times of fluorescence
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evolution.

The discrimination protocol using constant illumination, further referred to as LIGHT-
NING, is presented in section 2.5. LIGHTNING is the acronym for Light-tunable tIme-
gated readinG-out of pHotocycles for mulTiplexed fluorescence ImagiNG. An experimen-
tal setup* has been developed by our group to investigate the kinetics of 22 RSFPs
under constant illumination of various intensities. The fluorescence evolution at a given
light intensity is characterized by a single characteristic time. For each RSFP, four differ-
ent illumination conditions are used to determine four characteristic times, leading to a
four-dimensional kinetic fingerprint. Discrimination is performed in the four-dimensional
space of the characteristic times by finding the RSFP, among all referenced RSFPs, whose
kinetic fingerprint matches the fingerprint of the sample. A sorting algorithm has been
implemented to list sets of discriminatable RSFPs for a given experimental accuracy. Our
results show that up to 20 out of 22 noncolocalized RSFPs can be discriminated. When
no more than two RSFPs contribute to a given fluorescence signal, LIGHTNING is able
to discriminate 10 out of 22 RSFPs.

This discrimination protocol is presented in a manuscript that is not yet finalized.
Supporting information is given in the appendix A. I was involved in the writing of
this manuscript, in particular the theoretical parts found in the supporting information.
The experimental setup and the discrimination principle are protected by two patents of
which I am co-inventor.8%8¢ The predictions of the reduced mechanisms are successfully
confronted with the experimental results in section 2.6.

In chapter 3, I analyze the kinetics of reversibly photoswitchable fluorophores (RSF)
under modulated illumination with the goal of overcoming the limits of OPIOM and
Speed OPIOM. The protocols OPIOM and Speed OPIOM exploit resonance phenomena
in photochemical systems submitted to periodic light excitation. Section 3.1 provides the
basics of Fourier analysis routinely used in the case of forced systems and the relevance
of resonances for discrimination purposes. The resonance conditions links the kinetic

parameters of an RSF and the control parameters, e.g. the angular frequency of light

*I have been involved in the design of the optical instrument used to characterize the kinetics of
RSFPs. This instrument, which we called a photoswitchometer, has been designed to record the fluores-
cence emission of liquid samples of RSFPs under constant light from different sources (LED or lasers) over
a large range of intensities. Both light excitation and fluorescence detection have been optimized to au-
tomate acquisition and signal processing. Equipped with synchronized detectors, the photoswitchometer
automatically records in 15 minutes the RSFP fluorescence evolution from an up to 36 pm-wide circular
field exposed to homogeneous light at a series of light intensities covering 4 orders of magnitude up to a
few hundreds of ein.m~2.s7% (10* W/cm?).
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modulation and the mean light intensities. Setting the control parameters at the resonance
of a targeted RSF optimizes the contribution of the target to the fluorescence signal and
weakens the contributions of all RSFs with other kinetics. OPIOM and Speed OPIOM
have been designed for a two-state photoswitching mechanism and only harness the Fourier
amplitude of fluorescence oscillations at the fundamental frequency. I have extended the
principles of discrimination based on light modulation in two directions.

First, in the framework of the two-state mechanism used in OPIOM, I analyze the
Fourier amplitudes of fluorescence oscillations at harmonic frequencies. The theoretical
development has been carried out using pure sinewave illumination. I calculated analytical
expressions of the amplitudes of the first harmonics. For each harmonics, either the in-
phase amplitude or the quadrature amplitude of fluorescence oscillations exhibits at least
one resonance in the space of the control parameters. In particular, from the second
order, there are two extrema of opposite sign separated by a zero line. When the order of
the harmonics increases, the value at the resonance and the width of the resonance peak
both decrease. The theoretical predictions I obtained have been experimentally validated
by our group. Three RSFPs have been discriminated using the second-order Fourier
amplitude. We call the corresponding discrimination protocol HIGHLIGHT for PHase-
sensltive imaGing of reversibly pHotoswitchable Labels after modulatlon of activatinG
ligHT. Section 3.2 gives the main text of a manuscript devoted to its presentation. I wrote
the details of the calculations that constitute the main part of the supporting information
given in the appendix B. The principle of HIGHLIGHT has been protected by a patent
which I co-invented.®”

Second, we consider a less simple chemical mechanism. A titration reaction is com-
monly used in chemistry to quantitatively detect the presence of a targeted species, but
few titration reactions are light driven. In order to exploit the benefit of photoswitch-
ing species in the framework of titration, we couple a reversible photoswitching step to
a titration step. Under periodic illumination, the quadrature Fourier amplitude associ-
ated with the fundamental frequency displays a resonance with respect to the angular
frequency, the mean light intensity and the total concentration of the titrating species.
Two user-friendly protocols of dynamic titration have been proposed. The discrimina-
tion protocols of dynamic titration have been published in Physical Chemistry Chemical
Physics (PCCP).® T wrote the first draft of the corresponding article given in section 3.3.

In chapter 4, I conduct a critical analysis of the discrimination protocols I developed

and I put them into perspective in order to highlight their strengths in comparison with
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close existing protocols. In section 4.1, I compare LIGHTNING with OLID and in section
4.2, T compare HIGHLIGHT with SAFIRe. Then, section 4.3 is devoted to the comparison
between the constant illumination protocol, LIGHTNING, and the modulated illumina-
tion protocol, HIGHLIGHT, implemented on RSFPs. Finally, the generalization of both
protocols to other photoactivatable chemical systems is discussed in section 4.4.
Concluding remarks and perspectives of the PhD work are given in chapter 5. Sup-
porting information of the manuscripts devoted to LIGHTNING and HIGHLIGHT are

given in appendices A and B, respectively.
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Chapter 2

Characterization of the kinetics of
reversibly photoswitchable
fluorescent proteins (RSFPs) for
discrimination purposes using
constant illumination

A reaction network often involves a large number of chemical species and elementary steps
of different kinds whose values of the rate constants generate time evolution occuring over
different orders of magnitude, from nanoseconds to hours. Different methods can be
used to monitor the progress of a chemical transformation. Many spectroscopic methods,
in particular UV-visible absorption, infrared, NMR or fluorescence methods can give
access to kinetic information. The observation of a chemical transformation is limited by
experimental considerations, e.g. temporal resolution, acquisition time, and sensitivity,
preventing the full kinetic information to be gathered. Simplifying a kinetic model and
keeping only the relevant chemical species and relevant steps is therefore essential.

We present usual approximations based on timescale analysis which can be used to
simplify a kinetic mechanism to report on an experiment. The crudest approximation
consists in eliminating all the steps of a chemical mechanism except the slowest one
acting as the rate-limiting step. The quasi-steady-state approximation (QSSA) and the
pre-equilibrium approximation (PEA) are more refined and eliminate either a chemical
species or a reaction step which evolves faster than the others. These approximations have
been extensively studied over the last century.®* They all exploit the same idea: Due to
the existence of different timescales, the trajectories in the phase space of concentrations

or extents are attracted by a low-dimensional invariant manifold in which the evolution
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occurs at long times.?% All these methods are based on singular perturbation. As QSSA
and PEA use the zeroth order of the expansion, the small parameter does not appear,

making it difficult to a prior: test the validity of the approximation.

2.1 The rate laws

Before illustrating the elimination of fast variables in simple chemical schemes, we consider
a general mechanism involving n, chemical species C; engaged in n, elementary reaction

steps

i v;;Ci % "Z ngCi (2.1)
i=1 =1

where v;; and v;; are the left and right stoichiometric coefficients associated with species C;
and reaction j. The forward and backward rate constants of reaction j for j = 1,..,n, are
denoted k; and k_;. The system of ordinary differential equations governing the evolution

of the n, concentrations C; is a coupled system of equations

o I, o o
T > (v = v) (/fj [Ier k511 J) (2.2)
I=1 =1

j=1

If n. conservation laws can be written, only n = ny, — n. concentrations are independent.

The system is written in matrix form for the n independent variables

dC
S =1(©) (23)

Gy
where C = | ... | is the concentration vector and f is a possibly nonlinear function of
Cy,
the variables. The solution of Eq. (2.3) is highly dependent on the nonlinearities of the
function f. The steady state obeys 9€ = 0. The deviation from the steady-state vector

dt
CYis
c=c-¢° (2.4)

Substituting for the concentration vector from Eq. (2.4) into Eq. (2.3) and linearizing

around the steady state, we have

— =JC (2.5)
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where the Jacobian matrix is

Equation (2.5) is a linear system of n equations approximately accounting for the dynamics
around the steady state. In the case of a linear function f, the Jacobian matrix J is
independent of the steady state and the resolution of Eq. (2.5) gives the exact evolution
of the concentrations even far from the steady state. We consider the case where the
Jacobian matrix J has n eigenvalues denoted \; for ¢ = 1,...,n. The eigendecomposition

of the Jacobian matrix J leads to
J =PAP! (2.7)

where A is a diagonal matrix whose diagonal terms are the eigenvalues and P is the

change of basis matrix. In the eigenbasis, the equations are uncoupled and can be written

dy;
= A\ 2.8
=M (2.8)
2! _
for © = 1,..,n. The vector of the variables in the eigenbasis I' = | ... | is related to C
Tn
through
C=PI (2.9)
The solution of Eq. (2.8) is
7 =y exp (\it) (2.10)

;o ini
fori =1,..,n, where~;

" is the initial condition of the variable ;. At a given time, the state

of the system is meaningfully represented by a point in the n-dimension phase space of
concentrations. In the same space, the evolution of the system is a curve named trajectory.
The evolution of the variables v; are uncoupled, which means that a perturbation leads
to independent responses of the variables. If the real parts Re(\;) of all eigenvalues \; for
i = 1,..,n are negative, the steady state C° is stable. Stable steady states are attractors,
i.e. for well-chosen initial conditions the concentrations eventually reach one of the stable
steady concentrations: The trajectory converges towards the steady state. If Re(\;) > 0
for at least one eigenvalue \;, the steady state is unstable. The time 7; = 1/ | Re()\;) |

associated with the variable 7; characterize the evolution along the i** eigendirection,
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a large value of 7; being associated with a slow variable and a small value with a fast
variable. Equation (2.9) written for t = 0 gives the relation between the initial conditions
i for the variables in the eigenbasis and the initial conditions Ci™ for the concentrations,

leading in matrix from to
v =p-ioh (2.11)

The evolution of the concentration C; is then straightforwardly obtained using Egs.

(2.4,2.9-2.11)

C;, = Z EjPﬁcl(:‘,iﬁni exp (Agt) + C? (2.12)

j=1 k=1
where P;; and Pl;l are elements of the matrices P and P~!, respectively. The concen-
trations are linear combination of the variables in the eigenbasis. Equation (2.12) shows

how each variable v; contributes to the evolution of the concentrations.

The law governing the evolution of the extent ¢; of step j given in Eq. (2.1) is
LS | P § Fod 2.13
o [Ier -+511a (2.13)
=1 =1

We choose that each extent &; vanishes at the steady state. Using Eqgs. (2.2,2.13) and

integrating we obtain

Ny

j=1

Substituting C; from Eq. (2.14) into Eq. (2.13), we find

% =k; H (Z (Vi — vir) e + C’?) —k_; H (Z (Vi — vik) & + C?) (2.15)

i=1 \k=1 i=1 \k=1

The system can be described by two sets of variables, the concentrations and the extents,

which are a linear combination of each other. Therefore only n extents are independent.

In addition, the linerization method applied to the concentrations can be adapted to the

extents. It is worth noting that concentrations and extents share the same characteristic
times.

In the case of fluorescent species, the fluorescence intensity Ir under illumination of

intensity [ at the excitation wavelength \ is related to the concentration C; according to

Irp = ]Z Q:C; (2.16)



where Q); is the brightness of species C; at the wavelength A\. The fluorescence intensity is
thus a linear combination of the concentrations which reports on their evolution. Hence
fluorescence experiments can be used to explore the kinetics of a chemical network.

The characteristic times 7; for ¢« = 1,..,n provide relevant kinetic information and

timescale analysis plays a major role in my PhD work.

2.2 Elimination of fast variables in chemical kinetics

2.2.1 Rate-limiting step

Several definitions of the rate-limiting step can be found in the literature.?® % We choose
the following definition, which is relevant for reactions composed of irreversible elementary
first-order steps. If one rate constant is much smaller than all the others, the evolution
of the concentrations is limited by the step associated with the smallest rate constant.
The inverse of the smallest rate constant gives the order of magnitude of the time char-
acterizing the evolution of the concentrations. This crude approximation reduces the
chemical mechanism to a single step, called the rate-limiting step. The evolution of the

concentrations is then monoexponential. This simplification is used in section 2.5.

2.2.2 Quasi-steady-state approximation (QSSA)

The quasi-steady-state approximation (QSSA) is a well-known method used to reduce
chemical mechanisms.?? 192 Qualitatively, when one of the chemical species C; is much
more reactive than the other chemical species, the fast variation of C; is over at the

timescale at which the other chemical species are still evolving. The approximation con-

dc;
dt

sists in writing <=t = 0. According to Eq. (2.2) the concentration C; can then be written
as a function of the other concentrations, which reduces by one the number of indepen-
dent variables in the dynamics. The QSSA is used to eliminate the concentration C;
which is considered as a fast variable and we make precise the validity domain of the
approximation.

Fast and slow variables are defined in the eigenbasis i.e. in the vicinity of the steady

state. The elimination of C; can be performed if two conditions are fulfilled. First a

variable 7, in the eigenbasis must be faster than the other variables, i.e.

T <K max (1) (2.17)
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Second the concentration C; must vary as the fast variable 7, during the time interval
[0,7%]. Using the normalized change of basis matrix P and Eq. (2.9) the condition is

written as
| Re (P) | > mggﬂ Re (P;) 1) (2.18)
J

According to Eq. (2.18), the slow eigendirections are close to the hyperplan defined by
C; = (Y. According to the QSSA, the relaxation with the short characteristic time
7 along the 7i-axis can be considered as instantaneous. The conditions given in Egs.
(2.17,2.18) involve the rate constants. They are necessary but not sufficient to ensure the
validity of the elimination of the variable C; since they result from a linearization of the
equations around the steady state.

Even if these conditions are met, the approximation is not a prior: valid at the begin-
ning of the evolution of the concentrations. It is valid only after the fast variable 4 has
relaxed. Between 0 and 7, the trajectories in the phase space of the concentrations are
close to the k' eigendirection. After the relaxation of the fast variable ~; the trajectories

evolve on an (n — 1)-dimensional space called the slow manifold and defined by

dc;
=0 2.19
x (2.19)

At the fixed point corresponding to the steady state, the slow manifold is tangent to the

vector space spanned by the n — 1 eigendirections associated with the slow variables, i.e.
almost perpendicular to the Cj-axis. On the slow manifold, the concentration C; slowly
evolves and adapts to the evolution of the slow concentrations.

After the elimination of the concentration C;, the system of differential equations gov-
erning the evolution of the other concentrations can be written as a system of dimension
n — 1. If this system of differential equations involves polynomials compatible with the
kinetic laws of elementary steps, the evolution of the remaining concentrations can be
associated with a new set of chemical reactions. Approximate initial conditions adapted
to the reduced mechanism can be defined as the intersection of the slow manifold and the
fast direction passing through the initial conditions before elimination. If different char-
acteristic times are still present an analogous process of elimination may be performed on
the new chemical mechanism to further reduce the number of variables.

For illustration we consider two examples involving linear and nonlinear equations.
We choose two close chemical mechanisms that differ only by one step, being of the first
or the second order. Using a chemostat, i.e. a reservoir of some species, limits the number

of variables without recourse to laws of conservation.

24



Example 1

We consider the three-state first-order mechanism further referred to as mechanism 1

X 2y (2.20)
k_1
ko

Y <2 A (2.21)
k_2

where A is a reservoir of A species also called chemostat. The concentration A of species
A is constant. Only the concentrations X and Y associated with chemical species X and

Y are independent variables obeying the linear system of ordinary differential equations

dX
W x sy (2.22)
dY
E - k'IX - (k,1 + k'z) Y + /{?,QA (223)
The steady state is X = % and YO = %. Following the method detailed in
section 2.1 with the Jacobian matrix
—k k_q
J= 2.24
( ki —(k_1 + k‘2)) ( )

we obtain the analytical expressions of the evolution of the concentrations, which are valid
in the entire concentration phase space due to the linear nature of the equations given in

Egs. (2.22,2.23). In particular the eigenvalues of J; are

1

M= <— (k1 + o+ k) + 4 O+ o+ b)? — 4k1k2> (2.25)
1 2

Ao = 3 <— (k1 + k-1 + ko) — \/(kl + ko1t k)" — 4k1k2) (2.26)

and the change of basis matrix is

P — —k71 P — —k71
P— 1 VE2 A+ (k1+2)? 12 k2 +(k1+X2)° (2 27)
“\p, = ki+M Py — kit+X2 :
21 2

VE2 A+ (k1+20)?

The eigenvalues are real negative number regardless of the values of the rate constants.

k2 +(k1+X2)?

The steady state is thus stable. Interestingly the rate constant k_o does not appear in
the Jacobian matrix and consequently in the eigenvalues and the change of basis matrix.
Hence the evolution of the system is independent of the rate constant k_5 and only depends

on kq, k_1, and k».
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The conditions given in Eqgs. (2.17,2.18) for the elimination of species Y are written

as

[ A <10 [ A | (2.28)
| Pa | <10 P | (2.20)

where A; and Ay are given in Eqs. (2.25,2.26) and P and Py in Eq. (2.27). Figure
2.1a displays the domain of rate constant space in which the conditions given in Eqgs.
(2.28,2.29) are met. It is numerically fund to be close to k; < k_; + kg. The variable
2 associated with the largest characteristic time 7 = 1/ | Ay | is the fast variable and
the variable v; associated with the largest characteristic time 7, = 1/ | Ay | is the slow
variable.

According to Egs. (2.19,2.23) the equation of the slow manifold is
X — (kg + k)Y +kaA=0 (2.30)

Substituting for the concentration Y from Eq. (2.30) into Eq. (2.22), we obtain the
ordinary differential equation governing the evolution of the concentration of species X

after elimination of Y

4X ek kork_o
a _ X A 2.31
& ik Ttk (2.31)

This equation can be associated with the reduced chemical reaction

k1ko
k_1+ko
-\

A (2.32)

k_1k_o
F_1 ko

Approximate initial conditions associated with the reduced mechanism given in Eq.
(2.32) can be defined from the initial conditions X™ and Y™ defined for mechanism 1.
Using the second column of the change of basis matrix given in Eq. (2.27), we find that the
straight line parallel to the fast eigendirection and passing through the point associated

with the initial conditions defined for mechanism 1 is given by
(k4 X)) (X =X™) -k (Y =Y™)=0 (2.33)

Solving the system given by Eqgs. (2.30,2.33), we obtain the initial condition X"™ valid
for the reduced system

((ky 4 A9) X — kY (k_y + ky) + k_1k oA
(k1 + Ag) (ky + ko) — kk_y

X' — (2.34)
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Example 2

We consider the nonlinear mechanism further referred to as mechanism 2

OX sy (2.35)
k_1

Y 22 A (2.36)
k_o

where A is a chemostat.

Following the laws of chemical kinetics the rate equations for the concentrations X

and Y are
dX
ay )
E == le - (k'_l + k’g) Y ‘|‘ k_gA (238)

We obtain the steady state X° = \/% and Y? = k;—zA.
1R2 2

Linearizing around the steady state, we follow the same method involving the Jacobian

matrix as previously

J = - (2.39)
2K k;zl —(k‘_l + k’g)
The eigenvalues are
1 k_
A= 5(- (4:% k—;+k3_1+k’2>
. 5 (2.40)
- <4m /k;1 ko + k2> — 16ky/k_1ks )
2
1 [k_
Ay = 5(- (4/’6 k—;+k3_1+k2>
n 5 (2.41)
— <4I€ kj;l + k_l + ]CQ) - 16%\/ k?_ll{fg )
V' ko
and the change of basis matrix is given by
P11 == 2k 1 5] P12 - 2 2
\/4k2 1+(4m /%Hl) \/4k21+(4n ’“,;—21+A2)
P - 4k ng;l-i-)\l 4K %+)\2 (242)
P21 = P22 -
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with kK = \/m The steady state is stable because the eigenvalues are always real and
negative regardless of the values of the rate constants. The evolution of the concentrations
depends on three parameters k_1, ko and kK = \/m

The conditions for the elimination of Y are given in Eqs. (2.28,2.29) where A\; and Ay
are given in Eqs. (2.40,2.41) and P and Py given in Eq. (2.42). The variable Y can
be eliminated if the parameters meet the conditions given in Eqgs. (2.28,2.29) as shown in
Fig. 2.1b. The variable v, and 7, are the fast and slow variables, respectively.

According Eqgs. (2.19,2.38) the equation of the slow manifold is

ki X2 — (ki + k)Y +k pA=0 (2.43)

Substituting for the concentration Y from Eq. (2.43) into Eq. (2.37), we have

dX kiko 9 k_1k_o
A _ g MMy o Mil2 .
- ekt Tk (244)

The associated chemical reaction can be written

k1kg
k_1+ks
- N\

2X A (2.45)

k_1k_o
T

k_1k_2A

o the reduced mechanism evolve with

Linearizing around the steady state X° =
a characteristic time
L k_q+ ks
4/<\/k_—1kg
Approximate initial conditions associated with the reduced mechanism given in Eq.

(2.45) can be deduced from the initial conditions X™ and Y defined for mechanism 2.

(2.46)

Using the second column of the change of basis matrix given in Eq. (2.42), we obtain
the equation of a straight line parallel to the fast eigendirection and passing through the

point associated with the initial conditions of mechanism 2

(4,@, /kk—‘; + >\2> (X = X™) =2k (Y —=Y™) =0 (2.47)

Solving the system given by Eqs. (2.43,2.47), we obtain the initial condition X"™ of the
reduced system

C+VA

X/ini —
2k_4

(2.48)

2k_1

where A = (? — 4 (k? 4+ ki (X™ — ky (k_1 + ko) Y™) and ¢ = (b-1tkz) <4/—£ % + )\2)
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Figure 2.1: Domains of validity of the elimination of species Y for mechanisms 1 (a) and
2 (b) in the parameter space. The colored volumes are defined by Eqs. (2.28,2.29). The
rate constants are expressed in arbitrary units.

Elimination of Y

As shown in Fig. 2.1 mechanisms 1 and 2 lead to very different parameter domains in
which the elimination of Y is valid.

Figure 2.2 displays the eigendirections given in Eq. (2.24) (Eq. (2.39), resp.) and the
slow manifold given in Eq. (2.30) (Eq. (2.43), resp.) for mechanism 1 (2, resp.). The
trajectories in the phase space (X,Y) deduced from the numerical integration of Egs.
(2.20,2.21) for mechanism 1 and Egs. (2.21,2.35) for mechanism 2 are also shown for rate
constant values in the domain where the elimination of the variable Y is valid. For the
linear mechanism 1 the slow manifold is a straight line equal to the slow eigendirection.
In this case the slow manifold is a vector space. For the nonlinear mechanism 2 the slow
manifold is curved but is, as expected, tangent to the slow eigendirection at the steady
state. For both mechanisms, the slow eigendirections are quasi-parallel to the X-axis. The
trajectories are first parallel to the fast eigendirection, then close to the slow manifold, and
reach the stable steady state in the slow eigendirection. The elimination of the variable
Y is valid as soon as the trajectories have reached the vicinity of the slow manifold.

The variation of X at large timescales (¢t > 73) is correctly described by the reduced
mechanisms with the initial conditions given in Eqs. (2.34,2.48). After a period of a few
Ty, the difference between the evolution of X from mechanism 1 (2, resp.) and the reduced
mechanism given in Eq. (2.32) (Eq. (2.45), resp.) is less than one per cent.

Fig. 2.3a displays the variation of the decimal logarithm of the eigenvalues given
in Eqgs. (2.40,2.41) with the rate constant ko for mechanism 2. The logarithm of the
characteristic time given in Eq. (2.46) associated with the reduced mechanism is also

displayed. As expected, the variation is similar to the variation of A\; for ky > 0.4. Figure
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Figure 2.2: Trajectories (black solid lines) in the phase space (X, Y') for mechanisms
1 (a) and 2 (b), steady state (red disk), eigendirections associated with the fast vari-
able (blue dashed line) and the slow variable (red dashed line) in the eigenbasis, and
slow manifold (green dotted line). The trajectories are deduced from the numeri-
cal integration of Eqs. (2.22,2.23) for mechanism 1 and Eqgs. (2.37,2.38) for mecha-
nism 2. The initial conditions (X™ Y™ are (0.5,0),(0.45,0.1), (0.55,0), (0.5,0.1) and
(0.707,0), (0.657,0.1), (0.757,0), (0.707,0.1) in arbitrary units (a.u.) for mechanisms 1
and 2, respectively. The parameter values are k; = 0.1 a.u., k.1 = 1 a.u., ks = 2 a.u.,
and k_2A = 0.1 a.u.

2.3b shows the variation with ko of the elements | Py | and | Py | of the change of basis
matrix given in Eq. (2.42) of mechanism 2. Whereas the condition | A\; |<| Ay | for the
elimination of Y is obeyed for all values of ks, the condition | Py || Py | is fulfilled
only for ks > 0.13. The condition on the elements on the change of basis matrix is more
restrictive than the condition on the eigenvalues.

The eigenvalues A\; and Ay have a typical avoided crossing behavior in the sense of
quantum chemistry around ky ~ 0.4. An interesting parallel can be drawn with the Born-
Oppenheimer approximation which, with the QSSA, is an adiabatic approximation.®
The Born-Oppenheimer approximation consists in neglecting the fast movements of the
electrons and considering only their response to the slower movement of the nuclei. For
degenerate energy states the Born-Oppenheimer approximation is not valid. Introducing
a perturbation in the non diagonal elements splits the degenerate energy states and leads
to an avoided crossing, as in Fig. 2.3a. For ks < 0.13, the concentration X essentially
varies as v, and Y as 7;. For ky > 0.13, the reverse is true. Hence the eigenvalues
characterizing the variation of X (Y, resp.) are decreasing (increasing, resp.) functions

of ko in each interval. For ky ~ 0.4, X and Y depend on both eigenvalues.
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Figure 2.3: a: Logarithm of the absolute value of the eigenvalues log;y(] A1 |) and log;,(|
Ag |) of mechanism 2 and — log,,(7) of the reduced mechanism associated with mechanisms
2 versus logyo(k2). b: Absolute value of the elements | Py |, | P2 |, | Pa1 |, and | Py |
of the change of basis matrix of mechanism 2 versus log,,(k2). The parameter values are
k1 =0.1au., k_y=1au.,and k_,A=0.1 a.u.

2.2.3 Pre-equilibrium approximation (PEA)

The pre-equilibrium approximation (PEA) offers another method of mechanism reduc-
tion.” 1% When a step is much faster than the others, the fast variation of its extent &
can be eliminated at the timescale of the evolution of the other extents. The approxima-
tion consists in writing % = 0. This approximation is similar to the QSSA, with the only
difference that the eliminated variable is an extent and not a concentration.

The same comments as for the elimination of a concentration can be made for the
elimination of an extent. In summary, the extent &; can be eliminated in the vicinity of
the steady state if the following conditions are met. First a variable 74 in the eigenbasis
must be faster than the other variables, leading to the condition given in Eq. (2.17).
Second the variables 7 and & must evolve similarly on the time interval [0, 7%], leading to
the condition given in Eq. (2.18). The reduced system is valid after the relaxation of the

variable 7, associated with the characteristic time 7. In the phase space of the extents,

the trajectories are first parallel to the k' eigendirection and then tangent to the slow
manifold defined by

dé&;
dt

—0 (2.49)

The slow manifold is tangent to the hyperplane defined by & = 0. In some cases the
evolution of the non eliminated extents on the slow manifold can be associated with a
reduced chemical mechanism and adapted initial conditions can be defined.

The pre-equilibrium approximation is illustrated on the following example.
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Example 3

We consider the three-state mechanism further referred to as mechanism 3

X 2y (2.50)
k_1

X +Y 22 A (2.51)
k_2

where A is a chemostat. According to the laws of kinetics, the rate laws for the concen-

trations are

dX

E - —]ﬁX + k,1Y - kQXY + k,QA (252)

dY

E - k'IX - k,1Y - k‘QXY + /{?,QA (253)
The steady state is X0 = % and YV = %. The extents & and & are

associated with the steps given in Eq. (2.50) and Eq. (2.51), respectively. Using Eq.
(2.14) we deduce

X=X = (& + &) (2.54)
Y - Y'=¢ — & (2.55)
Following Eq. (2.15), we find

dé

— =k X -k Y 2.56
Sy ks (2.50
d

% — kXY — koA (2.57)

Substituting X and Y from Eqs. (2.54,2.55) into Eqs. (2.56,2.57) we obtain the rate laws

for the extents

% =— (ki + k)& + (ki + k)& (2.58)
L b (-GG (X V) a - (X +7) &) (2:59)

We follow the method detailed in section 2.1. The system given in Eqgs. (2.58,2.59) is

written in matrix form for the Jacobian matrix

— (k1 + k:_l) —ki + k_4
J = R(*k1+k_1) —K/(k1+k_1) (260)
\/klk,l \//ﬁk,l
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with Kk = \/kok_5A. The eigenvalues of J are given by

1 K
)\1—§<—(]€1+k_1) (]."—m)

| (b 4 k)? (1 +

(— (ky + k1) <1+W_1>

2
k) (1 + %) 16K/ krk_y >
1hv—1

(2.61)

1k_q

)2—16/€\/m>

)\2:

N | —

(2.62)

and the change of basis matrix is

P, = —kl+k_1 P = k(k1+k—1)+Xa/kik—1
11 — 12 —
V (—=kl4+k_1) %+ (k1+k—1+A1)?

P— \/(H(k1+k71)+/\2\/k1k71)2+ﬂ2(*k1+k71)2

P = ki+k_1+M Py — k(—k1+k_1)
21 = = = Iy = ~
V (—kl4k_1) %+ (k1 +k_1+A1) \/(H(k1+k71)+>\2 /k1k71) FR2(—k14k_1)?

(2.63)

The conditions given in Eqs. (2.17,2.18) for the elimination of the extent &; are written

as

[ A <10 [ A | (2.64)
| P11 | <10 | Pra | (2.65)

where A\; and Ay are given in Eqgs. (2.61,2.62) and Pj; and Py given in Eq. (2.63).
The eigenvalues of J are negative for all values of the rate constant. Consequently the
steady state is stable. The evolution of the system depends on three parameters, ki, k_1,
and kK = \/w Figure 2.4 displays the domain of rate constants space in which the
conditions given in Eqs. (2.64,2.65) are met. These conditions are numerically close to
| ki — k1 |< 1 and \/m < k1 + k_1. In the eigenbasis the variables v; and ~, are
the fast and slow variables, respectively.

According to Eqs. (2.49,2.56,2.52), the equation of the slow manifold is
— (k1 + k)& (ki + k)& =0 (2.66)
in the phase space of the extents and

X — k1Y =0 (2.67)
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in the phase space of the concentrations. The reduced chemical scheme is straightfor-
wardly given by Eq. (2.51). The variation of the extent is given by Eq. (2.59) and the
variation of the concentrations is

dX vy

Approximate initial conditions X’ ™ and Y™ associated with the reduced model are
deduced from the initial conditions X™ and Y™ defined for mechanism 3. Using Egs.
(2.54,2.55) and the change of basis matrix given in Eq. (2.63), the equation of the fast

eigendirection in the phase space of the concentrations is

(2kur + dov/ik ) (X = X™) + (2Kom 4 Aay/hak ) (V= Y™) =0 (2.69)

We solve the system given by Eqgs. (2.67,2.69) and obtain the initial conditions X"™ and

Y’ for the reduced system

2K (leini + k,lyini) + )\QM(XM +Yini)

X/ini =k_ 2.70
! Arkik_y + Ao (ko + k_y) /iy (2.70)

o 2 k Xini k_ Yini by kil Xini Yini
Y _ g K( 1 + Koy )+ 24/ F1 1( + ) (2.71)

4:‘4,]{1]{71 + )\2 (lﬁ + kfl) \/ klk,1

The phase spaces (£, &z) for the extents and (X, Y') for the concentrations are shown
in Fig. 2.5 with rate constant values for which the elimination of the extent &; is valid.
The eigendirections are obtained using Eq. (2.63) and the slow manifold using Eq. (2.66)
in the space (£, &) and Eq. (2.67) in the space (X,Y’). The trajectories are obtained by
numerical integration of Eqs. (2.58,2.59) in the phase space (&1,&2) and Eqgs. (2.52,2.53)
in the phase space (X,Y). As expected, in the phase space of the extents the slow
eigendirection and the slow manifold are parallel to the &;-axis. However they are not
parallel to any axis in the phase space of the concentrations. In both phase spaces the
trajectories are first parallel to the fast eigendirection, then reach the vicinity of the slow
manifold, and end at the steady state. The reduced model is valid once the trajectory
have reached the vicinity of the slow manifold. The extent & has then almost reached its
steady value, however both X and Y are still far from their steady values.

The reduced mechanism and the approximate initial conditions given in Eqgs. (2.70,2.71)
satisfactorily describe the behavior of mechanism 3 at large timescale. After a period of
several fast characteristic times, the difference between X and Y deduced from mechanism

3 and the reduced mechanism given in Eq. (2.51) is less than one per cent.
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Figure 2.4: Domains of validity of the elimination of extent & for mechanism 3 in the
parameter space. The colored volumes are defined by Eqs. (2.64,2.65). The rate constants
are expressed in arbitrary units.
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Figure 2.5: Trajectories (black solid lines) in the phase space (£, &) (a) and (X, Y)
(b) for mechanism 3, steady state (red disk), eigendirections associated with the fast
variable (blue dashed line) and the slow variable (red dashed line) in the eigenbasis,
and slow manifold (green dotted line). The trajectories are deduced from the numerical
integration of Eqs. (2.58,2.59) (a) and Egs. (2.52,2.53) (b). The initial conditions
are (—0.1,0.05), (—0.1,0.025), (—0.1, —0.025), (—0.1,—0.05), (a), (3.15,3.11), (3.11,3.2),
(3.175,3.22), (3.22,3.15) (b). The parameter values are k; = 1 a.u., k-1 = 1 a.u., ky =
0.01 a.u., and k_sA = 0.1 a.u.
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2.3 Application to the reduction of an RSFP mech-
anism

Our group identified the reversibly photoswitchable fluorescent proteins (RSFPs) as well
suited for multiplexing imaging protocols because they offer a rich photocycle with rate
constants spanning several orders of magnitude.!04 108

In the purpose of developing discrimination protocols harnessing the kinetic proper-
ties of RSFPs, we are interested in extracting different times characterizing fluorescence
evolution. Standard microscopies used in biology, from epifluorescence to confocal micro-
scopies, are typically used to observe photophysical and photochemical processes occuring
from 1 ps to tenths of second. Moreover many biological phenomena, such as membrane
polarization and some metabolite dynamics, occur in less than a few seconds. These con-
siderations led us to focus on the kinetics of RSFPs in a time window spanning the 1 ps—1
s range.

For each RSFP, we aim at building a kinetic signature composed of non redundant
characteristic times. Our answer consists in tuning the light intensity and changing the
rate-limiting step. Indeed, the rate constant of a photochemical step is the product
of light intensity and cross section. At low intensity kinetics is governed by the slow
photochemical step. At sufficiently high intensity, the photochemical step becomes faster
than some thermal steps, which in turn become rate limiting.

In this section we apply the quasi-steady-state approximation to a reasonably complex
RSFP mechanism in order to highlight the relevant steps for different light intensities in
a the 1 us—1 s time window. We use the orders of magnitude of the photochemical cross
sections and thermal rate constants found in the literature or unpublished work of our

group to define light intensity regimes associated with non redundant kinetic information.

2.3.1 A seven-state mechanism for RSFPs relevant in the 1 us—1
s time window

We rely on literature to establish the mechanism given in Fig. 2.6a accounting for the

photochemical behavior of RSFPs in the 1 us—1 s time window. We focus on reported

104-108 104-108

steps of isomerization, protonation, and formation of triplet state.''® The
detailed mechanisms of all RSFPs are not entirely known. We use existing information
on more studied RSFPs, such as Dronpa and Dronpa-2, and admit that the other RSFPs

obey a similar mechanism. The orders of magnitude of the rate constants are given in
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\ parameter \ order of magnitude

seven-state mechanism

103-10* m2.mol~*

. . _ €11, €22
absorption cross sections!®4 109
P €12 102-10% m%.mol~!
k 1 109 S_1
singlet relaxation!04 198 -
g ks 101 g1
: ationl04-108 kb 107 s
isomerization
kp 1010 g1
: 110 7 1
inter-system crossing ko 10" s
proton exchange!04108 ko, kpa 103-106 71
back inter-system crossing'° kra 103 s71
thermal isomerization'04 108 kca 10741072 s~

five-state mechanism

light intensities I, I < 10° ein.m™2.s7!
. .. . 011, 099 10-10%2 m?.mol ™!
1somerization cross sections 9 1
012 1-10 m*.mol
T 10-1 2 2. 1—1
triplet cross sections Zi (1)_18 mnzl‘mn;?_l

two-state mechanism Ij.y

I

light intensity ‘ ‘ < 101-10% ein.m 257!
three-state mechanism Ipigp
light intensity L > 101-10° ein.m2.s7!
rate constant of step T—B krp 1-10% s71
two-state mechanism Il

. . .. I ~ 0.1 ein.m 257!

light intensities I < 102102 ein.m2.s~!
four-state mechanism ITy;gp

. . " I ~ 0.1 ein.m 257!

light intensities I > 10105 ein.m2.s~

Table 2.1: Order of magnitude of parameters of the photoisomerization mechanisms of
RSFPs.

Tab. 2.1.

The thermodynamically stable Cis-O~ state, denoted A, absorbs light mainly at the
wavelength A; = 480 nm and to a lesser extent at the wavelength Ay = 405 nm forming
the singlet excited state A*1% from which three reactions paths begin. The Cis-O~ state
is recovered (i) by singlet relaxation, (ii) through the triplet state T of the Cis-O~ state
involving inter-system crossing,''® and (iii) by a longer reaction path described below.
Isomerization of A* yields the Trans-O~ state, denoted B, which presumably possesses
a similar absorption spectrum and a similar order of magnitude of relaxation rate of its
singlet excited state B* as the Cis-O~ state.!%? Protonation of B leads to the Trans-OH

state, denoted C.194719% The singlet excited state C* of the Trans-OH state is only formed
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Figure 2.6: Photoisomerization mechanisms of negative RSFPs relevant in the 1 pus—1
s time window. a: Seven-state mechanism. b: Five-state mechanism relevant in the
investigated light intensity range obtained after elimination of the fast variables A*, B*,
and C*. ¢: Reduced mechanism valid for low light intensity at Ay = 480 nm and no light
at Ay = 405 nm (illumination Ij4y). d: Reduced mechanism valid for high light intensity
at A = 480 nm and no light at Ay = 405 nm (illumination Iy ). e: Reduced mechanism
valid for low light intensities at A\; = 480 nm and Ay = 405 nm (illumination T}, ). f:
Reduced mechanism valid for low light intensity at A\; = 480 nm and high light intensity
at Ay = 405 nm (illumination Ily;.,). The order of magnitude of the rate constants and
light intensities associated with each case are given in Tab. 2.1. The photochemical rate
constants associated with absorption at A\; = 480 nm (Ay = 405 nm, resp.) are cyan
(purple, resp.). The thermal rate constants are black. Species with a green halo are
bright or acquire brightness due to mechanism reduction.

by absorption at the wavelength Ay = 405 nm. The Cis-O~ state may be directly formed
from Trans-OH by thermal isomerization or obtained by light excitation of Trans-OH,
isomerization yielding the Cis-OH state denoted D, and deprotonation.!?41%8 At neutral
pH, the Cis-O~ state and the Trans-OH state are the predominant acid-base states of the
cis-trans isomers.!%?

States with lifetimes outside the investigated time window do not appear in the con-
sidered seven-state mechanism since they do not contribute to kinetics in the investigated
time window. Among the species with a lifetime in the investigated time window, only
the triplet state of Cis-O~ was considered. Triplet states of other species, such as the
triplet of Trans-OH, could have been considered. Other states could have been included
in the mechanism. However, in a minimalist approach, we chose not to include them in
the mechanism of RSFPs.

The considered seven-state mechanism possesses both photochemical and thermal

steps and is therefore well adapted to changing the rate-limiting steps simply by tun-

ing light intensities.
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We consider two different illuminations I and II. In illumination I, a light intensity I
at the wavelength A\; = 480 nm is applied to the sample initially in the bright Cis-O~
state. In illumination II, a light intensity I, at the wavelength Ay = 405 nm and a small
fixed intensity I; at the wavelength \; = 480 nm are applied to the sample initially in
the dark Trans-OH state. The complementary illumination at \; = 480 nm is added to
obtain a fluorescent signal since the brightness of the states A and B at the wavelength
Ao = 405 nm are small.

The seven-state mechanism given in Fig. 2.6a yields the rate laws
dA

7 = Ak A+ keaC + kpaD + braT (2.72)
dA*
T = kA= (bt kr o+ k) A° (2.73)
dB
o = FpA = (4 ka) B+ kBT (2.74)
dB*
=kB—k B* 2.75
a ! (2.75)
dC "
E - kcB - (/{2 + kCA) C + k,QC (276)
d *
c(f; = kyC — (k_o + kp) C* (2.77)
dD

with the law of conservation of matter Ciot = A+ A*+B+B*+C+C*+D+T. In
Egs. (2.72-2.78), the photochemical rate constants k; and ko can be written as

kr = enli + enly (2.79)
ko = €xls (2.80)

where €17 and €5 are the absorption cross sections of A and B at the wavelengths A; = 480
nm and Ay = 405 nm, respectively and €9 is the absorption cross section of C at the
wavelength Ay = 405 nm. We assume that only illumination at A\; = 480 nm leads to
fluorescence emission. The rate constant k_; takes into account the radiative and non
radiative de-excitation of the singlet excited states A* and B*. We neglect the fluorescence

of all species except A* and B*104:105:109 Jeading to the fluorescence intensity written as
Ip =k A" + k. B* (2.81)

where kX, and kL. are the radiative part of the rate constants k_; associated with the
desexcitation of A* and B*, respectively.

Varying the light intensities I; and Iy allows us to explore different kinetic regimes.
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2.3.2 Elimination of the singlet excited states — The five-state
mechanism

We exploit the very different orders of magnitude of the rate constants and use the quasi-
steady-state approximation to reduce the system given in Egs. (2.72-2.78). The mecha-
nism being composed of first-order steps, the condition of validity for the elimination of
a fast chemical species is easy to express: The sum of the rate constants of the steps in
which the considered species is a reagent must be large compared to the sum of the rate
constants of the steps in which the species is a product. The fastest reactive species are
eliminated first and only smaller characteristic times defining the timescale of interest re-
main. The next fastest species is eliminated until all characteristic times are close within
the chosen time range.

According to Tab. 2.1, the fastest species are the singlet excited states A*, B*, and
C*. Their elimination is valid if the conditions ky <« k_1 + kr + kg, k1 < k_1, and
ke < k_o+kp are fulfilled, i.e. if the light intensities obey I} < k_1/€1; and Iy < k_o/€29.
Using Tab. 2.1, we find that light intensities smaller than 10° ein.m?.s™! meet these
conditions. In addition, the rate constant k¢4, which order of magnitude is given in Tab.
2.1, is associated with a slow step whose kinetics is not accessible in the explored time
window. This step is therefore ignored. We eliminate the species A*, B*, and C* and
obtain the reduced five-state mechanism given in Fig. 2.6b. The effective photochemical

rate constants are given by

k’ll = 011]1 + 0'12[2 (282)
ki, = O'ﬂ[l + O‘%;]Q (283)
ké = 022]2 (284)

where 011 = e kB /(k_1 +kr+kp) and ol; = €)1 kT /(k_1 + kr + kp) are the isomerization
and triplet cross sections of A at the wavelength \; = 480 nm, 015 = €12k®/(k_1 +kr+kp)
and o, = e1ok® /(k_1+kr+kp) are the isomerization and triplet cross sections of A at the
wavelength Ay = 405 nm, and 09y = €9k” /(k_2 + kp) is the isomerization cross section
of C at the wavelength Ay = 405 nm.

Using Eq. (2.81), we write the fluorescence intensity as
Ir = (QaA+QpB) I (2.85)

where Q4 = €11kl /(k_1 + kr + kp) and Qp = €1 k5. /k_; are the brightnesses of species
A and B.
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2.3.3 Reduced mechanisms valid for four different illuminations

The thermal rate constants, ko, kpa, k74, involved in the five-state mechanism have close
orders of magnitude and are associated with reaction steps which can be observed within
the investigated time range. The light intensities I; and I, set the value of the photo-
chemical rate constants, k7, k7, and k). Consequently the light intensities control which
species are sufficiently fast to be eliminated and which reduced mechanism is relevant.
Under illumination I, I = 0 which leads to k) = 0. Hence kinetics does not involve
species D nor the rate constants k) and kp4. The five-state mechanism becomes a four-
state mechanism. In addition, since A is the thermodynamically stable state, the initial
condition is assumed to be A = Ci,;. We reduce then the four-state mechanism for low

and high light intensities I;.

INlumination I,

We first consider an illumination Iy, of low light intensity I;. We assume the light
intensity to obey I} < min(kc/o11, kra/ol}), such that the conditions k} < ko and
k! < kra are fulfilled. The orders of magnitude of the parameters given in Tab. 2.1 are
used to evaluate the interval of I; in which the condition is fulfilled. The fast species B
and T are eliminated and the two-state mechanism given in Fig. 2.6c is obtained. Using

Eq. (2.85), we write the fluorescence intensity as

IF:<QA+QB%J/U1 (2.86)

The fluorescence intensity behaves as the concentration A according to a monoexponential

decrease of characteristic time

= (2.87)

IMNumination Iy,

Then we consider an illumination Iy of high light intensity /; such that the condition
I > kpa/(o11 +01y), ie. koa+kpa < ki + k] is fulfilled. Table 2.1 is used to assess the
interval of I; in which the condition is fulfilled. The fast species A is eliminated and the

three-state thermal mechanism given in Fig. 2.6d is obtained. Using Eq. (2.85), we have

kra
Ir = T B)I 2.
F <QA W + QB ) 1 (2.88)
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Exactly as the fundamental state of a fluorophore is said to be bright, due to the elimi-
nation of the fast evolving singlet excited state, some species in reduced mechanisms may
be considered bright. The reduction of the seven-state mechanism results in an apparent
brightness for the triplet state although the triplet is not intrinsically bright.

The method described in section 2.1 can be used to obtain the analytical expressions
of the concentrations and the fluorescence intensity. The fluorescence intensity depends
on both 7" and B which decrease with the two characteristic times

1

- 2.
T1 k‘c ( 89)
kg + kr
_ r 2.90
27 Tkpkra (2.90)

Hence, for high enough intensities I, fluorescence decreases according to a biexponential
law. The characteristic times are independent of I; and thermal steps control fluorescence

evolution.

Regardless of the value of the light intensity [;, illumination I yields C' = Ciy at
the steady state. In the case of illumination II, which occurs after illumination Iy,
we assume that the steady state is reached when illumination II starts. Consequently
we adopt C' = Ciy as the initial condition of illumination II. We reduce the five-state

mechanism for low and high light intensities Is.

INlumination II,,,

We consider an illumination Il of low light intensity I; bearing in mind that I; is to
be fixed around 0.1 ein.m?.s71. We assume that the condition I, < min(kpa /090, ko /012,
kra/oly) is met, so that k] < ko, k] < kra, and k) < kpa. Table 2.1 is used to
evaluate the interval of I5 in which the condition is fulfilled. We eliminate the fast species
B, D, and T and obtain the two-state mechanism given in Fig. 2.6e. According to Eq.
(2.86), the fluorescence intensity behaves like A according to a monoexponential increase
of characteristic time

1

. S— 2.91
Ky + kb + ke (2.9

T

IMNlumination Il

2 1

Finally we consider an illumination Ily;e, of high light intensity /> and I; ~ 0.1 ein.m®.s™".

We suppose that the intensity I, obeys Iy > max(kpa/(012 + 01y, ko /092), so that koa +
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kpa < ki + kY and ke < k}. Table 2.1 is used to estimate the interval of I5 in which the
condition is fulfilled. The fast species A and C are eliminated and we obtain the four-
state mechanism given in Fig. 2.6f. The fluorescence intensity is given in Eq. (2.85). The
dynamics is described by three independent variables. The method described in section 2.1
can be used to obtain the analytical expressions of the concentrations and the fluorescence
intensity. A 3 x 3 matrix has to be diagonalized and Cardano’s method used to obtain the
three characteristic times. We introduce a condition of comparison between ko and kpa
in addition to the orders of magnitude given in Tab. 2.1 in order to more easily interpret
the results. At the leading order of the expansion in max(kpa/kc, ki /kc, k] ke, kra/ke),

we find the characteristic times

ﬁg% (2.92)

Ty 2 (2.93)
(kpa + K + K + kra) + VA

T3 2 (2.94)

(kpa + K, + K/ + kra) — VA

with A = (kpa + k| + K/ + kpa)® — 4 (kpa (K + kra) + ki kgp4). Similarly at the leading

order of the expansion in max(kc/kpa, k| /kpa, K /kpa, kra/kpa) we find

1
~ 2.95
! kA ( )
1
~ 2.96
T2 ke ( )
1
T3 (297)

Ty
The characteristic time 77 is smaller than 7 and 73. Consequently fluorescence evolu-
tion is governed at short times by 71, then by 75, and eventually by 73. Starting from
the four-state mechanism given in Fig. 2.6f, we look for analytical solutions of the con-
centrations in the form of the sum of three exponential terms. For the initial condition
C = Clot, we find that the amplitude associated with 7 is negative and the amplitudes
associated with 75 and 73 are positive. Consequently fluorescence first increases and then
decreases. Interestingly increasing the [; intensity increases the validity domain of the

reduced mechanism.
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2.3.4 Non-redundancy of the characteristic times acquired un-
der the four different illuminations

Depending on the value of the light intensities, the reaction model of the RSFPs is re-
ducible into various effective mechanisms. The preceding theoretical analysis proposes to
probe the kinetics of RSFPs using four illumination regimes which grant access to four
different dynamics. In the case of illumination I, the characteristic time depends on
light intensity I; and in the case of illumination II,, the characteristic time depends on
both light intensities I; and I which ensures the non redundancy of the two characteristic
times at low intensities. At high light intensities, the characteristic times are imposed by
thermal steps that differ depending on cases Ipig, and Ilygn as proven by the two differ-
ent reduced mechanisms. Hence the four illumination regimes provide at least four non

redundant kinetic information on RSFPs.

2.4 Data processing of multiexponential evolution

The preceding section suggests the interest in extracting characteristic times from RSFP
fluorescence at different light intensities. The reduction of RSFP mechanism has revealed

that fluorescence is adequately described by a multiexponential signal
F£) =" Aiexp(—Ait) (2.98)
i=1

Analysis of multiexponential signals is a recurring and challenging concern in litera-
ture.!'! The problem consists in extracting the number n of components, their character-
istic times 1/)\; and their amplitudes A;. The inverse Laplace transform

1 [eioo
g(A) = %/c_ioo f(t)exp (At) dt (2.99)
gives the distribution function g(\) of the characteristic times when the analytical expres-
sion of the function f(t) is known which is not the case when dealing with experimental
data.!'’ Moreover Eq. (2.99) necessitates integration in the complex plane whereas the
values of the function f(¢) are only known on the real axis. The distribution function

g(\) can be found solving the Laplace integral equation

£(t) = /0 g0 exp (—At) d (2.100)

This equation is a Fredholm integral of the first kind, which is known to be ill posed.
Indeed, the distribution function g(A) obtained from the solution of Eq. (2.100) may
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not be unique, may not exist, and may not continuously depend on the data. This is
a fundamental limitation of exponential analysis. There is also a limit to the maximum
resolution capacity of exponential analysis which highly depends on the signal-to-noise
ratio. The choice of the number of data points, the time step, and the acquisition time
have a major impact on the resolution and the accuracy of a multiexponential analysis.
Among the numerous methods that have been developed in the purpose of multiex-
ponential analysis,'!'! we more specifically consider the classical nonlinear least-squares

analysis and the less known correlation method.

2.4.1 Curve fitting using nonlinear least-squares analysis

fexp(ti), i =1, .., N, denotes the N experimental data points. We assume that the function

ft) = Z:; Aj exp (—3) + A (2.101)

7

parametrized by the amplitudes A;, i = 0, .., n, and the characteristic times 7;, 7 = 1, .., n,

describes the data points. The procedure consists in minimizing the function

=) (folty) = f(t)° (2.102)

N
j=1
by varying the 2n 4+ 1 parameters. Initial values and increament of the parameters are
chosen. The search for the best fit is made by iteration. The existing algorithms differ
by the methods of exploration of the parameter space. We used the Levenberg-Marquart
algorithm in section 2.5.112 113
The initial guess of the parameter values have a big impact on the convergence of the
minimization of the function y. If the estimate is poor the iteration may converge to a
local minimum. The robustness of the procedure decreases when the complexity n of the

assumed model f(t) increases.

2.4.2 Correlation method - Spectrum of characteristic times

The experimental data points are correlated with a weighting function W;(t) of parameter
[, defined as the decimal logarithm of a characteristic time, over an interval of time

increasing with /1111147120

S Fesplt) = (en(00)) (Wi() — (Wi(8))) dt
(e = (e ) (Wil) — (Wa(e) at

S(l) = (2.103)
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Figure 2.7: Experimental fluorescence evolution Ir(t) (a,b) and spectra S(I) of the re-
laxation times (c,d) of a 20 uM solution of the RSFP Dronpa-2 in pH 7.4 PBS (50 mM
sodium phosphate, 150 mM NaCl) at T = 298 K under illumination I at the wavelengths
A1 = 480 nm. The solid lines of the spectra are obtained by computing S(I) for the
experimental fluorescence evolution Ir(t). The dashed red lines are obtained when re-
placing I (t) by a monoexponential function with the relaxation time associated with the
absolute extremum of the spectrum built from the experimental fluorescence evolution.
a,c: [llumination condition Iioy, /; = 0.23 Ein.m~2.s7!. b,d: Illumination condition Lnigh,
I, =128.8 Ein.m 2.5~ L.

The average () represents the integration between 0 and 310!. The value of the parameter
f depends on the function W;(¢). The denominator is a normalization condition. Using
Eq. (2.103), we obtain a spectrum S({) of characteristic times. As in lock-in amplification
in which the data are correlated to as sine-wave, the spectrum of characteristic times
present a better signal-to-noise ratio than the experimental data fey,(t).!**?! Due to the
construction of the spectrum, the signal-to-noise ratio increases along the l-axis. Figures
2.7 and 2.8 display experimental data of fluorescence evolution of RSFPs submitted to
illuminations I and II and the corresponding spectra.

When the fluorescence intensity is a monoexponential function associated with a re-
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Figure 2.8: Experimental fluorescence evolution Ir(t) (a,b) and spectra S(l) of the re-
laxation times (c,d) of a 20 uM solution of the RSFP Dronpa-2 in pH 7.4 PBS (50 mM
sodium phosphate, 150 mM NaCl) at T = 298 K under illumination II at the wavelengths
A1 = 480 nm and Ay = 405 nm. The solid lines of the spectra are obtained by com-
puting S(I) for the experimental fluorescence evolution Ir(t). The dashed red lines are
obtained when replacing Ir(t) by a monoexponential function with the relaxation time
associated with the absolute extremum of the spectrum built from the experimental fluo-
rescence evolution. a,c: Illumination condition 11, I; = 0.15 Ein.m~2.s~! and I, = 0.10
Ein.m 2s7!. b,d: Hlumination condition high, L1 = 0.15 Einm™2s7! and I, = 106

Ein.m 251
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laxation time 7
fow(t) = Avexp (=t/m1) + Ag (2.104)

the upper bound of the integral, 5, is chosen to ensure that the spectrum S(I) possesses
an extremum for [y = log(7). Due to the chosen normalization, the amplitude of the
extremum S(l;) is equal to the preexponential factor A;. The sign of the preexponential
factor determines the nature of the extremum, a positive factor leading to a maximum
and a negative factor leading to a minimum of S(I). When the experimental data points
fexp are not correctly described by a monoexponential function but behaves as a sum of
n exponential terms, the spectrum of the relaxation times has one to n extrema.

The spectra of relaxation times can be computed for different choices of the weighing
function Wi(t). In the case of a multiexponential function as described in Eq. (2.101),
the choice Wi(t) = e~ is intuitive. The correlation with an exponential is known to
produce spectra with broad peaks i.e. a moderate time resolution but little sensitivity to
the noise of the experimental data.!1%120 For the exponential correlator, we find 3 = 3.25.

The analytical expression of the spectrum S(I) for the monoexponential fluorescence
evolution Ig(t) given in Eq. (2.104) is given by

exp (—3.25 x 1071) (1.38 +-1.20 x 10"7") — 1.38 + 3.28 x 10"

(2.105)

The peak of the spectrum is symmetrical and the full width at half maximum equals
1.4. The logarithm of the relaxation time [ has to differ by more than a factor a 1.5 from
[; for the corresponding spectrum value S(I) to be smaller than 10% of the amplitude
S(ly) of the extremum.

The generalization to a linear combination of exponential functions is straightforward.
In the case where the experimental data points fep, is a sum of two exponential terms with
identical prefactors A; = A, and different characteristic times 10" < 10", the spectrum
has either one or two extrema. The spectrum shows one or two maxima if the prefactors
are positive and one or two minima if the prefactors are negative. If I, — [y < 1.1, the
spectrum has a single extremum for [ between [; and ;. In this case, the amplitude of
the extremum is between 1.3p and 2p. On the contrary, if [, — [y > 1.1, the spectrum has
two extrema. If [, — [y > 1.7, the abscissa of the extrema differ from [, and [, by less than
5%. Moreover, the values of the spectrum associated with the extrema are less than 7%

larger than the prefactor A; = As.
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For an experimental signal fey, equal to the difference of two exponential terms with
identical prefactors and characteristic times 104 < 10", the spectrum has always one
maximum and one minimum. If I —[; > 1.7, then the abscissa of the extrema differ from
i and Iy by less than 4%. In addition, the amplitudes of the extrema are less than 6%
smaller than the prefactor.

In the general case of non identical prefactors, the position of the absolute extremum

is close to the characteristic time of the exponential associated with the largest prefactor.

2.4.3 Extraction of a single characteristic time

Regardless of the chosen method, the analysis of a sum of exponential functions is all the
more difficult as the characteristic times are close. A balance has to be found between
the complexity and the robustness of the solution. Characterizing the evolution of the
function fex,(t) by only one characteristic time favors the robustness of the analysis. This
makes sense when the fo,(¢) function is monotonous, i.e. when all amplitudes A; have
the same sign. In this case the spectrum of characteristic times exhibits an absolute
extremum, a maximum if f is decreasing and a minimum if f.,(¢) is increasing. The
coordinates of this absolute extremum lead to the characteristic time 7; = 10" and the
amplitude A;. The curve fitting method can also be used with only 3 parameters, two

amplitudes Ay and A; and a characteristic time 7.

2.5 Manuscript: Extra kinetic dimensions for fluo-
rescence imaging (LIGHTNING)

Equipped with four illumination regimes revealing the kinetics of reversibly photoswitch-
able fluorescent proteins (RSFPs) and two data processing methods providing robust
characteristic times, we build a four-dimensional kinetic fingerprint of RSFPs. The prin-
ciple of the discrimination protocol and its implementation using RSFPs are found below
in the form of a manuscript in progress. Supporting information can be found in appendix
A. The proof of concept has been obtained for non-biological samples. Experimental val-
idation on bacteria is challenging and still in progress. Promising images have already

been obtained.
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MANUSCRIPT: Extra kinetic dimensions for fluorescence imaging (LIGHTNING)

Extra kinetic dimensions for fluorescence imaging

Raja Chouket, Agnes Pellissier-Tanon, ef al.

Abstract

Due to its sensitivity and versatility, fluorescence is widely used to image labeled biomolecules or
cells. However fluorescence imaging is currently limited by label discrimination. Even when their
signatures in spectral and lifetime domains are combined, only a few fluorophores can be distin-
guished. We overcome this limitation by introducing extra kinetic dimensions through multicolor
illuminations of reversibly photoswitchable fluorophores (RSFs) at different light intensities. In this
expanded space, each RSF is characterized by a unique signature that depends on its intrinsic pho-
tochemical and thermal properties. We managed to discriminate and recognize 20 green reversibly
photoswitchable fluorescent proteins with similar fluorescence spectra. This strategy considerably

expands the multiplexing capabilities of fluorescence imaging.

Introduction

There is a growing demand of quantitative biology to simultaneously image tens of chemical
species in a cell or nearby cells within a tissue.[1] Hence powerful genetic engineering strategies
have been introduced for labeling biomolecules or cells[2, 3, 4] and the level of multiplexed obser-
vation is presently limited by label discrimination.[5] In fluorescence imaging which is valued for
its high sensitivity and widespread equipment, 3—4 labels can be currently discriminated. Further
increasing this number requires unmixing in the spectral or time domain but at significant cost in
terms of photon budget and computation time.[6, 7] In this report, we introduce a simple alternative
approach to boost the number of discriminatable fluorophores.

Fluorescence emission reports on a photocycle and the simplest absorption/fluorescence emis-
sion photocycle is usually exploited to target a label. It provides two spectral — the excitation and
emission wavelengths — and one temporal — the fluorescence lifetime — discriminative dimensions
(see Fig.1a). Yet, the broad half width of the absorption/emission bands (50—-100 nm) and the
narrow lifetime dispersion (in the ns range) of the bright fluorophores intrinsically limit the dis-

criminative power of protocols based on a simple photocycle. Rich photocycles including several
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Figure 1: LIGHTNING opens new kinetic dimensions for multiplexed fluorescence imaging. a:
The standard absorption/emission photocycle provides three discriminative dimensions to target
a label: its absorption and emission wavelengths, and its fluorescence lifetime; b: LIGHTNING
exploits the richer photocycle of RSFs, which contains several states photoactivatable at distinct
wavelengths. Its interrogation with a multicolored sequence of photoactivating illuminations at
various light intensities generates multiple time fluorescence responses and as many characteristic
times 7;. With green RSFPs, we used three wavelengths (488 nm (blue) and 405 nm (purple) at two
different light intensities for photocycle activation and 525 nm (green) for fluorescence readout)
to generate a kinetic fingerprint of n = 4 non-redundant characteristic times, which yields four
dimensions for RSFP discrimination.

Cy

photochemical and thermal steps are found in reversibly photoswitchable fluorophores (RSFs).[8]
Endowed with multiple photoactivatable and bright states and a wide palette of relaxation times
(from us to s), they contain much more discriminative information, which has only been partially
explored in multiplexed imaging.[9, 10, 11] In this report, we introduce Light-tunable tIme-gated
readinG-out of pHotocycles for mulTiplexed fluorescence ImagiNG (LIGHTNING) which uncov-
ers unprecedented dimensions for RSF discrimination. Hence LIGHTNING considerably increases
the number of fluorophores which can be distinguished without any deconvolution nor subtraction

schemes.

The LIGHTNING concept

LIGHTNING exploits RSFs, whose photocycle consists of a network of states engaged in first-
order light- and thermally-driven reactions (see Fig.1b). Upon light activation of each photoacti-
vatable state, the concentrations of the RSF states — and consequently the RSF fluorescence signal
— evolve as a linear combination of exponential terms (see section A4 in SI).[12] The amplitudes
and relaxation times of these exponential terms depend on the multiple rate constants of the pho-
tocycle reactions. The light intensity affects the rate constants of the photochemical steps but not
those of the thermal steps. We exploit this crucial property to change the rate-limiting steps of the
photocycle, which enables us to sequentially extract its rich kinetic information.

Since multiexponential data processing is poorly robust,[13] we chose to parameterize each

time evolution of the RSF fluorescence signal by a single characteristic time regardless of the
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photocycle complexity. Applying n multicolor illuminations at different light intensities yields a
set of n non-redundant characteristic times {7;}, the reference LIGHTNING kinetic fingerprint of
each considered RSF (see Fig.1b). Two RSFs are distinguished if the Euclidean distance between
their positions in the n-dimensional space of characteristic times {7;} is greater than the resolution
limit governed by the experimental uncertainty on the characteristic times. Conversely, when the
distance between the kinetic fingerprints of a sample and a referenced RSF is smaller than the
resolution limit, the presence of this RSF in the sample is ascertained. Therefore, the expansion into
new kinetic dimensions relying on intrinsic differences of photochemical and thermal properties

enables LIGHTNING to discriminate RSFs without any demanding data processing.

LIGHTNING in action

In order to evaluate the LIGHTNING framework, we used reversibly photoswitchable fluorescent
proteins (RSFPs)[14], popularized by super-resolution microscopy.[15, 16, 17, 18] With the aim of
exploring LIGHTNING discrimination capacity, we engineered and selected a serials of Skylan[19]
mutants differing by the cc-amino acid at position 62, 157, 173 respectively, which are endowed with
high brightness, high on-off contrast, and various photoswitching kinetics. Completed by members
from the series of Dronpa[20] and rsEGFP,[21] they provided 22 spectrally similar green RSFPs
(1-22; see §A1.1.2, Fig. A6a,b, and Tab.A1 in SI). We chose two wavelengths — A\; = 488 nm
and \; = 405 nm — to drive the RSFP photocycle and reversibly photoactivate states of distinct
brightnesses. [22, 23, 24, 25, 26] Excitation at \; generates a significant fluorescence signal. An
original setup was used to automatically record and analyze the fluorescence response of an RSFP
solution exposed to sequences of homogeneous illuminations at A\; and/or )\, in a few minutes (see
§A1.4 in SI).

We first measured the rate constant associated with the thermal relaxation of the photoswitched
RSFPs (see Fig. A7-A9; see also Tab. A3 in SI). In addition, for both wavelengths and a long
acquisition time, we extracted two light-driven characteristic times from fluorescence evolution,
one being at least three orders of magnitude smaller than the other (see Fig.A4 and Fig.A10-
A13; see also Tab.A2 in SI). They are in line with fast reversible photoswitching and slow long-
term decay of fluorescence.[27, 28] Thus, we identified a time window common to the 22 RSFPs
over which illumination drives reversible fluorescence photoswitching without any pronounced
detrimental interference of thermal relaxation and long term decay.

Then we submitted RSFP solutions to 1 s-sequences of illuminations for tens of light intensi-

ties covering 5 orders of magnitude up to 10* W.cm™?2 (see Fig.A4 and Fig. A14-A35a,b in SI).
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[luminations I and II are defined by constant light of intensity /; at A\; and constant lights of inten-
sities /1 and I, at \; and )\, respectively. Apart from the “positive” switchers 4 and 5, all studied
RSFPs are “negative” switchers[29] for which illumination I drives a fluorescence decay and illu-
mination II promotes a rise of the fluorescence signal (see Fig.2a). The detailed interpretation of
the observed fluorescence evolutions will be the subject of another report. We introduced a kinetic
filter by adopting a time window for signal acquisition (see §A6.1 in SI) and focused on the part
of the fluorescence time evolution exhibiting the largest amplitude (see Fig.2a). Then we robustly
retrieved a single characteristic time by (i) correlating the fluorescence evolution with an exponen-
tial function and retaining the absolute extremum of the resulting spectrum of relaxation times (see
section A5 in SI) or (ii) reducing the fluorescence evolution to a monoexponential function and
retaining its relaxation time (see section A6 in SI). Hence we extracted a single characteristic time
71 (7, resp.) at each light intensity I; (I, resp.) of illumination I (II, resp.).

All investigated RSFPs share a qualitatively similar light intensity dependence of the character-
istic times. For sufficiently low intensities, 1/ T / 7U, resp.) linearly increases with I, (I, resp.)
at \; (\g, resp.) and tends to saturate for higher intensities (see Fig.2b and Fig. A14-A35c—f in SI).
At the lowest intensities, the photochemical steps limit the rate of the RSFP photocycle and fluo-
rescence evolution is monoexponential. The photoswitching cross sections >; and X, are deduced
from the slopes of 1/7! versus I; and 1/7!! versus I,, respectively (see section A7 in SI). At the
highest intensities, thermal steps intervene in the photocycle rate and 7! and 7!! exhibit no signifi-
cant (or a weaker) dependence on light intensities. The low- and high-intensity regimes are sepa-
rated by indicative threshold light intensities I¢ (in the range 40-2 10* W.cm™2; 2-80 Ein.m~2.s™ 1)
at \; and I¢ (in the range 8-3 10> W.cm~2; 0.3-10 Ein.m~2.s71) at A, (see Tab. A3 in SI). For
each RSFP, the low intensity regimes I, and Il,,, provide two characteristic times Tl{jw and TIIOIW,
respectively, which are independent of the two characteristic times T}Iﬂgh and T}Iﬂlgh obtained in the
regimes of high intensity, In;gn, and gy, respectively. The {7, Tio,» Thign» Thign } Set defines the
LIGHTNING kinetic fingerprint of an RSFP under the four illuminations {Iiow, Iiow, Inigh, high }
(see Fig.2c).

The LIGHTNING discriminatory power

LIGHTNING discrimination involves the kinetic fingerprint of RSFPs in the 4D space of their
characteristic times without adverse effects of their similar photoactivating and fluorescence wave-
lengths (see Fig.3a). Optimal initial conditions before the next illumination are obtained for the

ordered sequence {Iiow, iow, Inigh, Inign } (see Fig.2a). Acquisition time is minimized by choosing
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Figure 2: LIGHTNING in action. a: A sequence of four illuminations {Lioy, iow, Ihighs hign }
involving lights at the wavelengths A\; = 488 nm (blue) and A\s = 405 nm (purple) at intensities
I; and I in Ein.m~2.s™!, respectively, yields four fluorescence time series I(t) (each scaled by
the difference between the maximal and minimal values). RSFP kinetics is governed by distinct
photochemical (zigzag arrow) or thermal (standard arrow) rate-limiting steps (in black). The faster
the step, the thicker the arrow. ' is brighter than Cy whereas C3 and C; are dark; b: Inverse of
the characteristic time obtained for illuminations I (blue) (II (purple), resp.) versus light intensity
11 (15, resp.). The vertical dotted line separates two regimes, the low intensity regime Iy, (Iloy,
resp.) for which the rate-limiting step is photochemical and the high intensity regime Ipign (Ipign,
resp.) for which the rate-limiting step is thermal. The set of the four characteristic times extracted
from the four illuminations provides the kinetic fingerprint {7, Tit,» Thign» Taign} Of €ach RSFP.
c¢: Heatmap displaying the deviations from the mean value 7 of the characteristic time obtained for
each illumination for the 22 investigated RSFPs in decimal logarithmic scale. RSFP = Dronpa-2

(2)inaandb.
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Figure 3: The LIGHTNING discriminatory power. a: Similar normalized emission spectra of
solutions of the RSFPs 1-22 illuminated at \; = 488 nm; b Minimum distance between pairs for
optimized subsets of RSFPs versus cardinal m of the subsets. The threshold d.. is deduced from the
experimental uncertainty on the determination of the characteristic times. The condition d,,;, > d.
fixes the maximum number of discriminatable RSFPs (20 among the 22 investigated RSFPs 1-22);
c: Representation of the 22 RSFPs in the 4D space {7y Tioy» Thigh» Thigh }- The volume associated
with each RSFP has been fixed by the resolution limit.

the highest possible light intensity adapted to all RSFPs in each regime. Fig.2c and Tab. A4 sum up

the resulting {7, 7iL

Thigh» Thigh } Sets for the 22 RSFPs. Optimized subsets of the most distant
RSFPs are determined using the minimum distance d,,,;,, between pairs for all subsets of m RSFPs.
For each cardinal m, the optimized subset associated with the largest value of d,;, is selected
(see Fig.3b and §A1.7.1 in SI). In order to evaluate the resolution limit in 15-20 ;M solutions of
RSFPs, we measured 500 times the kinetic fingerprint of two representative RSFPs (see Figs. A45
and A46a—d; see also Tabs. A7 and A8 in SI). We evaluated that the minimum distance between
two discriminatable RSFPs is d. = 0.2 (see §A8.3). Under such experimental conditions LIGHT-
NING unambiguously distinguishes and identifies 20 among the 22 investigated green RSFPs, as
evidenced by the spreading and the lack of overlap of the kinetic fingerprints of 20 RSFPs in the

discriminating 4D space (see Fig.3b,c).

The LIGHTNING scope

We consider the scope of LIGHTNING for multiplexed fluorescence imaging. With RSFPs, wide-
field LIGHTNING will be relevant for imaging many biological phenomena in real time (acquisi-
tion and processing in less than 1 s) with a good signal-to-noise ratio (slight reduction of acquired
photons with respect to standard fluorescence imaging; see §A9.1.3). With an optimized acquisi-
tion sequence, LIGHTNING will be relevant as well in light scanning (e.g. confocal or light-sheet)
microscopies, which are favorably endowed with a wide range of light intensities. Beyond RSFPs,

LIGHTNING should be relevant to the multiple fluorophores engaged in photocycles involving
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light- and thermally-driven reactions. This includes in particular regular fluorophores generating
dark states upon light activation at one (e.g. in xanthens,[9] rhodamines,[30] or fluorescent proteins
FPs[31]) or two (e.g. in FPs [32]) wavelengths, which could be discriminated in 2 or 4 dimensions,
respectively. Hence, providing that further fluorescence photoswitching information is gathered,
LIGHTNING is anticipated to distinguish several tens of fluorophores, which would be attractive
for analyzing microbiomes, lineage, or cell connectivity, and for monitoring sensors or gene ex-

pression.
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2.6 Comparison of the experiments with the predic-
tions of the reduced mechanisms of RSFPs

Our goal is not to fully validate the seven-state mechanism of RSFPs proposed in section
2.3. We present some experimental observations, which support the relevance of the
reduction of the seven-state mechanism in the investigated 1 ps—0.25 s time window.

The fluorescence evolution of the RSFPs under various illuminations has been recorded
during 0.25 s with a sampling interval of 107% s at best. As a consequence, only reaction
steps associated with characteristic times larger than 1 ps and smaller than 0.1 s can
be observed. The fluorescence evolutions of all 20 studied negative RSFPs exhibit a
qualitatively similar behavior as shown in Figs. S17-S38 of appendix A.

Figures 2.7 and 2.8 of section 2.4.2 display representative fluorescence evolutions and
the associated spectra of characteristic times for the low and the high intensity regimes
under illuminations I and II, respectively. We build a monoexponential function with a
relaxation time equal to the time associated with the absolute extremum of the exper-
imental spectrum. The spectrum associated with this monoexponential function is also
shown and referred to as the monoexponential spectrum. In the case where the experi-
mental spectrum has not the same width as the monoexponential spectrum, we conclude
that the experimental evolution is at least biexponential. If the experimental spectrum is
larger than the monoexponential spectrum, the amplitudes of the two exponential terms
have the same sign. Otherwise, they have opposite signs.

In the case of illuminations I, and Il,, the experimental spectra shown in Figs.
2.7c and 2.8c are very close to the built monoexponential spectrum which proves the
monoexponential behavior of fluorescence evolution. Figures. S17-S38e.f of appendix A
show that the inverse of the characteristic time is proportional to light intensity in the
regimes of low intensities. The two-state mechanisms obtained in section 2.3.3 correctly
predict a monoexponential behavior with characteristic times inversly proportional to light
intensity: Kinetics is controlled by the photochemical steps in the low intensity regimes.
Fluorescence experiments give access to the values of the isomerization cross sections for
all investigated RSFPs. As displayed in Tab. S3 of appendix A, the results agree with
the orders of magnitude of the values tabulated in the literature.

In the case of illuminations Iyien and Ilhien the monoexponential approach illustrated
in Figs. S17-S38c,d of appendix A leads to characteristic times nearly independent of

light intensity in the range of high experimentally accessible intensities.
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As displayed in Fig. 2.7d, the experimental spectrum obtained for illumination Ipig,
is broader than the corresponding monoexponential spectrum which reveals that fluo-
rescence evolution is at least biexponential with positive pre-exponential factors. The
three-state mechanism obtained in section 2.3.3 satisfactorily accounts for a biexponen-
tial behavior. However the two characteristic times are sufficiently close and the pre-
exponential factors sufficiently different for the spectrum to display a single maximum
which justifies the monoexponential approach. As displayed in Tab. S3 of appendix A,
the approximated determination of the characteristic time yields the order of magnitude
of the characteristic time of the thermal step associated with protonation. Moreover the
experimental results support the idea that the Trans-O~ state is fluorescent and the triplet
state of the Cis-O~ species plays a non negligible role in kinetics. Indeed releasing either
of these hypotheses would lead to a monoexponential evolution.

According to Fig. 2.8b fluorescence evolution under illumination Ily;gp, is not monot-
onous in the investigated time window. A rapid increase of large amplitude is followed
by a slower decrease of smaller amplitude leading to the existence of a maximum. As
showed in Fig. 2.8d, the spectrum of characteristic times admits a sink narrower than the
built monoexponential spectrum revealing the presence of at least two exponential terms
with pre-exponential factors of opposite signs in the fluorescence evolution. In addition
the spectrum admits a second extremum close to the upper bound of the investigated
time window which demonstrates the existence of a third characteristic time. Hence the
four-state mechanism obtained in section 2.3.3 correctly accounts for the experimental
results. The monoexponential data analysis only exploits the fluorescence increase until
the maximum. The associated characteristic time given in Tab. S3 of appendix A is
mainly controlled by the thermal proton exchange steps and consequently depends little
on light intensity.

In conclusion of this chapter, the seven-state mechanism and the associated reduced
schemes in the four illumination regimes provide a satisfying description of the experi-

mental fluorescence evolution of illuminated RSFPs in the investigated time window.
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Chapter 3

Kinetics-based discrimination
protocols of reversibly
photoswitchable fluorophores under
modulated illumination

3.1 Chemical systems submitted to periodic forcing

A non-constant illumination can also be used to reveal the kinetics of reversibly photo-
switchable fluorescent species. In this section we are interested in the case of periodic
illumination. The equations of kinetics in the presence of oscillation of illumination and
thus photochemical rate constants are non-autonomous equations, i.e. in which time ex-
plicitly appears. In the presence of periodic light excitation, the photochemical system
belongs to the class of forced dynamical systems, which has been extensively studied in

the case of electrical systems submitted to periodic voltage excitation.™>8°

3.1.1 Fourier analysis

Specifically we consider sinevawe illuminations of period 7. The photochemical rate
constants of the general chemical system given in Eq. (2.1) are T-periodic functions
of time whereas the thermal rate constants remain constant over time. The method of
calculation of the concentrations evolution described in section 2.1 has to be adapted. In
particular the Jacobian matrix is a T-periodic function of time. It should be remembered

that a T-periodic function f(¢) can be written as a Fourier series according to

f(t) =ao+ i ay cos (kwt) + by sin (kwt) (3.1)

k=1
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where ag, ai, and by are the real amplitudes of the Fourier series and w = 27/T is the
fundamental angular frequency. The function f is defined by the mean ag, the amplitudes
a; and by at the fundamental frequency w and the amplitudes a, and by, k& > 1, at the
harmonic frequencies kw. Solutions of Eq. (2.5) are sought in a periodic form, using
Fourier analysis. The concentration vector C is written as a Fourier series as given in Eq.
(3.1). We cancel the terms in front of the sine and cosine at each order k. We obtain a
linear system for the Fourier amplitudes of the concentration vector C.

Since the Fourier series has an infinite number of terms the system has an infinite
dimension and another approximation has to be made in order to obtain analytical ex-
pressions of the Fourier amplitudes. When the light intensity and thus the rate constants
and the Jacobian matrix are modulated with a sufficiently small amplitude «a, such an
approximation can be an expansion in «. The expansion is all the more valid at large
amplitude as we consider many orders in the Fourier series. Then the first Fourier am-
plitudes can be calculated and the concentration evaluated. Numerical computation can
also be performed regardless of the value of the modulation amplitude.

The fluorescence evolution associated with a chemical system submitted to periodic
forcing does not simply depends on the concentrations of the species. According to Eq.
(2.16) the fluorescence intensity depends on the product of the illumination of intensity
I(t) and the concentration evolution C;(t), both being periodic and written as Fourier

series.

3.1.2 Resonance, a tool for discrimination

Resonances can be found in dynamical systems submitted to periodic forcing. The phe-
nomenon of resonance has been extended to stochastic systems.'?? At the molecular scale,
chemical reactions are stochastic birth and death processes. Adding a periodic forcing to
a chemical network fulfills the requirements of stochastic resonance.

Historically, stochastic resonance has been introduced in the case of a Brownian par-
ticle moving in a bistable potential submitted to periodic forcing.'??123 The amplitude
of oscillation of the particle position is optimized when the characteristic time associated
with the noise-induced interwell transitions, the mean first-passage time, matches the half
period of the forcing.!?*1?3 Similar resonances have been found in other physical situa-
tions. Three basic ingredients are usually observed in a system giving rise to resonance:
(i) an energetic activation barrier, (ii) a weak coherent input, such as a periodic signal and

(iii) a source of noise that is inherent to the system, or added to the coherent input.??
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The output signal can be optimized when a given value of the parameters associated with
the stochastic processes matches the fundamental frequency or the harmonic frequencies
of the input signal.'?*12* In the case of the harmonics the output signal can also vanish
for specific values of the parameters.!25 126

Among the numerous applications of resonance, our group has already worked on
optimizing effective diffusive coefficient using oscillations of an electric field in the case of
a reaction inducing an important change of size for the chemical species.'?” Resonances
are particularly well suited to discrimination purposes when using dynamic contrast. In a
mixture, when the frequency of the light modulation matches the kinetics of the targeted
reversibly photoswitchable fluorescent label, its contribution to a Fourier amplitude of
the fluorescence intensity is maximized while the contribution of interfering species with
different kinetics are small. Thus an image of the targeted reversibly photoswitchable
fluorescent label can be obtained by tuning the frequency of the light modulation to
match the kinetics of the targeted label.

Due to their nonlinearities, the Fourier amplitudes of the fluorescence intensity can also
be optimized with respect to other parameters. In the case of a reversibly photoswitchable
species, the mean light intensity set the value of the photochemical rate constants. In the
case of a nonlinear chemical network, conserved quantities, such as a concentration, which
intervene in the kinetics, may also be chosen by the experimentalist. Thus, the variations
of the Fourier amplitudes have to be studied in the space of the control parameters, i.e.
the parameters whose value can be set by the experimentalist. Our objective has been
to find resonance conditions of a Fourier amplitude, i.e. relations between the control
parameters and parameters that characterize kinetics as cross sections or rate constants,

for which the Fourier amplitude is maximized.

3.1.3 Summary of Out-of-Phase Imaging after Optical Modula-
tion (OPIOM and Speed OPIOM)

In order to highlight my contributions to the design of discrimination methods harnessing
light modulation, I summarize the principles of OPIOM and Speed OPIOM developed by
the group before my arrival.62 63,83

In the framework of OPIOM and Speed OPIOM the kinetics of reversibly photoswitch-
able fluorescent proteins (RSFPs) is described by a two-state model. This hypothesis is

fully justified for low enough light intensities as shown in section 2.3. Using the notations
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used in Fig. 2.6, we consider

k1

A

C (3.2)

kh+kca

with k] and £} given in Eqs. (2.82,2.84). The two-state model contain a single step and a
single dynamical variable due to the law of conservation of matter. I[llumination involve
sinevawe light intensity at the wavelength \; of mean value I?, amplitude a;, and angular

frequency w according to
I = I? (1 + a;sin (wt)) (3.3)

Two cases are considered depending on the number of wavelengths involved in the
illumination.

In the OPIOM protocol, a modulated illumination at the single wavelength A\, =
488 nm is applied. The control parameters are the mean light intensity IY and the
angular frequency w. The quadrature Fourier amplitude of fluorescence oscillations at
the fundamental frequency displays an optimum in the space (w,I}) when the control

parameters fulfill the conditions

w = 2]60,4 (34)
kca

70 =4 3.5

=" (35)

In the Speed OPIOM protocol, a modulated illumination in antiphase at both wave-
lengths A; = 488 nm and A, = 405 nm is considered. The thermal rate constant ko, is
neglected with respect to k. The control parameters are the mean light intensities I
and I9 and the angular frequency w. The quadrature Fourier amplitude of fluorescence
oscillations at the fundamental frequency displays an optimum in the space (w/IY, I3 /1?)

for the following resonance conditions

w = 20’11]? (36)
(O’QQ + 0'12) [g = 0'11[? (37)
The Speed OPIOM protocol has been used to discriminate three out of eight RSFPs

in biological samples.®?

During my PhD, I extended the OPIOM discrimination protocol in two directions.

First I investigated the presence of resonances in the harmonic Fourier amplitudes of
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fluorescence oscillations in a two-state model close to the one given in Eq. (3.2). Then, I
implemented the principle of the discrimination method on another chemical system, for
which a thermal reaction, a complexation, is made photoactivatable in combination with

a reversibly photoswitchable species.

3.2 Manuscript: Resonances of reversibly photoacti-
vatable labels responding to high amplitude light
modulation for selective analysis and imaging
(HIGHLIGHT)

In OPIOM, the width of the resonance peak of the Fourier amplitude associated with the
fundamental frequency sets the number of discriminatable RSFPs. In order to improve the
performance of multiplexing, I investigated whether the Fourier amplitudes at harmonic
frequencies exhibit resonances, preferably narrower. The theoretical predictions I obtained
have been experimentally validated by our group. The results are presented in the form
of a manuscript ready for submission. Detailed calculations are given in the supporting

information found in appendix B.
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Resonances of reversibly photoactivatable labels
responding to high amplitude light modulation for

selective analysis and imaging
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Abstract

Dynamic contrast exploits kinetics to discriminate a label against a spectrally interfering back-
ground. We submit reversibly photoactivatable labels to sine-wave light of large amplitude and
show that Fourier amplitudes of fluorescence oscillations at harmonic frequencies exhibit reso-
nances in the space of the control parameters. Specifically, we evidence that several resonant
observables can be simultaneously retrieved from a single experiment by using phase-sensitive
detection. This simple and general strategy is used to selectively image four spectrally similar

reversibly photoswitchable fluorescent proteins.

*A. Pellissier-Tanon and R. Chouket contributed equally to this work.
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1 Introduction

Analysis and imaging aim at identifying, quantifying, and localizing components in mixtures. Non-
invasive strategies are adopted in systems which should remain in their native state (e.g. living
cells).! A specific spectroscopic signature can be exploited to distinguish a target. However, com-
plex media contain a large number of components often bearing similar atoms or functional groups,
which hinders spectral target discrimination against the background. The thermodynamics (as used
in titrations) or the kinetics of a reaction between the target and a specific reagent can also be har-
nessed for further discrimination of spectrally similar components. Kinetics is especially attractive
since it relies on a high number of discriminative parameters: the rate constants. '

A kinetics-based strategy has been implemented in light-driven dynamic contrast, which lever-
ages a reversibly photoactivatable label fused with the target. Light is used for both triggering the
kinetics of the label photocycle and reading out.> Dynamic contrast has found significant devel-
opments in multiplexed fluorescence imaging by exploiting the relaxation of reversibly excited*>
or photoswitched labels.®!° These imaging protocols provide appreciable selectivity but they still
demand too wide a span of relaxation times for discrimination, which is inconsistent with imaging

the large number of labelled biomolecules needed in advanced bioimaging.'! !

Several of these imaging protocols (phase suppression in fluorescence lifetime imaging,*> 13
Out-of-Phase Imaging after Optical Modulation-OPIOM?® !°) exploit phase-sensitive analysis of
the response at the fundamental angular frequency of a reversibly photoactivatable label submit-
ted to periodic illumination.”'® Selectivity for label discrimination can be improved by using the
label response not only at the fundamental frequency but also at the harmonics. This approach

has proven extremely fruitful in several fields such as chemical sensing,'* detection of atoms,!’

16,17 8

subdiffraction-limited imaging, electrochemical impedance spectroscopy,'® or fingerprinting
reactive processes.!”>* In this paper, we derive the periodic fluorescence evolution of a reversibly
photoactivatable fluorophore submitted to sine-wave illumination of large amplitude. We demon-
strate that a Fourier amplitude at each harmonic frequency exhibits at least one resonance of sig-
nificant amplitude and determine the relation observed at resonance between the kinetic properties
of the label and experimentally-controlled parameters. HIGHLIGHT (pHase-sensltive imaGing of
reversibly pHotoactivatable Labels after modulatlon of activatinG ligHT) harnesses this feature,
which enhances selectivity over previous protocols only relying on the fundamental angular fre-
quency and provides additional opportunities for highly selective analysis and imaging of spectrally

similar labels.
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2 HIGHLIGHT principle

We consider a reversibly photoactivatable fluorophore engaged in a light-driven exchange between
two states differing by their brightness (see Fig. 1a). The forward photoconversion results from
illumination /; at wavelength A\; and the backward conversion is either spontaneous, e.g. by an
emissive or thermally-driven process, or photochemically governed under illumination / at wave-

)?425 used in the fol-

length \,, e.g. as in reversibly photoswitchable fluorescent proteins (RSFPs
lowing.?6% We analytically and numerically compute the evolution of the concentrations of the
fluorophore states and the fluorescence signal under different illumination protocols involving sine-
wave light at angular frequency w (see section B1 in Supporting Information): (i) light modulation
at A; without light at \; (ii) light modulation at A; (Ao, resp.) with constant light at A\, (\q, resp.)
(displayed in Fig. 1a); (iii) antiphase modulation of both lights at A; and A,. In all examined
cases, fluorescence oscillates at frequency w. Fourier analysis is performed to extract the n**-order
amplitudes at each harmonic frequency nw (see Fig. 1a). The Fourier amplitudes are proportional
to the total concentration of the photoactivatable fluorophore. Defining the phase of the Fourier
amplitudes with respect to the exciting modulated light, the quadrature (for the odd orders) and
in-phase (for the even orders) amplitudes exhibit at least one resonance in the space of the con-
trol parameters (17, w) in (i) or (I3/I7,w/I?) in (ii) and (iii), where I? and I are the mean light
intensities. The resonant n'"-order Fourier amplitudes are further referred to as HIGHLIGHT-n
signals. For all illuminations, the HIGHLIGHT-1 signal exhibits a single resonance peak, which
is twice as high for illumination (iii) as for the other illuminations. From the second order, the
HIGHLIGHT-n signals have a single extremum or two extrema of opposite signs, leading to a line
of vanishing amplitude.*®3' Far from extrema, the HIGHLIGHT-n signals vanish. Importantly the
width of a resonance peak decreases as the order n of the harmonics increases without detrimental
loss of absolute amplitude evaluated at the extremum. Typically the HIGHLIGHT-n signal decays
by a factor of two when n is increased by one. The resonance conditions relate the control param-
eters and the kinetic properties of a given reversibly photoactivatable fluorophore. Specifically the
angular frequency w is close to the inverse of the photoswitching relaxation time (see section B1 in
Supporting Information). Imposing resonant conditions for a target label eliminates the contribu-
tions to the HIGHLIGHT-n signals of non-resonant spectrally interfering signals (e.g. other labels,
autofluorescence, or ambient light) and provides a selective and quantitative imaging protocol.
The protocol (ii) with light modulation at \; is chosen for its well-suited properties for selective
imaging (see Supporting Information). As a representative example of reversibly photoactivatable

fluorophore for HIGHLIGHT evaluation, we choose the RSFP Dronpa-2.3? As a negative photo-
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Figure 1: The HIGHLIGHT principle. a: Application of a sine-wave illumination (here sine-wave
light at angular frequency w and wavelength \; — in blue — and constant light at wavelength A,
— in purple) on a reversibly photoactivatable fluorophore generates a periodic fluorescence signal,
which provides quadrature and in-phase amplitudes after Fourier analysis; b: Contour maps of the
HIGHLIGHT-n signals (n = 1: yellow; n = 2: green; n = 3: brown) computated for Dronpa-2
driven by sine-wave light at \; = 480 nm and constant light at A, = 405 nm using the photochem-
ical data shown in Tab. B5. Solid (dotted, resp.) lines are associated with positive (negative, resp.)
values. Dashed lines are zero lines. The HIGHLIGHT-n signals are scaled by the HIGHLIGHT-1
value at resonance: Thick lines correspond to amplitudes equal to 0.9, medium lines to 0.4, and
thin lines to 0.1.

switcher, Dronpa-2 is switched to a dark state by a blue light at \; = 480 nm and back from the
photoswitched dark state to a bright state by purple light at A\ = 405 nm. Fig. 1b displays the
computed maps of the HIGHLIGHT-n signals (n = 1-3) in the (I9/I7,w/I)) space. Interestingly,
the resonance condition of the positive peaks of HIGHLIGHT-2 and HIGHLIGHT-3 are close to
the resonance condition of HIGHLIGHT-1. The width of the peaks along the w/IV-axis signifi-
cantly drops from HIGHLIGHT-1 to HIGHLIGHT-3 without severe decrease of peak amplitude.
Hence a single acquisition with a same set of control parameters provides several independent and

quantitative observables of increasing selectivity for fluorescence imaging.

3 HIGHLIGHT in action

HIGHLIGHT implementation requires pure sine-wave light sources ensuring that non-linearities
revealed by the harmonics result from the response of the reversibly photoactivatable fluorophore
and not from harmonic distortion of illumination. Considering the acquisition frequency of the
camera and the resonant conditions for RSFPs, we aimed at generating pure sine-wave modulation

from Light Emitting Diodes (LEDs) at 1-50 Hz frequencies. Despite a waveform generator deliver-
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ing a sinusoidal voltage with less than 0.075% harmonic distortion, we noticed that the modulated
light exhibited a detrimental level of harmonic distortion (see Fig.B13a,b and B14a,b), presumably
originating from temperature-dependent brightness of the passively cooled LEDs. Hence we intro-
duced a feedback control on the generator bringing harmonic distortion below 1%. Equipped with
reliable pure sine-wave illumination, we could illustrate the opportunities provided by the set of
HIGHLIGHT-n observables for selective fluorescence imaging.

We first experimentally evaluated the theoretical predictions of the discriminative map dis-
played in Fig. 1b. We submitted fixed nucleus-labeled U20S cells (see Fig. 2a) expressing
H2B-Dronpa-2 to sine-wave light at \; = 480 nm and constant light at Ay = 405 nm under
fulfilling the HIGHLIGHT-1 resonance conditions using reported photochemical information (see
Fig. 2b-h).!"® A lock-in amplifier was used to extract the in-phase and quadrature components
leading to HIGHLIGHT-n images with satisfactory signal-to-noise ratios S/N(n) up to n = 3:
S/N(1) = 10.2, S/N(2) = 11.4, and S/N(3) = 6.1 (see also Fig. B17a—d and Fig. Bl8a—
d for Dronpa-3%- and rsFastLime3*3-labeled cells, respectively). The HIGHLIGHT-1-3 signals
agreed with the theoretical predictions. The measured HIGHLIGHT-2 and -3 signals scaled by the
HIGHLIGHT-1 signal were 0.314+0.12 and 0.1440.16 when 0.35 and 0.10 could be expected, re-
spectively. The signals HIGHLIGHT-1-3 obtained at conditions deviating from the HIGHLIGHT-1
resonance by an order of magnitude along each axis were in agreement with the predictions. In par-
ticular, the expected decrease of the width of the peak along the the w/I?-axis from HIGHLIGHT-1
to HIGHLIGHT-3 was confirmed. Eventually, we observed the vanishing of the HIGHLIGHT-2
and HIGHLIGHT-3 signals and the change of their sign for smaller control parameters than the
resonant values along the diagonal.

Harnessing experimentally validated HIGHLIGHT discrimination maps, we showed that HIGH-
LIGHT selectively imaged a targeted RSFP against a background of spectrally interfering fluo-
rophores. We first targeted Dronpa-2 against EGFP, in microscopy of mammalian cells expressing
both fluorophores. The pre-HIGHLIGHT image results from averaging the fluorescence evolution
and is similar to an image recorded under constant illumination. Whereas the contributions of
Dronpa-2 and EGFP were superimposed in the pre-HIGHLIGHT image (Fig. B19a), only Dronpa-
2 contributed to the HIGHLIGHT-1 and HIGHLIGHT-2 images as anticipated from the absence
of any resonant photoswitching behavior for EGFP (Fig. B19b). Hence, HIGHLIGHT-1 and -2
efficiently suppressed the signal from spectrally interfering non-photoactive fluorophores.

Then we showed that spectrally similar RFSPs (see Fig. B16) possessing different kinetic
properties could be selectively imaged with HIGHLIGHT. We specifically examined the negative

32,34

photoswitchers Dronpa,®® Dronpa-2,3? and rsFastLime, which could not be independently im-
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Figure 2: HIGHLIGHT-n discrimination maps using cell imaging. a: Schematic representation
of the imaged cell (N: nucleus; M: mitochondria); b—d: Experimental (blue disks) and theoretical
(black dots) HIGHLIGHT-1 (b), -2 (¢), and -3 (d) signals scaled by HIGHLIGHT-1 value at reso-
nance in the (I9/19,w /1) space for Dronpa-2 under sine-wave light at A; = 480 nm and constant
light at Ay = 405 nm; e-h: Pre-HIGHLIGHT (e) and HIGHLIGHT-1 (f), -2 (g), and -3 (h) images
of Dronpa-2. The level of the HIGHLIGHT-n signals is displayed in the gray scale on the right
of each figure. System: Fixed U20S cells expressing H2B-Dronpa-2 (at the nucleus). The images
were recorded at 298 K with scale bars: 10 ym; See Tab. B6 in Supporting Information for the
acquisition conditions.

aged using Speed OPIOM.!? The theoretical predictions for the HIGHLIGHT-n maps of Dronpa
and rsFastLime were first determined using light modulation at A\; = 480 nm and constant light
at Ay = 405 nm (see Fig. 3a,e,i). Then we imaged a four-chamber microfluidic device, each
chamber being filled with a solution of one fluorophore, Dronpa, Dronpa-2, rsFastLime, or EGFP.
Three fluorescence evolutions were recorded at the HIGHLIGHT-1 resonance conditions of the
three RSFPs, Dronpa, Dronpa-2, and rsFastLime. As expected, the EGFP chamber was again dark
in all HIGHLIGHT-n images (see Figs. 3a, e, i). Whereas the HIGHLIGHT-1 image recorded
at resonance for Dronpa-2 could almost eliminate the interfering contributions of the two other
RSFPs (see Fig. 3c), the HIGHLIGHT-1 images recorded at resonance for Dronpa and rsFastLime
encountered strong interferences from rsFastLime and Dronpa-2 respectively (see Fig. 3b and d)
as anticipated from significant overlaps in Fig. 3a. This result was expected from the similarity

between the HIGHLIGHT-1 and Speed OPIOM imaging protocols. In contrast, HIGHLIGHT-2
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could selectively image the three RSFPs under their respective conditions of HIGHLIGHT-1 res-
onance (see Fig. 3f—h). This result was predicted by the theoretical maps showing that the point
associated with the HIGHLIGHT-1 resonant parameter values of Dronpa and rsFastLime lies on
the HIGHLIGHT-2 zero line of rsFastLime and Dronpa-2 respectively (see Fig. 3a and e, and d and
h). The HIGHLIGHT-2 discrimination of rsFastLime and Dronpa-2 was reproduced in fixed U20S
cells (see Figure B20). Whereas the Pre-HIGHLIGHT (Figure B20a,e) and HIGHLIGHT-1 (Figure
B20b,f) images evidenced overlap of the signals from both RSFPs, HIGHLIGHT-2 unambiguously
distinguished rsFastLime at the cell membrane from Dronpa-2 at the nucleus (Figure B20c,g). The
HIGHLIGHT-3 theoretical map displayed in Fig. 3i predicts a similar behavior to the one obtained
with HIGHLIGHT-2. However, the signal-to-noise ratio of the HIGHLIGHT-3 images was too low
to reach any definitive conclusion under the present acquisition conditions (see Fig. 3j—1). Hence,
when adopting the HIGHLIGHT-1 resonance conditions for acquisition, both HIGHLIGHT-1 and
HIGHLIGHT-2 signals can be easily accessed. Moreover HIGHLIGHT-2 emerged as the most
attractive observable balancing selectivity with sensitivity for fluorescence imaging of reversibly

photoactivatable fluorophores.
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Figure 3: HIGHLIGHT discriminates distinct four spectrally similar fluorescent proteins. a,e,i:
Contour maps of the scaled HIGHLIGHT-1 (a), -2 (e), and -3 (i) signals under sine-wave light
at \; = 480 nm and constant light at A, = 405 nm for Dronpa (light blue), Dronpa-2 (yellow),
and rsFastLime (red) in the (I9/1,w/I?) space using the data shown in Tab. B5 (see Supporting
Information). Solid (dotted, resp.) lines are associated with positive (negative, resp.) values.
Dashed lines are zero lines. The HIGHLIGHT-n signals are scaled by the HIGHLIGHT-1 value
at resonance: Thick lines correspond to amplitudes equal to 0.9, medium lines to 0.4, and thin
lines to 0.1; HIGHLIGHT-n (n = 1: b-d; n = 2: f-h; n = 3: i-l) images of a four-chamber
microsystem filled with solutions of Dronpa (D; 2 uM), Dronpa-2 (D2; 8 uM), rsFastLime (FL;
5uM), and EGFP (E; 5 uM) in pH 7.4 BSA-PBS buffer. The images were recorded at 298 K. Scale
bars: 100 pm. The control parameters are set at the resonance of HIGHLIGHT-1 Dronpa (b.f.j),
Dronpa-2 (¢,g,k), and rsFastLime (d,h,1) See Tab. B6 in Supporting Information for the acquisition
conditions.

In addition to selective imaging performances, HIGHLIGHT possesses an intrinsic optical sec-
tioning power. Imposing an inhomogeneous spatial profile of illumination allows the HIGHLIGHT
resonance conditions to be met only locally, which enables us to easily discard fluorophores out of
targeted locations. To evidence this attractive feature, we built an epi-fluorescence imaging system
(see subsection B4.5 in the Supporting Information) that delivers coaxial light profiles at 480 and
405 nm spatially decaying over 10 ym from a homogeneously illuminated 15-pm edge octahedron

located at the focal plane. This setup was used to image layers of variable thickness of a Dronpa-2
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solution with sine-wave light at A\; = 480 nm and constant light at A\, = 405 nm by choosing
the values of the control parameters in the octahedron to meet the HIGHLIGHT-1 resonance con-
ditions. Fig. 4a—f displays the Pre-HIGHLIGHT, HIGHLIGHT-1, and -2 images for 4-um and
120-p4m thick samples. For the 4-pm thick sample, the three images do not exhibit any halo around
the central bright square as anticipated from the absence of any fluorescence emission out of the
focal plane. For the 120-pm thick sample, the Pre-HIGHLIGHT image yields a bright square sur-
rounded by a strong halo, which originates from the contribution of the solution located above and
below the octahedron. The HIGHLIGHT-1 and HIGHLIGHT-2 images provide a better defined
square with a less pronounced halo since Dronpa-2 experiences out-of-resonance conditions above
and below the octahedron. To be quantitative, we measured the Pre-HIGHLIGHT, HIGHLIGHT-1,
-2 signals as a function of the sample thickness z. From z = 0 to 15 pm, both Pre-HIGHLIGHT
and HIGHLIGHT-1, -2 signals linearly increase as expected from homogeneous light distribution
within the octahedron (see Fig. 4g). Beyond 15 pm, the Pre-HIGHLIGHT signal still increases
with increasing z. In contrast, the HIGHLIGHT-1, -2 signals saturate, which demonstrates their
intrinsic optical sectioning power. These conclusions were confirmed when taking into account the
spatial dependence of the light intensities in the analytical expressions of the HIGHLIGHT signals.
Figs. 4h—j show that the HIGHLIGHT-1 and -2 signals are more focused than the Pre-HIGHLIGHT
signal. Similar results were obtained with modulated light at A\, = 405 nm and constant light at

A1 = 480 nm (see Fig. B21a—-g).
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Figure 4: Optical sectioning power of HIGHLIGHT. Pre-HIGHLIGHT (a,d), HIGHLIGHT-1 (b,e),
-2 (c,f) images of a 10-uM Dronpa-2 solution of thickness 120 ym (a—c) and 4 ym (d—f) obtained
with an optical setup using coaxial light profiles spatially decaying over 10 ym from a homo-
geneously illuminated 15-pym edge octahedron. Scale bar: 10 pum; g: Pre-HIGHLIGHT (black
triangles), HIGHLIGHT-1 (deep blue squares), -2 (light blue circles) signals versus thickness z
of the sample for a 10-uM Dronpa-2 solution. The mean signal intensities and the error bars are
obtained using spatial averages of the images over a 6-um square; Spatial dependence of the scaled
Pre-HIGHLIGHT (h), HIGHLIGHT-1 (i), and -2 (j) signals after introducing the light profiles in
the analytical expressions of the HIGHLIGHT signals. See Tab. B6 in Supporting Information for
the acquisition conditions with sine-wave light at \; = 480 nm and constant light at A, = 405 nm.

4 Concluding remarks

The development of HIGHLIGHT has been motivated by improving dynamic contrast of reversibly

photoactivatable fluorophores engaged in a two-state exchange.!®!> We harness the resonant be-
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havior of the HIGHLIGHT-n signals defined as n*® order Fourier amplitudes obtained by phase-
sensitive Fourier analysis of fluorescence evolution under periodic illumination. We more specifi-
cally adopted pure sine-wave illumination, which is presumably more favorable for discrimination
with excellent signal-to-noise ratio from lock-in amplification. Provided that simple photochem-
ical experiments”™'? have revealed the intensity dependence of the rate constants, the parameters
that control illumination can be tuned to maximize the HIGHLIGHT-n signals of a targeted flu-
orophore and minimize the contributions of spectrally similar mixture components. The control
parameter dependence of the HIGHLIGHT-n signals predicted by the theoretical analysis has been
experimentally confirmed.

In particular, the HIGHLIGHT-1 signal has a single extremum whereas the HIGHLIGHT-2 sig-
nal has two narrower and lower resonance peaks separated by a zero line in the space of control
parameters. HIGHLIGHT-1 and Speed-OPIOM® ! both harness the 15'-order quadrature Fourier
amplitude of fluorescence oscillations. Whereas HIGHLIGHT-1 and Speed-OPIOM efficiently
fought against autofluorescence, they both failed to distinguish spectrally similar reversibly pho-
toactivatable fluorophores with closely located resonances. Under such demanding situations, we
demonstrated the added value of HIGHLIGHT-2. Without loosing much signal with respect to
HIGHLIGHT-1, we independently imaged three RSFPs with similar resonances using the narrower
resonance peak and the zero lines of HIGHLIGHT-2.

Moreover we showed that HIGHLIGHT-1 and -2 are intrinsically endowed with optical sec-

tioning,*%%’

which is favorable to the implementation of 3D-fluorescence imaging. Interestingly,
independent light beam shaping at both wavelengths is not required (like in REversible Saturable
OpticaL Fluorescence Transitions (RESOLFT) for instance) and only the generation of any non
uniform light profiles is necessary. The simple illumination scheme of HIGHLIGHT may find
promising applications in the context of light scanning (e.g. confocal microscopy) and could sim-
plify the optical setup, reduce its cost, and facilitate its maintenance.

Obtaining several observables in a single experiment is another favorable feature of HIGH-
LIGHT. We have chosen to harness the Fourier amplitudes with resonant behavior. However all
Fourier amplitudes have specific dependencies on the control parameters which could be exploited
for example in the framework of machine learning.

Eventually, HIGHLIGHT has been applied to a two-state exchange but can be extended to
more complex mechanisms.?® If the mechanism is known, resonance conditions can be determined
leading to analytical expressions, which can be straightforwardly used by experimentalists. For
unknown mechanisms, empirical determination of resonances remains possible using numerical

determination. It is worth to note that complex mechanisms offer the possibility to exploit a large
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number of control parameters to tune different rate constants and get better selectivity for fluo-

rophore discrimination.

5 Acknowledgement

The authors thank S. Jakobs for providing the Dronpa-2 cDNAs. This work was supported by the
ANR (France Biolmaging - ANR-10-INBS-04, Morphoscope2 - ANR-11-EQPX-0029,, HIGH-
LIGHT, and dISCern), the Fondation de la Recherche Médicale (FRM DEI201512440), and the
Domaine d’Intérét Majeur Analytics de la Région Ile de France (DREAM).

References

[1] J. Quérard, T. Le Saux, A. Gautier, D. Alcor, V. Croquette, A. Lemarchand, C. Gosse, and
L. Jullien. Kinetics of reactive modules adds discriminative dimensions for selective cell

imaging. ChemPhysChem, 17:1396-1413, 2016.

[2] R. Winkler-Oswatitsch and M. Eigen. The art of titration. From classical end points to modern

differential and dynamic analysis. Angew. Chem. Intl. Ed., 18:20-49, 1979.

[3] Raja Chouket, Agnes Pellissier-Tanon, Annie Lemarchand, Agathe Espagne, Thomas
Le Saux, and Ludovic Jullien. Dynamic contrast with reversibly photoswitchable fluorescent

labels for imaging living cells. Chemical Science, 11(11):2882-2887, 2020.

[4] J. R. Lakowicz, H. Szmacinski, K. Nowaczyk, and M. L. Johnson. Fluorescence lifetime

imaging of free and protein-bound nadh. Proc. Natl. Acad. Sci. USA, 89:1271-1275, 1992.

[5] J.R. Lakowicz, H. Szmacinski, K. Nowaczyk, K. W. Berndt, and M. L. Johnson. Fluorescence
lifetime imaging. Anal. Biochem., 202:316-330, 1992.

[6] G.Marriott, S. Mao, T. Sakata, J. Ran, D. K. Jackson, C. Petchprayoon, T. J. Gomez, E. Warp,
O. Tulyathan, H. L. Aaron, E. Y. Isacoff, and Y. Yan. Optical lock-in detection imaging

microscopy for contrast-enhanced imaging in living cells. Proc. Natl. Acad. Sci. U. S. A.,
105:17789-17794, 2008.

[7] J. Widengren. Fluorescence-based transient state monitoring for biomolecular spectroscopy
and imaging. J. R. Soc. Interface, 7:1135-1144, 2010.

79



MANUSCRIPT: Resonances of reversibly photoactivatable labels responding to high
amplitude light modulation for selective analysis and imaging (HIGHLIGHT)

[8] C.I. Richards, J.-C. Hsiang, and R. M. Dickson. Synchronously amplified fluorescence image
recovery (SAFIRe). J. Phys. Chem. B, 114:660-665, 2010.

[9] J. Quérard, T.-Z. Markus, M.-A. Plamont, C. Gauron, P. Wang, A. Espagne, M. Volovitch,
S. Vriz, V. Croquette, A. Gautier, T. Le Saux, and L. Jullien. Photoswitching kinetics and

phase-sensitive detection add discriminative dimensions for selective fluorescence imaging.

Angew. Chem. Int. Ed., 54:2633-2637, 2015.

[10] J. Quérard, R. Zhang, Z. Kelemen, M.-A. Plamont, X. Xie, R. Chouket, I. Roemgens, Y. Kore-
pina, S. Albright, E. Ipendey, M. Volovitch, H. L. Sladitschek, P. Neveu, L. Gissot, A. Gautier,
J.-D. Faure, V. Croquette, T. Le Saux, and L. Jullien. Resonant out-of-phase fluorescence mi-

croscopy and remote imaging overcome spectral limitations. Nat. Comm., 8:969, 2017.

[11] R. Weissleder and M. Nahrendorf. Advancing biomedical imaging. Proc. Natl. Acad. Sci.
USA, 112:14424-14428, 2015.

[12] H. Grecco, S. Imtiaz, and E. Zamir. Multiplexed imaging of intracellular protein networks.

Cytometry Part A, 2016.

[13] Joseph R Lakowicz and Aleksander Balter. Theory of phase-modulation fluorescence spec-

troscopy for excited-state processes. Biophysical chemistry, 16(2):99-115, 1982.

[14] Satoshi Nakata, Kaori Takemura, and Kayoko Neya. Chemical sensor based on nonlinearity:

Principle and application. Analytical sciences, 17(3):365-373, 2001.

[15] Robert P Frueholz and Jerry A Gelbwachs. Harmonic saturated spectroscopy for improved
atomic detection. Applied optics, 19(16):2735-2741, 1980.

[16] Katsumasa Fujita, Minoru Kobayashi, Shogo Kawano, Masahito Yamanaka, and Satoshi
Kawata. High-resolution confocal microscopy by saturated excitation of fluorescence. Phys-
ical review letters, 99(22):228105, 2007.

[17] Masahito Yamanaka, Kenta Saito, Nicholas I Smith, Satoshi Kawata, Takeharu Nagai, and
Katsumasa Fujita. Saturated excitation of fluorescent proteins for subdiffraction-limited imag-

ing of living cells in three dimensions. Interface focus, 3(5):20130007, 2013.

[18] Fathima Fasmin and Ramanathan Srinivasan. Nonlinear electrochemical impedance spec-

troscopy. Journal of The Electrochemical Society, 164(7):H443—H455, 2017.

80



MANUSCRIPT: Resonances of reversibly photoactivatable labels responding to high
amplitude light modulation for selective analysis and imaging (HIGHLIGHT)

[19] H. Berthoumieux, L. Jullien, and A. Lemarchand. Response to a temperature modulation as

a signature of chemical mechanisms. Phys. Rev. E, 76:056112, 2007.

[20] A.Lemarchand, H. Berthoumieux, L. Jullien, and C. Gosse. Chemical mechanism identifica-
tion from frequency response to small temperature modulation. J. Phys. Chem. A, 116:8455—
8463, 2012.

[21] F. Closa, C. Gosse, L. Jullien, and A. Lemarchand. Identification of two-step chemical mech-
anisms and determination of thermokinetic parameters using frequency responses to small

temperature oscillations. J. Chem. Phys., 138:244109, 2013.

[22] F. Closa, C. Gosse, L. Jullien, and A. Lemarchand. Identification of two-step chemical mech-

anisms using small temperature oscillations and a single tagged species. J. Chem. Phys.,
142:174108, 2015.

[23] Philipp Miiller and Ive Hermans. Applications of modulation excitation spectroscopy in het-

erogeneous catalysis. Industrial & Engineering Chemistry Research, 56(5):1123-1136, 2017.

[24] D. Bourgeois and V. Adam. Reversible photoswitching in fluorescent proteins : A mechanistic
view. I[UBMB Life, 64:482—-491, 2012.

[25] X. X. Zhou and M. Z. Lin. Photoswitchable fluorescent proteins: ten years of colorful chem-
istry and exciting applications. Curr. Opin. Chem. Biol., 17:682-690, 2013.

[26] H. Bouas-Laurent and H. Diirr. Organic photochromism. Pure Appl. Chem., 73:639—665,
2001.

[27] M.-S. Wang, G. Xu, Z.-J. Zhang, and G.-C. Guo. Inorganic-organic hybrid photochromic
materials. Chem. Commun., 46:361-376, 2010.

[28] T. Fukaminato. Single-molecule fluorescence photoswitching : Design and synthesis of pho-
toswitchable fluorescent molecules. J. Photochem. Photobiol. C : Photochem. Rev., 12:177—
208, 2011.

[29] S. van de Linde and M. Sauer. How to switch a fluorophore: from undesired blinking to

controlled photoswitching. Chem. Soc. Rev., 43:1076-1087, 2014.

[30] Peter Jung and Peter Talkner. Suppression of higher harmonics at noise induced resonances.
Physical Review E, 51(3):2640, 1995.

81



MANUSCRIPT: Resonances of reversibly photoactivatable labels responding to high
amplitude light modulation for selective analysis and imaging (HIGHLIGHT)

[31] Gerhard Schmid and Peter Hianggi. Controlling nonlinear stochastic resonance by harmonic

mixing. Physica A: Statistical Mechanics and its Applications, 351(1):95-105, 2005.

[32] A. C. Stiel, S. Trowitzsch, G. Weber, M. Andresen, C. Eggeling, S. W. Hell, S. Jakobs, and
M. C. Wahl. 1.8 a bright-state structure of the reversibly switchable fluorescent protein Dronpa
guides the generation of fast switching variants. Biochem. J., 402:35-42, 2007.

[33] R. Ando, C. Flors, H. Mizuno, J. Hofkens, and A. Miyawaki. Highlighted generation of
fluorescence signals using simultaneous two-color irradiation on Dronpa mutants. Biophys.

J., 92:1L.97 - 199, 2007.

[34] M. Andresen, A. C. Stiel, J. Follig, D. Wenzel, A. Schoenle, A. Egner, C. Eggeling, S. W.
Hell, and S. Jakobs. Photoswitchable fluorescent proteins enable monochromatic multilabel

imaging and dual color fluorescence nanoscopy. Nat. Biotech., 26:1035-1040, 2008.

[35] R. Ando, H. Mizuno, and A. Miyawaki. Regulated fast nucleocytoplasmic shuttling observed
by reversible protein highlighting. Science, 306:1370-1373, 2004.

[36] José-Angel Conchello and Jeff W Lichtman. Optical sectioning microscopy. Nature Methods,
2(12):920, 2005.

[37] T Wilson. Optical sectioning in fluorescence microscopy. Journal of microscopy, 242(2):111—
116, 2011.

[38] M. Hofmann, C. Eggeling, S. Jakobs, and S. W. Hell. Breaking the diffraction barrier in
fluorescence microscopy at low light intensities by using reversibly photoswitchable proteins.

Proc. Natl. Acad. Sci. U. S. A., 102:17565-17569, 2005.

[39] Agnes Pellissier-Tanon, Raja Chouket, Thomas Le Saux, Ludovic Jullien, and Annie Lemarc-
hand. Light-assisted dynamic titration: from theory to an experimental protocol. Physical

Chemistry Chemical Physics, 20(37):23998-24010, 2018.

82



3.3 Article: Light-assisted dynamic titration: From
theory to an experimental protocol

The discrimination protocols OPIOM, Speed OPIOM, and HIGHLIGHT have been imple-
mented for specific reversibly photoswitchable fluorescent labels engaged in a two-state
exchange. The three methods are quantitative, i.e. give access to the amount of fluo-
rophore. The chemist is often faced with the determination of the concentration of a
non-fluorescent species and uses titration reactions for this purpose. However few titra-
tion reactions are light driven. In order to harness the potential of forced photochemical
systems in the framework of titration, we consider a titration reaction coupled with a
reversibly photoswitching step.12% 139

Light modulation brings new control parameters, the angular frequency and the mean

3L13L The resonance conditions link

light intensity, with respect to standard titration.
the control parameters and the kinetic parameters. Due to the larger number of kinetic
parameters than thermodynamic parameters, dynamic titration provides better selectivity
than standard titration.

The theoretical results I obtained on the extension of the discrimination protocol to
a reversibly photoswitchable/complexation system have been published in Phys. Chem.

Chem. Phys.®® The article is given below.
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In order to design a dynamic titration method, we propose a theoretical model harnessing the kinetic
properties of the complexation of the titrated species with a titrating photoswitchable reagent. Forced
oscillations of illumination are imposed and concentration oscillations of the targeted species are
deduced from the equations of chemical kinetics. We determine analytical expressions of the resonance
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1 Introduction

In analysis or imaging, addressing a targeted component in a
mixture without any separation requires selectively reading-out
its signature. When a mixture contains many components,
exploiting a spectroscopic signature may be too restrictive for
discrimination. Indeed, the signals associated with atoms or
functional groups exhibit non-vanishing half-widths and are
spread over a finite frequency range, which limits the number
of discernable components. As an example relevant for fluores-
cence microscopy,' the absorption and fluorescence emission
features of the labels currently used in biology suffer from
spectral crowding. Only a few labels can be discriminated®
instead of the several tens which would be desirable for advanced
bioimaging,** multicolored cell labeling,”” and highly multi-
plexed diagnostic assays.®’ Alternative strategies have to be
implemented in order to overcome the preceding limitation.
Titration is such a strategy, which has been extensively used
in chemistry and biology. In titrations, discrimination of a
targeted component relies on its reaction with a selective
reagent, which is read-out by an observable (e.g. absorbance,
fluorescence emission,. . .) reporting on the extent of the titrating
reaction. Most titration protocols exploit chemical equilibrium
with respect to the titrating reaction. In those protocols,
the observable is constant and its value is governed by the
thermodynamic constant of the titrating reaction, which has

“ PASTEUR, Département de Chimie, Ecole Normale Supérieure, PSL University,
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A user-friendly protocol of dynamic titration is proposed.

to be singularized in order to achieve successful contrast of
the targeted component against interfering species. Dynamic
titrations add a new dimension for discrimination.'®""
As relaxation methods used in chemical kinetics,>™® they
exploit the mixture response to a sudden or periodic change
of a parameter, which controls the rate of the titrating reaction.
In dynamic titrations, the observable is not anymore constant
but it is replaced by a temporal series of observable values,
which depends on the impact of the perturbation on the
titrating reaction. In particular, both the extent and the relaxa-
tion time of the titrating reaction govern the response of any
mixture component to the perturbation. Consequently, they
add a kinetic dimension to the titration protocols relevant
at chemical equilibrium and correspondingly make dynamic
titrations more selective.

Several control parameters can perturb the rate of a titration
reaction.'>'* Periodic forcing of reaction kinetics via, e.g.
modulation of pressure, temperature, or illumination, is a
useful tool to improve the reaction performance, the reaction
rate, or to control the selection of a given behavior in complex
nonlinear reactions.””>' Optimizing the quantity of interest
consists in determining resonance conditions relating the
parameters associated with external forcing and intrinsic
chemical dynamics. Analogous optimization could be obtained
using noise instead of a periodic forcing leading to stochastic
resonance.>? Protocols relying on temperature modulations and
signal demodulation for selective analysis®*™>® or mechanism
unraveling®®* have been proposed.

In this manuscript, we consider perturbing the rate of the
titration reaction by changing the concentration of its reactants
and products. Such a change would most often involve matter
transport. However, this approach may bring limitations origi-
nating from poor temporal resolution, detrimental convective
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flows, or lack of access in the case of compartmentalized
systems. We are interested in using light as a fast non-invasive
trigger to change the concentration of photoactive species, which
is compatible with biological applications.** Hence, we consider
that the selective reagent used in the titration is reversibly
photoswitchable and exchanges between two states respectively
reactive and inert towards the mixture components. Our goal
is to introduce a highly selective dynamic titration protocol
discriminating the mixture components by the rate constants
of their reaction with the reactive state of the selective reagent.
Interestingly, the same protocol will be as well relevant to add
another dimension to discriminate recent biomolecular tags,
which non-covalently interact with reversibly photoswitchable
reagents to provide fluorescent labels.>*’

The paper is organized as follows. In Section 2, we introduce
a model of dynamic titration involving a photoswitchable
reagent and forced oscillations of illumination. In Section 3,
we analytically compute the concentration response of the
reactants and products engaged in the light-assisted titrating
reaction when they are submitted to modulated illumination of
small amplitude. The observable is the out-of-phase amplitude
of concentration oscillations of the complex formed by the
targeted species and the photoswitchable titrating reagent. The
observable displays an optimum in the space of the rate
constants. These resonant rate constants are associated with
specific values of the control parameters, i.e. the angular
frequency of illumination modulation, the mean light intensity
and the concentration of the photoswitchable reagent. Recipro-
cally, setting the control parameters to resonant values leads to
singularizing the species with kinetic properties of interest. In
Section 4, we extract analytical expressions of the control
parameters associated with an extremum of the observable.
The analytical predictions are numerically checked in Section 5.
Section 6 is devoted to the design of the experimental protocol
for light-assisted dynamic titration. Section 7 contains the
conclusion.

2 The model

We consider the following mechanism accounting for the
photochemical isomerization of a reversibly photoswitchable
reagent (1F, 2F) and its complexation with a titrated species R:

h
Ky

1F

2F (1)

Iy
kit

4
k4

R +1F

1B (2)
KA !

In reaction (1), the thermodynamically most stable state 1F
is photochemically converted into the thermodynamically
less stable state 2F at rate constant k4 from which it can relax
back to the initial state 1F either by a photochemically- or a
thermally-driven process at rate constant k% + k4, where kg’{
and k3, are the photochemical and the thermal contributions of
the rate constants, respectively. In reaction (2), the state 1F

This journal is © the Owner Societies 2018

PCCP

interacts with the titrated species R to yield the bound, fluores-
cent state 1B. The thermally-driven on- and off-rate constants,
k4, and k“,, are used as discriminative parameters in a dynamic
titration protocol.

In this work, the photochemical reaction (1) is used to drive
the complexation reaction (2) and reveal its kinetics. Numerous
molecular backbones exhibit reversible photoswitching
when they are exposed to light.***' The forward and backward
photochemical isomerizations of reaction (1) can be light-
driven at a same wavelength. Alternatively two distinct wave-
lengths can be used to respectively govern the forward and
backward photochemical processes in many reversibly photo-
switchable chromophores (e.g. reversibly fluorescent photo-
switchable proteins — RSFPs,**** azobenzenes,***® cyanines,*”*®
diarylethenes,*™' and spirobenzopyrans®*). In the following,
we distinguish two regimes of illumination. In the first regime,
subsequently referred to as the one-color system, we consider that
the forward and backward photochemical isomerizations are
driven at one wavelength only. In this regime, the thermally-
driven backward isomerization associated with the rate constant
k), is essential to control the modulation of the extent of
reaction (1). In the second regime, subsequently denominated
as the two-color system, we assume that the forward and back-
ward photochemical isomerizations are driven at two distinct
wavelengths. The thermally-driven backward isomerization is
not necessary to control the modulation of the extent of reaction
(1) and we restrict the examination of the two-color system to the
case k3, « K% ie. to high intensities of illumination.

3 Concentration responses to small
oscillations of illumination

We investigate the response of the system to forced oscillations
of the rate constants k% and k}¥ around their steady values
k9, and k3;. Denoting 1B, R, 1F, and 2F the concentrations in 1B,
R, 1F, and 2F respectively, we express the laws of conservation

of matter
Rt = 1B+ R (3)
Fior = 1F + 2F + 1B (4)

where R, and F,, denote the total concentrations of the
titrated species and the photoswitchable reagent, respectively.
The temporal evolution of the concentrations is governed by

diB

i =k 1B* + k% 1B2F — [k?, (Rt + Fiot) + k%] 1B 5

— k% R 2F + k%, Riot Fiot

d2F

= KB — (K + K+ KA)2F + KisF (6)

In the one-color system, photoswitching is driven at one

wavelength. With a one-photon excitation, the photochemical
rate constants can be written

kis(6) = o1a1(t) )
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K31(6) = 02ul(t) ®)

where 71, and o5, are the photoswitching cross-sections and (%)
is the light intensity. In the two-color system, photoswitching is

driven at two wavelengths with associated light intensities ;(¢)
and I,(t). The rate constants obey
Ki5(0) = 012,10(8) + 012,0L(1) )
kéull(t) = 021251(0) + 021,255(t) (10)

where 611, 0122, 021,1, and o5, , are the photoswitching cross-
sections. The thermal rate constant k5, is neglected in front of
the photochemical rate constants, implying that the light
intensities are large enough.

3.1 Steady-state concentrations

In this section, we consider steady illumination, I(¢) = I° for the
one-color system and I;(t) = I and L(¢) = I3 for the two-color
system. We look for the steady solutions of eqn (5) and (6) for
stationary values of the photochemical rate constants

ks = ayo0° (11)
k31 = o’ (12)
for the one-color system and
k(1)2 = 012,11(1) + 0'12,212 (13)
k(Z)l = 0'21,11? + 021,205 (14)

for the two-color system. We introduce dimensionless steady
concentrations

0 ki‘l
-1
0 kAl 0
v, = k%ZF (16)
-1

which obey for the one-color system

PO+ PIePor — ((r+ (et D)W — GRPSr + (xlr =0
(17)
P — [y + 1) + 1P+ 5nlp=0 (18)

Table 1 Expression of the dimensionless parameters (g, {r 1, 7, 71, and y2
for the one- and two-color systems

One-color system Two-color system

¢ 4 4
o R K R
0 (y)
k4, k4,
. y 4
CF kHF k+1F
kT‘] tot 7]{[,[ tot
n o’ o)
k3, o213
y 021
g2
7 0121
0211
72 o122
0212
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Table 2 Expression of the parameters e, f, and g for the one- and two-
color systems where (¢, 1, 7, y1, and y, are given in Table 1

One-color system Two-color system

e ({1 +y)+ 10y +1) (n+ Dm0 + 1) +92+1)

f (e = )y + 1) +n(1 +9) + 1) (1 + 72)(Cr — A + 1)
oy + 1)+, + 1)

g —lr —(ry1 + 72)%r

and depend on the four dimensionless parameters (z, (s, 1, and
y given in Table 1. The dimensionless steady concentrations are

. ol +y)+1

¥ip=Cr — ¥or (19)
4 _de
lng - M (20)

2e

with e, f, and g given in Table 2.
For the two-color system, eqn (17) and (20) remain
unchanged and eqn (18) and (19) are substituted by

0=—(ny1 +72) % — [n(ys + 1) + 95 + 1]P5e + (1 + 72)(r
(21)

. +1
POy =0 — (1 + h) Por (22)

where the expressions #, 7, and y, are given in Table 1 and
e, f, and g are given in Table 2.

3.2 First-order in- and out-of-phase concentration responses

We impose small oscillations of the illumination at the angular
frequency w. For the one-color system, we have

I() = I°[1 + ¢sin(wt)]

(23)

with ¢ « 1. In the two-color system, we propose to either
modulate one of the two light intensities I;(¢) and L(t) or
anticorrelate both of them at the same angular frequency

L(f) = £[1 + nyesin(ot)] (24)

L(t) = I3[1 + nyesin(wi)] (25)

where (n4,n,) = (1,0) or (0,1) for one modulated light intensity
and (ny,n,) = (1,—1) for two modulated light intensities. The
oscillations of illumination lead to oscillations of the photo-
chemical rate constants

K(t) = &9, + ekty sin(wt) (26)

KB(8) = K3, + ekyy sin(wt) (27)

For the one-color system, we have kl, = k%, and k%, = k5;. For the
two-color system, the expressions of ki, and k3, are obtained by
introducing eqn (24) and (25) into eqn (9) and (10). We look for
solutions of eqn (5) and (6) in the form of first-order expansions

1B = 1B° + ¢1B' (28)
2F = 2F° + e2F", (29)

This journal is © the Owner Societies 2018

86



ARTICLE: Light-assisted dynamic titration: From theory to an experimental protocol

Paper

valid for sufficiently small oscillation amplitudes (¢ « 1).
As previously, dimensionless variables and parameters are
introduced. The dimensionless first-order amplitudes of concen-
tration oscillation are given by

kA

Py =B (30)
k—l
kA

Pl = —kjle‘ 31)
-1

In addition to the notations given in Table 1, we introduce three
other dimensionless parameters in Table 3.

Under the hypothesis of small oscillations, eqn (5) and (6)
are linearized and written in matrix form

dx

5= MX + Fsin(09) (32)
where the vectors are
iy ,
X = = X cos(00) + X*" sin(69) (33)
¥ir
0
F = (34)
NP,
and the matrix is
a b
M= (35)
c d

with a, b, ¢, d, N, and h given in Table 4. Linearizing the
dynamical equations in the limit of small forcing ensures that
the analysis is generic: regardless of the specific nonlinearities
of chemical kinetics, the following results can be applied. The
linear system of equations for the dimensionless concentra-
tions is easily solved in the eigenvector basis in which the
equations are decoupled. The eigenvalues of M are given by

a+d++/(a—d)?+4bc
Ai = 2

(36)
In the eigenvector basis, the dynamical state of the system is

given by the vector

y=P'x (37)

Table 3 Expression of the dimensionless parameters «, 0, and ¢ for the
one- and two-color systems

One-color system Two-color system

K k4, k2,
k3, o2 20Y

0 53 1)
ké Gﬂjg

) kﬁ'lt 021’21(2)1.‘
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Table 4 Expression of a, b, ¢, d, N, and h for the one- and two-color
systems, where « is given in Table 3, %95 and W3¢ in eqn (19), (20) and (22),
and (g, {r, 1. 7, 71, and y, in Table 1

One-color system Two-color system

a K(ZW?B + PO — Crtirt) K(le(l)B + P9 — (Crt+ipt1)
b K(Y’?B - {r) K('P(l)B — )
c -n —(11 + 72)
d —(mly + 1) +1) —(ny + )+ 72+ 1)
N 1 |1 — n,
h 1 (= 72)
ny +72

where P! is the inverse matrix of the change-of-basis matrix

b b
Vs —ai 0 o -+
Ay —a Ao —a

Vs —ai 0 o -+

The coordinates of the vector ) = Y cos(05) + Y™™ sin(05)
obey the following decoupled equations

P= (38)

dy. .
== = .Yy + oy sin(65) (39)
dé
with
ot
=PF (40)
o
In the eigenvector basis, the solution is
gdi
) 41
* 02 + 1.2 (41)
o liai
Ybln - == 42
+ 0% + ;Liz ( )

and in the initial basis, we find X = X, + X_ with Xy = P)..
Bearing all above in mind, we obtain the expression of the
dimensionless first-order amplitudes of concentration oscilla-
tions for 1B and 2F

| cos NOb(a + d)h'PS,
1B = 3 (43)
0* + 0%(a® + d? + 2bc) + (ad — bc)
Lsin _ Nb(ad — bc — Hz)h‘PgF (44)
P00+ 02(® + d? + 2b¢) + (ad — be)?
pleos _ N9(02 +a*+ bc)h'f’gF (43)
04 02(a? + d? + 2bc) + (ad — be)?
sin N[0?(2a + d) — a(ad — be)|h¥)
fpo = MOLadd) alad DI,y

C 04+ 02(a? + d? + 2bc) + (ad — be)?

where the parameters q, b, c, d, N, and & are given in Table 4, the
dimensionless steady concentration Y3, is given in eqn (20),
and the dimensionless frequency 0 is given in Table 3. The
expressions of the dimensionless first-order amplitudes for 1F
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and R are obtained using the law of conservation of matter given
in eqn (3) and (4).

4 Analytical approach to the
optimization of the out-of-phase
concentration responses

We wish to introduce a highly selective dynamic titration
protocol discriminating the titrated species by the rate constants
of their reaction with the photoswitchable reagent. We are
concerned with identifying both the observable and the experi-
mental conditions which are the most favorable to fulfill
this goal.

The expressions (43)-(46) give access to the amplitudes of
the in- and out-of-phase terms of the modulated concentrations.
In this paper, we adopt the out-of-phase amplitude of the
concentration oscillations to build the observable of a dynamic
titration protocol. We focus on the behavior of 1B among the
species involved in the reactions (1) and (2). However, for the
sake of completeness, we will also mention the remarkable
properties of the species 1F and 2F, which could be useful in
similar systems. First of all, the out-of-phase amplitude of the
concentration oscillations of 1B is proportional to the total
concentration of the titrated species. Then, it is expected to
present a band-pass filter behavior for species engaged in the
set of reactions (1) and (2), which should facilitate their
discrimination. Indeed, species not affected by photochemical
reactions do not respond to illumination modulation, whereas
light fast-responding species respond in phase with the modu-
lated illumination.

For the one-color system, the first-order amplitudes of the
concentration oscillations are controlled by six dimensionless
parameters 7, 7, {, {r, k, and 60, instead of the nine initially
introduced parameters, 045, 01, I, Reoty Froty kﬂl, , kfl, and k,.
For the two-color system, the first-order amplitudes are con-
trolled by seven dimensionless parameters #, y1, V2, (& (5 K,
and 0, instead of the eleven initially introduced parameters,
012,15 021,15 012,25 021,29 1(1); 1(2)7 Riots Frots ki‘l; o, and kfl-

It is essential to recognize the parameters which can be
tuned in a titration protocol and the discriminative para-
meters which are specific to each targeted species. The scaled
intensity of illumination, n, and the ratios of the isomerization
cross-sections (y for the one-color system or y; and y, asso-
ciated with the light intensities I; and I, for the two-color
system) characterize the kinetics of the reversibly photo-
switchable reagent. The ratio of the complexation rate constant
and photoswitching rate constant, x, and the thermodynamic
dissociation constant, Kg = ki‘l/ki'l, are associated with the
kinetics of the complexation of the targeted species. The
parameters y or y; and y, are imposed by the photoswitchable
reagent and k is set by the couple formed by the photo-
switchable reagent and the titrated species. In contrast,
the normalized concentration ( of the targeted species, the
normalized concentration {r of the photoswitchable reagent,
the scaled frequency 0 of the forced oscillations, and the scaled

24002 | Phys. Chem. Chem. Phys., 2018, 20, 23998-24010
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intensity of illumination # are monitored by the experimentalist
and called control parameters.

,€OS

4.1 Optimization of yis
parameters

with respect to the control

In this section, we investigate whether the scaled out-of-phase
amplitude of concentration oscillations ¥15°° exhibits extrema
with respect to the control parameters. We determine analytical
expressions of the control parameters associated with an extremum,
further referred to as resonant parameter values labeled by an
exponent R.

We first optimize ¥15°° with respect to the scaled frequency
of the forced oscillations, 0. Using eqn (43), we find that

P15°° exhibits a single optimum for a positive value of 0 given by

—(a® + d* +2bc) + \/(a2 + d? + 2b¢)*+12(ad — be)?

R _
"= 6

(47)

Then, we consider optimizing ¥15°%(6%) with respect to the
scaled intensity of illumination, 5. The exact expression of # at
the optimum could not be extracted in the general case, but it
can be analytically retrieved in two experimentally relevant
situations: (i) the complexation reaction (2) is much faster than
the photoisomerization (1), ie. k >» 1, which amounts to
applying the quasi-steady state approximation to species 1B,
(ii) the reaction (1) is much faster than reaction (2), i.e. k < 1,
which amounts to applying the quasi-steady state approxi-
mation to species 2F. To leading order, we find

OR ~ ad — bc

, k> (48)

ad — bc

O ~
d

, k<l (49)

Interestingly, both limit cases lead to the same value of the out-
of-phase amplitude for 0 = 6%

_ Nb|¥S,

l,cos (pR
" (0%) =~ 2)ad — bc|

(50)
Although the expression does not depend on x, it is never-
theless not valid for k ~ 1. The expression of ¥15°%(0F) is still
not sufficiently simplified to determine the resonant expression
of 5. Consequently, we further restrict our analysis to two
concentration regimes, {(x « (r and ( » (z leading to
symmetrical expressions obtained by exchanging {r and (5. In
order to cover both regimes of approximation, we introduce
(max and {min for sup(g,(r) and inf((z,(s), respectively, and
obtain for the one-color system

llligos <0R) ~ . Nngmingmax > (51)
2[(yCnax + 1) + 1) + Lnax + 1]
We find a single optimum with respect to # for
-~ 1
VIR ~ Smax + (52)

N }’(Cmax + 1) + 1
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and the out-of-phase amplitude optimized with respect to 0 and
n is

NowinComs
,Pl.cos 0R7 nR ~ _ min mdxu 53
5O G D+ DD
Similarly, we find for the two-color system
Ti,;os (OR) ~ N(“,'] - v2)7lé’miu§max 5 (54)
2[”(Cmax + 71 + l) + gmax + 72 + l}
; } 1
R:€m¢1x+/2+ (55)
Cmax T 71 +1
llligos <0R7 nR) ~ N(Vl — y2)CminCmax (56)

B 8(£max +yl + 1)(Cmax +'}’2 + 1)

An optimum of ¥15°%(0% ") with respect to the maximum
{max can be found for the resonant value

. y+1
4'llliax = % (57)
/
leading to
Nli
lPLcos 0R7’7R7CR.X ~ min 58
1B ( ma) 8\/"?(2 y(y+l)+2v/+1) ( )
For the two-color system, we derive
Chax = V1 D2 +1) (59)
N M o— v
lpi;os (9R717R7C£ax) ~ (71 = 72)lmin (60)

8(vin T 1+/n 1)

4.2 Optimization of P15°° and ¥}5°° with respect to the
control parameters

An analogous approach is adopted to find approximate expres-
sions for the out-of-phase amplitudes P15°° and ¥35°° of the
modulation of 1F and 2F concentrations and the associated
resonance conditions. Depending on the rates of complexation
with respect to photoisomerization described by the x para-
meter, different behaviors are obtained. In the case of a slower
complexation (k « 1), we find not one but three extrema in the
(0,7) parameter space. The resonant parameter values asso-
ciated with a nonvanishing amplitude obey

—b
OR ~ |d|, R ~ % (61)

The first resonance R, is associated with the behavior of the
photoisomerization subsystem given in eqn (1).}*** Indeed,
in a two-state exchange, the resonant value of the angular
frequency is equal to the inverse of the relaxation time of the
reaction. Here, the dimensionless parameter d corresponds to
k9, + k9, + k2, for the scaled parameters. The second resonance
R, associated with species 1F and 2F leads to the same condition
(eqn (49)) as for species 1B.
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In the case of a slower photoisomerization (x > 1), Y15,

and P35 exhibit a single extremum at

ad — bc
a

O ~

(62)

which corresponds to the resonance condition associated with
1B given in eqn (48).

5 Numerical approach to the
optimization of 1B¥“°% with respect
to the control parameters

5.1 Behavior in the space of the control parameters

The analytical calculations rely on approximations and provide
partial knowledge of the behaviors of the out-of-phase ampli-
tudes. Whereas the analytical 0 expression is exact, the corres-
ponding 1" expression is not explicit when the rate constants
associated with reactions (1) and (2) are comparable (k ~ 1) or
when the dimensionless concentrations (; and { take similar
values. In order to validate the approximations, we compare the
analytical predictions with numerical solutions. We determine
the parameter values associated with optima of the scaled
out-of-phase amplitude.

Fig. 1 displays the numerically computed dependence of the
out-of-phase amplitude of the 1B concentration on the control
parameters. Experimentally relevant values of y or y; and y,
have been chosen. The 1B concentration is scaled by its upper
value min(Ryor,Fror)- Fig. 1a and b evidence the predicted reso-
nant behavior in the (0,7) space and underline the relevance
of the analytical resonant conditions. For the one-color system,
the analytical predictions lead to (/% = 0.69, 7 = 0.92) while
the numerical computations result in (6% = 0.69, 7~ = 0.79).
Similarly, for the two-color system, we analytically obtain
(0% = 0.41, n® = 1.43) and numerically find (0% = 0.41,
n® = 1.44). For a fixed value of {,, Fig. 1c and d validate the
presence of an optimum with respect to (. for both the one-
and two-color systems. The observable needs to be proportional
to (g in order to be used in a titration protocol. Hence, (g
cannot be imposed by resonance conditions. In the following,
we consider the approximation {» > (r and the resonance with
respect to {r Fig. 1c and d point out the relevance of the
analytic expressions to locate the resonance. Specifically, for
the one-color system and ( = 0.1, we analytically find R=1.4
while {§f = 1.60 is numerically computed. For the two-color
system we analytically obtain {} = 2.63 to be compared to the
numerical value (& = 2.87.

The resonant behavior in the (0,7) space is robust. It is
observed for all the values of y or 7y, and y, (e.g. for any type of
photoswitching behavior of the photoswitchable reagent) and
of k (e.g. for any ratio of the complexation rate constant and
photoswitching rate constant). The resonance phenomenon in
the ({z,{r) space is robust as well. For all the investigated values
of x and y, 1B"5(0% #®)/min(Rey,Fio) exhibits a maximum
(R > 1 with respect to { when {z < 1.
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Fig. 1 Numerically computed dependence of the scaled out-of-phase amplitude of the 1B concentration on the control parameters for the (a and c)
one-color system (y = 1) and (b and d) two-color system (y; = 1/5, y, = 5). (@ and b) Dependence of the normalized out-of-phase amplitude
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constants). (c and d) Dependence of 1B<°(0 7)/N min(Rior. Fror) ON g and (g, for a fixed value of x = 0.1.

5.2 Behavior with respect to the kinetically fixed parameters

5.2.1 One-color system. We address the case of photo-
switchable reagents whose isomerization is driven at one
wavelength and study the impact of the parameters y and x
on the resonance of the out-of-phase amplitude 1B,

We first examine the significance of the photoswitching
features expressed by y on the position of the resonance of
1BYS in the (0,17) space (see Fig. 1a). As shown in Fig. 2a, 0°
does not significantly depend on 7. In contrast, #* strongly
depends on y (Fig. 2b). In particular, for large 7, 5* is propor-
tional to 1/y. Then, we analyze the role of y on the resonance
of 1B in {; for fixed {x < 1 (Fig. 2c). For small y, (&
is proportional to 1/,/7 but converges to 1 for large 7.
In Fig. Sla—c of the ESI, we report on the deviations between
the analytically and numerically computed values of 6%, %, and
¢® which originate from the expansion used to derive eqn (52)
and (57). As shown in Fig. S1a of ESL the introduction of the
approximate values of #* and (¥ into the exact expression of %
given in eqn (47) induces a difference between the values
retrieved from analytical and numerical computations. It is
worth noting that the observed deviations are small compared
to the width of the resonance peak where the amplitude drops
to half of the resonance value. As a result, the analytical
predictions are fully exploitable.

Finally, we study the impact of y on the amplitude of the
resonance of 1B"°*(6% " (X). Fig. 3a and eqn (58) show that
1BYOS(0R ™ (K)/min(Ryoe,Fror) is @ decreasing function of y and

24004 | Phys. Chem. Chem. Phys., 2018, 20, 23998-24010

essentially vanishes for y > 1. The maximal 1B““* value

reaches 14% of min(Ryo,Fror) and 25% of the steady state
value 1B°.

We examine the effect of the complexation kinetics
expressed by the parameter x on the resonance. As shown in
Fig. 2d, 0% is proportional to x at small x values, whereas it does
not significantly depend on « at large «. This observation was
expected from eqn (48) and (49). As anticipated from eqn (52)
and (57), 7% and (F are essentially independent of « (Fig. 2e and f).
However, a second-order dependence of (X on x is numerically
observed when y « 1. Fig. S1d-f of the ESI,i show that the
deviations between the analytically and numerically computed
values of 0%, 4® and (% can be neglected.

The out-of-phase amplitude 1B"<°(0%",(R)/min(Riot,Fot)
does not significantly depend on « as illustrated in Fig. 3b
and eqn (58).

5.2.2 Two-color system. For a two-color system, the kinetic
parameters to be considered are 74, y,, and «. The choice of the
dimensionless parameters has introduced a symmetry breaking
in a system initially symmetric with respect to the permutations
between the light intensities I and I3 and the isomerization
cross-sections (042,1,021,1) and (012,2,021,2)- It is worth noting
that the sign of the amplitude 1B"** is imposed by the sign of
71 — 72. We discuss the results in the case y; < y, leading to a
negative amplitude.

We study the impact of the ratios y; and y, of the isomeriza-
tion cross-sections corresponding to the light intensities I3 and

This journal is © the Owner Societies 2018
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1,¢oS in the control

I3 on the position of the resonance 1B
parameter space. Analytical expressions given in eqn (47), (55)
and (59) and numerical results both lead to the following
conclusions. For k » 1, 0% is an increasing function of y; and
72, whereas 0% does not depend on y; and y, for k « 1. The
resonant value #® is a decreasing function of y; and an
increasing function of y,. We find that (R is an increasing
function of y; and y,. Fig. 4a-c show the numerical results in
the particular case y, = 1/y; which corresponds to reasonable
experimental conditions. The comparison between the analy-
tical predictions and the numerical results is made precise in
Fig. S2a-c of the ESI,} for y, = 1/y; The analytical results can be
used with a satisfying accuracy in a wide parameter range.
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0.16 0.16
= 0.14 "
S o0x2 A
Bl o1f----7 T
é 0.08
= oesfCTTL T
é 0.04
Z 00— ———
L e s i ———r——
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2
log1o(7) logig(x)

Fig. 3 One-color system. (a) Dependence of the resonant out-of-phase
amplitude of oscillations of concentration 18207 ;® (B)/N min(Riot Frot)
on y for (g = 0.1 and for several fixed values of x equal to 10~ (red solid
line), 1072 (red dashed line), 107" (red dotted line), 1 (black solid line),
10! (blue dotted line), 10? (blue dashed line), 10° (blue solid line). (b) Same
caption as in (a) by exchanging 7 and «.
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The impact of y; and 7, on the resonance of 1B"“*5(0% ",(¥)
is shown in Fig. 5a in the particular case y, = 1/y;. The
amplitude is an increasing function of |y; — y,| and reaches a
plateau for |y; — 7,| » 100, according to eqn (60). The largest
|1BY%%| reaches 12.5% of min(Ry,Fo) for a single modulated
light intensity and 25% of min(Reot,Fror) for two modulated light
intensities. Similarly, |1B"**| reaches 25% of the steady state
value 1B° for a single modulated light intensity and 50% of the
steady state value 1B° for two modulated light intensities.

The dependences of 6, #%, and (¥ on « are similar to the
ones that have already been discussed in a one-color system.
Fig. 4a—c display the numerical results for y, = 1/y,. Fig. S2d-f of
the ESIL, show that the discrepancies between the analytically
and numerically computed values of 0%, n%, and (% are small.

The amplitude 1B“*%(0%,",(7) is nearly independent of , as
displayed in Fig. 5b and in eqn (60).

The behaviors of the one- and two-color systems are similar.
However for a two-color system with two modulated light
intensities, the optimized amplitude can be doubled with respect
to the one of the one-color system.

6 Protocol for light-assisted dynamic
titration

The preceding results can be used to propose a highly selective
dynamic titration protocol, able to discriminate components R

in a mixture by the rate constants k4, and k4, of their reaction
with the photoswitchable reagent, viewed as the titrating
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Fig. 5 Two-color system. (a) Dependence of the resonant out-of-phase
amplitude of oscillation of concentration 1BY<°(0%,;® (R)/N min(Ro Frot)
on y; for several fixed values of k equal to 10> (red solid line), 1072 (red
dashed line), 10~ (red dotted line), 1 (black solid line), 10* (blue dotted line),
102 (blue dashed line), 10° (blue solid line). (b) Dependence of the resonant
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reagent. Focussing on a targeted component, we suggest to
tune the control parameters and maximize the amplitude of the
out-of-phase response of its associated bound state 1B. Indeed,
resonant or optimized values of the parameters (g, {r, 0, and 5
provide a significant observable for 1B proportional to the total
concentration R, of the targeted species while eliminating the
contributions from the other mixture components. According
to Tables 1 and 3, choosing (z, {r, 0, and 1 imposes constraints
on the concentrations R, and Fi, of the targeted component
and the titrating reagent, the angular frequency o of the forced

24006 | Phys. Chem. Chem. Phys., 2018, 20, 23998-24010

illumination oscillations, and the illumination intensities I° in
a one-color system and 1% and I3 in a two-color system. In a user-
friendly approach, we derive the optimized expressions of the
dimensioned control parameters and design an experimental
titrating protocol.

6.1 Setting the concentrations of the targeted component and
the titrating reagent

We assume that the total concentration R, of the target cannot
be tuned but is significantly lower than the tunable total
concentration of the photoswitchable reagent Fy,.. We further
assume that Ry, < Kgq which leads to simpler expressions of the
illumination control parameters presented in the following.

We use eqn (57) and (59) to relate the resonant value F, to
the dimensioned parameters of the targeted component.
We obtain for the one-color system

o
FR ~ Ky, 1422 (63)
021
and for the two-color system
o o
FR ~ Ky (1 + —‘2“) (1 +—‘2=2) (64)
021,1 0212

where (012, 021) and (012,1, 021,1, 012,2, 021,2) are specific to the
photoswitchable reagent and Ky = k%,/k?; is the thermodynamic
dissociation constant specific to the couple formed by the
photoswitchable reagent and the targeted component.

This journal is © the Owner Societies 2018
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6.2 Setting the illumination parameters

The control parameters associated with illumination are the
frequency » and the light intensities, I° in a one-color system
and 1§ and I3 in a two-color system.

6.2.1 One-color system. Using eqn (48), (49) and (52), valid
in the approximation Ry < Fior, We find the following resonant
values for the one-color system

o® ~ kS, ( 1+ 012) for k%, > k3, (65)
021
R~ 2k, for kY < kb (66)
kA
PRk (67)

021(012 + 021)

Only eqn (66) links the resonant value of the angular frequency
with the specific kinetics of the target. The other resonance
conditions on the illumination parameters only involve the
kinetics of the titrating reagent, which is common to all the
titrated species. Extracted from eqn (58), the optimized ampli-
tude is given by

Rtol

g @(2 021<021+1>+22+1>
o1 o12\012

(68)

lBl,cos (wR710 Ftlgt) ~

6.2.2 Two-color system. In a two-color system, we use the
resonant values of the dimensionless parameters given in
eqn (48), (49) and (55), valid in the approximation Ry < Fior
and obtain

o
o ~ o212(0122 + 6212)( 14+
0211
(69)
o
+./1 +£>I§, for kl—ll > 0'2]1213
0212
o® ~ 2k, for k'y « 0y, (70)
IO
( 0> (0122 + 0212)0212 (71)
1 (0121 + 021.1)021.1

As for the one-color system, only the resonant value of the
angular frequency is related to the kinetics of the target
according to eqn (70). The optimized amplitude is deduced
from eqn (60)

0121 0122
i __)
211 0212

O_121 220+ 6122
021,1 03] 2

(72)

lBl,cos (

(IO/IO) tot> =

Choosing to scale the light intensity I{ and the angular fre-
quency o by the light intensity I3 is arbitrary, the roles of I{ and

I being symmetrical. Interestingly, optimization of the
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illumination parameters imposes two conditions whereas the
experimentalist has three degrees of freedom, 1, 15, and w. The
method is therefore very flexible. The resonance condition
on the illumination intensities does not independently set I3
IO

and I3, but sets the ratio (I—})) . In the case of fast complexa-
2
tion compared to isomerization, increasing the illumination
intensities leads to increasing the angular frequency, whereas
the angular frequency remains unchanged otherwise. In addition,
the choice of I3 determines the rate-limiting step: small I5 values
lead to slower photoisomerization and large I9 values lead to
slower complexation.

Comparing k4, to k4, in the case of the one-color system and
to 021‘212 in the case of the two-color system amounts to
comparing the relaxation times of photoisomerization (reaction
(1)) and complexation (reaction (2)). The expressions of the
resonant angular frequency given in eqn (65) and (69) are
obtained when photoisomerization is the rate-limiting step.
Conversely, eqn (66) and (70) are obtained when complexation
is the rate-determining step. Eqn (65) and (66) for the one-color
system can be written

R~ Ioy + I"F(o1, + 041), for k2; > k5, (73)
R~ (R FR) + kY, for ik, « Ky (74)
and eqn (65) and (66) for the two-color system lead to
O
of ~( (o121 +0211) (5 ) +(0122+0212) |13,
g (75)

for ki‘l > 0'21‘213

~ KLY,

Fo) + Ky, for kY4 <« 659000
(76)

Hence, in the two limit cases, the resonant angular frequency is
equal to the inverse of the relaxation time of the rate-limiting
step, exactly as in a chemical scheme with a single step.***3*
Moreover, when complexation is slower than isomerization, the
value of the angular frequency, tuned to discriminate the
targeted component, is the same in the two-color system
(eqn (70)) as in the one-color system (eqn (66)).

It is worth noting that the resonance conditions setting light
intensity I°% or (I3/I3)% according to eqn (67) and (71) impose

IR FR) ~ kS, (I"F2F° (IR FRy)  (77)

for the one-color system and

k(1) ) LF (/1) Fron) =~ Kaa(13/12))2F° (/)" Fror)
(78)

for the two-color system, where the rate constants are given in
eqn (11)-(14) and the steady concentrations in eqn (19), (20)
and (22) for resonant values of light intensity and total concen-
tration of the photoswitchable reagent. Hence, the photoiso-
merization reaction is at equilibrium when the control parameters
are resonant. Similarly, the resonance conditions setting the
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concentration Fi. of the photoswitchable reagent according to
eqn (63) and (64) lead to
1F(I°F o) ~ Ky
1B Fror) > ROI™"\Fior) = Reor/2

(79)
(80)
for the one-color system and
LF((/B)" Fio) ~ Ka
1B (/1) Floe) ~ RU((IV)* Fiod) ~ Reot/2

(81)
(82)

for the two color system. Thus, the complexation reaction is at
equilibrium for resonant values of the control parameters.

In summary, the optimized conditions bring out specific
links between the kinetics of the target and the control para-
meters. From eqn (63) and (67) and eqn (64) and (71), it comes
out that both the unbinding rate constant k*; and the thermo-
dynamic dissociation constant Ky = k4K are discriminating
parameters for both the one- and two-color systems. In both
cases, k%, only affects the choice of the angular frequency
o® while Ky affects the choice of the concentration Fr of
the titrating reagent. From eqn (68) and (72), the optimized
out-of-phase is proportional to the total concentration of the
titrated species Ryo.

6.3 The light-assisted dynamic titration in action

In view of the preceding results, we design a protocol relevant
to discriminate a targeted species R against interfering
compounds. The choice of the titrating species sets the photo-
isomerization cross-sections and the thermal isomerization
rate constant. For both the one- and two-color systems, we
propose a titrating protocol using k¥, and k%, as discriminating
parameters, for a given choice of the titrating reagent. The total
concentration of the titrating species FR, is set according to
eqn (63) and (64): the ratio of rate constants, Kq = k%,/k,, of the
targeted species specifies the total concentration Fi. The
angular frequency w® is set according to either eqn (65) and
(69) or eqn (66) and (70), depending on the value of
the unbinding rate constant k;. The light intensity I°% or the
ratio (I3/I9)% is set to the resonant value given in eqn (67)
and (71).

Fig. 6a for the one-color system and Fig. 6b for the two-color
system display isodensity curves associated with the out-of-
phase amplitude of 1B for three targeted species with different
unbinding rate constants k?, in the (,I°) space and the (w,I5/13)
space, respectively. For targeted species with different &%, but
the same value of the dissociation constant Ky, the position of
the resonance with respect to I° and 19/I3 is the same for all the
three targeted species, whereas the position of the resonance
with respect to w varies with the unbinding rate constant of the
targeted species. Kinetic discrimination is efficient provided
that k?; < k3, for the one-color system and k?; < g, I3 for the
two-color system. Hence, the choice of the titrating agent has to
be adapted to the targeted species for dynamic titration to be
successful.

Fig. 6¢ for the one-color system and Fig. 6d for the two-color
system show how the isodensity curves associated with the
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Fig. 6 Isodensity curves corresponding to 50% (thin line) and 95% (thick
line) of the resonant out-of-phase amplitude 1B%°$/Nmin(RiotFiot).
optimized with respect to the three control parameters, for Ry = 0.1Kq.
(a and c) One-color system: a1, = 651 = 1 in arbitrary units, k%, = 1 sh
@ k% = 1072 s7* (red), k%, = 1 s7* (black), and k*; = 10% s* (blue), for
Kq = 100 nM, in the (w,I°) space, (c) Kg = 1 nM (red), K4 = 10% nM (black),
and Ky = 10% nM (blue), for k%, = 1071 s7%, in the (Fio/°) space, (b and d)
two-color system: o121 = 6212 = 1 in arbitrary units, 612, = 6211 = 5
in arbitrary units. (b) k44/18 = 1072 s7* (red), k*1/I3 = 1 s7* (black), and
K24/13 = 10% s7* (blue), for Ky = 100 nM, in the (w//3.19/13) space, (d) K4 = 1 nM
(red), Ky = 102 nM (black), and Ky = 10% nM (blue), k?1/18 = 1071 s7% in the
(Fiow/3/19) space.

observable move in the (F, I°) space and the (F., 15/13) space,
respectively, when the thermodynamic dissociation constant
K4 of the targeted species changes. For targeted species with
different values of the dissociation constant but the same value
of the unbinding rate constant k4, the position of the reso-
nance with respect to I° or I3/I5 is the same for all Ky values.
On the contrary, the position of the resonance with respect to
Fyo¢ significantly varies for the investigated values of K4. Hence,
kinetic discrimination for targets with different kf1 values will
be efficient.

It is worth noting that the protocol is also well adapted
to discriminating targeted species with both different values of
k4 and k4, using the resonance conditions on FR, and o®.
When complexation is slower than photoisomerization, the
resonance condition setting »” involves k?; and the condition
setting Fro¢ involves Kg, Le. ki, when k%; has already been
singularized by the choice of »®. Then the titrating protocol
involves the values of both the forward and backward rate
constants and not only the equilibrium constant Ky: the protocol
fully deserves the title of dynamic titration protocol. However,
when complexation is faster than photoisomerization, the reso-
nance condition imposing »® does not involve k%, as shown in
eqn (65) and (69). In this case, the protocol belongs to the class of
standard titrations relying on the variation of the equilibrium
constant of reaction between titrated and titrating species.
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Table 5 Summary of the analytical expressions of the control parameters associated with the dynamic titration protocol in one- and two-color systems

One-color system

Two-color system

Fixed parameters associated with the titrating reagent
012y 021

4

21

Ilumination modulation
I() = I°[1 + esin(wt)]

Total concentrations

Rior < Ky

g12 + 021
021

FR "’Kd

tot —

Ilumination parameters
k3
021(012 + 021)

If k) > Ky, of =~ Ky + (015 + 021)

IOR ~

If k4, « Kk, o® = 2k2,

The conditions on the control parameters to be imposed to
implement the dynamic titration protocol are summarized in
Table 5 for one- and two- color systems.

7 Conclusion

A dynamic titration method is proposed for compounds that
can react with a reversibly photoswitchable reagent. The principle
relies on applying light modulation which imposes forced concen-
tration oscillations. We have chosen to detect the out-of-phase
amplitude of concentration oscillations. This observable presents
satisfying properties for dynamic titration because it is propor-
tional to the total concentration of a species of interest and takes
appreciable values only for the targeted species. Singularizing a
targeted species amounts to setting the control parameters to
resonant values that optimize the observable. The resonance
conditions consist in adjusting the period of the forced illumina-
tion to the relaxation time of the slowest reaction. Moreover they
impose that both reactions, photoisomerization and complexa-
tion, are at equilibrium at leading order: at the resonance, the
chemical system obeys detailed balance. We have derived user-
friendly analytical expressions that relate the resonant control
parameters to the kinetics of the titrated/titrating couple. The
validity of the analytical predictions has been numerically
checked. Using these results, we have proposed an experimental
protocol able to dynamically titrate any targeted species, provided
that the photoswitchable reagent has been adequately chosen.

From an experimental point of view, the implementation of
the titration protocol requests to preliminarily study the
kinetics of photoswitching and complexation which can be
accomplished with standard photochemical and stopped-flow
methods. Then, collecting data should not be a problem and
data processing is expected to be easy.

The present titration protocol relying on periodic light
excitation should yield a better signal-to-noise ratio than

This journal is © the Owner Societies 2018

012,15 012,2y 021,15 021,2

k5, negligible

L(t) = [[1 + nyesin(ot)]
L(t) = I3[1 + nye sin(wt)]

Rior < Ky

g a
FR ~ Ky (1 +—‘“) (1 +—'“>
21,1 0212

R
<£> - (6122 + 0212)0212
L (012,1 + 062110211

0

N
(o121 +021) (%) +(o122 +0212) | B
n

If k) < 0p1005, ©F = 2k,

If k') > 0p108, of =

titration protocols relying on thermodynamic equilibrium or
on the analysis of the response to a jump like in a standard
dynamic titration.'” Indeed although the observable reaches
half the value of the steady concentration in the most favorable
case, lock-in detection acts as a band-filter around the resonant
angular frequency, which efficiently filters the noise spectrum.
As such, this titration protocol should find useful applications
in analysis and imaging under demanding conditions.
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Chapter 4

Comparison of discrimination
protocols based on dynamic contrast

During my PhD, I have designed several discrimination protocols relying on dynamic
contrast, which exhibit similarities with other state-of-the-art protocols. In this chapter,

I compare the different protocols and point out the specificity of my approach.

4.1 Comparison of LIGHTNING and optical lock-in
detection (OLID)

The optical lock-in detection protocol (OLID)%® is comparable to the Light-tunable tIme-
gated readinG-out of pHotocycles for mulTiplexed fluorescence ImagiNG protocol (LIGHT-
NING). Both protocols have similar illumination conditions, i.e. constant light which ac-
tivates the kinetics of the reversibly photoswitchable fluorophore leading to the variation
of the fluorescence evolution. They both harness the kinetics of fluorescence evolution
without hypothesis on the underlying chemical network and the number of exponential
components. They both use cross-correlation data analysis between the fluorescence signal
Ir(t) and a reference.

In OLID, the reference fluorescence evolution R(t) is the average signal from a chosen

few pixels.®® ™ A cross-correlation coefficient p is computed for each pixel according to

p = LU0 = Gr(0)) () = (R o

where o7, and op are the standard deviations of the fluorescence intensity and the refer-
ence signal, respectively.
The original paper®® does not provide information on the boundaries of the inte-

gral. The integration is probably performed over the entire acquisition time. Due to the
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adopted normalization, the cross-correlation coefficient p is a number between 0 and 1.
A pixel associated with a large value of p is likely to contain the fluorophore chosen as
the reference. However, the value of p does not provide the amount of fluorophore in the
pixel. OLID protocol has been improved to become quantitative. To this goal, Du et al.
and Abbandonato et al. exploit the difference between the maximum and the minimum

727 For example, in the case of a monotonously decreasing fluo-

fluorescence intensity.
rescence evolution, the difference between the initial and final fluorescence intensities is
proportional to the amount of fluorophore.

The computation of a spectrum of characteristic times used in LIGHTNING and de-
tailed in section 2.4.2 resembles the determination of cross-correlation used in OLID. The
spectrum S(l) is obtained by cross-correlating the fluorescence evolution with an expo-
nential function exp(—t/10') between 0 and 3.25 x 10!, [ being the decimal logarithm
of a characteristic time. Unlike OLID, which provides a single number using Eq. 4.1,
LIGHTNING exploits the variation of the cross-correlation coefficient S(I) with the char-
acteristic time [ over a wide interval. Hence the fluorescence kinetics is highlighted over
the entire investigated timescale. The choice of the integral boundaries has an impact
on the result of the cross-correlation computation. The boundaries of integration in Eq.
2.103 are chosen in such a way that the extremum of the spectrum of characteristic times
is observed for the characteristic time of the monoexponential fluorescence evolution.

LIGHTNING proposes two methods of data processing, curve fitting and determina-
tion of the spectrum of characteristic times, that provide mutual testing. Both methods
directly give the characteristic time and the associated pre-exponential factor. The nor-
malization condition of the spectrum is different from OLID and preserves the proportion-
ality to the amount of fluorophore. Although the current implementation of LIGHTNING
is not quantitative, quantitative information could be retrieved from curve fitting as well
as spectra of characteristic times. Both data processing methods exploit the entire range
of fluorescence evolution. Hence the potential use of LIGHTNING as a quantitative pro-
tocol could lead to an accurate evaluation of the amount of fluorophore even for noisy
fluorescence data.

To conclude, OLID and LIGHTNING exploit the computation of cross-correlations.
Both protocols are based on the comparison of the signal with a reference. However they
differ on a number of issues. Using LIGHTNING and tuning light intensities, we exploit
the richness of a reaction photocycle by probing kinetically independent regimes. Com-

pared to the unidimensional character of OLID, LIGHTNING provides multidimensional
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information which increases its discrimination power. In addition, a quantitative version

of LIGHTNING could be developed and would provide accurate results.

4.2 Comparison of HIGHLIGHT and synchronously
amplified fluorescence imaging recovery (SAFIRe)

Several discrimination protocols exploit periodic illuminations. The pHase-sensltive imaG-
ing of reversibly pHotoactivatable Labels after modulatlon of activatinG ligHT (HIGH-
LIGHT) protocol most resembles the Synchronously amplified fluorescence imaging recov-
ery protocol (SAFIRe), which also exploits periodic illuminations. Both protocols exploit
Fourier analysis of fluorescence evolution for reversibly photoswitchable fluorophores un-
der modulated light at the angular frequency w.

In SAFIRe the Fourier transform of the fluorescence signal is computed. The Fourier
amplitude ¢; = \/m of the peak at angular frequency w is extracted where a; and
b, are the quadrature and in-phase amplitudes at the fundamental frequency, respec-
tively.45:%8 7  Contrary to the quadrature Fourier amplitude used in HIGHLIGHT, the
Fourier amplitude ¢; does not display a resonance but only a low-pass filter behavior with
respect to the excitation frequency. The inflection point of the function ¢; (w) corresponds
to the cutoff frequency and occurs when the frequency is equal to the inverse of the char-
acteristic time of the investigated reversibly photoswitchable fluorophore. In a sample
containing two reversibly photoswitchable fluorophores, the contribution to fluorescence
of the faster reversibly photoswitchable fluorophore (associated with a small characteristic
time, i.e. a large cutoff frequency) is eliminated but the contribution of the slowest fluo-
rophore (associated with a large characteristic time, i.e. a small cutoff frequency) cannot
be extracted.*> SAFIRe suffers from the weakness of a low-pass filter.

In HIGHLIGHT, Fourier amplitudes are extracted using phase-sensitive detection
with respect to light excitation. At the fundamental frequency HIGHLIGHT exploits
the quadrature Fourier amplitude which displays a resonance with respect to the angular
frequency w and also the mean light intensity. In a mixture of several reversibly photo-
switchable fluorophores, the contributions of faster and slower fluorophores than a target
are eliminated when the control parameters meet the resonance conditions of the target.
In contrast to SAFIRe, HIGHLIGHT exploits the Fourier amplitudes of fluorescence os-
cillations not only at the fundamental frequency but also at the harmonic frequencies. At

each order HIGHLIGHT selects the Fourier amplitude which has a resonance behavior.
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Although SAFIRe and HIGHLIGHT have similarities, SAFIRe does not take full ad-
vantage of the information contained in the response of a fluorophore to periodic illumi-
nation. Using resonance phenomena and phase-sensitive detection, HIGHLIGHT exploits
optimized Fourier amplitudes leading to a multidimensional kinetic signature of the tar-
geted reversibly photoswitchable fluorophore. Obviously, the implementation of HIGH-
LIGHT requires prior determination of the resonance conditions of the used reversibly
photoswitchable fluorophores and assumes that these conditions are experimentally ac-

cessible.

4.3 Comparison of LIGHTNING and HIGHLIGHT
implemented on RSFPs

Both protocols, LIGHTNING and HIGHLIGHT, have been implemented using RSFPs
as reversibly photoswitchable fluorophores. We used low and high light intensity regimes
in the constant illumination protocol, LIGHTNING, but only low light intensity in the
modulated illumination protocol, HIGHLIGHT. Figure 4.1 displays the LIGHTNING ki-
netic fingerprint and the HIGHLIGHT quadrature Fourier amplitudes at the fundamental
frequency for the 22 RSFPs characterized in section 2.5 in their respective discrimination

spaces.
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Figure 4.1: a: LIGHTNING kinetic fingerprint of the 22 RSFPs. The radius of the
spheres are related to the uncertainty on the determination of the characteristic times.
b: HIGHLIGHT discrimination map of the 22 RSFPs using the quadrature Fourier am-
plitudes at the fundamental frequency. The areas correspond to signal higher than 95
% of its absolute maximal value. Numbers from 1 to 22 are referring to the 22 RSFPs
characterized in section 2.5.

LIGHTNING harnesses four dimensions of discrimination, the characteristic times ob-
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tained under the four constant illuminations. The hypervolume of the signal of one RSFP
in the discrimination space is about 0.003, which is due to uncertainty on the determina-
tion of the characteristic times. Up to 20 noncolocalized out of the 22 characterized RSFPs
are discriminatable using LIGHTNING. When no more than two RSFPs are colocalized,
10 out of the same 22 RSFPs can still be discriminated.!3? In preliminary experiments of
RSFP-labeled bacteria, kinetics is essentially the same as in solution. However the char-
acteristic times are more dispersed than in solution, presumably due to either the sample
preparation or the dispersion of RSFP environment. This feature presently increases the
hypervolume that characterizes an RSFP in the discrimination space up to 0.1 which
decreases the number of discriminatable RSFPs. Work is in progress and improvements
are expected.

HIGHLIGHT harnesses two dimensions of discrimination, scaled frequency w/I? and
scaled mean illumination intensity I9/IY in the case of illumination at \; = 488 nm
and Ay = 405 nm. In the control parameter space (w/I¥,I9/I%) the area around the
resonance conditions of an RSFP is imposed by the intrinsic width of the resonance peak,
much larger than the experimental uncertainty on the kinetic parameters and the control
parameters. For a modulation at \; = 488 nm, the width at mid-height of the resonance
peak of the Fourier amplitudes is 1.4, 1.0, and 0.7 for the first, second, and third orders,
respectively. According to the experiments performed on biological samples in our group,
no significant shift nor widening of the resonances have been observed with respect to
the behavior observed in RSFP solutions. Under single sine-wave modulation, 4 and 5
RSFPs out of the 22 RSFPs are discriminatable using the first- and second-order Fourier
amplitudes, respectively.

To conclude, although it may yield a lower signal-to-noise ratio, LIGHTNING has
a better RSFP discriminatory power than HIGHLIGHT. HIGHLIGHT has been imple-
mented on a two-state mechanism. In the case of RSFPs, assuming that kinetics is
governed by a two-state model imposes upper boundaries to the range of exploitable
light intensities. Moreover the RSFPs have very similar cross sections at the wavelength
A2 = 405 nm, making the cross sections at the wavelength A\; = 480 nm the only dis-
criminating parameter in HIGHLIGHT. However, using the principles of HIGHLIGHT is
not intrinsically limited to two-state mechanisms. The application to richer kinetics was
carried out in the case of a titration reaction coupled with a reversibly photo-activatable

step.
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4.4 Comparison of discrimination protocols using con-
stant and modulated illuminations

A general comparison of the imaging protocols relying on constant and modulated illu-
mination can be drawn beyond the implementation on RSFPs. Each protocol applies to
many photochemical systems with a sufficient level of complexity. In the following we

consider a photo-activatable system non necessarily reversible.

The protocol principle Both imaging protocols harness the kinetics of photo-activa-
table system, which possesses thermal reaction steps and species of different brightnesses.
The fluorescence evolution is recorded under either several constant illuminations or a
modulated, not necessarily sine-wave, illumination. For a constant illumination, the char-
acteristic times and the associated amplitudes are extracted, e.g. using curve fitting or
a spectrum of characteristic times. The sampling interval and the acquisition time of
the fluorescence evolution impact the result of data analysis. For a modulated illumi-
nation, in-phase and quadrature Fourier amplitudes are extracted at the fundamental
frequency and the harmonic frequencies. In this case, a single experiment leads to several

observables.

Implementation - Kinetic characterization Both imaging protocols require prelim-
inary characterization of the kinetics of the photochemical species. A theoretical analysis
is possible only if the reactive mechanism is known. For the constant illumination proto-
col, the theoretical interpretation of the extracted characteristic time can be challenging
but is not necessary for discrimination purposes. For the modulated illumination proto-
col, analytical expressions of Fourier amplitudes can be obtained by perturbation using
the modulation amplitude as a “small” parameter. Then a resonance behavior can be
sought and analytical or numerical expressions of the resonance conditions obtained. If
the reaction mechanism is unknown, an experimental approach is always possible and

resonance conditions can be determined empirically.

Kinetic signature Figure 4.2 displays the kinetic signature of a photoactivatable flu-
orophore for both imaging protocols. For the constant illumination protocol, the kinetic
signature consists of the set of independent characteristic times, (71, ..., 7;), associated with
various light intensities at possibly different wavelengths. Similar kinetic signatures can

be obtained in the full range of light intensities belonging to the same regime, i.e. provided
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that the same reduced mechanism describing kinetics is valid. Experimental implementa-
tion is therefore flexible. The uncertainty on the determination of the characteristic times
leads to an hypervolume around the signature.

For the modulated illumination protocol, kinetics is characterized by a set of control
parameters, for example the angular frequency w, the total concentration Ciy, the mean
light intensities I{ and IY, for which the considered Fourier amplitude is resonant. Im-
plementation requires that the control parameters can be experimentally tuned to obey
the resonance conditions. As a resonance corresponds to a zero derivative, the control
parameters are loosely defined at the resonance. This feature offers a small flexibility
to fulfill the resonance conditions but it also decreases the accuracy with which a set of
control parameters values is associated with a given photoactivatable fluorophore. It is
worth noting that, depending on the mechanism, a Fourier amplitude at a given order may
present several extrema, a single extremum, or even none with respect to some control
parameters. The rich behavior of the Fourier amplitudes has advantages and drawbacks.
In particular, the existence of zero lines between extrema of opposite signs can be har-
nessed as demonstrated in section 3.2. However the loss of any extremum prevents from
using the considered Fourier amplitude.

For both protocols, the kinetic signature is a hypervolume due to the uncertainty on
the measured quantities. For the modulated illumination protocol, the intrinsic width
of the resonance significantly increases the size of the hyper-volume associated with the

kinetic signature.

a b ¢
A A
o . o’
T3 Ig
> T; > I?

Figure 4.2: a: Kinetic signature in the space of characteristic times with constant illumi-
nation. b: Kinetic signatures associated with various Fourier amplitudes in the space of
control parameters with modulated illumination.

Data acquisition Several experiments with various control parameter values are nec-
essary to record a single kinetic signature for the constant illumination protocol whereas

it is recorded using a single experiment for the modulated illumination protocol for which
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several Fourier amplitudes can be extracted. For both protocols, the acquisition time
is similar, being related to the characteristic times of the kinetics. The constant illu-
mination protocol has limitations due to the sampling interval and the acquisition time.
For the modulated illumination protocol, the experimentally accessible range of control
parameters may prevent from reaching the resonance conditions. Due to the lock-in am-
plification intrinsic to Fourier analysis, the modulated illumination protocol leads to good

signal-to-noise ratios.

Discrimination Once kinetic data have been collected for a sample containing an un-
known photoactivatable fluorophore, identification of the fluorophore remains to be done.
The discriminating spaces of both protocols can be harnessed in different ways. For the
constant illumination protocol, a Euclidean distance between the kinetic signature of a
reference and the characteristic times of the sample can be defined. A cut-off distance can
be used to assign the identity of the photoactivatable fluorophore in the sample. Meth-
ods of map segmentation, like Voronoi diagrams, could also be implemented to assign a
univocal hypervolume around each reference in the case of a cut-off distance larger than
the distance between two references.

For the modulated illumination protocol, the presence or the absence of a given pho-
toactivatable fluorophore is deduced from the Fourier amplitudes at the resonance con-
ditions of the photoactivatable fluorophore, without further development. This method
applies when each fluorophore contributes in a similar way to the fluorescence signal. The
resonance peak being not a rectangular pulse, a fluorophore present in large concentration
for not rigorous resonant conditions may lead to the same signal as a fluorophore in small
concentration but exactly at resonance. Apart from this restriction, the modulated illu-
mination protocol straightforwardly provides quantitative information since the Fourier
amplitudes are proportional to the amount of fluorophore.

Eventually implementing machine learning algorithms could increase the discrimina-
tion capabilities of both protocols. They would be especially relevant for the modulated
illumination protocol by taking into account all Fourier amplitudes with or without reso-

nant behavior.

Pixel colocalization With constant illumination, the protocol implemented to analyze
the experimental data for noncolocalized species must be adapted if several chemical

species occupy the same pixel. Colocalized species may not be discriminatable beyond
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a given number. These limitations are not encountered with modulated illumination.
Unlike with constant illumination, the modulated illumination protocol straightforwardly

extends to colocalized species.

Optical sectioning power Both protocols have intrinsic optical sectioning capabilities,
which are limited by the hypervolume of the kinetic signature. In this respect, the constant

illumination is therefore more efficient than the modulated illumination protocol.

Conclusion Both protocols have complementary merits. To summarize, the constant
illumination protocol has the larger discriminatory power whereas the modulated illumi-

nation protocol provides observables with a better signal-to-noise ratio.
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Chapter 5

Conclusion and perspectives

5.1 A kinetic approach to characterize reversible pho-
toswitching

During my PhD I have studied the kinetics of reversibly photoswitchable fluorophores and
in particular reversibly photoswitchable fluorescent proteins (RSFPs) to develop discrim-
ination methods.

The classical approach to get kinetic information on photochemical species is have
been thoroughly investigate their light-induced mechanisms. Such detailed studies are
performed using complementary techniques of time-resolved spectroscopies for a few re-
versibly photoswitchable fluorophores (RSFPs04107:133,:134 a1 organic photochromes®®13%).
They evidence that photoswitching involves many species and both light and thermally-
driven steps covering a broad range of timescales. These studies produce a wealth of
kinetic information but they are time consuming, expensive, and not routinely performed
in a non specialized laboratory.

Implementing kinetics-based discrimination protocols does not require the full char-
acterization of kinetics. Our group has developed an optical instrument called photo-
switchometer which automatically records and analyzes a sequence of fluorescence evolu-
tions for a reversibly photoswitchable fluorophore under several constant illuminations.
A major advantage of the photoswitchometer is to cover a wide range of light intensities.
The setup imposes few constraints on the sample making it easily adaptable to biology.
Lot of kinetic information, primarily directed to the end-users of fluorescence imaging,
can be retrieved quickly and affordably, using a much simpler setup than those used in
spectroscopy. However in the case of a solution of fluorophore, diffusion in the illumi-

nated region may make interpretation difficult. We determined the time window in which
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diffusion can be neglected. Hence we obtained an upper bound to the experimentally
accessible characteristic times.

Extracting relevant kinetic information from fluorescence evolution is not straightfor-
ward. I contributed to adapting methods of signal processing well-suited for multiexpo-
nential behaviors. On the one hand, monoexponential curve fitting was used to extract
minimal but robust kinetic information. On the other hand, spectra of characteristic times
have revealed kinetics without prior knowledge of the mechanism. Building a spectrum of
characteristic times proved to be a powerful tool to investigate kinetics. The two methods
complement and justify each other.

Using these methods and literature, I proposed a reaction scheme qualitatively ac-
counting for the observed fluorescence evolutions of RSFPs in a given time window and
a large range of light intensities. The proposed reaction mechanism does not pretend to
account for all the elementary steps involved in the complex kinetics of RSFPs. Reduced
mechanisms valid in specific intervals of light intensities were determined. Kinetic in-
formation on the bright to dark light-driven transition of the RSFPs exhibiting negative
photochromism, which is difficult to access by most available time-resolved techniques,
has been extracted. The number of relevant species, the network of reactions connecting
them, and the photochemical or thermal nature of the steps have been made precise. As-
signing the chemical nature of the species could not be done using only the kinetic data
provided by the photoswitchometer. However it has been achieved using spectroscopic
results found in the literature. Indeed kinetic information deduced from fluorescence
evolution is not as complete as information deduced from spectroscopic studies.

The kinetics of twenty-two RSFPs has been investigated. Information on their pho-
toswitching has been summarized by a small number of quantities, isomerization cross
sections and characteristic times. We have used the results to discriminate RSFPs, but

they can find many other applications on a variety of optical setups.

5.2 Kinetics-based protocols of fluorophore discrim-
ination

Light has been used to reveal kinetics of reversibly photoswitchable fluorophores engaged
in complex mechanisms. Discrimination protocols using either constant light or modulated
light have been designed.

The method called Light-tunable tIme-gated readinG-out of pHotocycles for mulTi-
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plexed fluorescence ImagiNG (LIGHTNING) uses several constant light illuminations.
We found four illumination conditions associated with different kinetic regimes of RSFPs.
For each kinetic regime, fluorescence evolution is characterized by a single characteris-
tic time. Hence, probing RSFP kinetics in the four illumination conditions provides a
four-dimensional kinetic fingerprint. Discrimination is performed in the four-dimensional
space of the characteristic times by finding the RSFP, among all referenced RSFPs, whose
kinetic fingerprint matches the fingerprint of the sample. Our results show that up to 20
out of 22 noncolocalized RSFPs can be discriminated. When no more than two RSFPs
contribute to a given fluorescence signal, LIGHTNING is able to discriminate 10 out of
22 RSFPs. In addition I theoretically showed that LIGHTNING contains intrinsically
optical sectioning power, i.e. the ability to observe the fluorescence emitted by a thin
slice of the sample. This feature could be attractive for 3D fluorescence imaging. The
analysis of the evolution of fluorescence in a homogeneous solution significantly pushes
forward the limits of dynamic contrast in fluorescence imaging.

Light modulations have also been used to take advantage of the kinetics of reversibly
photoswitchable fluorophores. Forced dynamical systems are known to exhibit resonance
phenomena that are a priori suitable for discrimination. The resonance conditions link
the parameters controlling illumination and the kinetic parameters of the reversibly pho-
toswitchable fluorophore. Tuning the control parameters to target a given fluorophore
optimizes its fluorescence response and nearly eliminates the responses of fluorophores
with different kinetic properties. 1 considered sine-wave oscillating illuminations and
determined analytical resonance conditions for two types of reversibly photoswitchable
systems.

In the continuation of the OPIOM approach, PHase-sensltive imaGing of reversibly
pHotoswitchable Labels after modulatlon of activatinG ligHT (HIGHLIGHT) applies to a
mechanism with a single reaction step. I determined analytical expressions of the Fourier
amplitudes of fluorescence oscillations at the fundamental and harmonic frequencies. At
each order, either the in-phase or the quadrature Fourier amplitude with respect to the
excitation light exhibits resonance phenomena in the space of the control parameters
(angular frequency of modulation and mean light intensities). From the second order, the
Fourier amplitudes display two resonance peaks separated by a zero line. This feature
is particularly valuable in the context of discrimination since the contribution of a given
reversibly photoswitchable fluorophore to the fluorescence signal vanishes when the control

parameters obey the zero line condition. Experiments performed in our group for a
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large amplitude of light modulation have validated the theoretical predictions. Using a
wide-field epifluorescence setup, three RSFPs have been selectively imaged by judiciously
exploiting the zero lines of the second order Fourier amplitudes of some RSFPs and the
resonances of others. As for LIGHTNING, the HIGHLIGHT protocol contains an intrinsic
optical sectioning ability.

I showed that discrimination harnessing resonance phenomena induced by light mod-
ulation is possible for other reaction mechanisms, in particular in the case of a system
coupling a titration step and a photoswitching step. Dynamic titration protocols have
been proposed.

In conclusion, both fluorescence imaging protocols have complementary merits. LIGHT-
NING has a larger discriminatory power. HIGHLIGHT provides better quality images due

to lock-in amplification and can be straightforwardly extended to colocalized fluorophores.

5.3 Perspectives

The design of kinetics-based discrimination methods and fluorescence imaging protocols
deserves further developments.

A first development deals with improving data processing for the discrimination meth-
ods using constant and modulated illumination. In the case of LIGHTNING, several char-
acteristic times could be extracted from a single fluorescence evolution. The amplitudes of
the exponential terms associated with the characteristic times could constitute additional
dimensions of discrimination. Illumination at a third wavelength could be used to add
new discriminative dimensions. For example, a red-shifted illumination could be used to
excite the triplet of the bright state and reveal yet unexplored steps.

Moreover the RSFP identification could be achieved by other methods than the eval-
uation of the distance between the fingerprints of sample and a reference in the discrimi-
nation space. Methods such as map segmentation of the discrimination space for example

36 or machine learning algorithms could be implemented to fur-

using Voronoi diagrams!
ther improve discrimination. Machine learning algorithms seem especially attractive for
HIGHLIGHT since a single experiment delivers several observables, the Fourier ampli-
tudes at different orders. In addition the learning process could be facilitated using the
already determined analytical expressions of the Fourier amplitudes.

A second development concerns the adaptation of HIGHLIGHT and LIGHTNING to

other setups of fluorescence microscopy than wide-field setups. We are especially inter-
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ested in light scanning microscopes, e.g. confocal microscopes and scanning light-sheet
microscopes, which are already available in most imaging platforms of biology departments
with light sources covering the range of intensities necessary to LIGHTNING implemen-
tation.

A last development concerns the extension of the discrimination methods to other flu-
orescent labels than RSFPs. In particular the fluorescent labels popular in the community
of biologists could be investigated. Simple fluorescent proteins (FPs) presently harnessed
for spectral discrimination provide an attractive perspective. Interestingly, a reversible
photoswitching phenomenon involving a triplet state has been reported for FPs.!*? Dy-
namic contrast methods, and in particular LIGHTNING and HIGHLIGHT, will probably
be able to make use of the photoswitching kinetics of FPs while keeping available the spec-
tral discrimination dimension. The already existing families of FPs suggest that a large
number of FPs with sufficiently different kinetics could be found. The photoswitchometer

may prove to be useful to characterize the kinetics of FPs.
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A1l Materials and methods

Al.1 Materials
Al1l.1.1 Development of Skylan serials

We have previously reported that a serial of RSFPs with versatile properties could be obtained by
site-saturation mutagenesis of the first amino acid of the chromophore triplet (XYG) in a photo-
convertible fluorescent protein (PCFP).! Using the same strategy, we developed new RSFPs based
on the PCFP mEos3.1, which can be denoted as Skylan-X (X represents the a-amino-acid at 62,
the first one of the chromophore triplet). Among which two: Skylan-S? (herein Skylan-SVF) and
Skylan-NS? (herein Skylan-LVF) had been reported for their optimal performance in live super-
resolution microscopy. Next, to further diversify the photoswitching kinetics of Skylan-X, we did
site-directed mutagenesis at 157 and 173, which had been proven to affect the brightness* and pho-
toswitching kinetics.> All the mutants were then sequenced, and the plasmids were extracted and
transformed into Escherichia coli strain BL21 (DE3). The clones were analyzed by a widefield up-
right fluorescence microscope (Stereo Discovery V8, Carl Zeiss) with blue light generated by the
X-cite 120PC (mercury lamp) equipped with proper filter set. Then these mutants were analyzed by
our home-made wield-field microscope to confirm its photo-switchable properties under 488-nm
and 405-nm lasers. At last, 11 mutants with high fluorescent brightness and high on-off contrast

were selected for this study.

Al.1.2 Plasmids

The plasmids for bacterial expression of variants from Skylan-NS,* rsFolder, and rsEGFP2° were
provided by Pingyong Xu and Dominique Bourgeois, respectively. The members of the Skylan
serials are denoted as Skylan-XXX (X represents the a-amino acid at position 62, 157, 173 respec-
tively).

The numbering adopted for the RSFPs in this manuscript is provided below together with the

sequences of the genes coding for these proteins:

e 1: Dronpa.’
ATGGTGAGTGTGATTAAACCAGACATGAAGATCAAGCTGCGTATGGAAGGCGCT
GTAAATGGACACCCGTTCGCGATTGAAGGAGTTGGCCTTGGGAAGCCTTTCGAG
GGAAAACAGAGTATGGACCTTAAAGTCAAAGAAGGCGGACCTCTGCCTTTCGCC
TATGACATCTTGACAACTGTGTTCTGTTACGGCAACAGGGTATTCGCCAAATAC
CCAGAAAATATAGTAGACTATTTCAAGCAGTCGTTTCCTGAGGGCTACTCTTGG
GAACGAAGCATGAATTACGAAGACGGGGGCATTTGTAACGCGACAAACGACATA
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ACCCTGGATGGTGACTGTTATATCTATGAAATTCGATTTGATGGTGTGAACTTT
CCTGCCAATGGTCCAGTTATGCAGAAGAGGACTGTGAAATGGGAGCCATCCACT
GAGAAATTGTATGTGCGTGATGGAGTGCTGAAGGGTGATGTTAACATGGCTCTG
TCGCTTGAAGGAGGTGGCCATTACCGATGTGACTTCAAAACTACTTATAAAGCT
AAGAAGGTTGTCCAGTTGCCAGACTATCACTTTGTGGACCACCACATTGAGATT
AAAAGCCACGACAAAGATTACAGTAATGTTAATCTGCATGAGCACGCCGAAGCG
CATTCTGAGCTGCCGAGGCAGGCCAAG;

2: Dronpa-2.8
ATGGTGAGTGTGATTAAACCAGACATGAAGATCAAGCTGCGTATGGAAGGCGCT
GTAAATGGACACCCGTTCGCGATTGAAGGAGTTGGCCTTGGGAAGCCTTTCGAG
GGAAAACAGAGTATGGACCTTAAAGTCAAAGAAGGCGGACCTCTGCCTTTCGCC
TATGACATCTTGACAACTGTGTTCTGTTACGGCAACAGGGTATTCGCCAAATAC
CCAGAAAATATAGTAGACTATTTCAAGCAGTCGTTTCCTGAGGGCTACTCTTGG
GAACGAAGCATGAATTACGAAGACGGGGGCATTTGTAACGCGACAAACGACATA
ACCCTGGATGGTGACTGTTATATCTATGAAATTCGATTTGATGGTGTGAACTTT
CCTGCCAATGGTCCAGTTATGCAGAAGAGGACTGTGAAATGGGAGCCATCCACT
GAGAAATTGTATGTGCGTGATGGAGTGCTGAAGGGTGATGTTAACACGGCTCTG
TCGCTTGAAGGAGGTGGCCATTACCGATGTGACTTCAAAACTACTTATAAAGCT
AAGAAGGTTGTCCAGTTGCCAGACTATCACTTTGTGGACCACCACATTGAGATT
AAAAGCCACGACAAAGATTACAGTAATGTTAATCTGCATGAGCACGCCGAAGCG
CATTCTGAGCTGCCGAGGCAGGCCAAG;

3: Dronpa-3.°

ATGGTGAGTGTGATTAAACCAGACATGAAGATCAAGCTGCGTATGGAAGGCGCT
GTAAATGGACACCCGTTCGCGATTGAAGGAGTTGGCCTTGGGAAGCCTTTCGAG
GGAAAACAGAGTATGGACCTTAAAGTCAAAGAAGGCGGACCTCTGCCTTTCGCC
TATGACATCTTGACAACTGTGTTCTGTTACGGCAACAGGGTATTCGCCAAATAC
CCAGAAAATATAGTAGACTATTTCAAGCAGTCGTTTCCTGAGGGCTACTCTTGG
GAACGAAGCATGAATTACGAAGACGGGGGCATTTGTAACGCGACAAACGACATA
ACCCTGGATGGTGACTGTTATATCTATGAAATTCGATTTGATGGTGTGAACTTT
CCTGCCAATGGTCCAGTTATGCAGAAGAGGACTGTGAAATGGGAGCCATCCACT
GAGAAATTGTATGTGCGTGATGGAGTGCTGAAGGGTGATATTAACGCCGCTCTG
TCGCTTGAAGGAGGTGGCCATTACCGATGTGACTTCAAAACTACTTATAAAGCT
AAGAAGGTTGTCCAGTTGCCAGACTATCACTTTGTGGACCACCACATTGAGATT
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AAAAGCCACGACAAAGATTACAGTAATGTTAATCTGCATGAGCACGCCGAAGCG
CATTCTGAGCTGCCGAGGCAGGCCAAGTAA;

4: Kohinoor.'°
ATGAGTGTGATTAAACCAGACATGAAGATCAAGCTGCGTATGGAAGGCGCTGTA
AATGGACACCCGTTCGCGATTGAAGGAGTTGGCCTTGGGAAGCCTTTCGAGGGA
AAACAGAGTATGGACCTTAAAGTCAAAGAAGGCGGACCTCTGCCTTTCGCCTAT
GACATCTTGACAATGGCCTTCTGTTACGGCAACAGGGTATTCGCCAAATACCCA
GAAAATATAGTAGATTATTTCAAGCAGTCGTTTCCTGAGGGCTACTCTTGGGAA
CGAAGCATGATTTACGAAGACGGGGGCATTTGTATCGCGACAAACGACATAACC
CTGGATGGTGACTGTTATATCTATGAAATTCGATTTGATGGTGTGAACTTTCCT
GCCAATGGTCCAGTTATGCAGAAGAGGACTGTGAAATGGGAGCCATCCACTGAG
AAATTGTATGTGCGTGATGGAGTGCTGAAGAGCGATGGCAATTACGCTCTGTCG
CTTGAAGGAGGTGGCCACTACCGATGTGACTCCAAAACTACTTATAAAGCTAAG
AAGGTTGTCCAGTTGCCAGACTATCACGATGTGGTCCACCACATTGAGATTAAA
AGCCACGACAGAGATTACAGTAATGTTAATCTGCATGAGCATGCCGAAGCGCAT
TCTGGGCTGCCGAGGCAGGCCAAGTAA;

5: Padron.'!
ATGAGTGTGATTAAACCAGACATGAAGATCAAGCTGCGTATGGAAGGCGCTGTA
AATGGACACCCGTTCGCGATTGAAGGAGTTGGCCTTGGGAAGCCTTTCGAGGGA
AAACAGAGTATGGACCTTAAAGTCAAAGAAGGCGGACCTCTGCCTTTCGCCTAT
GACATCTTGACAATGGCGTTCTGTTACGGCAACAGGGTATTCGCCAAATACCCA
GAAAATATAGTAGACTATTTCAAGCAGTCGTTTCCTGAGGGCTACTCTTGGGAA
CGAAGCATGATTTACGAAGACGGGGGCATTTGTAACGCGACAAACGACATAACC
CTGGATGGTGACTGTTATATCTATGAAATTCGATTTGATGGTGTGAACTTTCCT
GCCAATGGTCCAGTTATGCAGAAGAGGACTGTGAAATGGGAGCTATCCACTGAG
AAATTGTATGTGCGTGATGGAGTGCTGAAGTCTGATGGTAACTACGCTCTGTCG
CTTGAAGGAGGTGGCCATTACCGATGTGACTTCAAAACTACTTATAAAGCTAAG
AAGGTTGTCCAGTTGCCAGACTATCACTCTGTGGACCACCACATTGAGATTAAA
AGCCACGACAAAGATTACAGTAATGTTAATCTGCATGAGCATGCCGAAGCGCAT
TCTGAGCTGCCGAGGCAGGCCAAG;

6: rsEGFP2.!2
ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAG
CTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGC
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GATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTG
CCCGTGCCCTGGCCCACCCTCGTGACCACCCTGGCCTACGGCGTGCTGTGCTTC
AGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCC
GAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAG
ACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTG
AAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTAC
AACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATC
AAGTCTAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCC
GACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGAC
AACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGC
GATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG
GACGAGCTGTACAAG;

7: rsFastLime.® !
ATGGTGAGTGTGATTAAACCAGACATGAAGATCAAGCTGCGTATGGAAGGCGCT
GTAAATGGACACCCGTTCGCGATTGAAGGAGTTGGCCTTGGGAAGCCTTTCGAG
GGAAAACAGAGTATGGACCTTAAAGTCAAAGAAGGCGGACCTCTGCCTTTCGCC
TATGACATCTTGACAACTGTGTTCTGTTACGGCAACAGGGTATTCGCCAAATAC
CCAGAAAATATAGTAGACTATTTCAAGCAGTCGTTTCCTGAGGGCTACTCTTGG
GAACGAAGCATGAATTACGAAGACGGGGGCATTTGTAACGCGACAAACGACATA
ACCCTGGATGGTGACTGTTATATCTATGAAATTCGATTTGATGGTGTGAACTTT
CCTGCCAATGGTCCAGTTATGCAGAAGAGGACTGTGAAATGGGAGCCATCCACT
GAGAAATTGTATGTGCGTGATGGAGTGCTGAAGGGTGATGGTAACATGGCTCTG
TCGCTTGAAGGAGGTGGCCATTACCGATGTGACTTCAAAACTACTTATAAAGCT
AAGAAGGTTGTCCAGTTGCCAGACTATCACTTTGTGGACCACCACATTGAGATT
AAAAGCCACGACAAAGATTACAGTAATGTTAATCTGCATGAGCACGCCGAAGCG
CATTCTGAGCTGCCGAGGCAGGCCAAG;

8: Skylan-MVFE.

CATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGT
CGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCATGAGTGCGATT
AAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCAC
TTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATG
GATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACC
ACTGCATTCATGTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAA
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GACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCA
GTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTG
CGTGATGGAGTGCTGACGGGTGATGTAGAGATGGCTTTGTTGCTTGAAGGAAAT
GCCCATTACCGATGTGACTTCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTC
AAGTTACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGAC
AAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTG
CCTGACAATGCCAGACGATAA;

9: Skylan-SVE.
CATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGT
CGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCATGAGTGCGATT
AAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCAC
TTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATG
GATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACC
ACTGCATTCTCCTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAA
GACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCA
GTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTG
CGTGATGGAGTGCTGACGGGTGATGTAGAGATGGCTTTGTTGCTTGAAGGAAAT
GCCCATTACCGATGTGACTTCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTC
AAGTTACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGAC
AAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTG
CCTGACAATGCCAGACGATAA;

10: Skylan-LVE.

CATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGT
CGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCATGAGTGCGATT
AAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCAC
TTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATG
GATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACC
ACTGCATTCCTGTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAA
GACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
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TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCA
GTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTG
CGTGATGGAGTGCTGACGGGTGATGTAGAGATGGCTTTGTTGCTTGAAGGAAAT
GCCCATTACCGATGTGACTTCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTC
AAGTTACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGAC
AAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTG
CCTGACAATGCCAGACGATAA;

11: Skylan-EVF.
CATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGT
CGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCATGAGTGCGATT
AAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCAC
TTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATG
GATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACC
ACTGCATTCGAGTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAA
GACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCA
GTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTG
CGTGATGGAGTGCTGACGGGTGATGTAGAGATGGCTTTGTTGCTTGAAGGAAAT
GCCCATTACCGATGTGACTTCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTC
AAGTTACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGAC
AAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTG
CCTGACAATGCCAGACGATAA;

12: Skylan-VVE

CATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGT
CGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCATGAGTGCGATT
AAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCAC
TTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATG
GATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACC
ACTGCATTCGTGTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAA
GACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
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ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCA
GTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTG
CGTGATGGAGTGCTGACGGGTGATGTAGAGATGGCTTTGTTGCTTGAAGGAAAT
GCCCATTACCGATGTGACTTCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTC
AAGTTACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGAC
AAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTG
CCTGACAATGCCAGACGATAA;

13: Skylan-MIF.
CATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGT
CGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCATGAGTGCGATT
AAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCAC
TTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATG
GATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACC
ACTGCATTCATGTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAA
GACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCA
GTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTG
CGTGATGGAGTGCTGACGGGTGATATTGAGATGGCTTTGTTGCTTGAAGGAAAT
GCCCATTACCGATGTGACTTCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTC
AAGTTACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGAC
AAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTG
CCTGACAATGCCAGACGATAA;

14: Skylan-SIF.

CATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGT
CGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCATGAGTGCGATT
AAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCAC
TTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATG
GATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACC
ACTGCATTCTCCTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAA
GACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCA
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GTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTG
CGTGATGGAGTGCTGACGGGTGATATTGAGATGGCTTTGTTGCTTGAAGGAAAT
GCCCATTACCGATGTGACTTCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTC
AAGTTACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGAC
AAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTG
CCTGACAATGCCAGACGATAA;

15: Skylan-MVS.
CATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGT
CGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCATGAGTGCGATT
AAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCAC
TTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATG
GATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACC
ACTGCATTCATGTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAA
GACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCA
GTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTG
CGTGATGGAGTGCTGACGGGTGATGTAGAGATGGCTTTGTTGCTTGAAGGAAAT
GCCCATTACCGATGTGACTCCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTC
AAGTTACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGAC
AAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTG
CCTGACAATGCCAGACGATAA;

16: Skylan-SVS.

CATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGT
CGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCATGAGTGCGATT
AAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCAC
TTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATG
GATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACC
ACTGCATTCTCCTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAA
GACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCA
GTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTG
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CGTGATGGAGTGCTGACGGGTGAtGTAGAGATGGCTTTGTTGCTTGAAGGAAAT
GCCCATTACCGATGTGACTCCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTC
AAGTTACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGAC
AAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTG
CCTGACAATGCCAGACGATAA;

17: Skylan-LVS.
CATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGT
CGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCATGAGTGCGATT
AAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCAC
TTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATG
GATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACC
ACTGCATTCCTGTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAA
GACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCA
GTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTG
CGTGATGGAGTGCTGACGGGTGATGTAGAGATGGCTTTGTTGCTTGAAGGAAAT
GCCCATTACCGATGTGACTCCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTC
AAGTTACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGAC
AAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTG
CCTGACAATGCCAGACGATAA;

18: Skylan-SLF.

CATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGT
CGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCATGAGTGCGATT
AAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCACCAC
TTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGTATG
GATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGACC
ACTGCATTCTCCTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACAA
GACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCA
GTTATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTG
CGTGATGGAGTGCTGACGGGTGATCTGGAGATGGCTTTGTTGCTTGAAGGAAAT
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GCCCATTACCGATGTGACTTCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTC
AAGTTACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGAC
AAAGATTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTG
CCTGACAATGCCAGACGATAA;

19: rsFolder.
ATGGTAAGCAAGGGCGAGGAGCTGTTCACCGGCGTGGTGCCAATCCTGGTGGAG
CTGGATGGCGATGTGAACGGCCACAAGTTTAGCGTGCGCGGCGAGGGCGAGGGL
GATGCTACCAACGGCAAGCTGACCCTGAAGTTTATCTGCACCACCGGCAAGCTG
CCGGTGCCGTGGCCAACCCTGGTGACCACCCTGGCCTACGGCGTGCTGTGCTTT
TCCCGCTACCCGGATCACATGAAGCGCCACGACTTTITTCAAGAGCGCCaTGCCG
GAGGGCTACGTGCAgGAGCGCACCATCaGCTTCAAGGATGACGGCACCTACAAG
ACCCGCGCTGAGGTGAAGTTTGAGGGCGATACCCTGGTGAACCGCATCGAGCTG
AAGGGCATCgACTTTAAGGAGGATGGCAACATCCTGGGCCACAAGCTGGAGTAC
AACTTTAACAGCCaCAACGTGTACATCACCGCCGACcaACGAGAAGAACGGCATC
AAGAGCAACTTCAAgATCCGCCACaAaCGTGGAGGATGGCTCCgTgCaGCTGGC
CGAcCACTACCagcaGAACACCCCAATCGGCgATGGCCCGGLEGCTGCTGCCAGA
CAACCACTACCTGAgCACCCaGaGcaAGCTgAGCaAgGACCCgaAACGAgAAgLC
gCGACCaCaTGgTGCtGCtGGAgTTLGTGA;

20: rsFolder2.
ATGGTAAGCAAGGGCGAGGAGCTGTTCACCGGCGTGGTGCCAATCCTGGTGGAG
CTGGATGGCGATGTGAACGGCCACAAGTTTAGCGTGCGCGGCGAGGGCGAGGGC
GATGCTACCAACGGCAAGCTGACCCTGAAGTTTATCTGCACCACCGGCAAGCTG
CCGGTGCCGTGGCCAACCCTGGTGACCACCCTGGCCTACGGCGTGCTGTGCTTT
TCCCGCTACCCGGATCACATGAAGCGCCACGACTTTTTCAAGAGCGCCATGCCG
GAGGGCTACGTGCAGGAGCGCACCATCAGCTTCAAGGATGACGGCACCTACAAG
ACCCGCGCTGAGGTGAAGTTTGAGGGCGATACCCTGGTGAACCGCATCGAGCTG
AAGGGCATCGACTTTAAGGAGGATGGCAACATCCTGGGCCACAAGCTGGAGTAC
AACTATAACAGCCACAACGTGTACATCACCGCCGACAAGCAGAAGAACGGCATC
AAGAGCAACTTCAAGATCCGCCACAACGTGGAGGALGGCTCCGLGCaGCTGGLCC
GAcCACTACCAGCAGAACACCCCAATCGGCGATGGCCCGGTGCTGCTGCCAGAC
AACCACTACCTGaGCACCCAGAgCAAGCTGAgCAaAGGACCCGAACGAGAAGEGC
GACCACATGgtGCTGCTGgAgTTTGTGACCGCTGCTGGCATCaCCCACgGCATG
GATGAGCTGTaCAAGGGATCCGGCTGCTaA;

140



SUPPORTING INFORMATION of manuscript:
Extra kinetic dimensions for fluorescence imaging (LIGHTNING)

 21: rsFolder2 V151A.

ATGGTAAGCAAGGGCGAGGAGCTGTTCACCGGCGTGGTGCCAATCCTGGTGGAG
CTGGATGGCGATGTGAACGGCCACAAGTTTAGCGTGCGCGGCGAGGGCGAGGGC
GATGCTACCAACGGCAAGCTGACCCTGAAGTTTATCTGCACCACCGGCAAGCTG
CCGGTGCCGTGGCCAACCCTGGTGACCACCCTGGCCTACGGCGTGCTGTGCTTT
TCCCGCTACCCGGATCACATGAAGCGCCACGACTTTTTCAAGAGCGCCATGCCG
GAGGGCTACGTGCAGGAGCGCACCATCAGCTTCAAGGATGACGGCACCTACAAG
ACCCGCGCTGAGGTGAAGTTTGAGGGCGATACCCTGGTGAACCGCATCGAGCTG
AAGGGCATCGACTTTAAGGAGGATGGCAACATCCTGGGCCACAAGCTGGAGTAC
AACTATAACAGCCACAACGCGTACATCACCGCCGACAAGCAGAAGAACGGCATC
AAGAGCAACTTCAAGATCCGCCACAACGTGGAGGATGGCTCCGTGCAGCTGGCC
GACCACTACCAGCAGAACACCCCAATCGGCGATGGCCCGgtgCTGCTGCCAGaC
AACCACTACCTGAGCACCCcAGAGCAAGCTGAGCAAGGACCCcGAACGAGAAGCGC
GACCACATGGTGCTGCTGGAGTTITGTGACCGCTGCTGGCATCACCCACGGCATG
GATGAGCTGTACAAGGGATCCGGCTGCTAA,;

e 22: rsEGFP2 V151L.
ATGGTGAGCAAGGGCGAGGagCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAG
CTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGC
GATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTG
CCCGTGCCCTGGCCCACCCTCGTGACCACCCTGGCCTACGGCGTGCTGTGCTTC
AGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCC
GAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAG
ACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTG
AAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTAC
AACTACAACAGCCACAACCTCTATATCATGGCCGACAAGCAGAAGAACGGCATC
AAGTCTAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCC
GACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGAC
AACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGC
GATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCcGGgATCACTCTCGGCATG
GACGAGCTGTACAAGTAA.

Al.1.3 Protein production and purification

The plasmids expressing proteins with an N-terminal hexahistidine tag were transformed in E. coli

BL21 strain. Cells were grown in Terrific Broth (TB) at 37°C. The expression was induced at 30°C
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or 16°C by addition of isopropyl 3-D-1-thio-galactopyranoside (IPTG) to a final concentration of
I mM at OD(600)=0.6. The cells were harvested after 16 h of expression and lysed by sonication
in lysis buffer (50 mM PBS with 150 mM NacCl at pH 7.4, 5 mg/ml DNAse, 5 mM MgCl, and 1
mM phenylmethylsulfonyl fluoride (PMSF), and a cocktail of protease inhibitors (Sigma Aldrich;
S8830)). After lysis, the mixture was incubated on ice for 2 h for DNA digestion. The insoluble
material was removed by centrifugation and the supernatant was incubated overnight with Ni-NTA
agarose beads (Thermo Fisher) at 4°C in a rotator-mixer. The protein loaded Ni-NTA column
was washed twice with 20 column volumes of N1 buffer (50 mM PBS, 300 mM NaCl, 30 mM
imidazole, pH 7.4) and twice N2 buffer (50 mM PBS, 150 mM NaCl, 10 mM imidazole, pH 7.4).
The bound protein was eluted with N3 buffer (150 mM PBS pH 7.4, 300 mM imidazole). The
protein fractions were eventually dialyzed with cassette Slide-A-Lyzer Dialysis Cassettes (Thermo

Fisher) against 50 mM PBS, 150 mM NaCl pH 7.4.

Al.2 Spectroscopic measurements

UV/Vis absorption spectra were recorded on a UV/Vis spectrophotometer (Cary 300 UV-Vis, Agi-
lent Technologies, Santa Clara, CA) at 20 °C equipped with a Peltier 1x 1 thermostatic cell holder
(Agilent Technologies). Samples (45 L) were contained in 0.3 cm x 0.3 cm (light path) quartz
cuvettes (Hellma Optics, Jena, Germany). Fluorescence measurements were acquired on a LPS
220 spectrofluorometer (PTI, Monmouth Junction, NJ), equipped with a TLCS50 cuvette holder
(Quantum Northwest, Liberty Lake, WA) thermoregulated at 25 °C.The normalized absorption and
emission spectra of the 22 RSFPs, which have been investigated in this study are provided in

Fig.A6.

Al1.3 Measurements of the rate constant associated with thermal relaxation
after photoswitching

In order to study the thermal relaxation after phoisomerization upon illumination at A\; = 488
nm, we used the fluorimeter to record the fluorescence emission from 5 ©M RSFP solutions upon
applying a series of light pulses at 480 nm up to reach the photostationary state using a LED (M470-
L4, Thorlabs, NJ; filtered at 480 + 20 nm (FF480-40, Semrock, Rochester, NY)) separated by
increasing delays in the dark (denoted “illumination” III in subsection A7.1.3). Since we adopted
a regime of low light intensity in which a two-state model is relevant to account for the RSFP
photoswitching behavior, we could satisfactorily use an exponential fitting function to account for
the decay of the fluorescence signal occurring during each light pulse and accordingly extract its

value at the initial time of each light pulse (see subsection A7.1.3). We eventually retrieved the
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thermal relaxation rate constant k2 from applying a monoexponential fitting function (see Eq.
(A64)) to the dependence of the values of the fluorescence signal at the initial time of each light

pulse on the delay (see Fig.A7—-A9). The results are provided in Tab.A3.

Al.4 Description of the photoswitchometer
Al.4.1 Specification

Myriads of illuminations can be considered for LIGHTNING implementation. In order to minimize
the acquisition time, it is necessary to recognize the minimal set of illuminations, which generate
time series of the RSFs fluorescence signal under control of different steps of their photocycle over a
given kinetic window. To address this concern with RSFPs, we designed and built a specific optical
instrument , which we denominated “photoswitchometer”. Equipped with synchronized detectors,
it integrates two sets of light sources (Light Emitting Diodes — LEDs — and lasers for low and high
regimes of light intensities, respectively) at the wavelengths A\; = 488 nm and A\, = 405 nm, which
have been spectrally tuned to photoswitch green RSFPs. The photoswitchometer automatically
records and analyzes in a few minutes the fluorescence response from a RSFP solution exposed to
homogeneous illumination at a series of light intensities covering 5 orders of magnitude (up to a

_Q.S_l

few hundreds of ein.m — 10* W/cm? range) with microseconds time resolution;

Al14.2 Configuration for acquiring the RSFP photoswitching information

The measurement cell To facilitate automated analysis, we tailored the geometry of illumination
in order to control the fluorescence evolution by the light- and thermally-driven reactions without
any significant interference of diffusion over the whole range of light intensities (see subsection
A7.2). The RSFP solution is sandwiched in a 80 pum-thick measurement cell, which is put on a
0.4 mm thick copper disk. This metal holder is mounted on an aluminum block thermostated at
25 + 0.2°C with two thermoelectric Peltier devices (CP 1.0-63-05L-RTYV, Melcor, Trenton, NJ).
The stage temperature is monitored with a TCS610 thermistor (Wavelength Electronics, Bozeman,
MT) and the feedback loop is driven by a MPT 10000 temperature controller (Wavelength Electron-

ics, Bozeman, MT).

Light sources The photoswichometer integrates two stages enabling us to illuminate the samples
with Light Emitting Diodes (LEDs) or modulated laser diodes. Overall these light sources equip
the photoswitchometer with light intensities covering five orders of magnitude (from 0.5 W.cm 2

to 50 kW.cm™2).
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The LEDs illumination stage The LED illumination stage integrates a blue color LED (M470L4,

Thorlabs, NJ) filtered at A\; = 480 &+ 20 nm (FF01-480-40, Semrock, Rochester, NY) and a UV
LED (M405L3, Thorlabs, NJ) filtered at 405+ 20 nm (ET 405/20x, Chroma Technologies, Bellows
Falls, VT) as light sources. The current driving each LED is regulated by a LED driver (DC 4104,
Thorlabs, NJ) operated in the external control mode and driven by the two analog outputs of a ADC
card (usb-1604hs-2ao, Measurement Computing, Norton, MA) used for data acquisition or a wave-
form generator. A light condenser (ACL25416U, Thorlabs, Newton, NJ, f = 16 mm) is placed
just after each LED to collimate light and both light beams are combined with a dichroic mirror
(T425LPXR, Chroma Technologies, Bellows Falls, VT). A second lens (f = 100 mm) is used to
focus the light at the back focal plane of the objective after being reflected by the dichroic filter
(FF506-Di-03, Semrock, Rochester, NY). Thanks to two consecutive beam splitters (30:70, EBP1,
Thorlabs and 50:50, CCM1-BS013/M, Thorlabs) and a lens (AC254-150, f = 150 mm), part of
the fluorescence emission at 525 & 15 nm (FF525-30, Semrock, Rochester, NY) is focused on a
multipixel photocounter (C13366-1350GA, Hamamatsu Photonics K.K., Hamamatsu City, Japan)
used to measure fluorescence signals and on a CMOS sensor of a camera (3060cp, iDS, Obersulm,
Germany) used to control the alignment of the beams and image the illuminated sample. Triggering
and synchronization of light illuminations and data acquisitions is controlled by a Labview 2010

program (National Instruments, Austin, TX).

The laser diodes illumination stage The beams of the laser diodes at A\; = 488 nm (LBX
serie, Oxxius, Lannion, France) and Ay = 405 nm (06-01 Serie, Cobolt, Solna, Sweden) are first
enlarged with a beam expander comprising two achromatic lenses (AC254-100-A, Thorlabs, New-
ton, NJ, f=100 mm and AC254-050-A, Thorlabs, Newton, NJ f=50 mm). A second afocal system
made of two lenses (LA1213-A, Thorlabs, NJ, =50 mm and LA1289-A, Thorlabs, NJ f=30 mm)
is inserted in the 405 nm lightpath to correct possible chromatic aberrations of the imaging objec-
tive and improve the illumination homogeneity. The enlarged beams are combined with a dichroic
mirror (T425LPXR, Chroma, Bellows Falls, VT) before the central part of the beams is selected
with an iris (SM1D12CZ, Thorlabs, NJ, US), and focused with an achromatic lens (AC254-200-
A, f=200 mm, Thorlabs, NJ ,US) on the rear focal plane of a 50X objective (MPLFLN, NA 0.8,
Olympus Corporation, Tokyo, Japan) after passing through a dichroic filter (FF506-Di-03, Sem-
rock, Rochester, NY). The iris is conjugated to the focal plan of the objective, so that the size of the
illuminated area can be adjusted by tuning the aperture of the iris. Thanks to a 30:70 beam split-
ter, 70 % of the collected fluorescence emission at 525 + 15 nm (FF525-30, Semrock, Rochester,
NY) is focused with a lens (AC254-50, Thorlabs, f= 50 mm) on the aperture of a 100 ;m pinhole
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mounted in front of a photomultiplier tube (H10492-013, Hamamatsu Photonics K.K., Hamamatsu
City, Japan) used to measure fluorescence signals while 15 % of the collected fluorescence emis-
sion is focused on a CMOS sensor of a camera (3060cp, iDS, Obersulm, Germany) used to image
the illuminated sample with a lens (AC254-150, f=150 mm). Triggering and synchronization of
light illuminations and data acquisitions is controlled by a Labview 2010 program (National Instru-
ments, Austin, TX). In this system, the laser sources are triggered by a waveform generator (33612
A, Keysight Technologies) either in analogue (488 nm; accepting an arbitrary 0-5 V input signal)
or in digital (405 nm) mode.
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Figure Al: Scheme of the photoswitchometer designed for automated acquisition of the photo-
switching kinetic information of RSFPs in liquid solutions. Light-emitting diodes and lasers diode
modules are controlled with a waveform generator or the analog outputs of a data acquisition card
(ADC) and deliver sequences of modulated homogeneous illumination at the sample with 1-10°
W/cm? intensities and 1-10° Hz frequencies at A\; = 488 nm and \, = 405 nm. Fluorescence is re-
trieved with synchronized detectors. The components involving LEDs and lasers for illuminations
are displayed in gray and black, respectively . ADC: analog digital converter; MPPC: multipixel
photon counter; PMT: photomultiplier tube; LD: Laser diode.

Temporal characterization of the illumination profiles To characterize the temporal resolution
of the photoswitchometer, we recorded the time response of the signal detected by the photomul-
tiplier upon switching on and off the light sources. Fig. A2a—d display the results. The time
resolution of the photoswitchometer is limited by the time resolution of the photomultiplier when
switching on and off the laser light sources at both A\;= 488 nm and A\o= 405 nm (~ 1 ps). In

contrast, the time resolution of the photoswitchometer is limited by the light sources when using
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the LEDs. Switching on and off the light sources respectively generates signal changes at 9.6 and

1.7 ps time scales at A\;=488 nm (5.7 and 1.1 us at Ao= 405 nm, respectively).
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Figure A2: Characterization of the temporal resolution of the photoswitchometer. Time response
of the signal detected by the photomultiplier upon switching on and off the lasers (a,b) and the
LEDs (c,d) at A\;= 488 nm (a,c) and \y= 405 nm (b,d).

A1.4.3 Calibration of light intensities

LEDs We relied on the photoswitching kinetics of a photochemically well-characterized RSFP
(Dronpa-2 at pH 7.4) for measuring light intensities at which the kinetics is well-accounted with
a two-state model (see section A7). We could show that such an actinometric measurement is
photochemically reliable up to 10 ein.m~2.s~! light intensities at the wavelengths \; = 488 nm

and )\, = 405 nm respectively.
The calibration of the light intensities exploits light jumps on Dronpa-2 samples (typically a 10

M Dronpa-2 solution in pH 7.4 PBS buffer):

* As a preliminary step of the calibration protocol, the Dronpa-2 solution is illuminated with
the 405 nm LED (/5 = 0.01 ein.m~2.s~! for 2 min) to secure that Dronpa-2 is initially in its

thermodynamically stable state C;;
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* Then the sample is illuminated at constant light intensity /; at A\; = 488 nm (this first illu-
mination is associated with the exponent I) and the evolution of the fluorescence signal is

collected. The decay is adjusted by:

t
I = 1(0) + A' {1 — exp (——Iﬂ (AD)
T
The time 7! is used as a fitting parameter and the intensity I, is retrieved according to (see
Eq.(A49))
1
I r ki A2
S (A2)

where the reference values of the rate constant for thermal return after reversible fluorescence
photoswitching (k5 = 0.014 s~!) and the sum of the photoswitching cross sections (X; =

196 m?mol ') at the wavelength \; are given in reference;'?

* In a second step, while maintaining constant illumination I; at the wavelength \; = 488
nm, the sample is submitted to a light jump of intensity /5 at the wavelength Ay = 405
nm (this second illumination protocol is associated with the exponent II). The exponential

fluorescence recovery is recorded and adjusted using

If = I17(0) + A" {1 — exp (—%)} (A3)
where the time 7! is used as a fitting parameter and the intensity I, can be retrieved from
(see Eq.(A58))

11 % — Sl -k
Iy = >, (A4)
where the reference value of the sum of the photoswitching cross sections (2, = 413

m?mol 1) at the wavelength )\, is given in reference.!?

Lasers The calibrations of the light from the lasers were performed with a power meter (PM100A,
Thorlabs, NJ, US) by measuring the dependence of the laser output power on the applied input (ten-
sion voltage — in V — for the 488 nm laser and input power — in mW — for the 405 nm laser). We
observed a linear dependence (i) with the 488 nm laser source between 0.12 and 4.6 V (see Fig.A3a)
and (ii) with the 405 nm laser diode between 2 mW and 100 mW (see Fig.A3b) and adopted the

corresponding ranges to perform all the subsequent experiments.
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Figure A3: Calibration of the output power of the lasers. Dependence of the laser output power on
the applied input (tension voltage — in V — for the 488 nm laser — a — and input power — b, in mW
— for the 405 nm laser).

In particular, these calibrations have been used to validate the continuity of the illumination
when switching from the LEDs to the lasers for illumination since the maximum of LED intensity
matches the lower laser intensity once the later is decreased with an optical absorptive density
(NE10A-A Thorlabs, Newton, NJ, OD=1).

A1l.5 Protocols of acquisition of the RSFP Kkinetic fingerprints
Al1.5.1 Acquisition of the RSFP photochemical behavior

The protocol to acquire the kinetic fingerprint of RSFPs as a set of characteristic times associated
with illuminations leading to non-redundant kinetic behaviors has been set up for acquisition of the
RSFP photochemical behavior. It includes: (i) Recording the time series of the RSFP fluorescence
signal under several illumination conditions at different light intensities; (ii) Extracting a single
characteristic time from each time evolution of the RSFP fluorescence signal; (ii1) Analyzing the
dependence of the inverse of the characteristic time in each illumination condition on the associated
light intensities; (iv) Retaining the characteristic times at different typical light intensities to account
for the RSFP kinetics when the characteristic times showed different regimes of light intensity
dependence.

The photoswitchometer has been automated to enable the fast screening of the green RSFPs.
Data acquisition is automated with LabVIEW and includes the external control of the outputs
(square wave, cycle duration, average voltage, duty cycle,...) of the two waveform generators.

Two illuminations denoted I and II have been used to characterize the photoswitching kinetics

of the RSFPs. The photoswitchometer applies constant light at the wavelength \; = 488 nm and
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periodic square-wave light at the wavelength A\, = 405 nm during three periods (see Fig. A4). The
light at Ay = 405 nm is turned off during the first half periods, which generates the time windows
of illumination I involving constant light at A\; = 488 nm. In contrast, it is turned on during the
second half periods, which generates the time windows of illumination II involving constant lights
at both \; = 488 nm and \; = 405 nm. The fluorescence evolution is recorded at 525 nm.

a

Fluorescence signal

Fluorescence signal

Y

Time

Figure A4: Illumination experiments devoted to the photochemical characterization of the RSFPs.
The photoswitchometer records the fluorescence evolution upon applying three periods of illumina-
tion, which involves constant light at the wavelength \; = 488 nm (blue) and square-wave light at
the wavelength A\, = 405 nm (purple) by using either LEDs or lasers. The first (second, resp.) half
period corresponds to illumination I (II, resp.). Two series of photochemical experiments have been
performed (see Fig. A14-A35a,b): a: Variable light intensity /; at the wavelength \; = 488 nm
and fixed light intensity at the wavelength A\, = 405 nm. Among the three periods of fluorescence
acquisition (dashed green line), the first (for LIGHTNING imaging) or third (for acquisition of the
photoswitching kinetic information of RSFPs) half periods (solid green line) under illumination I
have been analyzed; b: Fixed light intensity at the wavelength \; = 488 nm and variable light
intensity I at the wavelength Ay = 405 nm. Among the three periods of fluorescence acquisition
(dashed green line), the second half period (solid green line) under illumination II is analyzed.

Data acquisition has proceeded in two steps:

* In a preliminary step, we determined the time window over which the two-color photoacti-
vation of the RSFPs is fully reversible. Illuminations I and II were applied using strong LED
lights (Fig. A10-A13). In order to roughly delimit two kinetic regimes involving fast and
slow variations of the fluorescence signal, the fluorescence evolution / }; observed for the two

illuminations ¢ = I, I has been analyzed using an unsupervised biexponential fitting function
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over the whole time window
I}-T'(t) - Aifast eXp(_t/T}ast> + Aislow eXp(_t/Tsilow> + ]11‘7'(00) (AS)

The values of the fast and slow relaxation times, T}ast and 71, , have been extracted.

low>

T}ast provides a signature of reversible fluorescence photoswitching whereas 7!, = presum-

lo
ably originates from extinction at a longer timescale, leading to an estimate of the cross sec-
tions for reversible fluorescence photoswitching or light-driven extinction (see Eq.(A49) for
© = I, Eq.(A58) for i = II; compare the cross sections ;1 fqs and Yo 45 in Tab. A2 and 3,
and > in Tab. A3). For all the RFSPs and both wavelengths, the ratios of the cross sections
of reversible photoswitching and long-term extinction were found greater than 103. Hence
we could define a wide time window in which reversible photoswitching is not perturbed by

light-driven long-term extinction;

In a second step, the two illuminations I and II involving LED and laser lights were used to
establish the RSFP photoswitching signature for several tens of light intensities in a broad
range covering the 1072-10? ein.m2.s™! (see Fig. A14-A35ab). The value of the half-
period has been set at 5 s for all RSFPs upon LED illumination. At all investigated LED
intensities, this time window is both larger than a few times the order of magnitude of the fast
relaxation time T}ast deduced in the preliminary step and narrow enough to neglect long-term
extinction. In contrast, the value of the half-period was further down scaled proportionally to
the inverse of light intensity upon laser illumination for diffusion to remain negligible in the
time evolution of the fluorescence signal (see section A7.2) (see Fig. A14—A35c—f). In the
course of our experiments, we noticed that the fluorescence decay observed for illumination
I during the first half period exhibited a larger amplitude for high /; intensities than during
the following odd half periods. The detailed interpretation of this behavior is left for another
publication. In the present report, we processed the data from the first and the third half
periods for three RSFPs (1, 2, and 6 exhibiting distinct photochemical behavior). Fig. ASa—c
show that despite the difference of their amplitudes, the fluorescence decays observed during
the first and the third half periods of application of illumination I exhibit similar characteristic
times so as to be equally used to establish the kinetic fingerprint of the RSFPs. Whereas the
third half period has been used for data processing during our subsequent experiments to be
at steady-state, the first half period should be more favorable in providing a better signal-to-

noise-ratio for LIGHTNING imaging of RSFPs.
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Figure A5: Dependence of the inverse of the characteristic times 1/77 of 1 (a), 2 (b), and 6 (c)
obtained from analyzing the fluorescence decays during the first (triangle) and the third (disk) half
periods of application of illumination I.

A1.5.2 Acquisition of the RSFP Kkinetic fingerprints for LIGHTNING imaging

This series of experiments has been performed on a series of 6 um-thick 10 4M RSFP solutions
sandwiched between two 170 pum-thick glass slides and on agarose pads of RSFP-labeled Es-
cherichia coli by using the photoswitchometer in the LIGHTNING imaging mode. We recorded im-

ages from a 20 ym-wide circular field of view at 1 kHz frequency upon illuminations Ijo,, (/1 100 = 2

2 1

einm 2.s7Y), Moy (T4 = 2 einm™ 257t and Ipgp, = 0.2 einm™ 2871, Tnign (I1pign = 50

2 2

einm2.s7Y), and Wp;gn ([1 pign = 50 ein.m™2.s7! and I j;,, =20 ein.m=2.s71).

Al.6 Data processing

The analysis of the fluorescence evolution (see Section A4) used two independent protocols for the
determination of the characteristic times of the kinetic fingerprint. The method based on spectra
of relaxation times is reported in Section AS and the data analysis was automated using Matlab.
The monoexponential reduction of fluorescence evolution regardless of the complexity of kinetics
is described in Section A6 and data analysis was automated using Igor Pro.

The fluorescence evolution under illumination I was monotonous for all RSFPs. We first used

the unsupervised monoexponential fitting function given in Eq.(A46) over the whole acquisition
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window to extract a first guess of the characteristic time 7!. We then restricted the time window
to [0, 57'] in order to extract the final 7' values using the same monoexponential fitting function.
For illumination II, we used the same protocol as for illumination I for sufficiently low light in-
tensities such that the fluorescence evolution is monotonous. From the light intensities for which
the fluorescence evolution displays an extremum, we first restricted the lower and upper limits of
the analyzed time window to the times respectively associated with the initial and extremum values
of the fluorescence signal. Then we proceeded by applying the monoexponential fitting function
given in Eq.(A55) over the delimited time window in order to extract the value of 7L,

The spectra of relaxation times have been computed from Eq.(A22) by using the fluorescence
data collected over the whole acquisition window for a given illumination. The absolute maximum
is determined for illumination I and the absolute minimum for illumination II, except for the RSFPs
4 and S for which the opposite procedure is applied. The abscissa of the absolute extrema provide
the relaxation times 7' and 7' for illumination I and II, respectively. For all investigated RSFPs
the spectra of relaxation time admits an extremum in the acquisition window defining a single
characteristic time without ambiguity and legitimating the use of a monoexponential reduction.

For both methods used to determine the characteristic times, data processing ends up by plotting
the inverse of the photoswitching relaxation times 1/7! versus the light intensity I; at the wave-
length \; = 488 nm and 1/7' versus the light intensity I, at the wavelength A\, = 405 nm (see Fig.
A14-A35c—).

In the regime of low light intensities, the fluorescence evolution is satisfactorily accounted by
a two-state kinetic model (see section A7). The reaction rate being limited by the photochemical
step, 1/7. . for i = I 1I linearly depends on light intensity (see Eqs.(A49,A58)). The slope of
1/7.,, versus I; provides the cross section 3; and the slope of 1/7/} versus I, provides the cross
section 9. In a high intensity regime where thermal steps impact the reaction rate, the inverse of
the relaxation times 1/7,,, and 1/7;; , exhibit no or a weaker dependence on the light intensities.

The cutoff intensity 7 (IS, resp.) delimiting the two regimes was defined as the intensity for
which the inverse of the characteristic time 1/7' (1/75, resp.) departs from 33% (20%, resp.) from
the prediction of the two-state model ;I (2117 4+ X215, resp.). The values of the characteristic
times in both intensity regimes provide non-redundant information. We set the intensity value /1 ;o
({2,1ow» resp.) for which the kinetics of all RSFPs is driven by photochemistry at A\; (Ao, resp.).
Specifically we chose the value of I 15, (/2,10w, T€SP.) as the value of the lowest cutoff intensity /7
(I35, resp.) obtained from all RSFPs. We fixed the intensity value Iy pign, (12 pigh, resp.) at the highest
available intensity. Hence, for the series of photochemical experiments on the 22 investigated

RSFPs with the photoswitchometer in its configuration displayed in Fig.A1, we adopted the values
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2 2

of light intensities I; ,,, = 2 ein.m 2.s™! for regime Ly, I1pign = 200 einm 2. for Inign,

2 2 2 1

I jow = 2 einm 25! and I5 5, = 0.1 ein.m™2.s~* for I}y, and I pign = 200 ein.m™2.s~* and
Iy pigh = 90 ein.m=2.s71 for Wygp,.

For all RSFPs we eventually extracted the two characteristic times 71 and 7l in the low
intensity regime of illuminations I and II and the two characteristic times 7}, on and T o 10 the high
intensity regime. The set of the four characteristic times (7y,,,,, Tjo,» Thighs Thign) CODStitutes the
LIGHTNING kinetic fingerprint of reversible photoswitching for the RSFPs. Tab. A4 sums up the

results.

A1.7 Definition of a set of distinguishable RSFPs
Al1.7.1 Sorting algorithms

Optimizing the discriminating power of LIGHTNING requires choosing the most distant RSFPs.
We have implemented two algorithms to rank N RSFPs according to their distance between pairs.

The distances d;; between all pairs (7, j) of RSFPs

dij = \/22:1 (i = i)’ (A6)

are computed in the space of n discriminative dimensions, where [;; and [;; are the decimal loga-

rithms of the k" characteristic time of RSFP i and RSFP j, respectively.

Selection of the most distant RSFPs within sets of RSFPs We first determined optimized sub-
sets s'(m) of m RSFPs for m = 2, ..., N. The minimum distances d,,;, between pairs are computed
for all subsets of m RSFPs included in s(/V). The subset s'(m) with the maximum value of d;, is

selected.

Selection of the most distant RSFPs within inclusive subsets of an RSFP set As shown in
Tab. A3, the relation s'(m) C s'(m + 1) is not necessarily observed for s’(m) and s'(m + 1).
This absence may be a drawback for end-users who would like to use a same set of RSFPs in order
to discriminate various numbers of its members. Hence we have also implemented the following
efficient algorithm including three-body interactions to rank N RSFPs according to their distance
between pairs.

The procedure followed to generate an ordered list of RSFPs begins with sorting pairs by in-
creasing distances and sequentially eliminating the RSFP which is the closest to two other RSFPs.
Specifically, the pair associated with the smallest distance in the set s(/V) of N RSFPs is denoted
(7, 7). The closest RSFP to i different from j is denoted & and the closest RSFP to j different from
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i is denoted /. If the distance d;; is smaller than d;;, the RSFP i is the closest RSFP to two RSFPs.
The rank assigned to the RSFP ¢ in the ordered list is equal to the number N of RSFPs in the set
$(N). Then the RSFP i is removed from the set s(/N) leading to the set s(N — 1) of N — 1 RSFPs.
The procedure is repeated until the set s(2) has been built. Rankings 1 and 2 are assigned to the

two RSFPs of the remaining pair s(2).

Al1.7.2 Evaluation of the cutoff distance

Discrimination between two RSFPs is possible if their distance is larger than the cutoff distance d,.
imposed by the experimental accuracy Ad;; on the distance d;; induced by the uncertainty Alj; on

the logarithm of the characteristic times [;. Differentiating Eq.(A6), we find

1
Ad; = EEZﬂ [ ki = lej | A [ i = s |- (&)
i

Introducing the maximum uncertainty A/ = maxy; (Aly;) on the determination of the kinetic fin-

gerprint {l;;}, we have A | [;; — l;,; |< 2M. Hence Eq.(A7) reads
Ady; < 2MX. (A8)

with X? = 14250 50y | lei — lky || lwi — Ly | /dZ; Regardless of the value of | Ij; — li;

B

the inequality
250 S s = g [ s = by < (0= D)5 (ks — by)” (A9)
is observed, leading to X < y/n. Using Eq.(A8) we find Ad;; < d. where the cutoff distance obeys
d. = 2M/n (A10)

The cutoff distance between two RSFPs depends on two parameters, the number n of discrimi-
nating dimensions and the uncertainty M on the determination of the logarithm of the characteristic

times. The protocol used to evaluate M is described in section (A8.3).
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A2 Supplementary Figures

A2.1 Absorption and fluorescence emission spectra of the RSFPs
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Figure A6: Normalized absorption (a,c¢) and emission (b,d; \... = 488 nm) spectra of the 22 RSFPs,
which have been investigated in this study. In ¢ and d, the grey scale is linear between O and 1.
RSFP solutions: 5 uM in pH 7.4 PBS (50 mM sodium phosphate, 150 mM NaCl); T =298 K.
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A2.2 Measurement of the rate constant k5} associated with the thermally
driven relaxation of the photoswitched RSFPs
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Figure A7: Dependence of the normalized fluorescence emission at the initial time of each light
pulse on the delay ¢, between two pulses at 480 nm (in a regime of low light intensity in which a
two-state model is relevant to account for the photoswitching behavior). a: 1; b: 2; ¢: 3;d: 6;e: 7;
f: 8. RSFP solutions: 8 uM in pH 7.4 PBS (50 mM sodium phosphate, 150 mM NacCl); T = 298 K.
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Figure A8: Dependence of the normalized fluorescence emission at the initial time of each light
pulse on the delay ¢, between two pulses at 480 nm (in a regime of low light intensity in which a
two-state model is relevant to account for the photoswitching behavior). a: 9; b: 10; ¢: 11; d: 12;
e: 13; f: 14. RSFP solutions: 8 uM in pH 7.4 PBS (50 mM sodium phosphate, 150 mM NaCl); T
=298 K.
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Figure A9: Dependence of the normalized fluorescence emission at the initial time of each light
pulse on the delay ¢, between two pulses at 480 nm (in a regime of low light intensity in which a
two-state model is relevant to account for the photoswitching behavior). a: 15; b: 16; ¢: 17; d: 18;
e: 21. RSFP solutions: 8 uM in pH 7.4 PBS (50 mM sodium phosphate, 150 mM NacCl); T = 298
K.
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A2.3 Photochemical characterization of the RSFPs

A2.3.1 Preliminary illumination experiments on the RSFPs

Normalized fluorescence Normalized fluorescence

Normalized fluorescence

Figure A10: Preliminary analysis of fluorescence photoswitching for 1 (a), 2 (b), 3 (¢), 4 (d), 5 (e),
6 (f). Evolution of fluorescence intensity upon continuous illumination of intensity /; at \; = 488
nm and square-wave illumination of intensity /5 at Ao = 405 nm yielding two different illumination
regimes I (/; = 0.6 ein.m2.s™ ') and I (/; = 0.6 ein.m2.s7! and I, = 0.1 ein.m~2.s7%). Solid
black line: Experimental data; solid red line: Biexponentional fitting function with Eq.(A5). RSFP
solutions: 20 uM in pH 7.4 PBS (50 mM sodium phosphate, 150 mM NaCl); T = 298 K.
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Figure A11: Preliminary analysis of fluorescence photoswitching for 7 (a), 8 (b), 9 (¢), 10 (d),
11 (e), 12 (f). Evolution of fluorescence intensity upon continuous illumination of intensity /; at
A1 = 488 nm and square-wave illumination of intensity I at Ay = 405 nm yielding two different
illumination regimes I (I; = 0.6 ein.m 2.s~! — except for 8 where it is 0.4 ein.m~2.s7') and II
(I, = 0.6 ein.m 2.5 ! —except for 8 where it is 0.4 ein.m2.s"! —and I, = 0.1 ein.m~2.s71). Solid
black line: Experimental data; solid red line: Biexponentional fitting function with Eq.(A5). RSFP
solutions: 20 uM in pH 7.4 PBS (50 mM sodium phosphate, 150 mM NaCl); T = 298 K.
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Figure A12: Preliminary analysis of fluorescence photoswitching for 13 (a), 14 (b), 15 (¢), 16 (d),
17 (e), 18 (f). Evolution of fluorescence intensity upon continuous illumination of intensity /; at
A1 = 488 nm and square-wave illumination of intensity I at Ay = 405 nm yielding two different
illumination regimes I (I; = 0.6 ein.m~2.s™! — except for 13 where it is 0.5 ein.m2.s!) and II
(I, = 0.6 ein.m~2.s7! — except for 13 where it is 0.5 einm=2.s™! —and I, = 0.1 ein.m 2.s7!).
Solid black line: Experimental data; solid red line: Biexponentional fitting function with Eq.(AS).
RSFP solutions: 20 uM in pH 7.4 PBS (50 mM sodium phosphate, 150 mM NaCl); T = 298 K.
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Figure A13: Preliminary analysis of fluorescence photoswitching for 19 (a), 20 (b), 21 (¢), 22 (d).
Evolution of fluorescence intensity upon continuous illumination of intensity /; at A\; = 488 nm and
square-wave illumination of intensity /5 at Ao = 405 nm yielding two different illumination regimes
I(I; = 0.6einm2s ) and Il (I; = 0.6 ein.m 257! and I, = 0.1 ein.m 2.s~! — except for 20
where it is 0.08 ein.m2.s7!). Solid black line: Experimental data; solid red line: Biexponentional
fitting function with Eq.(AS). RSFP solutions: 20 uM in pH 7.4 PBS (50 mM sodium phosphate,
150 mM NaCl); T =298 K.

A2.3.2 Final illumination experiments
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Figure A14: Kinetic analysis of 1 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium phos-
phate, 150 mM NaCl); T =298 K. a, b: Evolution of fluorescence intensity upon continuous illumi-
nation of intensity /; at A\; = 488 nm and square-wave illumination of intensity /5 at Ay = 405 nm
(a: Ilumination I I; = 0.05 einm™2.s7%, I, = 0.1 ein.m2.s~!; b: I; = 200 einm 2.5, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Illumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X1, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A15: Kinetic analysis of 2 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium phos-
phate, 150 mM NaCl); T =298 K. a, b: Evolution of fluorescence intensity upon continuous illumi-
nation of intensity /; at \; = 488 nm and square-wave illumination of intensity /5 at Ay = 405 nm
(a: I; = 0.05ein.m 257!, [, = 0.1 ein.m 2s~!; b: I; = 200 ein.m 257", I, = 3 ein.m2.s71).
Black line: experimental data; red line: fitting functions according to Eq.(A46) and Eq.(AS5); c:
[lumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at A\; = 488 nm,
d: Ilumination II: Inverse of the relaxation time 1/71! (disks) versus light intensity I, at Ay = 405
nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function yielding the pho-
toswitching cross section X, f: Magnification of d at low light intensity. Solid line: linear fitting
function yielding the photoswitching cross section X.,.
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Figure A16: Kinetic analysis of 3 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium phos-
phate, 150 mM NaCl); T =298 K. a, b: Evolution of fluorescence intensity upon continuous illumi-
nation of intensity /; at A\; = 488 nm and square-wave illumination of intensity /5 at Ay = 405 nm
(a: [; = 0.05ein.m 257!, [, = 0.1 einm 2.s~!; b: I; = 200 ein.m™2.s7%, I, = 3 ein.m2.s7}).
Black line: experimental data; red line: fitting functions according to Eq.(A46) and Eq.(AS5); c:
[lumination I: Inverse of the relaxation time 1/71 (disks) versus light intensity /; at A\; = 488 nm,
d: Illumination II: Inverse of the relaxation time 1/7' (disks) versus light intensity 15 at A, = 405
nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function yielding the pho-
toswitching cross section X, f: Magnification of d at low light intensity. Solid line: linear fitting
function yielding the photoswitching cross section .
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Figure A17: Kinetic analysis of 4 photoswitching at 20 uM in pH 7.4 PBS (50 mM sodium phos-
phate, 150 mM NaCl); T =298 K. a, b: Evolution of fluorescence intensity upon continuous illumi-
nation of intensity /; at A\; = 488 nm and square-wave illumination of intensity /5 at Ay = 405 nm
(a: [; = 0.05ein.m 257!, [, = 0.1 einm 2.s7!; b: I; = 200 ein.m 257!, I, = 3 einm2.s™').
Black line: experimental data; red line: fitting functions according to Eq.(A46) and Eq.(A55); ¢:
Illumination I: Inverse of the relaxation time 1/7! (disks) versus light intensity I; at A\; = 488 nm,
d: Illumination II: Inverse of the relaxation time 1/7' (disks) versus light intensity I, at A, = 405
nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function yielding the pho-
toswitching cross section 1, f: Magnification of d at low light intensity. Solid line: linear fitting
function yielding the photoswitching cross section 3.
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Figure A18: Kinetic analysis of 5§ photoswitching at 20 M in pH 7.4 PBS (50 mM sodium phos-
phate, 150 mM NaCl); T =298 K. a, b: Evolution of fluorescence intensity upon continuous illumi-
nation of intensity /; at \; = 488 nm and square-wave illumination of intensity /5 at Ay = 405 nm
(a: I; = 0.05ein.m 257!, [, = 0.1 ein.m 2s~!; b: I; = 200 ein.m 257", I, = 3 ein.m2.s71).
Black line: experimental data; red line: fitting functions according to Eq.(A46) and Eq.(AS5); c:
[lumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at A\; = 488 nm,
d: Ilumination II: Inverse of the relaxation time 1/71! (disks) versus light intensity I, at Ay = 405
nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function yielding the pho-
toswitching cross section X, f: Magnification of d at low light intensity. Solid line: linear fitting
function yielding the photoswitching cross section X.,.
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Figure A19: Kinetic analysis of 6 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium phos-
phate, 150 mM NaCl); T =298 K. a, b: Evolution of fluorescence intensity upon continuous illumi-
nation of intensity /; at A\; = 488 nm and square-wave illumination of intensity /5 at Ay = 405 nm
(a: [; = 0.05ein.m 257!, [, = 0.1 einm 2.s~!; b: I; = 200 ein.m™2.s7%, I, = 3 ein.m2.s7}).
Black line: experimental data; red line: fitting functions according to Eq.(A46) and Eq.(AS5); c:
[lumination I: Inverse of the relaxation time 1/71 (disks) versus light intensity /; at A\; = 488 nm,
d: Illumination II: Inverse of the relaxation time 1/7' (disks) versus light intensity 15 at A, = 405
nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function yielding the pho-
toswitching cross section X, f: Magnification of d at low light intensity. Solid line: linear fitting
function yielding the photoswitching cross section .
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Figure A20: Kinetic analysis of 7 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium phos-
phate, 150 mM NaCl); T =298 K. a, b: Evolution of fluorescence intensity upon continuous illumi-
nation of intensity /; at A\; = 488 nm and square-wave illumination of intensity /5 at Ay = 405 nm
(a: [; = 0.05ein.m 257!, [, = 0.1 einm 2.s~!; b: I; = 200 ein.m™2.s7%, I, = 3 ein.m2.s7}).
Black line: experimental data; red line: fitting functions according to Eq.(A46) and Eq.(AS5); c:
[lumination I: Inverse of the relaxation time 1/71 (disks) versus light intensity /; at A\; = 488 nm,
d: Illumination II: Inverse of the relaxation time 1/7' (disks) versus light intensity 15 at A, = 405
nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function yielding the pho-
toswitching cross section X, f: Magnification of d at low light intensity. Solid line: linear fitting
function yielding the photoswitching cross section .
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Figure A21: Kinetic analysis of 8 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium phos-
phate, 150 mM NaCl); T =298 K. a, b: Evolution of fluorescence intensity upon continuous illumi-
nation of intensity /; at A\; = 488 nm and square-wave illumination of intensity /5 at Ay = 405 nm
(a: [; = 0.05ein.m 257!, [, = 0.1 einm 2.s~!; b: I; = 200 ein.m™2.s7%, I, = 3 ein.m2.s7}).
Black line: experimental data; red line: fitting functions according to Eq.(A46) and Eq.(AS5); c:
[lumination I: Inverse of the relaxation time 1/71 (disks) versus light intensity /; at A\; = 488 nm,
d: Illumination II: Inverse of the relaxation time 1/7' (disks) versus light intensity 15 at A, = 405
nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function yielding the pho-
toswitching cross section X, f: Magnification of d at low light intensity. Solid line: linear fitting
function yielding the photoswitching cross section .
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Figure A22: Kinetic analysis of 9 photoswitching at 20 uM in pH 7.4 PBS (50 mM sodium phos-
phate, 150 mM NaCl); T =298 K. a, b: Evolution of fluorescence intensity upon continuous illumi-
nation of intensity /; at A\; = 488 nm and square-wave illumination of intensity /5 at Ay = 405 nm
(a: [; = 0.05ein.m 257!, [, = 0.1 einm 2.s7!; b: I; = 200 ein.m 257!, I, = 3 einm2.s™').
Black line: experimental data; red line: fitting functions according to Eq.(A46) and Eq.(A55); ¢:
Illumination I: Inverse of the relaxation time 1/7! (disks) versus light intensity I; at A\; = 488 nm,
d: Illumination II: Inverse of the relaxation time 1/7' (disks) versus light intensity I, at A, = 405
nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function yielding the pho-
toswitching cross section 1, f: Magnification of d at low light intensity. Solid line: linear fitting
function yielding the photoswitching cross section 3.

171



SUPPORTING INFORMATION of manuscript:
Extra kinetic dimensions for fluorescence imaging (LIGHTNING)

a 1.0 T b T
® L i
o g o8
< c
9 @
Q o
a )
o 5 06 -
S =]
= =
9 3
N X
= ©
©
£ £
5 [}
S Z
z

0 5 10 15 20 25 30,407

| | | | | |
50 100 150 200 250 300

L2 A L2 A
li(einm s ) I,(einm s )

€ H T T T f :"I T T LR

L2 A 2 1
li(ein.m s ) I,(ein.m s )

Figure A23: Kinetic analysis of 10 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A24: Kinetic analysis of 11 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Kinetic analysis of 12 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium
50 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
I, = 0.05 einm2s7 Y I, = 0.1 einm2s % b: [; = 200 einm2s7!, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Illumination I: Inverse of the relaxation time 1/7! (disks) versus light intensity I; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
photoswitching cross section X1, f: Magnification of d at low light intensity. Solid

line: linear fitting function yielding the photoswitching cross section .
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Figure A26: Kinetic analysis of 13 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A27: Kinetic analysis of 14 photoswitching at 20 uM in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A28: Kinetic analysis of 15 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A29: Kinetic analysis of 16 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A30: Kinetic analysis of 17 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A31: Kinetic analysis of 18 photoswitching at 20 M in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A32: Kinetic analysis of 19 photoswitching at 20 uM in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A33: Kinetic analysis of 20 photoswitching at 20 uM in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A34: Kinetic analysis of 21 photoswitching at 20 uM in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A35: Kinetic analysis of 22 photoswitching at 20 uM in pH 7.4 PBS (50 mM sodium
phosphate, 150 mM NaCl); T = 298 K. a, b: Evolution of fluorescence intensity upon continuous
illumination of intensity /; at A\; = 488 nm and square-wave illumination of intensity I, at Ay =
405 nm (a: I; = 0.05 einm™2s7%, I, = 0.1 einm™2s™'; b: I; = 200 einm2.s7 !, [, = 3
ein.m~2.s7!). Black line: experimental data; red line: fitting functions according to Eq.(A46) and
Eq.(A55); ¢: Tllumination I: Inverse of the relaxation time 1/7' (disks) versus light intensity /; at
A1 = 488 nm, d: Tllumination II: Inverse of the relaxation time 1/ 71T (disks) versus light intensity
15 at Ay = 405 nm; e: Magnification of ¢ at low light intensity. Solid line: linear fitting function
yielding the photoswitching cross section X, f: Magnification of d at low light intensity. Solid
line: linear fitting function yielding the photoswitching cross section .
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Figure A36: The LIGHTNING discriminatory power. Minimum distance between pairs for op-
timized subsets of RSFPs versus cardinal m of the subsets. Deducing the threshold d. from the
experimental uncertainty on the determination of the characteristic times, the condition d,,;, > d.
fixes the overall number of discriminatable representatives within a RSFP set (here 20 among the
22 RSFPs 1-22).
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A3 Supplementary Tables

A3.1 Photophysical properties of the RSFPs

Table Al: Photophysical properties of the 22 investigated RSFPs as measured in this study. \qz
and €(\,q,) are the wavelength of maximal absorption and the molar absorption coefficient at
Amaz» and A, and @ are the wavelength of maximal emission and quantum yield of fluorescence.
Solvent: pH=7.4 PBS (50 mM PBS, 150 mM NacCl).
RSFP A0z £(Amaz) Aem Pp
(nm) M t.em™!) (nm)

1 503 80000 514 0.8
2 488 75000 512 0.2
3 487 55000 514 04
4 488 20000 513 -
5 505 40000 514 -
6 482 45000 514 04
7 496 35000 515 05
8 501 60000 514 0.7
9 499 95000 514 0.7
10 499 65000 514 0.7
11 500 85000 514 0.6
12 500 60000 513 0.6
13 503 105000 514 0.7
14 500 80000 514 0.6
15 486 50000 515 05
16 484 60000 515 0.2
17 483 50000 514 04
18 500 63000 515 05
19 479 55000 513 0.2
20 483 60000 515 03
21 484 50000 514 0.2
22 482 65000 515 0.2
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A3.2 Photochemical properties of the RSFPs

Table A2: Results of the preliminary illumination experiments to evidence fast reversible fluores-
cence photoswitching vs slow light-driven fluorescence extinction for the 22 investigated RSFPs.
2 rast and X; g, designate the cross sections associated with a fast and slow fluorescence photo-

switching, respectively, as extracted from T}ast and 7!

slow

obtained using Eq.(AS) as a fitting func-

tion to the fluorescence decays (the exponent ¢ = I, II refers to the two illuminations I and II) (see
Eq.(A49) for I and Eq.(A58) for II). Solvent: pH=7.4 PBS (50 mM PBS, 150 mM NaCl).

RSFP Z)1,]”0,515 Z]1,sl0w % 2Z,fast E2,slow %
(m?/mol)  (m?/mol) ’ (m?/mol) (m?/mol) '
1 45407 6107% (83+0.4)x10®  315£10 (6.3+0.1)x10~* (2.2+0.4)x10*
2 199+10 7.1073 (3.6 £0.2)x10*  431+20 (7.3+£0.2)x1073 (7.1 +0.2)x10*
3 27+3 21072 (24+£0.3)x10* 326430 (2.2+0.1)x1073 (1.4 +0.3)x10*
4 65 + 2 6.107%  (1.2+£0.1)x10* 240415 (7.6 +£0.1)x1073 (1.5 +0.1)x10°
5 31+3 5107 (5.7 £0.4)x10% 75+8 (6.44+0.3)x107*  (2.44+0.2)x103
6 125+12  9.107%  (13.4+0.9)x10* 700420 (1.5+0.1)x1073 (3.2+0.1)x10*
7 40+5 31072 (1.5+£0.4)x10*  680+30 (3.4+0.2)x107% (5.3+0.1)x103
8 30+38 4107% (7.3+£0.4)x10*  560+20 (4.240.3)x107* (1.2 +0.5)x10%
9 1.5+03 2107  (1.3+£0.1)x10* 490430 (2.2+0.4)x107* (1.8 +£0.7)x10*
10 21 +2 2107%  (9.3+£0.1)x10*  425+10 (2.5+0.2)x107* (1.1 £0.6)x10*
11 2043 2107 (12.64+0.8)x10* 493+15 (1.3£0.1)x10™* (5.4 £0.2)x10%
12 45+ 7 21072 (22+£04)x10* 760440 (2.3£0.1)x1073 (1.5 £0.7)x10%
13 73401 2107%  (3.1+£0.2)x10*  320+10 (2.7+£0.1)x107* (2.8 +0.6)x10*
14 57+£01 2107*%  (28+0.3)x10* 330420 (24+0.1)x107*% (4.1+0.4)x10*
15 97+12 21073  (4.3+£0.2)x10* 300430 (3.5+£0.3)x1073 (9.4 +£0.5)x10*
16 110+20 3.107%  (4.6+0.3)x10* 415425 (2.7+£0.1)x1073 (1.8 £0.1)x10*
17 200+15 1.107* (10.14+0.8)x10* 330430 (2.3+£0.4)x10~* (11.3+0.4)x10*
18 54402 11072 (4.24+04)x10*  450+40 (1.2+0.1)x107* (4.5+0.3)x10*
19 190+10 3.107%  (7.2+0.6)x10* 1400+250 (2.6 +£0.2)x1073 (1.4 +0.2)x10*
20 160+21 31073 (5.34+0.2)x10* 920420 (3.74+0.1)x107% (7.6 +0.3)x10?
21 150+8  7.107%  (2.1+0.4)x10* 1010+40 (8.24+0.4)x10~2 (1.44+0.1)x10?
22 200417 51073 (4.140.3)x10* 1250430 (6.34+0.2)x107% (1.4 4+ 0.2)x10*
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Table A3: Kinetic signatures of the 22 investigated RSFPs in the investigated time windows. >, and
> are the cross sections for reversible fluorescence photoswitching at A\; = 488 and A\, = 405 nm,
respectively. k2 is the rate constant for thermally-driven back isomerization of the photoswitched
state. T}Im-gh and T,ggh are the characteristic times obtained at the highest light intensities acces-
sible with the photoswitchometer in the regime of high light intensity (illumination I: ; = 200

ein.m~

.71 illumination II: 7; = 200 ein.m™2.s! and I, = 90 ein.m 2.s™'). I{ and IS are the

cutoff light intensities at A\; and )\, at which the inverse of the characteristic times 1/7! and 1/75
depart from the two-states model predictions by 33% and 20%, respectively. Solvent: pH=7.4 PBS

(50 mM PBS, 150 mM NaCl).

RSFP ¥ 3o 10% x k5 Thigh Thigh IS IS
(m?/mol)  (m3/mol) s™H (s) (s) (ein/m%.s)  (ein/m?.s)
1 5.1+£0.5 350420 5+1 (4.5240.09)x 103  (1.85+0.04)x10~* 36 +2 4.3+0.1
2 198+8 415430 200 £ 50 (3.34+0.01)x10~*  (7.73£0.02)x107° 82+0.5 9.44+0.2
3 30+5 350+18 1300 + 300 (4.844+0.08)x10~3 (1.25+0.03)x10~%* 4.6+0.1 3.47+0.05
4 70410 230422 0+6 (2.56+0.07)x1072 (1.13£0.02)x1072 6.3+£0.5 1.234+0.01
5 36+2 70+10 0+8 (3.57+0.08)x 103 (9.25+0.02)x 1073 35+2 0.84+0.1
6 112+9 670+45 642 (1.1740.05)x10~*  (2.14£0.02)x10~* 83 £15 3.1+£0.8
7 3243 650450 20410 (5.4440.02)x 10~ (6.74+0.03)x10~° 36 t+4 8.14 £ 0.02
8 3342 515430 6+1 (4.23£0.03)x103 (9.5£0.1)x107° 4.140.2 4.24+0.5
9 1.2 £0.1 465425 0.8+0.2 (5.954+0.02)x1072 (1.254+0.02)x10~* 2.2+0.5 0.9+0.1
10 2544 420430 104+ 10 (6.8+0.1)x10~* (7.75£0.03)x10~° 35+6 0.27 £0.01
11 2141 440421 20410 (3.82+0.07)x1072% (1.124+0.01)x10~* 6.3+0.2 10+4
12 5046 730443 442 (3.1+£0.2)x 10~ (6.23£0.02)x10~° 40+5 3.12£0.02
13 7.440.2 300£12 3+1 (5.63£0.02)x1072  (1.754+0.03)x10~* 35+6 1.18 +0.03
14 6.1£0.3 300+£31 20+ 10 (2.9240.05)x 103 (1.84+0.02)x 104 20+ 3 8.42 +0.05
15 115+6 310+£28 20 £ 10 (3.14+0.02)x10~* (3.64+0.03)x10~* 7.1+0.3 0.454+0.07
16 120+11 400+£37 20+ 10 (6.25+£0.04)x10~*  (9.83+0.02)x107° 6.3+0.1 3.45+0.08
17 21246 320+10 30 £ 10 (4.26+0.03)x10~* (1.274£0.02)x10~* 3.4+0.1 2.1540.07
18 5.1+£0.3 483+24 0+3 (3.82+0.01)x 103  (3.82+0.06)x10~* 41 +3 1.32+0.04
19 21248 1670+120 -t (1.2140.06)x10~%  (3.15+0.01)x10~° 25+5 1.154+0.02
20 170£10 900+85 —f (1.344£0.07)x10~*  (1.354+0.04)x10~* 5+2 0.83 +0.01
21 144+35 930466 1.14+0.3 (2.15+0.03)x10~%  (1.73£0.01)x10~%* 2.5+0.1 3.4+0.2
22 212410 12604100 —f (1.36+0.08)x 10~ (6.17£0.02)x107° 1.7+0.2 2.54+04

T Too slow to be reliably measured.
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A4 Fluorescence evolution of an RSF

A4.1 General expressions of the concentrations
We consider an RSF engaged in a photocycle involving n states C; and first-order reactions

k,J
Ci a2 (A11)

where i = 1,...,m5, j = 1,...,n,, and ¢ # j. The rate constants k;; are associated with thermal or

photochemical steps. The dynamics of the system is governed by the system of equations

dC
d—tl = — (k‘12 + ]{?13 + ...+ klns) Cl + kQICQ + k3103 + ...+ knslcn (Alz)

dcC:
d_752 = k12C1 — (ko1 + koz + ... + k2p,) Co + k32Cs + .. + ki 2Cy (Al3)
(A14)

dc,
" = Foin, Cy + kap, Cs + k3o, Cs + ... — (ko1 + knyo + oo + Kny(ny—1)) Chn (A15)

ns

which yields the conservation relation 3¢, C;(t) = X', C? where C? are the initial concentrations.

The linear system given in Eqs.(A12—-A15) can be written in matrix form

dC
— =K Al6
dt C ( )
with the vector C and the matrix K
Ch
Co
C= . , (A17)
Cn
— (k1o + ks + ... + ki) ka1 Fn1
k12 — (ko1 + koz + ... + ko) . Ko
K — ) ) . .
klns k2n5 e T (knsl + anQ + ...+ kns(nsfl))
(A18)

The matrix K has n, eigenvalues, one of which is zero.!* Considering the case where the eigenval-
ues are real, negative and denoted by —1/7;, they are ordered according to 0 < 71 < 75 < ... <
Tn.—1. The Gerschgorin’s circle theorem has been used to show that the eigenvalues are bounded
and obey'*

1
0 < — <2max(X}2, k). (A19)

T;
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Eq.(A16) is straightforwardly solved in the eigenvector basis. By using the change-of-basis
matrix and the initial conditions, we find that the concentrations C; are sums of exponential terms
involving the eigenvalues

ns—1 t
C;, = Ejil Tij €Xp (—5) + 5. (A20)
where the preexponential factors r;; and the constant s; depend on the rate constants and the initial

conditions.

A4.2 General expressions of the fluorescence signal

The RSF fluorescence signal /() originates from summing the individual contributions of the n
RSF states associated with brightness (); and concentrations C;
t
Ip(t) = B22,QiIC; = X7 Uj exp <——> + W (A21)
7j
with U; = ¥7,Q;Ir;; and W = X, Q;Is; for a light excitation of intensity /. As shown in

Eq.(A21), the RSF fluorescence signal exhibits a multiexponential time dependence.

AS Spectrum of the relaxation times of RSF fluorescence evo-
lution

AS.1 Generating a spectrum

A spectrum of relaxation times has been used to characterize the kinetics of RSFPs. The spectrum

is built by correlating the fluorescence evolution [ (¢) with a function f;(¢) where the parameter [

is the decimal logarithm of a relaxation time !~

£10!
sy = o el = () (A1) = (D)) dt

S (73— (eT)) (i) — (o) e

(A22)

The average () represents the integration between 0 and 310, The value of the parameter /3 depends
on the function f;(¢). The denominator is a normalization condition.
When the fluorescence intensity is a monoexponential function associated with a relaxation

time 7p
Ip(t) = (I3 — IP) exp (—t/7p) + I (A23)

the value of 3 is chosen to ensure that the spectrum S(/) possesses an extremum for [ = log(7r) as

shown in Fig. A37. Due to the chosen normalization, the amplitude of the extremum S(Ir) is equal
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to the preexponential factor 7% — I9°. The sign of the preexponential factor determines the nature of
the extremum, a positive factor leading to a maximum and a negative factor leading to a minimum
of S(I). When the fluorescence evolution /() is not correctly described by a monoexponential
function but behaves as a sum of ny — 1 exponential terms, the spectrum of the relaxation times
displays between one and ns — 1 extrema.

The spectra of relaxation times can be computed for different choices of the function f;(¢). The
fluorescence evolution /(t) being a linear combination of exponential functions (see section A4),
the choice f(t) = e~ is intuitive. The correlation with an exponential is known to produce spec-
tra with broad peaks i.e. a moderate time resolution but little sensitivity to the signal-to-noise ratio
of the fluorescence signal.?!*?? In order to characterize the kinetics of fluorescence photoswitching
of an RSF under a given illumination by a single quantity, we chose to compute the spectrum using
the exponential correlator and look for the absolute extremum of the spectrum. For the exponential
correlator we find = 3.25.

The analytical expression of the spectrum S(/) for the monoexponential fluorescence evolution
Ir(t) given in Eq.(A23) is given by
exp (—3.25 x 10'77) (1.38 4 1.20 x 10"°'7) — 1.38 + 3.28 x 10'~'7

10t (1 + 104tr)

S() = (I} —Iy) (A24)

As shown in Fig. A37a,b, the peak of the spectrum is symmetrical with respect to the extremum
and its width at half height equals Al = 1.4. The logarithm of the relaxation time [ has to differ
by more than 1.5 from [ for the corresponding spectrum value S(I) to be smaller than 10% of the
amplitude S(/r) of the extremum.

The generalization to a linear combination of exponential functions is straightforward.

In the case where the fluorescence intensity /() is a sum of two exponential terms with iden-
tical prefactors p and different characteristic times 7 < 7, the spectrum has either one or two
extrema. The spectrum shows one or two maxima if the prefactors are positive and one or two
minima if the prefactors are negative. If [p» — [p < 1.1, the spectrum has a single extremum for
[ between [ and . In this case, the amplitude of the extremum is between 1.3p and 2p. On the
contrary, if [p» — [ > 1.1, the spectrum has two extrema. If [ — [ > 1.7, the abscissa of the
extrema differ from [ and [z by less than 5%. Moreover, the values of the spectrum associated
with the extrema are less than 7% larger than the prefactor p.

For a fluorescence intensity /() equal to the difference of two exponential terms with identical
prefactors and characteristic times 7 < 7, the spectrum has always one maximum and one
minimum. If [ — [ > 1.7, then the abscissa of the extrema differ from [ and [z by less than

4%. In addition, the amplitudes of the extrema are less than 6% smaller than the prefactor.
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Figure A37: Spectra of the relaxation times associated with the RSFP 2. The solid lines are obtained
by computing S(I) for the experimental fluorescence evolution /x(¢). The dashed red lines are
obtained when replacing I (¢) by a monoexponential function with the relaxation time associated
with the absolute extremum of the spectrum built from the experimental fluorescence evolution. a:
[Mlumination I with I ;,,, = 0.23 Ein.m2.s7! at the wavelength \; = 488 nm; b: Illumination II
with /; = 0.07 Ein.m 2.s™! at the wavelength \; = 488 nm and I5,,, = 0.10 Ein.m~2.s~! at the
wavelength Ay = 405 nm; ¢: Ilumination I with I; 5,5, = 128.8 Ein.m 2.s™! at the wavelength
A1 = 488 nm; d: Illumination II with I; = 0.15 Ein.m~2.s~! at the wavelength \;, = 488 nm and
Is hign = 106 Ein.m~2.s~! at the wavelength Ay = 405 nm.

192



SUPPORTING INFORMATION of manuscript:
Extra kinetic dimensions for fluorescence imaging (LIGHTNING)

In the general case of non identical prefactors the position of the absolute extremum is close to

the characteristic time of the exponential associated with the largest prefactor.

AS.2 Application to RSFPs

Figure A37 displays the spectra of the relaxation times obtained for the RSFP 2 in four illumina-
tions. The spectrum directly deduced from Eq.(A22) for the experimental fluorescence evolution
Ir(t) is referred to as the experimental spectrum and the spectrum obtained when replacing [ (t)
by a monoexponential function with a relaxation time matching the extremum observed in the ex-
perimental spectrum is called the predicted spectrum.

For the low light intensities used to obtain Figs. A37a and A37b, the photochemical reactions
are rate-limiting steps and an excellent match between the experimental and predicted spectra is
observed. This agreement proves that, in these low light intensity regimes, the characteristic times
deduced by reducing /(t) to a monoexponential function (see section A6) are properly evaluated.
Hence, for sufficiently low light intensities, a single characteristic time or equivalently a two-state
model is sufficient to adequately describe the kinetics of fluorescence photoswitching.

For the high light intensities used to obtain Figs. A37c and A37d, the reaction rate depends on
some thermal steps. The asymmetrical broadening of the experimental spectrum in Fig. A37c ac-
counts for at least a biexponential behavior with close relaxation times but different preexponential
factors. Nevertheless the value of the characteristic time deduced from a monoexponential reduced
function satisfactorily coincides with the position of the maximum of the experimental spectrum.
The experimental spectrum in Fig. A37d exhibits a minimum, an inflection point, and a maximum
at the largest 7 values. However the good agreement between the minima of the experimental and
predicted spectra still validates the use of a monoexponential reduced function to /x(t).

More generally, only one extremum was observed for all studied RSFPs for illumination I: a
minimum for 4 and 5§ and a maximum for the other 20 RSFPs, as expected from their respective
positive and negative photochromism. In contrast, for illumination II, we characterized the RSFPs
by the minimum of the spectrum (maximum for 4 and 5, resp.) observed at all light intensities and
ignored the maximum (minimum for 4 and S, resp.) which could be observed at the highest light
intensities. As mentioned above, the perturbation of the extremum by a second relaxation time of
the fluorescence photoswitching remains small when the two relaxation times are sufficiently dif-
ferent or sufficiently close, or when the preexponential factor associated with the second relaxation
time is sufficiently small. One of these conditions is always met for all considered RSFPs.

In conclusion to this section, the position of the extremum obtained by directly computing the

spectrum of relaxation times from the experimental fluorescence evolution /x(t) is close to the
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position of the extremum of the spectrum obtained by reducing the data to a monoexponential
function. Excellent match has always been observed in the low intensity regime. Less than a
factor of 2 between the characteristic times extracted from the spectrum and the monoexponential
reduction of the fluorescence evolution has been obtained in the high intensity regime, which is
satisfactory for the purpose of discrimination. The two data processing methods lead to similar
behaviors of the inverse of the characteristic time versus the light intensity. Linear increase at low
light intensity and saturation at high light intensity are observed in both cases as shown in Figs.A38
and A39. The agreement between the two data processing methods validates the monoexponential

reduction of fluorescence evolution.
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Figure A38: Kinetic characterization of RSFP 1 at 20 M in pH=7.4 PBS (50 mM sodium phos-
phate, 150 mM NaCl); T =298 K. a: Illumination I: Inverse of the relaxation time 1 / 71 versus light
intensity I; at \; = 488 nm, b: Illumination II: Inverse of the relaxation time 1/7'! versus light
intensity I, at Ao = 405 nm. The relaxation times have been extracted using either the extremum
of the spectrum of characteristic times (red star) or monoexponential fitting (black disk).

A6 Monoexponential reduction of RSF fluorescence evolution

In this section, we propose a simple protocol for processing RSF kinetics and apply the results to

the fluorescence evolution obtained for the illuminations I and II.

A6.1 A Kinetic filter

Choosing a time window around a targeted time scale plays the role of a kinetic filter for fluores-
cence evolution. According to the concentration evolution of RSFs engaged in first-order reactions
between n states, the fluorescence evolution is a linear combination of exponential terms (see

Eq.(A21)). Focusing on the dynamics occurring at a time scale amounts to selecting the small
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Figure A39: Kinetic characterization of RSFP 2 at 20 M in pH=7.4 PBS (50 mM sodium phos-
phate, 150 mM NaCl); T =298 K. a: Illumination I: Inverse of the relaxation time 1 / 71 versus light
intensity I; at \; = 488 nm, b: Illumination II: Inverse of the relaxation time 1/7! versus light
intensity I, at Ao = 405 nm. The relaxation times have been extracted using either the extremum
of the spectrum of characteristic times (red star) or monoexponential fitting (black disk).

number of exponential terms associated with relaxation times close to this time scale. Two situa-
tions are mainly encountered:

* A single relaxation time 7, is close to the targeted time scale. For a time ¢ close to 7, the

exponential terms associated with the m first relaxation times obeying 7; < 7, are negligible

with respect to exp(—t/7,). At the same time scale, the other n; — m — 2 exponential terms

can be considered constant. Consequently the fluorescence evolution is close to

Ir =U,exp (—i) + W, (A25)

Ta

with W, =W + X U; where W and U; are defined under Eq.(A21). In this case, the

effect of the kinetic filter legitimates using the following monoexponential reduction
t
Ip ~ (I% — ]}O) exp (——) + Iy (A26)
T

* If two relaxation times 7, < T, are close to the targeted time scale, the observed fluorescence

evolution is biexponential

t t
Ir =U,exp (——) + Uy exp (——) + Wy (A27)

a Ty
with Wy, = W + X 2U;. The observed behavior depends on the sign of the product

U, U, of the preexponential factors:

- If U,U, > 0, fluorescence evolution is monotonous. We then assume that Eq.(A27)

can be approximated by the monoexponential function given in Eq.(A26). The initial
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(t = 0) and final (¢ — co) conditions on /5 lead to

Iy~ U, + Uy, + W, (A28)
I ~ W, (A29)

Substituting Eqs.(A28,A29) into Eq.(A26), we perform a first-order expansion of the
exponential terms of Eq.(A27) around ¢t = 0 and obtain

C~ TaTo(Uy + Up)

(A30)
U, aTb + U, bvTa
Hence the fluorescence evolution can be approximated by a monoexponential function

with a characteristic time between 7, and 7.

If U,U, < 0, fluorescence evolution displays an extremum and the relaxation time
T, 18 associated with the first part of the evolution before the extremum whereas T
is associated with the second part of the evolution. We consider the case where the

extremum is a maximum, i.e.

0< 1, < (A31)
0<U,<|U, | (A32)
Uy + Uy + Wy >0 (A33)

The extension to the case of a minimum is straightforward. According to Eq.(A27), the

maximum of the fluorescence evolution

Ip* = U, exp (— ) + Uy exp (— ) + W (A34)
a Ty
is reached at time
a UCL
pmax — _TaTb_ ) (' | Tb) (A35)
Ty — Taq U,

Substituting Eq.(A35) into Eq.(A34), we perform a first-order expansion of [7** with

respect to the parameter 7, /7, and obtain

. (| U.
e~ g, {1—7—111(' i ’T”)} + W, (A36)

Tb bTa
We approximate the first part of the evolution before the maximum by a monoexponen-

tial function of characteristic time 7 reaching /7** for ¢ — oo

t
Ip ~ (I} — Ip™) exp (—;) + 1™ (A37)
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in which 1% is given in Eq.(A28) and 1%** in Eq.(A34). We perform a first-order expan-
sion of the exponential terms around ¢ = 0 in the biexponential expression of /5 given
in Eq.(A27) and in the monoexponential reduced function given in Eq.(A37) and obtain
the following relation between the fitting parameter 7 and the relaxation times 7, and 7,

UbTa ‘Ua‘Tb
~ 7 |1 1 A38
' T[+Ua7bn< UpTa )] (A39)

The conditions given in Eqs.(A31,A32) ensure that 7 < 7,. The correction to 7, is
small provided that 7, < 7, and U, <| U, |. This result supports the choice of a
monoexponential reduced function for the increasing part of the fluorescence evolution

before the maximum.

This subsection gives the conditions for which it is legitimate to use a monoexponential reduced
function to the fluorescence evolution. It is essential to choose a time window in which the evolution
is monotonous. The reduction procedure provides a characteristic time close to the relaxation times

of the kinetics at the targeted time scale.

A6.2 Application to RSFPs

In the case of RSFPs, the previously studied cases have been encountered. For illuminations I and
IT and for sufficiently low light intensities the kinetics of RSFPs is well-described by a two-state
model and monoexponential reduction to fluorescence evolution using Eq.(A26) is fully justified.
The fluorescence data are processed over the entire acquisition window. For illumination I and
high light intensities, the fluorescence evolution is described by a linear combination of at least two
exponential functions with negative prefactors for RSFPs 4 and 5, and positive prefactors for the 20
others. It can be approximated by the monoexponential reduced function given in Eq.(A26). The
estimated characteristic time is between the smallest relaxation time and the largest one selected by
the kinetic filter. This assessment is sufficiently accurate for the purpose of RSFPs discrimination.
For illumination II and high light intensities, the fluorescence evolution displays a minimum for ¢ =
t™** for RSFPs 4 and §, and a maximum for the 20 others. Nevertheless a monoexponential reduced
function can be used to account for the first part of the curve before the maximum provided that
fluorescence evolution does not too strongly depart from a monotonous behavior. The processed
time window is restricted to [0, t™**]. Then the characteristic time deduced from the fitting protocol

is close to the smallest relaxation time selected by the kinetic filter.
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A7 Design of the measurement cell of the photoswitchometer

In this section, we first derive the expressions of the fluorescence evolution in a two-state system.
Then we make precise geometrical constraints on the measurement cell of the photoswitchometer
for which diffusion may be neglected.
We adopt the two-state exchange v
C) = ¢, (A39)
k1

where the state C; is photochemically converted into the state C, at rate constant ki, from which
it can relax back to the state C; at the rate constant kb, including photochemical and thermally-
driven contributions. The exponent ¢ = I, I, III refers to the illuminations I, II, and III. We further

introduce K}, = ki, /kb,.

A7.1 Fluorescence evolution in a homogeneous system

We assume that the system is homogeneous at any time of its evolution. The evolution of the
concentrations C} and C} of the two species C; and C,, for each illumination i is then given by

dCt

T —kL, O+ K, O (A40)

with the conservation relation Ci + C; = C,t, Where C\; is the total concentration.

A7.1.1 Illumination I

For illumination I, under light intensity /; at the wavelength Ay, the initial condition is C’{ = Ciot-

The concentrations C] and C} obey

t
Cl—Cy™ =™ — Cl = —Cy™® exp (——I> (A41)
T
where
1
1,00
S S 6 A A42
N (A42)
KI
1,00 12
——Clo A43
2 1+K{2 tot ( )

are the steady concentrations reached at large time and

I 1

S Ad4
TR, (A4%)

designates the relaxation time of the photochemical conversion of the two species C; and Cs. The

fluorescence emission results from the individual contributions of the species C; and C,. For the
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sake of simplicity, we assume that only one species, supposed to be C;, has a non-negligible bright-
ness (). The results can be straightforwardly extended to the general case. The fluorescence inten-

sity can be written

I. = QCIL (A45)
Using Eqgs.(A41-A43), we find
1L QCily K1, t
£ —— ) -1 A46
AR R A o

1,0 - e . .
where ;" is the initial fluorescence intensity.

In the case of RSFPs and at low light intensity /; the two-state model (A39) satisfactorily ac-
counts for the observed fluorescence photoswitching. Denoting by o121 (0211, resp.) the molecular
cross section for the photoisomerization C; — C, (Cy; — Cy, resp.) driven at wavelength \; and

by k2 the thermal part of the rate constant for the backward step C, — C;, we have

kf{Q = 0‘1271]1 (A47)
ky, = o911y + ki (A438)

The relaxation time given in Eq.(A44) is rewritten

1
I
X0+ k,2A1 ( )
where 1 = 0121 + 0911 is the sum of cross sections at the wavelength ;. Eq.(A49) shows that

1/7! exhibits a linear dependence on the light intensity I;.

A7.1.2 Illumination II

For illumination II, under light intensities /; at the wavelength A\; and I, at the wavelength Ao,
the initial condition is the steady state reached at the end of illumination I, CJ! = C’{"’O. The

concentrations C}! and Ci! obey

t
ol — o> =t —clt = (c;w — c;“”) exp (—ﬁ> (A50)
where
e _ Lo, (A51)
KH
CII,OO — 12 Ctot (A52)
2 1+ K}
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are the steady concentrations reached at large time and
m_ 1
AT 1
kl? + k21

designates the relaxation time of the photochemical conversion of the two species C; and Co. The

(AS53)

brightness at the wavelength )\ is assumed to be much smaller than the one at the wavelength
A1.13 Using the same assumptions as the ones made for illumination I, we obtain the fluorescence

intensity
It = Qo' (AS4)

Using Egs.(A50-A52), we find

]},I QCot 11 K{IQ K{z t
—— =1 — —— ] =1 A55
o~ e (T kT T Ty ag) (PP (439

11,0 - o ey . .
where 1 F’O is the initial fluorescence intensity.

For RSFPs at low light intensities /; and /5, the two-state model (A39) can be used to account
for the observed fluorescence photoswitching. Introducing o122 and o09; 2 as the molecular cross

sections for photoisomerization steps driven at wavelength )y, one has
kiy = o12111 + 01221 (A56)
kyy = oo11l1 + 021205 + ki (A57)

The relaxation time given in Eq.(A53) is rewritten

I _ 1
Yaly + 01 + kgAl

where Yy = 0129 + 09; 2 is the sum of cross sections at the wavelength \,. Eq.(A58) shows that

T

(AS8)

1/7' exhibits a linear dependence on the light intensity I5.

A7.1.3 INlumination III

For the illumination III which has been used to measure the rate constant associated to thermal

relaxation of the photoswitched RSFPs, the initial condition is the steady state reached at the end

of illumination I, C]" = C}"*. The concentrations C" and C}" obey
t
omt _ Olllee _ cllee oMl — <C«;7oo _ C;H,OO) exp <_ﬁ> (A59)
-
where
1
Cyh™ = —— =l A60
1 1 +K{I21 tot ( )
11 K1y
Cy ™ = —==C A61
2 1 +K{I21 tot ( )
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are the steady concentrations reached at large time and

1
1T
T = (A62)
W+ K7
designates the relaxation time of the photochemical conversion of the two species C; and C,. Using

the same assumptions as the ones made for illumination I, we obtain the fluorescence intensity
It = Qo (A63)

Using Eqs.(A59-A61), we find

I QCoth K Kl t
—IELO =1 + IELO 1+ K{IZI — 1+ K{Z exp —m -1 (A64)

where I is the initial fluorescence intensity.
In the presence of the weak light at the wavelength \; required to read out the RSFP signal after

variable delays without any light, one has
ki ~ (A65)
EMU~ B (A66)
The relaxation time given in Eq.(A62) is rewritten

71~ iA (A67)
k21

A7.2 Impact of diffusion

Our home-built photoswichometer was designed to illuminate the samples with light intensities
covering five orders of magnitude (from 0.5 W.cm~?2 to 50 kW.cm~2). Whereas for low light in-
tensities we could rely on LED delivering homogeneous illumination in a large volume, we had to
focus laser beams to reach the higher light intensities. In the case of a small illuminated cell, the
fluorescence evolution may adopt a non-trivial decay due to the diffusion of the fluorophore out-
side the illuminated cell. The design of the photoswitchometer is compatible with the acquisition
of the photoswitching properties of RSFs in solid samples. However, it was interesting to make
it as well relevant for measurements in solution. Indeed diffusion can refresh a solution between
successive experiments which avoids long-term extinction. Fluorescence evolution including the
effect of diffusion could be theoretically treated to extract the photochemical information sought
for. Nevertheless this computation would not be easily prone to data processing and would slow
down the automatic acquisition of the photochemical information in the widest range of illumina-
tion intensities. Hence we designed experimental conditions in which the contribution of diffusion

could be neglected.
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Without loss of generality, we restrict the analysis of diffusion effect to illumination 7=I. The
rate constants in Eq.(A39) are written k15 and ko;. We establish below the evolution of the con-
centrations of C; and Cs in two different geometries of the illuminated measuring cell. In the first
case, we apply a 3D-model in which illumination is restricted to a sphere. In the second situation,
we apply a 2D-model in which illumination occurs within a cylinder. The most favorable geometry

of the illuminated cell of the photoswitchometer is then made precise.

A7.2.1 Spherical illumination

In the first model, we assume that illumination is homogeneous within a sphere of radius ry and
vanishes out of the illuminated sphere within the whole solution envisioned as a spherical reservoir
of radius R containing the species C; at concentration Cy,;. We adopt 1o = 0.3 yum and R = 2.2
pm which are experimentally relevant. As expected for the investigated fluorescent proteins, the
species C; and C, are supposed to diffuse in the reactor with the same diffusion coefficient D so
that their concentrations obey the conservation relation C; + Cy = Cly.

We deal with a reaction-diffusion system with spherical symmetry. In the illuminated cell, the

dynamics is governed by

oC,

9?Cy  20C
— =—(k k ko1 Ciot + D —— A68
BT (k12 + k21)Cy + ko1 Crot + [87"2 + . 87“} (A68)
where 7 is the radial coordinate. The change of variable
u=r[C, — C"™), (A69)

where C{l = % is the steady state obtained upon homogeneous illumination, leads to*?

ou 0*u
o7 = (ki +kaJut Do (A70)

for which the boundary condition u(r = 0,¢) = 0 holds for all time ¢. The initial condition is
u(r,t = 0) = r(Cioy — C1°™). An analogous equation is used outside the illuminated cell where
k12 = 0. Our goal is to determine the range of rate constants in which diffusion can be neglected.

In the absence of diffusion, the dynamics of the system is given by

dct \
= (k12 ka1)CY + ko Cloy (A71)
leading to the exponential decay
h C(tot
Cf = ——— [kizexp(— (k12 + k21)t) + ka1 (A72)
k12 + ka1
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We define the time 7°° at which the concentration of species C; reaches the stationary value C’f >

to within 1 percent in the absence of diffusion. Following Eq.(A72), we find

7% _ 1n(001b1) (A73)

B k12 + kay k12

where we assume ko1 < k2. Eq.(A70) inside the illuminated cell and the analogous equation with
k1o = 0 outside the illuminated cell are discretized and numerically solved until time reaches 7°°.
We investigated the following parameter range: 1 s7 < kyp < 107 s71, 157! < kyy < 105571
with ko; < ki, 30 um?s™! < D < 300 pum?s~!, which is consistent with RSFs properties.

The stationary spatial profile C;(r, 7°) is compared to the prediction C’f > in Fig. A40 for
different values of k15. In the spherical geometry and for such parameter values, diffusion induces
an important bias, which decreases without disappearing as the rate constant ko increases in the

investigated range.

a 1._.'.'. vvvvvvvvvvvvvv T b 1_I T T |||'|“.|‘.|.:. IIIIIII T c l_‘ T T T T T T
L 08F 4 L o08f - _o8f .
2 2 [ 2 [

O &) L &) [
= 06 4 X o8l 4 X osf .
5L el 5o
[ r [ + ~ L
\50.4_— — \50.4—_— 1w 0.4_— —
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o2k . 02 N .
O_\\\ | | | | 0_ | P | | 0 | | | |
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r (um) r (pm) 7 (pm)

Figure A40: Scaled stationary spatial profiles C(r,7°°)/C} for species C; deduced from the
numerical integration of Eq.(A70) in the spherical geometry (blue dotted line), the numerical inte-
gration of Eq.(A77) in the cylindrical geometry (black dashed line), and the prediction C’{l > (red
dashed line) for 7o = 0.3 pm, R = 2.2 um, koy = 1571, D = 100 pum? s~ with k15 (s71)= 10 (a),
103 (b), 10° (¢).

Without loss of generality, we assume that only species C; has a non vanishing brightness ().
The fluorescence signal I = ()1 I} is proportional to the integral of the concentration C; over the

illuminated volume
0
@:/cmw%~ (A74)
0

where (' = Cio — (5 is deduced from Egs.(A69) and (A70).
The evolution of fluorescence [ is compared to the prediction without diffusion, C’fV, where
C! is given in Eq.(A72) and V = %m"g’ is the volume of the illuminated cell. Fig. A41 displays

the fluorescence evolution for different values of the rate constant k5. The difference between the
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results in the presence and absence of diffusion markedly depends on k2. As already mentioned,

the deviation is reduced as k5 increases.

a O[T~} 0128

y ]
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" ]
(S B .

0.08 2 0.08 [
L ‘\ 4
EY ] C

006 | - 5006}
ooa [\ 3 0.04 [
0.02 [ S~o. - 0.02
oY) S I B 0'..\.‘~~7-L....|.‘ ol Sed vy Loy 1]

0 0.2 0.4 0.6 0 0.005 0.01 0 5x10-  0.0001 0.00015

t (s) t (s) t(s)

Figure A41: Spherical geometry: Fluorescence evolution [ for species C; deduced from the nu-
merical integration of Eq.(A70) and integration over the volume V = %m"g’ of the illuminated
cell (black solid line) and from exponential decay C'V predicted by Eq.(A72) upon homoge-
neous illumination (red dashed line) for the parameter values given in the caption of Fig. A40
and Q = I, = 1.

If the signal-to-noise ratio remains sufficient when integrating the concentration C; over a
sphere of radius 7/2 instead of the radius 7 of the illuminated zone, the results are improved
for k15 = 10° s~* as shown in Fig. A42. The same scale was chosen in Fig. A41c and Fig. A42 to
better highlight the loss of signal strength due to the integration of the concentration over a smaller
volume. Nevertheless, this strategy is useless for k1, < 103 s~!, since the concentration at ry /2 s

extremely far from the prediction without diffusion, as shown in Fig. A40a and Fig. A40b.

o1 ;
0.08 |- 3
008 | 3
0.04 |- 3

S.\\kq PRI BRI

0 5x10-%  0.0001 0.00015

t (s)

Figure A42: Spherical geometry: Same caption as for Fig. Adlc (ky; = 10° s71) for the fluores-
cence evolution obtained by integration of the concentration C; over a sphere of radius /2 instead
of To.

A more quantitative evaluation of the discrepancy between the results with and without diffu-
sion is given in Fig. A43 for variable rate constants and two values of the diffusion coefficient. The

difference between the signal and the exponentially-decaying solution obtained upon homogeneous
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illumination is computed according to:

D (I — OVt
" (Cop — CP) Voo

(A75)

where CJ'(t) is given in Eq.(A72). The deviation J tends to 1 when the rate constant k;5 is small

compared to the typical frequency T% and vanishes for sufficiently large values of k;5. As expected,
0

J is smaller and the results are improved for a smaller value of the diffusion coefficient. Interest-

ingly, J does not sensitively depend on the rate constant ko .

10g(k21) 2 4

4
log(k12)

Figure A43: Spherical geometry: Decimal logarithm log(.J) of the deviation between the results
with and without diffusion versus log (k) and log(koy) for D = 300 ym? s=! (blue) and D = 30
pum? s~ (orange).

According to Fig. A43, the determination of the relaxation time using the exponential decay
without diffusion is valid to within a few percent in a spherical reactor for 7y = 0.3 um and
D ~ 100 pm? s~! if the rate constant k;, of the photochemical step is larger than or equal to 107

s~1, which is very restrictive. More generally, we introduce the cutoff rate constant

¢ ~ 104% (A76)
where D is the diffusion coefficient of the different species and r, the typical length of the illumi-
nated cell. Diffusion is negligible to within a few percent in the spherical geometry provided that
k1o > k{5 with k{, given in Eq.(A76). Even with a larger cell of radius ry = 10 pm, the condition

would become k1, > 10* s~!, which remains constraining.

A7.2.2 Cylindrical illumination

In the second model, we assume that illumination is homogeneous within a cylinder of radius 7
and height A and vanishes out of the illuminated zone within the whole solution envisioned as a
cylindrical reservoir of radius R containing the species C; at concentration C'.,. With respect to
the experimental conditions, we adopt h = 80 um, o = 0.3 um, and R = 2.2 um in order to

establish the comparison with the results derived in the spherical geometry.
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In the illuminated cell, the dynamics is governed by

oc, °c, 100,
ot or? r Or

The same equation with k12 = 0 holds outside the illuminated cell. We introduce the same change

= — (k12 + k21)C1 + ko1 Cior + D [ (ATT)

of variable u(r,t) = r(Cy — C"™) as in the case of spherical symmetry, because the boundary
condition u(r = 0,¢) = 0 is convenient and makes it possible to solve 1D equations. The equations
for u inside and outside the illuminated zone are solved in an infinite cylinder in contact with a
reservoir of species C;. The stationary profiles obtained in the cylindrical reactor are given in
Fig. A44 and superimposed on the predictions without diffusion. The results perfectly agree with
the homogeneously illuminated solution C{l "°°, even for the small rate constant value ko = 10
s~1. Itis to be noted that the results are obtained for an infinite cylindrical reactor which certainly
overestimates their quality. However, the predictions remain valid for a cylinder of height / about
10 times larger than the radius ry. This condition is fully obeyed for the considered parameters
leading to h /1o ~ 270.

1

The fluorescence evolution I = QI,1} given in Fig. A44 for k1o = 10 s™' results from

integrating the concentration C'; over a cylinder of radius r and height h according to
To
I = h/ Cy2mrdr (A78)
0

Due to the larger volume of the cylinder compared to the sphere of the same radius, the fluorescence
evolution in Fig. A44 begins with a larger amplitude than the fluorescence evolution in Fig. A41.
In Fig. A44, the fluorescence series [y taking into account or not diffusion are superimposed even

1

for the small value k5 = 10 s™ of the rate constant and the small radius ro = 0.3 um of the

1lluminated cell.

Figure A44: Cylindrical geometry: Evolution of the signal S for species C; deduced from the nu-
merical integration of Eq.(A77) and integration over the volume V' = 7(rq)%h of the illuminated
zone (blue solid line) and exponential decay C?'V predicted by Eq.(A72) upon homogeneous illu-
mination (red dashed line) for k15 = 10 s™%, h = 80 um, and Q = I; = 1. The values of the other
parameters are given in the caption of Fig.A40.
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The difference J between the fluorescence series with and without diffusion defined in Eq.(A75)
is equal to 1.2% for k1 = 103 s71, 79 = 0.3 um, and D = 100 pm? s~1. Hence, in the cylindrical

geometry, we find that the cutoff rate constant obeys

kS, o~ (A79)

D
TS
Diffusion is negligible inside the illuminated cell for k1, > kf, and whatever ky;. Comparing

Egs.(A76) and (A79), we conclude that the cylindrical geometry, with an illuminated cell of height

larger than its radius, is much more favorable than the spherical geometry.

A7.2.3 Conclusion

Based on the above results, our experiments have been performed in a cylindrical reactor of radius
R = 70 pm and height ~ = 80 ym. When using laser illumination, the smallest measured rate
constant k5 for the investigated RSFPs was 1 s~! and the largest was 10° s~!. The radius of the
illuminated cylinder was chosen equal to 7y = 10 pum, which guarantees a cutoff rate constant
k{y ~ 1 s7! for a diffusion coefficient D = 100 um? s~! while preserving the homogeneity of the
illuminated cell. For further precautions, the fluorescence signal has been integrated over a cylinder
of radius /2 instead of 9. Under these conditions, the effect of diffusion was entirely negligible

over the full range of experimental values of the rate constants.

A8 The LIGHTNING discriminatory power

This section reports on the evaluation of the kinetic fingerprint of the RSFPs, the minimal distance
among sets of RSFPs, and the cutoff distance d., which are reported in the Main Text for the pho-

toswitchometer configuration devoted to acquire the kinetic information on RSFP photoswitching.

A8.1 The LIGHTNING Kkinetic fingerprint of RSFPs

Tab. A4 sums up the {7} , 7l =7l gh nggh} sets, which have been obtained with the photo-

switchometer in the configuration displayed in Fig.A1 for the 22 investigated RSFPs at 15-20 uM

concentrations.
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Table A4: Kinetic fingerprints {Tj,,, Tiny Thigh Thign} Of the 22 RSFPs. The characteristic times

7., and 7}l “have been measured with the photoswitchometer in the configuration displayed in
Fig.Al in the regime of low light intensity with illumination I;,,: /; = 2 ein.m~2.s~! and illumi-
nation Il,,: J; = 2 einm 25" and I, = 0.1 ein.m™2.s~" whereas the characteristic times 7,
and 7} o, Were obtained at the highest light intensities accessible with the photoswitchometer in the
regime of high light intensity with illumination I;g,: I; = 200 ein.m2.s™!; illumination Il
I, = 200 einm 257! and I, = 90 ein.m 2.s~!. Solvent: pH=7.4 PBS (50 mM PBS, 150 mM
NaCl). T =298 K.

RSFP Tllow TlIon TfILigh TfILEgh
(s) (s) (s) (s)

1 (14£03)x10° T (3.1540.01)x 102 (4.5240.09)x 10> (1.83+0.04)x 10~
2 (2.240.1)x1073  (2.5340.05)x 102 (3.3440.01)x10~* (7.7340.02)x10~°
3 (2.5740.05)x1072  (2.440.03)x1072  (4.844+0.08)x 1073 (1.254+0.03)x 104
4 (1.12£0.08)x 1072 (4.2640.03)x10"2 (2.560.07)x10~3 (1.134:0.02)x 102
5 (1.4240.01)x1072  (1.2340.02)x10~"  (3.5740.08)x 1073  (9.254+0.02)x 103
6 (5.140.3)x1072  (1.6740.01)x 102 (1.1740.05)x 10~ (2.1440.02)x 10~*
7 (1.740.4)x1072  (1.8440.02)x 102 (5.4440.02)x10~*  (6.74+0.03)x 1075
8 (2.11£0.08)x1072  (1.6140.04)x10"2  (4.23£0.03)x107%  (9.5+0.1)x 107
9 (5.840.1)x 10~ (1.8440.02)x10~2  (5.9540.02)x 103 (1.2540.02)x 10~*
10 (2.5340.15)x1072  (2.1440.02)x10~2  (6.840.1)x10~*  (7.7540.03)x 1075
11 (3.16£0.03)x 1072 (2.2340.03)x10"2 (3.82£0.07)x10~% (1.1240.01)x 1074
12 (8.64+0.1)x10"3  (1.4640.05)x10~2  (3.140.2)x10~*  (6.2340.02)x 1075
13 (7.1£0.4)x1072  (2.6640.03)x1072 (5.63£0.02)x10~% (1.7540.03)x 1074
14 (1.3640.05)x10~"  (2.8440.01)x10~2  (2.9240.05)x10~3  (1.8440.02)x10~*
15 (4240.1)x107%  (2.6140.03)x1072  (3.1440.02)x10~* (3.6440.03)x 10~
16  (43+0.1)x10°2  (1.8240.06)x1072 (6.2540.04)x10~* (9.8340.01)x 10>
17 (2.4540.03)x1073  (2.5540.01)x10"2  (4.2640.03)x10~* (1.2740.02)x10~*
18 (1.4540.07)x10~2  (2.1440.04)x10~2  (3.8240.01)x10~3  (3.824-0.06)x 10~*
19  (2.64+0.1)x10"3  (7.6440.03)x10~3 (1.2140.03)x10~* (3.1540.04)x 1075
20 (3.640.)x1073  (9.5240.02)x 103 (1.3140.07)x10~* (1.3540.04)x 10~*
21 (3.2540.02)x10™%  (8.7740.02)x 1073 (2.154£0.07)x10~* (1.7340.01)x10~4
22 (2740.)x1073  (7.4540.0)x1073 (1.3640.08)x10~* (6.174£0.02)x 10~°

A8.2 The LIGHTNING minimal distance among sets of RSFPs

The preceding results have been exploited to choose and rank RSFPs within the set of the NV = 22
studied RSFPs by implementing the sorting algorithms reported in paragraph Al.7.1. The opti-
mized subsets s'(m) and s(m) of m RSFPs for m = 2, ..., N subsets are given in Tab. AS.

As shown in Tab. A3, the relation s’'(m) C s'(m + 1) is not necessarily observed for s'(m) and
s’(m + 1). This observation has motivated to introduce the alternative sorting algorithm including
three-body interactions, which does not suffer from this limitation. The two sorting algorithms lead
to similar results even if the relation s(m) C s(m + 1) is not necessarily observed for s'(m) and

s'(m 4+ 1). The set s(m) is obtained from s’(m) by replacing some RSFs with close ones.
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Table AS: Optimized subsets s'(m) and s(m) of m RSFPs for m = 2,...,22 using the kinetic
signature given in Tab. A4 and the maximum value of the minimum distance between pairs.

m s'(m) s(m)
2 (5,19) (5,19
3 4,9,19) 9

4 (4,6,8,9) 10
5 3,49,15,19) 15
6 (3.4,7,9.15,19) 18
7 (4,6,7,8,9,18,19) 8
8 3,4,6,9,10,16,18,19) 2
9 (1,2,3,4,7,9,15,19,20) 12
10 1,2,3,4,9.10,12,15,19,20) 21
11 (1,2,3,4,5,6,9,10,12,15,22) 4
12 2,4,5,6,8,9,10,12,13,15,18,22) 13
13 2,3,4,5,6,9,10,12,13,15,18,21,22) 6
14 2,3,4,5,6,9,10,12,13,15,16,18,21,22) 16
15 2,3,4,5,6,9,10,12,13,14,15,16,18,21,22) 14
16 (1,2,3,4,5,6,9,10,12,13,15,16,18,19,21,22) 22
17 (1,2,3,4,5,6,9,10,12,13,15,16,18,19,20,21,22) 20
18 (1,2,3,4,5,6,8,9,10,12,13,15,16,18,19,20,21,22) 3
19 (1,2,3,4,5,6,8,9,10,12,13,14,15,16,18,19,20,21,22) 1
20 (1,2,3,4,5,6,7,8,9,10,12,13,14,15,16,18,19,20,21,22) 7

21 (1,2,3.4,5,6,7,8,9,10,12,13,14,15,16,17,18,19,20,21,22) 17
22 (1,2,3.4,5,6,7.8,9,10,11,12,13,14,15,16,17,18,19,20,21,22) 11

In a purpose of comparison with the results we previously obtained with Speed OPIOM,!* we
use as well the sorting algorithms to choose and rank RSFPs within the reduced set of the N = 7
RSFPs 1-7. The optimized subsets s'(m) and s(m) of m RSFPs for m = 2, ..., N subsets are given
in Tab. A6.

Table A6: Optimized subsets s'(m) and s(m) of m RSFPs for m = 2,...,7 using the kinetic
signature given in Tab. A4 and the maximum value of the minimum distance between pairs.

m s'(m) s(m)
2 2.5) 5.6)
3 (1,2,4) 3
4 (3567 1
5 (1,3,5,6,7) 7
6 (1,234.6,7) 2
7 (1234567 4

The comparison of the data provided in Tab. A5 and A6 shows that the ranking of the RSFPs
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may be slightly affected by the removal of an RSFP in the initial set.

A8.3 The LIGHTNING cutoff distance d.
A8.3.1 d. evaluation

The paragraph A1.7.2 has shown that the cutoff distance d. depends on the maximum uncertainty
M of the experimental measurements. d. has been evaluated with the photoswitchometer in the
optical configuration displayed in Fig. A1 by recording with the photomultiplier the time series of
the fluorescence originating from a cylindrical volume (80 pm-high and 10 pgm-radius) of 15-20
1M RSFP solutions upon illuminations I;o., o, Ihign, and ;4. Fluorescence evolution has been
recorded 500 times for each discriminative dimension & for the RSFPs i =2,6. The characteristic
times have been extracted using the spectrum approach and a monoexponential reduction. The

corresponding distributions of /; are given in Fig. A45 and A46.
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Figure A45: Histograms of the decimal logarithm of the characteristic times /1, (a, [; = 0.16
einm2.s7Y), Iy (b, I; = 0.18 einm 257!, I, = 0.18 einm2s7!), I3 (¢, [; = 228.8
einm2.s7!), and Iy (d, I, = 0.275 einm 2.5}, [, = 100.7 ein.m 2.s7') of RSFP 2 deduced
from 500 experiments by recording with the photomultiplier the changes of the fluorescence signal
originating from a cylindrical volume (80 pm-high and 10 gm-radius) of 15 ;M solution of RSFP 2
in pH 7.4 PBS (50 mM sodium phosphate, 150 mM NaCl) for each discriminative dimension using
the spectrum approach (red) and a monoexponential reduction (blue). The characteristic times are
expressed in seconds.
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Figure A46: Histograms of the decimal logarithm of the characteristic times /14 (a, /; = 0.18
einm2.s7Y), Iy (b, I; = 0.18 einm 257!, I, = 0.18 einm2s7!), I3 (¢, [; = 249.6
einm2.s7!), and Iy (d, I; = 0.175 einm 257!, I, = 95.4 ein.m 2.s™') of RSFP 6 deduced
from 500 experiments by recording with the photomultiplier the changes of the fluorescence signal
originating from a cylindrical volume (80 pm-high and 10 pgm-radius) of 20 M solution of RSFP 6
in pH 7.4 PBS (50 mM sodium phosphate, 150 mM NacCl) for each discriminative dimension using
the spectrum approach (red) and a monoexponential reduction (blue). The characteristic times are
expressed in seconds.

Both methods provide similar mean values (lx;) and standard deviations oy; of the distributions
as shown in Tab. A7 and A8. When the mean characteristic time is smaller than ten times the
sampling time of the fluorescence evolution, the standard deviations deduced from the spectra are

slightly larger than the values obtained using the monoexponential reduction.
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Table A7: RSFP 2: Properties of the distribution functions of the decimal logarithm of the charac-
teristic times deduced from two methods of data processing. The mean value (l;;) of the decimal
logarithm of the characteristic time and the standard deviation o, have been computed using 500
experiments by recording with the photomultiplier the changes of the fluorescence signal originat-
ing from a cylindrical volume (80 pgm-high and 10 pgm-radius) of 15 M solution of RSFP 2 in
pH 7.4 PBS (50 mM sodium phosphate, 150 mM NaCl) for the four discrimination dimensions
k =1,2,3,4. The characteristic times are expressed in seconds. The values of the light intensities
are given in the caption of Fig. A45.

Spectrum Monoexponential reduction
<lk2> Ok2 <lk2> Ok2
l1 -1.4454 0.0050 -1.4343 0.0065
ly -1.8806 0.0063 -1.8693 0.0035
[ -3.4977 0.0652 -3.4910 0.0677
lyp -4.2090 0.1534 -4.2851 0.0267

Table A8: Same caption as in Tab. A7 for 20 uM solution of RSFP 6. The values of the light
intensities are given in the caption of Fig. A46.

Spectrum Monoexponential reduction
(Ine) Tke U] Tke
li¢ -1.2905 0.0055 -1.2844 0.0016
lag  -2.1295 0.0906 -2.1862 0.0066
l3¢ -3.9803 0.0385 -3.9595 0.0286
lyg -3.3176 0.0500 -3.2987 0.0254

For illuminations I;,,, and II;,,, and the two investigated RSFPs ¢ =2,6, we found 0; ~ 09; ~
0.007 whereas o3; ~ o4; ~ 0.05 for illuminations Iy, and Il;,,. Based on the order of magni-
tude of the standard deviations of the distributions of [;;, we assigned the value M = 0.05 to the

uncertainty. Then we used Eq.(A10) to derive d. = 0.2 since n = 4 in the case of RSFPs.

A8.3.2 Discussion

Under the present experimental conditions involving a large number of RSFP molecules in a same
environment contained in the observed volume (so as to give rise to an excellent signal-to-noise-
ratio) as well as the high frequency of the acquisition of the fluorescence signal (so as to provide
many data points), we questioned whether the standard deviations of the distributions /;; reported
in Tab. A7 and A8 could originate from some instabilities of our instrumental setup. To evaluate
the latter possibility, we collected a fraction of the light from the LEDs at 480 and 405 nm, and
from the lasers at 488 and 405 nm and measured their intensity as a function of the number of
acquisitions under the conditions, which had been used to build the histograms in Fig. A45 and

A46. Fig. A47 and A48 display the results.
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Fig. A47a,b and A48a,b demonstrate that light intensity at the focal plane encounters evolution
over the acquisition window, which had been used to build the histograms in Fig. A45 and A46.
The observed drift is more pronounced with the lasers than with the LEDs, which interestingly
correlates with the higher standard deviations observed for the distributions of /3 and l4; than for
the distributions of /3; and l5; (see the data extracted from monoexponential reduction in Tab. A7 and
A8). To quantitatively evaluate this correlation, we computed the average values and the standard
deviations observed for the distributions of the decimal logarithm of the light intensity of the LEDs
and the lasers displayed in Fig. A47c,d and A48c,d. The results are shown in Tab. A9.

Table A9: Average values < I > and standard deviations o observed for the distributions of the
decimal logarithm of the light intensity of the LEDs and the lasers displayed in Fig. A47c,d and
A48c,d. The light intensities have been experimentally extracted in Volt and are in arbitrary units.

Light source <[ > or

LED 480 nm -2.3072 0.0035

LED 405 nm -2.1461 0.0023

Laser 480 nm -0.8301 0.0115

Laser 405 nm -1.6386 0.0224

The standard deviations of the distributions of the decimal logarithm of the light intensity of
the LEDs and the lasers are in fair agreement with the standard deviations extracted from the
distribution functions of the decimal logarithm of the characteristic times for 2 and 6 (see the data
extracted from monoexponential reduction in Tab. A7 and A8). This observation led us to conclude
that the M = 0.05 uncertainty value extracted from our measurements (and correspondingly the

d. = 0.2 value) is an upper value, which may be limited by our instrumental setup.
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Figure A47: Characterization of the stability of the LED light sources over 500 successive acquisi-
tions. a,b: Evolution of the light intensity of the LEDs at 480 (a) and 405 (b) nm with the number
of acquisitions; ¢,d: Histograms of the decimal logarithm of the light intensity of the LEDs at 480
(¢) and 405 (d) nm.
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Figure A48: Characterization of the stability of the laser light sources over 500 successive acqui-
sitions. a,b: Evolution of the light intensity of the lasers at 488 (a) and 405 (b) nm with the number
of acquisitions; ¢,d: Histograms of the decimal logarithm of the light intensity of the lasers at 488
(¢) and 405 (d) nm.

A8.4 Colocalization of RSFPs

LIGHTNING can discriminate and recognize not only an RSF but several co-localized RSFs as
well. In the following, we assume that the sample contains m RSFs and illustrate the discrimination
and recognition of two RSFs, which can be colocalized in a same pixel. Our approach can be
generalized to a larger number of colocalized RSFs.

The fluorescence properties of the pixel are compared to the one of pairs (i, j) of RSFs to
determine whether 4, j, or both ¢ and j are present in the pixel. For a given pair (i, j), we use the
kinetic fingerprints given in Tab.A4 to determine the most discriminating dimension & for which the
1-dimensional distance dfj = maxy (| lg; — liy; |) is maximum, where [;; is the decimal logarithm
of the characteristic time of the RSF 7 under illumination &’. We also rank the corresponding
characteristic times leading for example to 7,; < 7;. Then we use the monoexpoxential fitting

function U exp (—%) + W to the experimental fluorescence evolution } under illumination & in
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the interval [7;, 57x;] to evaluate whether RSF j is present. The lower bound of the interval is
found to be the smallest value minimizing the possible impact of exponential functions associated
with the shorter characteristic time 75; without significant detrimental effect on the determination of
the longer characteristic time 7;;. The procedure provides the prefactor Uy, and the characteristic
time Ty, 1.€. k.. The presence of RSF j is asserted if the 1-dimensional distance d;?a = lij — lpa |
is smaller than a well-defined cutoff distance d.. The biexponential fitting function U exp (—f) +
Uka €xp (—ﬁ) + W to IE, with Uy, and 74, set at the values previously deduced, is used in the
interval [0, 573;] to evaluate whether RSF i is present. The procedure provides the prefactor Uy,
and the characteristic time 7, i.e. lx,. Similarly the presence of RSF i is asserted if dfb < d.. The
fluorescence evolution is analyzed m(m — 1)/2 times to conclude for all possible pairs, which is
sufficient and may be redundant to determine if each RSF is present in the pixel.

The cutoff distance d. does not anymore depend only on the uncertainty M on the determi-
nation of the kinetic fingerprint as for non colocalized RSFs but it also involves an error e on the
determination of the characteristic times from applying the preceding fitting protocol. It becomes
d. = M + e. We previously estimated M in subsection A8.3 for experimentally relevant noise lev-
els. When checking if the pair (7, j) is present in the pixel, the error e on the determination of the
characteristic times 7, and 7y, increases as the distance dfj decreases. The method is as accurate
as for non colocalized RSFs when the characteristic times of the two checked RSFs typically differ
by an order of magnitude. An upper bound of e can be obtained by taking the lower bound d,;,, of
df"j in an optimized subset s’(m). Hence the error e depends on the number m of considered RSFs
in §'(m).

To evaluate the dependence of e on m, we first implemented an analogous sorting algorithm
as in section A8.2 to generate subsets of RSFs as distant as possible by computing the minimum
distances diin = Maxy (m)(min; ;(dj;)) between pairs (7, j) for all subsets s'(m) of m RSFs. This
sorting protocol has been applied to RSFPs. Among the 22 studied RSFPs, only two RSFPs, 4
and 5, are positive photoswitchers. The colocalization of positive and negative photoswitchers may
blur the fluorescence signal. We therefore considered the 20 negative photoswitchers. The sorting
results are given in Tab. A10 and Fig. A49.

In order to estimate e for the considered sorting of RSFPs, we analyzed a designed signal
accounting for the fluorescence evolution of a pixel containing RSF ¢ of characteristic time 73; and
RSF j of characteristic time 74, under illumination k. We further assumed that the contribution of
an RSF to the fluorescence intensity is adequately described by a monoexponential function and the

two preexponential factors are equal. The fluorescence evolution was generated with an additive
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Table A10: Optimized subsets s’'(m) of m RSFPs for m = 2, ...,20 using the kinetic signature
given in Tab. A4 and the minimum distance d,,;, between pairs.

m s'(m)

2 2,9

3 (6,8,9)

4 (3,9,15,19)

5 3,9,10,15,19)

6 (1,3,6,10,16,19)

7 3,6,9,10,14,16,19)

8 (1,3,6,9.10,12,17,22)

9 (1,2,3,6,9.10,12,15,19)

10 (2,3,6,9,10,12,14,15,18,22)

11 (1,2,3,6,9,10,12,15,18,19,22)

12 (2,3,6,9,10,12,13,14,15,18,19,22)

13 2,3,6,9,10,12,13,14,15,16,18,19,22)
14 (1,2,3,6,9,10,12,13,15,16,18,19,21,22)
15 1,2,3,6,9,10,12,13,14,15,16,18,19,21,22)
16 (1,2,3,6,9,10,12,13,14,15,16,18,19,20,21,22)

17 1,2,3,6,7,9,10,12,13,14,15,16,18,19,20,21,22)

18 1,2,6,7,8,9,10,11,12,13,14,15,16,18,19,20,21,22)
19 (1,2,6,7.8,9,10,11,12,13,14,15,16,17,18,19,20,21,22)
20 (1,2,3,6,7.8,9,10,11,12,13,14,15,16,17,18,19,20,21,22)

Gaussian white noise €£(t)
I = exp (—i> + exp <—i> + €£(t) (A80)
Tki Tkj
with 7; < 715, (£(2)) = 0, (£(£)€(t')) = 6(t—1'), and the value € = 0.05 is experimentally relevant.

We determined the mean values (I, ), ({x) and the standard deviations oy, oy, from a statistics
over 1000 realizations of the noisy signal / }? for l;;; = 0 and l}; = dmin Where dy,iy is given in Fig.
A49. The longer characteristic time 7, is more precisely determined than the shorter characteristic
time 7y, and the error is estimated by e =| lx; — (lxa) | +0%e. Knowing that the minimum distance
dmin depends on the optimized subset s'(m), the error e depends on m. As shown in Fig. A49a,
we found e = 0.037m in the considered conditions. Using M = 0.05 as in subsection A8.3, we
retrieved d. = 0.037m + 0.05.

For all checked pairs (i’, j') of an optimized subset s’'(m) and any j’, the presence of a given
RSFP i in pixel is unambiguously asserted if d5, > d. and d%, > d., Vi’ # i, and df, < d. and
d% < d.. Similarly the presence of a given colocalized pair (i, j) such that 7;,; < 74; is asserted
if df, > d.and d, > d., Vi’ # 4,5 # j,and df, < d.and d}, < d.. Since the presence of a

Ja
given RSFP i is checked in all trials involving it in a pair, the procedure may lead to distance values

218



SUPPORTING INFORMATION of manuscript:
Extra kinetic dimensions for fluorescence imaging (LIGHTNING)

a ° b 2.5 °
0.75 }
2
05 F o 1.5 °
e E
-] 1 °
0.25 f
0.5
0 . . . . 0 . . . .
0 5 10 15 20 0 5 10 15 20
Number m of RSFPs Number m of RSFPs

Figure A49: The LIGHTNING discriminatory power of colocalized RSFPs. a: Error e on the deter-
mination of each characteristic time of two colocalized RSFPs deduced from a designed noisy flu-
orescence evolution versus number m of possible RSFPs in the sample. The blue line e = 0.037m
fits the results. b: Minimum distance d,;, between pairs for optimized subsets s’(m) of RSFPs
versus cardinal m of the subsets. The threshold d. = e + 0.05 is deduced from the uncertainty on
the determination of the characteristic time of a colocalized RSFP and a non colocalized RSFP. The
condition d,;, > d. fixes the overall number of discriminatable colocalized RSFPs.

leading to an inconsistent conclusion. The conclusion of the presence of an RSFP is more likely to
be undecided for a shorter characteristic time.

The presence of any pair of colocalized RSFPs in a sample containing m RSFPs can be as-
serted if d,;, is larger than the cutoff distance d.. As shown in Fig. A49b up to 9 RSFPs can be

discriminated in these conditions.

A9 LIGHTNING for imaging

A9.1 Specifications

In this section, we specifically address the exploitation of LIGHTNING for imaging in wide-field

microscopy. Several considerations have to be taken into account for optimal implementation:

* To get maximal temporal resolution, the acquisition duration should be minimal for each ex-
plored discriminative dimension (which generates an individual discriminating characteristic

time);

* The sequential acquisitions to retrieve the LIGHTNING distance (which yields the overall
set of characteristic times used to measure the distances d;;) should be optimally integrated
to obtain maximal fluorescence changes along each discriminative dimension in a minimal

duration.
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The illumination conditions in the regimes of low and high light intensities are obtained by
tuning the light intensities /; and /5 in order to make the changes of the fluorescence signal to be
under kinetic control of the photochemical activation (see Fig. A50a) and of at least a thermal step
(see Fig. A50b), respectively. In order to reach the highest temporal resolution, the intensities are
fixed at their highest values in their respective regimes. Hence the light intensities /1 jo,, and I3 jo,,
should remain below the cutoff light intensities /{ and /5 for all the imaged RSFPs (see Tab. A3)
whereas I} p;q, and I5 4, should be fixed at the highest accessible values in the high intensity one.
We eventually retained the following illuminations: Ly, (1110 = 2 einm™2.87), Wy (I1100 = 2

2

einm 257! and I 5, = 0.2 ein.m 2.5, Lign (I1 pign = 50 einom=2.s™1), and Wyign (11 pign = 50

einm 2.s™! and I g, =20 ein.m2.s71).

LIGHTNING implementation for fluorescence imaging of RSFPs necessitates the integration
of the four conditions of illumination yielding the set (7}, T/, Thign: Thign)- To benefit from the
largest amplitudes of fluorescence changes under the four conditions of illuminations, we propose
to have initially all the RSFPs in their thermodynamically stable state and to apply the sequence
D {Liow}s 2) {1100ws 1200w s 3) {11pign }> and 4) {11 nigh-12,nign } upon fixing the duration of ac-
quisition along each discriminative dimension to five times the characteristic time of the slowest

RSFP.

A9.2 Optimization of acquisition and data processing

LIGHTNING exploits the time response of the RSF fluorescence to several changes of illumina-
tions. Up to this point, these illuminations have been assumed to be constant (e.g. constant light
at A\; = 488 nm in illumination I, or constant lights at A\; = 488 nm and A\, = 405 nm in illu-
mination II) with instantaneous reading out of the flux of emitted fluorescence photons. However,
these conditions are not met in real imaging instruments: the emitted fluorescence photons are col-
lected over a collecting time ¢.. fixed by the acquisition frequency of the detecting device. Whereas
fast-responding detectors are compatible with acquisition frequencies higher than 1 MHz (like the
photomultipliers used for acquiring the RSFP photochemical fingerprints), cameras can typically
acquire images up to 1 kHz. More precisely, they collect photons over a frame time ¢. down to 1 ms
and the acquired frame is then transferred in a time ¢4. The time delay ¢, is much shorter than the
frame acquisition time .. With RSFPs, the fluorescence signal does not significantly change at the
t4 timescale so as to be neglected in the analysis of the time series of fluorescence used to extract
the characteristic times. The sequential acquisition of the fluorescence signal over ¢.-wide windows
yielding discrete amounts of data points for LIGHTNING processing interrogates the optimization

of acquisition and processing of data (see Fig. A50).
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Figure AS50: Illustration of LIGHTNING implementation for wide-field imaging of RSFPs. The
illumination is maintained constant and the emitted photons are collected over successive time
windows of width .. With a camera, the image built during ¢. is then transferred in a time ¢4 < t.
so as to be neglected in the figure. The time series of fluorescence signals (averaged over t..) retraces
the kinetics of the photoactivation step in a regime of low light intensity (a) whereas it integrates
the kinetics of thermal steps in a regime of high light intensity (b). Dashed green line: Time
evolution of the concentrations in the bright states of the RSFP; Green disks: Collected fluorescence
signals over t.; Dashed red line: Time profile of the fluorescence signal extracted from analyzing
the fluorescence evolution upon applying illumination and used to extract the characteristic times
along each discriminative dimension. Illumination I of RSFPs exhibiting negative photochromisms
at A\; = 488 nm is used for illustration.

To address this issue, we simulated the effect of noise on a typical fluorescence evolution and
studied the influence of the collecting time ¢. on the determination of the characteristic time. The
product vt., where v is the number of analyzed fluorescence data, was constant and equal to the
considered time window for extracting the characteristic time. Hence the smaller ¢., the wider the
fluctuation of the number of collected photons. More precisely, noise varies as 1/v/%,, i.e. /v.
We considered a monoexponential decay [ (t) = exp(—t/7r) where 77 = 1 in arbitrary units (a.
u.) with an additive Gaussian white noise £(t) with e = 0.0032/v, ({(t)) = 0, and ({(¢)E(t)) =
d(t — t'), which was representative of the experimental noise properties for a concentration of 20
uM when using the photomultiplier detecting system. 1000 decays have been generated over a
time window of 10 a. u. for each ¢, value. Typically we analyzed v = 1001 data points for
t. = 0.01 and v = 5 data points for ¢, = 2. The characteristic times were determined using both a
monoexponential reduction over a time window of 5 a. u. and a spectrum of relaxation times over
10 a. u. The variations of the mean value (I) and the standard deviation o; of the decimal logarithm
of the characteristic time with respect to the number v of analyzed data points are given in Fig. A51

for the two methods of data processing.
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Figure A51: Mean values () = (log(7)) (a) and standard deviations o; (b) of the decimal logarithm
of the characteristic times 7 versus amount v of data points used to sample 1000 noisy exponential
decays exp(—t/7r) + €£(t) over the same time window. &(t) is a Gaussian white noise of zero
mean and unit variance, ¢ = 0.0032\/5, and 7 = 1 a. u. The blue squares give the results of a
monoexponential reduction and the red circles are deduced from a spectrum approach.

In both cases, the effect of noise remains small and the standard deviation ¢; is smaller than 0.01
using a monoexponential reduction and smaller than 0.04 using the spectrum approach. The results
provided by the fitting approach are excellent. The mean value () agrees with log(7r) = 0 to
within 0.01% for all v. The standard deviation o; even decreases as the amount v of analyzed data
decreases due to the decrease of noise amplitude. Whereas the fitting approach leads to continuous
values of [, the maximum of the spectrum is only found in discrete values of /. For more than 11
analyzed data points, the spectrum approach provides a good evaluation of the characteristic time
with a satisfying accuracy. For v < 11 searching for the maximum of the spectrum always leads
to the same value as [ because the time step in logarithmic units is larger than the noise-induced
uncertainty about /. Hence, the standard deviation o; vanishes but the value of (I) is far from
log(7#) = 0. Due to the large number of analyzed data points, analogous results are obtained when
considering a logarithmic increase of ¢, to sample fluorescence evolution.

From this series of simulations, we concluded that LIGHTNING should preferentially exploit
a monoexponential reduction instead of the spectrum approach and favor a lower amount of data
points with individual lower level of noise to analyze the data over a time window of five times a

rough evaluation of the characteristic time.

A9.3 LIGHTNING photon budget and duration of acquisition

In this subsection, we address the photon budget and the acquisition duration of LIGHTNING,

which determines its signal-to-noise ratio and temporal resolution respectively.
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Computation We computed the number of detected photons emitted from a pixel of volume
V' containing a RSF at a variable concentration C' (t) under illuminations ¢ =I, II. For the sake
of simplicity we considered that only excitation of intensity /; at the wavelength \; leads to
fluorescence emission and assumed the following monoexponential decay for the concentration
C'(t) = Ciop exp(—t/7") for illumination I and C™(¢) = Ciyy (1 — exp(—t/7™)) for illumination
II. The brightness can be written in the form ) = ¢(\;)®r where €(\;) is the molar absorption
coefficient at the wavelength \; and ® the quantum yield of RSF fluorescence. The collection
factor of the objective is denoted by p. To derive orders of magnitude, we adopted Cy,; = 1 uM, a
cubic pixel of length 0.3 ym and p = 0.25. We chose RSFPs 1 and 2 as typical examples of proteins
associated with small and large cross sections of photoisomerization, respectively. The absorption
coefficients and the fluorescence quantum yields of RSFPs 1 and 2 are given in Tab. Al, the cross
sections in Tab. A3, and the values of the characteristic times 7, Tjn,,» Thign and 7j;,, and the
corresponding intensities /; in Tab. A4.

In the case of continuous illumination, the numbers of photons n},,, detected during five times
the characteristic time 7' for illuminations ¢ =I, II are obtained by integrating the fluorescence

intensity between 0 and 57! leading to

Mhy = €M) PplipV Crpyr' (1 —7°) (A81)
nhy, = €M) @plipV Crpr" (4+€7°) (A82)

For given illumination and detection conditions, the number of detected photons is about four times
larger during a fluorescence increase than a decay. We determined the number of detected photons

during fluorescence evolution using Eqs.(A81,A82). The results are given in Tabs. A11 and A12.

Table A11: Evaluation of the number of detected photons n} , for RSFP 1 under the continuous
illumination conditions ¢ = Ij;ou, jow, Inigh, lnign at intensity I; at the wavelength A\, = 488
nm. 7' is the characteristic time associated with fluorescence evolution under illuminations 7. The
parameters values are Ciy = 1 uM, V = 0.027 um?, p = 0.25, ¢(\;) = 80000 M~t.cm™!,
dr =0.8.

IMTumination L T ni,
(ein.m=2.s7Y) (ms)
Liow 2 140 7236
1 2 31 6464
Lnigh 200 45 23260
Mpign 200 0.18 3754

Discussion
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Table A12: Evaluation of the number of detected photons 7}, for RSFP 2 under the continuous
illumination conditions @ = Ijoy, oy, Inign, pign at intensity I; at the wavelength \; = 488
nm. 7' is the characteristic time associated with fluorescence evolution under illuminations 7. The
parameters values are Ci,; = 1 uM, V = 0.027 um?, p = 0.25, ¢(\;) = 75000 M~t.cm™!,
b =0.2.

[lumination I 7! n,
(einm2.s7Y)  (ms)
T.. 2 22 27
|1 {7 2 25 1222
Inign 200 0.33 400
Whign 200 0.077 376

Photon budget The signal-to-noise ratio when recording the RSF fluorescence evolution
upon successive illuminations affects the cutoff distance d.. In order to evaluate the regime of
RSF concentration down to which LIGHTNING would be relevant for effective highly multiplexed
fluorescence imaging, we estimated the number of detected photons for experimentally relevant
conditions. We considered two representative RSFPs associated with small and large characteristic
times. Our data predict that the typical numbers of photons extracted from a (0.3 xm)3-pixel at
micromolar concentration for each characteristic time is about 100 and 5000 for the fast and slow
RSFPs, respectively. This number of detected photons with LIGHTNING is essentially similar to
the order of magnitude obtained with a non-photoswitchable fluorophore exhibiting similar photo-
physical features. Indeed, the number of detected photons is reduced by a factor of 5 in the case
of illumination I and a factor of 5/4 in the case of illumination II. More photons are detected for

RSFPs associated with large values of the product /;7', i.e. small cross sections such as for RSFP
1.

Acquisition duration The duration of the experiments allowing us to determine the kinetic
fingerprint of an RSFP for continuous illumination is equal to five times the sum of the four char-
acteristic times. According to Tabs. A1l and A12, we obtain 878 ms for RSFP 1 and 138 ms for
RSFP 2. Hence, in the optimization of the choice of an RSFP, the number of detected photons is
balanced by the duration of the acquisition.

Beyond the preceding derivation which demonstrates that LIGHTNING should enable real time
imaging at acquisition frequency compatible with observation of many important biological phe-
nomena, it is worth making explicit that LIGHTNING significantly expands dynamic contrast.
Indeed the time domain has been already proposed to complement the spectral domain in order to
improve the multiplexing capabilities in fluorescence imaging.'>3'=3 Yet the reported imaging pro-

tocols exploiting dynamic contrast cannot favorably respond to the growing demand of quantitative
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biology in simultaneously imaging tens of chemical species at an acceptable frequency of image
acquisition. Indeed they exploit only one relaxation time of reversible light excitation for dynamic
contrast. Hence, to enable their reliable discrimination without any subtraction nor deconvolution,
two fluorescent labels must typically exhibit relaxation times of their signal differing by a factor
of ten. Distinguishing NV labels would imply that their dynamics spread over a 10V 7,,,;,-wide time
window, where 7,,;, designates the relaxation time of the RSF responding the fastest to light vari-
ation. Consequently 7" = 10V, fixes the duration of an image acquisition. Hence, as soon as
N would become large enough (e.g. 10, a number which has been reached in the present series
of experiments), 7" would become excessively long and the frequency of image acquisition would
not be anymore compatible with the observation of living biological samples, not to mention that it
would be highly demanding to find a library of labels with such a broad range of relaxation times.
Taking for illustration a library of 10 distinguishable RSFs and 7,,,;,, in the 1 ms range as presently
evaluated with RSFPs (see Tab. A4) yields T ~ 107 s, which is excessively long.

LIGHTNING introduces an innovative and totally unprecedented approach to overcome the
preceding limitation. By adopting labels engaged in rich photocycles which can be probed by ap-
plying illuminations in various regimes of light intensities, LIGHTNING does not anymore exploit
one but n > 1 (n = 4 in the present implementation) characteristic times for dynamic contrast.
Discrimination between two labels still requires characteristic times to differ by a factor of ten but
in at least one among the n discriminative dimensions. Hence the overall discriminative window
necessary to image N labels can be shared among the n dimensions so as to possibly reduce to
10N/ the width of the time windows along each discriminative dimension. Overall acquisition
time now becomes T = ZZ:1 10N/ "Tmin,k Where 7., ,, designates the characteristic time of the
RSF responding at the fastest to light variation along the dimension £. By assuming that 7,,,;,, ;, does
not depend on the discriminative dimension, using n dimensions for discrimination makes possible
to increase the frequency of image acquisition by a factor of 10V(1~1/7) /n. Taking again a library
of 10 distinguishable RSFs with n = 4 dimensions and 7,,,;, x = 1 ms for all k£, one has 7" ~ 1.3 s

and an increase of the frequency of image acquisition by an impressive factor of 8 x 10°.
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B1 Kinetic analysis of the two-state model

B1.1 A two-state model with external forcing

The dynamical behavior of a reversibly photoswitchable label is assumed to be reliably described

by the two-state exchange
k
C) = C, (B1)
ko

where the state C'; is photochemically converted into the state C; under illumination /; at the
wavelength \;. The conversion of C into C'; occurs under illumination [, at the wavelength A\, or
by a slower thermally-driven process which is neglected if /> does not vanish. Introducing a light
modulation at the wavelength \; of mean value I? and large amplitude «; of order 1 at the angular

frequency w according to

I = I [1 + a; sin (wt))] (B2)
and assuming that the photochemical rate constants are proportional to light intensity yields

ki = k) [1 + aysin (wt)] (B3)

for:=1,2.

Two cases are considered. The case (i) associated with a single modulation corresponds to either
case (i1) associated with the modulation of 7, i.e. &y = « and vy = 0, or case (i2) associated with
the modulation of /5, i.e. &y = 0 and ay = . In the following we illustrate case (i1). By symmetry
case (i2) is deduced from case (il) by exchanging the intensities /; and /5, i.e. the rate constants
ki and k5, and exchanging the concentrations C; and C5. The case (ii) is associated with two
modulations in antiphase, i.e. &; = o and ap, = —a..

The evolution of the concentration (] is given by

dd—cil = — (k1 + k2) C1 + k2Clio (B4)
where the total concentration obeys
Ciot = C1 + Oy (BS)
We define the dimensionless deviation
c= % (B6)
to the steady-state C? = Cy,¢ /(1 + K°) with
K° = Z—g (B7)
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Using Egs.(B4,B6) we find in case (i1)

de K° K°
0 o .
Ty = “cta {(1 TR 1+ KOC] sin(wt) (B8)
and in case (ii)
dc 2K° KY—1
0 o .
T E = —ctuo |:(1 I 0)2 — 1r OC:| Sln(wt) (B9)

The description of the kinetics of a photoswitchable system under modulated illumination enters
into the framework of forced dynamical systems. Many applications are found in the domain of
electrical circuits and micro-electral-mechanical systems (MEMS).!+?
Beyond the relaxation time
1

[ (B10
the system enters into a permanent regime in which the deviation C' = ¢Ci; to the steady state is
periodic and expressed using a Fourier series

+oo
C=ay+ Z lay, cos (nwt) + by, sin (nwt)] (B11)

n=1
where ay is the mean value of ¢ and a,, and b,, designate the quadrature and in-phase amplitudes of

concentration oscillation of the n-th harmonics.
B1.2 Single modulation at the wavelength )\, - case (il) - or )\, - case (i2)
B1.2.1 Analytical derivation of the amplitudes of concentration oscillation

Substituting for ¢ from Eq.(B11) into Eq.(B8), we cancel the terms in front of the sine and cosine

at each order n and find the following linear equations

4 = —2(10;—[(;(0)1)1 (B12)
@l = by — g‘fof(’;ﬁ)‘))tz -5 <1O‘f;{0) (az — 2ay) (B13)
b0 = —ay — z(féTKi(O)b? (B14)
a,n = b, — 2(%[(;(0) (apt1 —ap—1) for n>1 (B15)
b,n = —a, — Z(fTK;(U) (bpy1 — byp—1) for m>1 (B16)
where
0 = wr° B17)
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The Fourier amplitudes a,, and b,, scale as o” for n > 1. At leading order in «, the recurrence

equations given in Eqs.(B12-B16) yield

KO
~ —a———b Bl
Qo 02(1+K0) 1 (B183)
K° 0
~ o Bl
“ (1+K0)21+92Ctt B19)
K° 1
by ~ Cio B20
! WrE)21yee ™ (B20)
KO
a, =~ a2(1 RO+ n267) (nfau—1 +b,—1) for n>1 (B21)
KO
b, =~ (ap—1 —nbb,—1) for n>1 (B22)

N0+ K1+ n262)

The explicit expressions of the amplitudes of concentration oscillation up to the fourth order

are
o = _0‘22(1([i0f)<20)3 I Ji g2 ot (B23)
0\2 _ op2

G = 0‘22(1(1( I>(0)3 <1+;2)(f9+ 167) Ot (B24)

by = 0‘22(1( [jozjws 1+ 02)3(61 g7 (525)

a = o 22(§fi0)120)4 1+ 92)?19(+1 ;93)2()1 T+ og7) Crer ®26)
0)3 o 2

by = o’ 22(511 20)4 i+ 92)(1 n i;f)(l gz et ®27)
0\4 2

a = ot 23(511 )1(0)5 (1+62)(1 }r;ez?(gli%;?)u T i60E) B28)

b ot K 106(1 — 562) ®29)

23(1 + KO)5 (1 + 62)(1 + 462)(1 + 962)(1 + 1662) Ctot
with a; and b; given in Eqgs.(B19,B20).

The amplitudes of concentration oscillation depend on two parameters, the equilibrium constant
K and the scaled angular frequency 6. Assuming that, for a given order n — 1, we have
i K ha®)

2011+ KO 2] (14 k26%)

KO)n—l g _1(0)
b1 = a™ ! ( " Cio B31
LT e KO I (1 1 k262) (53D

(B30)

Ap—1 =

where f,_1(0) and g,,_(0) are polynomial functions independent of K, we use Egs.(B21,B22) to
show that Eqs.(B30,B31) are valid at order n and consequently at all order. In order to determine

the extrema of the amplitudes of concentration oscillation, we first derive Eqs.(B30,B31) with
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respect to K and obtain the resonant value K°F = n for the equilibrium constant at order n. The
polynomial functions for1(6) associated with odd orders and g2 () associated with even orders
vanish for § = 0 contrary to fo(0) and gox1(#). The amplitudes of concentration oscillation a1
and by, display a pronounced extremum contrary to as; and boi1 1 Which behave as a low-pass filter

with respect to . The resonant value 0% of the scaled angular frequency is close to 1/(2n — 1).

B1.2.2 Numerical derivation of the amplitudes of concentration oscillation

Equations (B12-B16) involve an infinite number of Fourier amplitudes and their numerical solution
requires a truncation. We studied the convergence of the solution of the four first orders using
truncation at increasing values of n. Considering the Fourier amplitudes up to n = 5 is enough to
observe the desired convergence. The resonances shown in Fig. B1 are associated with the values
given in Tab. B1.

The amplitudes of concentration oscillation with extrema do not have the same sign, a; and by
being negative and b, and a3 positive. The greater the order, the less symmetric the resonance peak
and the smaller its width at half maximum. For a large modulation of light excitation o = 1, the
value of the amplitudes at the resonance decrease by less than a factor of 2 as the order n increases.
The resonant values K °# of the equilibrium constant increase with the order n whereas the resonant
values 0% of the scaled angular frequency decrease. The analytical expressions underestimate the
peak displacement as the order changes and they overestimate the decrease of the amplitude at the

resonance and the width at half maximum.
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Figure B1: Amplitudes of concentration oscillation driven by single modulation at the wavelength
A1 (case (il)) or Ay (case (i2)) and of fluorescence oscillation driven by single modulation at the
wavelength \, (case (i2)) deduced from the numerical solutions of Eqs.(B12-B16) truncated at the
fifth order for a = 1. (a): aq, (b): by, (¢): a9, (d): by, (e): ag, (): bs, (g): a4, (h): by. The parameter
values for which the amplitudes are equal to O are represented by a dotted line. The other contour
lines are set at 95 % (thick lines), 50 % (medium lines), and 10 % (thin lines) of the extremum value
reached in the represented parameter domain, the positive values being associated with a plain line
and the negative values with a dashed line.
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B1.3 Two modulations in antiphase - case (ii)

B1.3.1 Analytical expression of the amplitudes of concentration oscillation

Following the same method as in section B1.2.1 for a single modulation, we find the following

linear equations for the amplitudes of concentration oscillation in the case of two modulations in

antiphase
ag —%bl (B32)
wh = b — (210{5 (;fg); . ‘;‘((f(j ;(3)) (as — 2aq) (B33)
bo = —ar - %@ (B34)
ap,nf = b, — % (apy1 — ap—y) for n>1 (B35)
bynd = —a, — % (bpy1 —by_1) for n>1 (B36)

The explicit expressions of the amplitudes of concentration oscillation up to the fourth order

are
KOKO—1) 1

~ —a? Cro B37

o O R 1 (B37)
KO 0

~ -2 B

a’l a<1 +KO>2 1 + 92017013 ( 38)
K° 1

bl ~ 2« Ctot (B39)

1+ K21+ 62
JKOKO—1) 11— 262

G2 = O TRS (1 1 601 1 407 (B40)

o = o I2(<01( [ff;))ls) 0+ e2>3(01 ) (B4

4z~ 31;0((1K+0 ;(01))42 - 92)?10(+1 ;03)2()1 7 Co (B42)
0 0 _ 2 _ 2

b = _0‘3[2(2((1[(+ Kol))4 (1+ 92)& +411;§)(1 o7 (B43)
070 _ 1)3 _ 2

“ = —a4f;((1[i Kol))5 1+ i492?(9112552)(1 1607 et (B34

b 1) 1060(1 — 562) ‘. B45)

23(1+ K°)5 (1+62)(1 +462)(1+96%)(1 4 1662)
The amplitudes of concentration oscillation a; and b; at the first order given in Eq.(B38,B39)
driven by two modulations in antiphase are twice the amplitudes of concentration oscillation a; and

b, given in Eq.(B19,B20) driven by a single modulation.
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Table B1: Amplitudes R of concentration oscillation with extrema driven by single modulation at
the wavelength \; (case (il)) or at the wavelength )\, (case (i2)) and of fluorescence oscillation
driven by single modulation at the wavelength \, (case (i2)), resonant parameter values KSR and
6 up to the fourth order deduced from the numerical solutions of Eqs.(B12-B16) truncated at the
fifth order for o = 1.

Order R K 0F
I of 124 084
2 bl 3.83  0.21
3 ' 825 007
4 bR 1155 005

Using a similar mathematical induction as in case (il1), we show that for all orders n the ampli-

tudes obey

KO(KO _ 1)7171 fn(e)
2n(1 4+ KO+ TI7_, (1 + k262)
KO(KO _ 1)7171 gn(e)

by = . B47
O I RO T, (1 + ) et (B47)

Chot (B46)

a, = o
n

where f,,(0) and g, () are the same polynomial functions independent of K° as in Egs.(B30,B31)
leading in particular to the same behavior in 6. The resonant value of the equilibrium constant
KO% = n4+/n? — 1 at order n is deduced from Eqs.(B46,B47). The amplitude a, displays a single
extremum of coordinates (K V%, §1). From the second order the amplitudes ayy, 1 and by, possess
two extrema (K% 0%) and (K272, 0F) associated with the same resonant value of ¢ identical to
the value obtained in case (il1). The amplitudes as; and bor. 1 behave as a low-pass filter with

respect to 6.

B1.3.2 Numerical derivation of the amplitudes of concentration oscillation

Figure B2 displays the amplitudes of concentration oscillation in the (K°, #) space obtained using
a numerical solution of Eqs.(B32-B36) truncated at the fifth order. Tab. B2 gives the amplitudes R
with extrema and the resonant parameter values deduced from the numerical approach.

The amplitudes of odd order display a mirror symmetry with respect to the K° = 1-plane in
the (log;o(K°),10g,,(6)) space. The amplitudes of even order display a mirror antisymmetry with
respect to the K = 1-plane. The greater the order, the smaller the width of the resonance peak
at half maximum. For a large modulation of light excitation o = 1, the absolute amplitudes at the
extremum decrease by less than a factor of 2 when the order n increases by 1 from n = 2. A more

severe decrease of about a factor of 3 is observed when switching fromn = 1ton = 2.
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The resonant values in K° obey K21 < K?® < K22 for n > 1. The values K and 6
decrease as the order n increases. On the contrary K%/ increases as n increases. The analytical
expressions underestimate the resonance displacement as the order changes and they overestimate

the decrease of the amplitude at the extremum and the width at half maximum of the peak.

Table B2: Amplitudes R of concentration oscillation with extrema driven by two modulations in
antiphase (case (ii)), resonant parameter values K and 0f, K21, K%%2 and 0% = 012 up to the
fourth order deduced from the numerical solutions of Eqs.(B32-B36) truncated at the fifth order for
a=1.

Order R K o1t
1 alf 1.00 1.00
Order R KR 02 gl — glta
2 b b 015 6.60 0.24
3 af',af® 007 1504  0.08
4 bl 004 2236 0.05
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Figure B2: Amplitudes of concentration oscillation driven by two modulations in antiphase (case
(i1)) deduced from the numerical solutions of Eqs.(B32-B36) truncated at the fifth order for o = 1.
(a): aq, (b): by, (©): as, (d): bs, (e): as, (f): b3, (2): a4, (h): by. The parameter values for which
the amplitudes are equal to O are represented by a dotted line. The other contour lines are set at
95 % (thick lines), 50 % (medium lines), and 10 % (thin lines) of the extremum value reached in
the represented parameter domain, the positive values being associated with a plain line and the
negative values with a dashed line.
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Figure B3 displays the variation of the amplitudes 12 of concentration oscillation with extrema,
the surface S at half maximum of the peak in the (log,,(K°),log;,(6)) space, and the ratio R/S
with respect to the order n for case (il) (single modulation) and case (ii) (two modulations in
antiphase). The decrease of the surface S shows the increase of the resonance sharpness as the
order increases. Nevertheless the decrease of the amplitude R is faster than the decrease of the
surface S. However the ratio R/S reaches a plateau at large n. A balance has to be found between
signal strength and resonance sharpness. The analytical results underestimate the amplitudes at the
extremum and the surfaces at half maximum. Except for the first order, for which the amplitude
associated with case (ii) is much larger than the amplitude of case (il), both cases lead to close

resonance properties.

a b C
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Figure B3: (a) Absolute amplitudes R of concentration oscillation at the extremum defined in Tabs.
B1 and B2, (b) surface S at half maximum of the peak in the (log;,(K"),log;o(0)) space, and
(c) ratio R/S versus order n for « = 1. The green squares correspond to a single modulation
associated with case (il), the red diamonds to two modulations in antiphase associated with case
(i1), the open symbols to the analytical results, and the solid symbols to the numerical results. Total
concentration Cioy = 1.

B2 Evolution of fluorescence intensity

In this section we address the case where the observable is fluorescence intensity. For the sake of
simplicity, we consider a single significant brightness () for a single species C; for 7 equals 1 or 2

at the wavelength \;. We introduce the scaled fluorescence intensity
LG
I? Ctot

where ¢ = 1 for negative photoswitchable fluorophores and + = 2 for positive photoswitchable flu-

Ir

(B48)

orophores. Whereas (' is fluorescent for negative photoswitchable fluorophores, C5 is fluorescent
for positive ones. Contrary to the concentration the fluorescence intensity is not symmetrical with

respect to the exchange of the light intensities /; and /5.
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The fluorescence intensity is expressed using a Fourier series
+00
I =19+ Z [A,, cos (nwt) + By, sin (nwt)] (B49)
n=1
where I is the mean fluorescence intensity and A,, and B,, designate the quadrature and in-phase
amplitudes of fluorescence oscillation of the n-th harmonics.
Using Egs.(B6,B48) we obtain

_L(CT-0)

Iy = B
F I (B50)

for negative photoswitchers and

I (Coy — CV 4+ C
Ip — 1(”]?1 ) (B51)

for positive photoswitchers.
Substituting for Ir from Eq.(B49), I; from Eq.(B2), and ¢ from Eq.(B11) into Eq.(B50), we

cancel the terms in front of the sine and cosine at each order n and find the following linear equa-

tions

C «

0 _ tot 1
IF = 11 K0 — Qg — ?bl (B52)
Al = —a1; — %bg (B53)

Cho 1

Bi = —bitau(s ;;{0 — do + 5a2) (B54)
wo= = S (bt = bus) (B55)
B, = —by— S (an1 = i) (B56)

for negative photoswitchers. Substituting for Iy from Eq.(B49), [; from Eq.(B2), and ¢ from
Eq.(B11) into Eq.(B51), we obtain

K°C a

0 tot 1

IF = 1+ KO + ag + 7[91 (B57)
A = a4 %bg (B58)
B, = b+ Oél(m +ap — 50,2) (B59)
Ay =ty = (buot = bun) (B60)
By = byt (an1—ans) (B61)

for positive photoswitchers. Except for I and By, the amplitudes of fluorescence oscillation for

positive and negative photoswitchers only differ by their sign. When the light intensity /; at the
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wavelength \; is not modulated, i.e. in case (i2) with ; = 0 and oy = «, the amplitudes of
fluorescence oscillation, A,, and B,,, are equal to the amplitudes a,, and b,, of concentration oscil-
lations. When the light intensity /; at the wavelength \; is modulated, i.e. in case (il) with a; = «
and ap; = 0 and in case (ii) with a; = « and oy, = —q, the amplitudes A,, and B,, are linear

combination of amplitudes a,, and b,, either with or without extremum.

B2.1 Single modulation at the wavelength )\, - case (il)

The case (il) is associated with a single modulation of light intensity /; at the wavelength A i.e.
a1 = «, ag = (. Substituting for the amplitudes of concentration oscillation from Eqs.(B19,B20,B23-
B29) into Eqs.(B52-B61) for the Fourier amplitudes A,, and B,,, we obtain approximate analytical
expressions for the amplitudes of fluorescence oscillation. Using Eqgs.(B57-B59) and numerical so-
lutions of the amplitudes of concentration oscillation a,, and b,, after truncation of Eqs.(B12-B16)
at the fifth order, we obtain numerical solutions of the amplitudes of fluorescence oscillation. The
numerical results are given in Fig. B4. The first-order amplitude A; is very close to a; showing
a single resonance denoted by the exponent R. From the second order, the odd quadrature ampli-
tudes A, 1 and even in-phase amplitudes Bs, have resonances but display a richer behavior than
the corresponding amplitudes asx 1 and by, of the concentrations. In particular they present two
peaks associated with opposite signs, implying that the amplitudes vanish on a specific line in the
(K° 0) space. The resonance associated with the peak of larger amplitude in absolute value is
denoted by an exponent R; and the smaller peak with R,. Table B3 gives the characteristics of the
resonances. Due to the presence of two peaks the amplitudes of fluorescence oscillation are smaller

than the corresponding amplitudes of the concentrations.
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Figure B4: Amplitudes of fluorescence oscillation driven by single modulation at the wavelength
A1 (case (i1)) deduced from the numerical solutions of Eqs.(B12-B16) truncated at the fifth order
and introduced in Eqs.(B57-B61) for positive photoswitchers and o = 1. (a): 12, (b): Ay, (c): By,
(d): As, (e): B, (f): As, (g): Bs. The parameter values for which the amplitudes are equal to O are
represented by a dotted line. The other contour lines are set at 95 % (thick lines), 50 % (medium
lines), and 10 % (thin lines) of the extremum value reached in the represented parameter domain,
the positive values being associated with a plain line and the negative values with a dashed line.

245



SUPPORTING INFORMATION of manuscript:
Resonances of reversibly photoactivatable labels responding to high amplitude light
modulation for selective analysis and imaging (HIGHLIGHT)

Table B3: Amplitudes R of fluorescence oscillation with extrema driven by the single modulation
at the wavelength \; (case (il)), resonant parameter values K9 and 0, K0%1 K% gl and 9%z

up to the third order deduced from the numerical solutions of Eqs.(B12-B16) truncated at the fifth
order and introduced in Eqs.(B57-B61) for positive photoswitchers and o = 1.

Order R K% o1t
1 AR 1.08 1.00
Order R KM g0 gl gl
2 B, By» 088 516 133 0.18
3 A AR 222 1221 050 0.05

B2.2 Single modulation at the wavelength )\, - case (i2)

The case (i2) is associated with a single modulation of light intensity I, at the wavelength A,
ie. a; = 0, as = «a. The amplitudes of fluorescence oscillation, A, and B,, are equal to the
amplitudes a,, and b,, of concentration oscillations. The results are given in Fig. B1 and Tab. Bl

after exchanging the intensities /; and /5 and the concentrations C'; and Cj.

B2.3 Two modulations in antiphase - case (ii)

The case (ii) is associated with two antiphase modulations of light intensities /; at the wavelength
A1 and [, at the wavelength )., i.e. @1 = a and oy = —a. Following the same method as in section
B2.1, we find the analytical and numerical expressions of the amplitudes A,, and B,, of fluores-
cence oscillation. Fig. BS5 displays the numerical results. Unlike the amplitudes of concentration
oscillation, the amplitudes of fluorescence oscillation do not have a mirror symmetry. At the first
order the amplitude A; is similar to the concentration amplitude a;. From the second order the odd
quadrature amplitudes Ao, and even in-phase amplitudes By display two resonances. Contrary
to the amplitudes agy, 1 and by, the two amplitudes Asy 1 and By, have always opposite signs and
different absolute values. The amplitudes having two resonances vanish along a specific line in
the (K°,6) space. The resonance associated with the peak of larger amplitude in absolute value
is denoted by an exponent R; and the smaller peak by R,. Table B4 gives the coordinates of the

resonances.
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Table B4: Amplitudes R of fluorescence oscillation with extrema driven by two modulations in
antiphase (case (ii)), resonant parameter values K9 and 67, K%%1, K% 0 and 612 up to the

third order deduced from the numerical solutions of Eqs.(B32-B36) truncated at the fifth order and
introduced in Eqgs.(B57-B61) for positive photoswitchers and o = 1.

Order R K% o1t
1 AR 0.80 0.97
Order R KM g0 gl gl
2 B, By» 021 1006 033 0.18
3 AP AR 007 396 0.09 0.50
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Figure BS: Amplitudes of fluorescence oscillation driven by two modulations in antiphase (case
(i1)) deduced from the numerical solutions of Eqs.(B32-B36) truncated at the fifth order and in-
troduced in Eqs.(B57-B61) for positive photoswitchers and o = 1. (a): 2, (b): A, (c): By, (d):
A, (e): By, (f): As, (g): Bs. The parameter values for which the amplitudes are equal to O are
represented by a dotted line. The other contour lines are set at 95 % (thick lines), 50 % (medium
lines), and 10 % (thin lines) of the extremum value reached in the represented parameter domain,
the positive values being associated with a plain line and the negative values with a dashed line.
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Figure B6 displays the variation of the amplitudes 12 of fluorescence oscillation with extrema,
the surface S at half maximum of the peaks in the (log;,(K?),log;,(6)) space, and the ratio R/.S
with respect to the order n for case (il) (single modulation at \,), case (i2) (single modulation at \5),
and case (ii) (two modulations in antiphase). The analytical results underestimate the amplitudes
at the extremum and the surfaces at half maximum. Regardless of the order n, the resonance R;
of larger amplitude is significantly greater for two modulations than for a single modulation, case
(i2) being slightly more favorable than case (il). Contrary to the resonance R;, the resonance R,
of smaller amplitude does not sensitively decrease as the order increases from n = 2. The surface
at half width S is anomalously large in the case (ii) for n = 2. Interestingly for case (il) and
resonance R, the decrease of S as n increases is more marked than in the other cases. The ratio
R/S of the amplitude at the extremum and the surface at half width accounts for the sharpness of

the resonance and remains nearly constant in all cases when switching from n = 2ton = 3.
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Figure B6: (a) Absolute amplitudes R of fluorescence oscillation at the extremum defined in Tabs.
B1, B3, and B4, (b) surface S at half maximum of the peaks in the (log,,(K°),log;,,(0)) space,
and (c) ratio R/S versus order n for « = 1. The green squares correspond to the resonance R
associated with a single modulation and case (i2). The blue and cyan triangles correspond to a
single modulation associated with case (il) and the red and magenta circles to two modulations
in antiphase associated with case (i1). The blue triangles and the red circles correspond to the
resonance ?; of larger amplitude. The cyan triangles and the magenta circles correspond to the
resonance 7, of smaller amplitude. The open and solid symbols are associated with the analytical
and numerical results, respectively. Total concentration Ci; = 1.

B3 Application to the discrimination of reversibly photoswitch-
able species

As shown in Eqgs.(B8,B9,B50,B51), the analysis of the resonant behaviors of the amplitudes of
concentration or fluorescence oscillation reveals the minimal number of dimensionless independent

parameters. However the discrimination of several reversibly photoswitchable species requires
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switching from the two dimensionless parameters, K and 6, to two experimentally relevant control
parameters chosen among the mean light intensities /{ and I3 and the angular frequency w.
The mean value of the photochemical rate constant of the forward reaction given in Eq.(B1) is

assumed to be given by
K=o 10 (B62)

where o, is the cross section and 19, the mean light intensity at the wavelength \;. For a single
modulation at the wavelength \; (case (i1)) two subcases are considered depending on the values
of the mean light intensity I at the wavelength \,. Case (ila) corresponds to a vanishing light

intensity I leading to a thermal rate constant
ky = k° (B63)

The properties of the photochemical system are then set by the two control parameters /9 and w.

Case (i1b) corresponds to a sufficiently large light intensity I3 such that

ooy > k* (B64)
leading to

kY = oo 1 (B65)

where o is the cross section at the wavelength \,. If the condition given in Eq.(B64) is obeyed, the
rate constant k9 is given by Eq.(B65) for cases (i2) and (ii). In cases (i1b), (i2) and (ii) we choose
I9/19 and w/I? as the two independent control parameters.

Using Eqs.(B7,B10,B17) the control parameters are related to the dimensionless parameters /°

and ¢ according to

N = K'— (B66)

w = 6(1+K°)k> (B67)

for case (ila). Similarly, for cases (i1b), (i2) and (ii) we obtain

Ig 1 g1

2 = _— - B
I? KOO'Q ( 68)
w 1

The resonant values of K and # at order n are given in Tabs. B1, B2, B3, B4. Resonant control

parameter values are obtained in case (ila) and the other cases by substituting for the resonant
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values of K and 6 into Egs. (B66,B67) and Egs. (B68,B69), respectively. The amplitudes of
concentration and fluorescence oscillation for the representative photoswitchable species Dronpa-2
in the cases (ila), (ilb), (i2), and (ii) are given in Figs. B7 and B8 in the control parameter space.
The typical behaviors observed in the dimensionless space are recovered in the control parameter
space (I, w) or (I9/I?,w/I?). In particular we numerically proved that the amplitudes at the
extremum and the surfaces at half maximum of the resonance peak are unchanged. Hence Figs. B3
and B6 remain relevant in the control parameter spaces. The gap between the resonant parameter
values of two photoswitchable species only depends on the values of their kinetic properties (cross
sections o, and o5, and thermal rate constant £2) but not on the order n of the harmonics and little
on the number of modulated lights.

The Fourier amplitudes with extrema are well-suited observables for discrimination purposes.
The parameters that control illumination can be tuned to maximize the contribution of the target and
minimize the contributions of interfering species. The n'"-order Fourier amplitude of fluorescence
oscillation with extrema is further referred to a HIGHLIGHT-n signal. Specifically we harness the
resonance properties of A; = HIGHLIGHT-1, B, = HIGHLIGHT-2, and A3 = HIGHLIGHT-3.
A small width at half maximum is favorable provided that the associated resonant value is large
enough to be experimentally detectable. Following Fig. B6 the width of the resonance peak is
smaller for cases (ila) and (i1b). However these cases are associated with the smallest amplitudes
and requires a good signal-to-noise ratio. The optimization of both the signal-to-noise ratio and the
sharpness of the resonance is obtained for case (ii). Cases (i1b), (i2) and (ii) have advantages with
respect to case (ila). Indeed, the mean light intensity I{ is a fully adjustable parameter that can be
chosen large leading to large values of k9. Due to larger values of k{ and k3, cases (ilb), (i2) and
(i1) enable faster acquisition than case (ila), the acquisition time of concentration or fluorescence
evolution being of the order of 1/7° with 70 given in Eq.(B10). Choosing large values of I} also
optimizes the signal-to-noise ratio of fluorescence intensity. Case (i2) leads to a single resonance
at each order and consequently no zero line in the control parameter space. Contrary to case (i2),
both cases (i1b) and (ii) show zero lines from the second order.

Figure B9 gives the resonance maps at orders n = 1,2, 3 for cases (ilb) and (ii) and three
well-chosen RSFPs (Dronpa, Dronpa-2, and rsFastlime). Interestingly from the experimental point
of view, the zero line of one RSFP goes through the resonance of another RSFP and the resonance
conditions of orders 1 and 2 nearly coincide in case (i1b). The situation is not as favorable in case
(i1) for the chosen RSFPs. We therefore chose case (ilb) to implement the following experimental
protocol. For the sake of simplicity we extract the Fourier amplitudes at various orders from the

fluorescence evolution recorded for a single control parameter set associated with the resonant
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condition of the first-order amplitude. Three fluorescence evolutions are recorded for different
control parameter values coinciding with the resonance condition of Dronpa, then rsFastLime,
and finally Dronpa-2. For each acquisition the first-order quadrature amplitude of fluorescence
oscillation and the second-order in-phase amplitude are extracted. At the resonance condition of
Dronpa, the detected amplitude contains the contributions of both Dronpa and rsFastLime to the
first order whereas the contribution of Dronpa is isolated in the second-order amplitude. Indeed
the zero line of the second order amplitude of rsFastLime meets the resonance condition of Dronpa
and the resonance condition of Dronpa-2 are sufficiently different for the contribution of Dronpa-2
to be negligible. Similarly, the contribution of Dronpa-2 to the second-order amplitude vanishes in
the resonance condition of rsFastLime associated with a point on the zero line of Dronpa-2. The
contribution of Dronpa can be neglected. Finally, the contribution of Dronpa-2 is retrieved for its

resonance condition, the contributions of Dronpa and rsFastLime being negligible.
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Figure B7: Amplitudes a1, b9, a3, and by of concentration oscillation for the RSFP Dronpa-2 driven
by one modulation at the wavelength \; with I = 0 (a: case (ila)), with I§ # 0 (b: case (ilb)), at
the wavelength A\, with I? # 0 (c: case (i2)), and two modulations in antiphase (d: case (ii)). The
results are deduced from the numerical solutions of Egs.(B12-B16) for cases (ila), (ilb), (i2) and
Eqgs.(B32-B36) for case (ii) truncated at the fifth order. The zero lines are represented by dotted
lines. The other contour lines correspond to 95 % (thick lines), 50 % (medium lines), and 10 %
(thin lines) of the extremum value, the positive values being associated with a solid line and the
negative values with a dashed line. o; = 196 m®>.mol ™}, o = 413 m?>.mol !, k* = 14 x 1073 s71,
and o = 1.
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Figure BS: Amplitudes A;, Bs, and A3 of fluorescence oscillation for the RSFP Dronpa-2 driven
by one modulation at the wavelength \; with I = 0 (a: case (ila)), with I§ # 0 (b: case (ilb)),
at the wavelength \, with I? # 0 (c: case (i2)), and two modulations in antiphase (d: case (ii)).
The results are deduced from Eqs.(B52-B56) in which the amplitudes of concentration oscillation
are numerical solutions of Eqs.(B12-B16) for cases (ila), (il1b), (i2) and Eqs.(B32-B36) for case
(i) truncated at the fifth order. The zero lines are represented by dotted lines. The other contour
lines correspond to 95 % (thick lines), 50 % (medium lines), and 10 % (thin lines) of the extremum
value, the positive values being associated with a solid line and the negative values with a dashed
line. 0y = 196 m®.mol™!, 05 = 413 m?>.mol™ %, k2 = 14 x 1072 s, and o = 1.
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Figure B9: Discrimination of Dronpa-2, rsFastlime, and Dronpa. Amplitudes A; (a, b), B; (c,
d), and Aj; (e, f) of fluorescence oscillation for the RSFPs Dronpa-2 (blue), rsFastLime (black),
and Dronpa (red) driven by one modulation at the wavelength \; with I3 # 0 (a, ¢, e: case (ilb))
and two modulations in antiphase (b, d, f: case (ii)). The results are deduced from Eqs.(B52-B56)
in which the amplitudes of concentration oscillation are numerical solutions of Eqs.(B12-B16) for
case (i1b) and Eqs.(B32-B36) for case (ii) truncated at the fifth order. The zero lines are represented
by dotted lines. The other contour lines correspond to 95 % (thick lines), 50 % (medium lines),
and 10 % (thin lines) of the extremum value, the positive values being associated with a solid line
and the negative values with a dashed line. o; = 196 m®.mol~!, oy = 413 m?.mol~! for Dronpa-2,
o1 = 36 m®.mol~ !, o5 = 648 m%.mol " for rsFastLime, 01 = 5.1 m?>.mol™!, oy = 354.5 m%2.mol~!
for Dronpa, and @ = 1.
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B4 Materials and Methods

B4.1 Protein production and purification

The genes encoding Dronpa-2 and Dronpa-3 were kindly provided by Stefan Jakobs and Atsushi
Miyawaki respectively. The genes encoding Dronpa and rsFastLime were kindly provided by
Agathe Espagne. The plasmids expressing the fluorescent proteins carrying an N-terminal hex-
ahistidine tag were transformed in E. coli BL21 strain. Cells were grown in Terrific Broth (TB) at
37°C. The expression was induced at 30°C by addition of isopropyl 5-D-1-thio-galactopyranoside
(IPTG) to a final concentration of 1 mM at OD(600)=0.6. The cells were harvested after 16 h of
expression and lysed by sonication in Lysis buffer (50 mM PBS with 150 mM NaCl at pH 7.4, 5
mg/ml DNAse, 5 mM MgCl, and 1 mM phenylmethylsulfonyl fluoride (PMSF), and a cocktail of
protease inhibitor (Sigma Aldrich; S8830)). After lysis, the mixture was incubated on ice for 2 h
for DNA digestion. The insoluble material was removed by centrifugation and the supernatant was
incubated overnight with Ni-NTA agarose beads (Thermo-fisher) at 4°C in a rotator-mixer. The
protein loaded Ni-NTA column was washed twice with 20 column volumes of N1 buffer (50 mM
PBS, 300 mM Na(Cl, 30 mM imidazole, pH 7.4) and twice N2 buffer (50 mM PBS, 150 mM NaCl,
10 mM imidazole, pH 7.4). The bound protein was subsequently eluted with N3 buffer (150 mM
PBS pH 7.4, 300 mM imidazole). The protein fractions were eventually dialyzed with cassette
Slide-A-Lyzer Dialysis Cassettes (Thermofisher) against 50 mM PBS, 150 mM NaCl pH 7.4.

B4.2 Mammalian cell culture and transfection

U20S cells were incubated at 37°C in a 5% COy in air atmosphere with McCoy’s SA Medium com-
plemented with 10% fetal bovine serum (FBS). Cells were transiently transfected with Genejuice
(Merck) according to the manufacturer protocol then washed with Dulbecco’s phosphate buffered

saline (DPBS) and fixed with 2% paraformaldehyde (PFA) solution.

B4.3 Reagents and solutions
B4.3.1 General

pH 7.4 PBS buffer (50 mM sodium phosphate, 150 mM NaCl) used for all experiments was made
up using purified water (Direct-Q 5 apparatus; Millipore, Billerica, MA). By assimilating activity
and concentration, the proton concentration of the solutions was directly measured after calibration
of the pH meter (Standard pH meter PHM?210, Radiometer Analytical equipped with a Radiometer
Analytical PHC3359-8 combination pH electrode; Hach, Loveland, CO).
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B4.3.2 RSFP solutions

The concentrations of the purified RSFP solutions were determined with a UV-spectrophotometer
(Agilent Technologies, Santa Clara, CA). The UV-Vis absorption spectrum of the denaturated RSFP
solution in 1 M NaOH was recorded from 400 to 600 nm in a 55 pLL quartz cuvette with 1.5 mm light
path (Hellma Optics, Jena, Germany). The RSFP concentration was extracted from the absorbance
at 447 nm by using 44000 M~!- cm~! for the molar absorption coefficient of the deprotonated
chromophore.®> The RSFP solution was subsequently diluted with a PBS buffer (50 mM phosphate,
150 mM NaCl, pH 7.4) to give the RSFP solution at the desired concentration.

B4.3.3 Microfluidic device

The microdevice was composed of a circular glass coverslip (0.17 mm thick, 40 mm diameter;
Menzel-Glaser, Braunschweig, Germany) and a PDMS stamp (RTV615; General Electrics, Fair-
field, CT) including four 250 ym x 125 pym x 20 pum chambers separated by 100 pm x 20 pm
walls. Each chamber was connected to a sample reservoir punched in the PDMS stamp through a
40 pm x 20 pum channel. Before assembly, the coverslip and the PDMS stamp were rinsed with
ethanol and dried under a nitrogen flow. The bottom glass surface of the microdevice was placed
on a 0.4 mm thick copper disk in which a 8 mm hole had been opened for further observation with
the objective. To fill the micro-chambers with appropriate solutions, the air dissolved in the PDMS
was pumped for 3 min at 50 mbar at room temperature and sample solutions were added to each

reservoir, which resulted in the autonomous and controlled loading of the device.

B4.4 Epifluorescence setup for multiplexed imaging

We used a home-built epifluorescence microscopy setup. The samples were illuminated using a
LXZ1-PB0O1 LED (Philips Lumileds) filtered at 480+20 nm (F480-40; Semrock, Rochester, NY)
and a LHUV-0405 (Philips Lumileds) LED filtered at 405420 nm (F405-40; Semrock, Rochester,
NY) as light sources. Each LED was supplied by a LED driver (LEDD1B, Thorlabs, Newton,
NJ). Light levels were sampled with an Arduino compatible card (Teensy 3.5, PJRC). A lens
(ACL2520U; Thorlabs, Newton, NJ, f = 20 mm) was placed just after each diode to collimate the
light sources. The two light beams were next combined thanks to a dichroic mirror (T425LPXR,
Chroma, Bellows Falls, VT) and a second pair of lenses was used to focus the light at the back focal
plane of the objective after being reflected by the dichroic filter (Di-FF506, Semrock, Rochester,
NY). Fluorescence images at 525+15 nm (F525-30; Semrock, Rochester, NY) were acquired for
the microdevices with a 10x fluar (NA 0.5, Carl Zeiss AG, Feldbach, Switzerland) objective and
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for cell imaging with a 50x UPlanApo (NA 0.8, Olympus Corporation, Tokyo, Japan) objective.
Objectives were mounted on a home-built microscope equipped with a Luca-R CCD camera (An-

dor Technology, Belfast,UK).

B4.5 Epifluorescence setup with inhomogeneous illumination

B4.5.1 Description

This home-built epi-fluorescence imaging system has been designed to validate the intrinsic opti-
cal sectioning effect of HIGHLIGHT by artificially introducing a controllable chromatic aberration
between the two excitation wavelengths at 480 and 405 nm (see Fig.B10a). The system integrates
two colored LEDs (LXZ1-PBO01, centered at 480 nm and LHUV-0400, centered at 405 nm, Lu-
mileds, NL) as excitation sources, in order to generate a large focal field around the focal plane.
Each LED is triggered by a LED driver (DC 4104, Thorlabs, NJ, US). Light from each source
is first collimated by lens L1 (AC254-200-A, f = 200 mm, Thorlabs, NJ, US) and then reduced
by a quasi-afocal system consisting of two lenses (L2: LA1134-A, f = 60 mm, L3: LC2679-A,
f = —30 mm, Thorlabs, Newton, NJ). The reduced beams are combined by a dichroic mirror
(T425LPXR, Chroma, Bellows Falls, VT) and then focused by a convergent lens L4 (LA1131-A,
f = 50 mm, Thorlabs, NJ, US). The focal plane of L4 is conjugated to the focal plane of the ob-
jective (UPLSAPO60XW, 60x, NA 1.2, Olympus Corporation, Tokyo, Japan), with the help of the
tube lens system L5 and L6 (AC254-200-A, f = 200 mm, Thorlabs, NJ, US). The objective along
with the tube lenses L5 and L6 gives a total magnitude of 100:3, forming an illuminated area of 15
pm at the sample. The position of the imaging plan after L4 can be effectively changed by slightly
moving the element L3 back and forth along the optical axis, which makes it possible to defocus
each wavelength independently from the focal plane of the objective. According to software sim-
ulation, a displacement of the element L3 by 1 mm gives rise to a defocus of 4 um at the focal
plane of the objective. The fluorescence signal from the sample is separated from the excitation
lights with another dichroic mirror (TSOSLPXR, Chroma, Bellows Falls, VT) and then recorded by
a CCD camera (Luca-R Andor Technology, Belfast, UK).

B4.5.2 Inhomogeneous illumination

Model of light profile The light distribution along the optical axis around the intermediate image
on the focal plane in a medium of refractive index n was computed by making several approxima-

tions:

* The intensity of the image is considered to be constant across the image plane. This results

from the uniformity of the LED source itself;
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Figure B10: Fluorescence imaging microscope for evidencing HIGHLIGHT optical sectioning.
a: Optical layout of the microscope and its interface to a PC-based synchronized modulation and
imaging acquisition system. This epi-fluorescence imaging system is designed for manual defocus-
ing of the two wavelengths at 480 (in blue) and 405 (in violet) nm; b: Simulation of the excitation
light intensity in cylindrical coordinates. Essentially similar at 480 and 405 nm, it exhibits strong
homogeneous light intensity over a square-based bipyramidal shape with 15 pm diameter and 15
pm height, which acts as a large pixel. [llumination is predicted to be laterally restricted in the focal
plane and to axially decay over ten um from the focal plane; ¢: Dependence of the normalized light

intensity at 480 (blue disks) and 405 (violet disks) nm measured along the optical axis.

* The radiance L of the image is angularly constant within the aperture angle of the objective,

because the LED source can be considered as a lambertian source;

» Assuming that the geometric aberration of the system is negligible, the light intensity distri-

bution is symmetrical to the image plane (mirror symmetry, [(—z) = I(+2)).
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We first analyzed the spatial profile of the light intensity around the focal plane of the objective,
where a round shaped image of the LED source with a R, radius is projected. Since the light
distribution is rotationally symmetric to the optical axis and mirrorly symmetric to the focal plane,
we only computed the light irradiance [ at medium points (r, z) identified by their cylindrical

coordinates with origin set at the center of the focal plane (see Fig. B11).

optical

Ro

Figure B11: Schematic representation of the simulated excitation light intensity.

One has
d®p(r, 2)

ds

where 7 is the distance to the optical axis of the system, z is the distance to the focal plane, and

I(r,z) = (B70)

®r(r, 2) is the photon flux passing through an element of area dS at (r, 2).
When analyzing the points (r, z) close to the image in the focal plane (z ~ 2R,), the inter-
mediate image is considered as a surface source Y. Each element of surface dX at (zg,ys, 0) is

considered Lambertian within an acceptance angle 6,,,. The radiance can be expressed as:

L, 0<80,
L(0) =
0o 6>86,
where 0 is the angle between the light ray and the normal of the surface Y. The acceptance angle
is defined by the numerical aperture of the objective in use, NA= n sin(9m) = 1.2, where n 1s the
refractive index of the medium around the fiber.

The flux received by d.S at (r, z) from the source element d¥ at (z,, ys, 0) is:

¢ dSdY cos? 0 B 4 dSdY cos*d

P = L(O)107H 6 = L(o)107H 2 L(0)107 2 —— (B71)
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where d_ is a typical length. In Eq.(B71), G is the etendue defined as

dXdS cos? 0
4G = dE cos By =~ (B72)
where d is the distance between dX and dS, and cos § = 5 = ———=—— (see Fig. B11).
(r—ws)2y3+22
Finally we get the irradiance at (r, z) from the entire surface >::
d® 1
I(r,z) = —Zg’ 2 - 15 / d*®p(r, 2)
> (B73)

10" 4 dX

c =

1 L(0)dXdS cos? § 10-2 / L(0) cos* 6
2

:E » d2 2'2

Calculation of the Pre-HIGHLIGHT and HIGHLIGHT-n signals for the model of inhomoge-
neous light profile We neglect possible chromatic aberration of the fluorescence microscope and
assume that the medium exhibits similar absorption and scattering of light at the two wavelengths.
Consequently illuminations have the same spatial dependence at both wavelengths and the ratio
I)(r,z)/I{(r, z) is constant. In the following, we consider that the HIGHLIGHT-1 resonance con-
dition is fulfilled in the focal plane on the optical axis (r = z = 0). According to Eqs. (B68,B69)

for K° = § = 1 we have

]S<T7 Z) 01
= = B74
I9(r, 2) o9 (B74)
w
= 2 B75
mo0 (B7)

The condition given in Eq. (B75) is not obeyed apart from the intersection between the optical
axis and the focal plane. The HIGHLIGHT-n signals display a better axial selectivity than the
Pre-HIGHLIGHT signal.

The spatial dependence of the Pre-HIGHLIGHT and HIGHLIGHT-n signals are computed us-
ing Egs. (B19,B20,B23-B29) and Eqs. (B52-B56). The dependence of the parameters K° and
6 is deduced from Eqs. (B68,B69) and the light profile is given in Eq. (B73) with an experi-
mentally evaluated typical length d.. The results are given in Fig. B12. The areas in which the
HIGHLIGHT-n signals are significant are smaller than in the Pre-HIGHLIGHT signal. With the
present setup which projects the contributions of all fluorophores located along the optical axis, the
HIGHLIGHT-n signals are dominated by the contributions of the fluorophores located close to the

focal plane as shown in Figure 4.
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Figure B12: Spatial dependence of the scaled Pre-HIGHLIGHT (a), HIGHLIGHT-1 (b),
HIGHLIGHT-2 (¢) and HIGHLIGHT-3 (d) signals after introducing the light profiles in the an-
alytical expressions of the HIGHLIGHT signals with sine-wave light modulation at A\; = 480 nm
and constant light at Ay = 405 nm.

B4.5.3 Characterization of the illumination profile

In order to study the excitation profiles from the LEDs at \; = 488 nm and A\, =405 nm, we imaged
a 2 pm-thick layer of 5 uM fluorescein solution in pH 7.4 PBS buffer (sandwiched between two
170 pm-thick glass plates) at different axial positions ranging from 0 to 21.6 ym. Fig. B10c has

been obtained after measuring the signal emission intensity for each axial position.

B4.5.4 Samples for confocality validation

Dronpa-2-containing samples of defined thickness have been obtained by sandwiching Dronpa-2
solutions between two 170 pum-thick glass slides, which have been treated with air plasma cleaner
to increase their surface hydrophilicity. In order to control the sample thicknesses below the 20
um range, we used either polystyrene beads (carboxylate microsphere, Polybead, Polysciences
Inc, Us) or magnetic polystyrene beads (Magnetic polystyrene particles micromer, Micromer-M,
Micromod, Germany ) with 4, 6, 12 and 20 pm diameters as spacers. The commercial suspension
of beads was first diluted in PBS to the thousandth. Then the resulting suspension was uniformly
suspended by sonicating. It was eventually mixed with the Dronpa-2 solution for sandwiching.
In order to get the 50, 80, and 120 um sample thicknesses, we exploited a double sided tape
as home-made imaging spacer and a 120 pm-thick commercially available spacer (SecureSeal,

Sigma-Aldrich, Grace Bio-Lab, USA).

B4.6 Generation of pure sine-wave light modulation

Light emitted from a LED was modulated sinusoidally and filtered with a bandpass filter (ZET
405-20x, Chroma Technology, Bellows Falls, VT, for the violet LED or ET 480-20x, Chroma Tech-
nology for the blue LED). An optical fiber (M38LO01, Thorlabs, Newton, NJ) was used to collect
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part of the emitted light that was next focused with a f = 40 mm lens onto the sensor of a silicon
photomultiplier module (C13366-3050GA, Hamamatsu Photonics K.K., Hamamatsu City, Japan).
Light levels were sampled with an Arduino compatible card (Teensy 3.5, PJIRC) which calculated
the Fourier Transform of the silicon photomultiplier signal to retrieve the harmonic content of the
modulated light. The first harmonics up to the 10*® order were introduced with a 180° phase shift in
the voltage modulation delivered by a DAC output of the Teensy 3.5 which controlled the electric
current delivered by a LED driver (LEDD1B, Thorlabs) to the LED chip. After a few iterations
(typically 10), the harmonic content of modulated light emitted from the LED chip was efficiently
damped: the amplitude of each harmonics was measured independently by our EM-CCD camera
(Luca-R, Andor Technology, Belfast, Northern Ireland) and was found to be less than 0.75% of the

amplitude term at fundamental frequency.
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Figure B13: Generation of pure sine-wave light from the LED at 480 nm. a,c: Evolution of the light
intensity of the modulated LED light before (a) and after (¢) harmonic correction of the sine-wave
tension from the generator supplying the LED; b,d: Fourier transforms of the signals displayed in
a,c.
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Figure B14: Generation of pure sine-wave light from the LED at 405 nm. a,c: Evolution of the light
intensity of the modulated LED light before (a) and after (¢) harmonic correction of the sine-wave
tension from the generator supplying the LED; b,d: Fourier transforms of the signals displayed in
a,c.

B4.7 Video acquisition

In the imaging experiments, we record films for m periods of light modulation (m is an integer).
The acquisition frequency of the camera is set to obtain 2NV (/V is an integer) frames per period of
modulation. Thus the acquisition frequency is f; = 2N f,,, where f,, is the modulation frequency

of the excitation light. The fluorescence emission acquired at pixel (x,y) of the £*® frame is equal
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to

0 al mfs [k
Iv(z,y, k) = Ip(z,y)+ Z w(T,y s1n[ I (f +gbacq>}

7 Aty cos |58 (4 o) | }) (®76)

where T, = fi is the exposure time of one frame, B, (z,y) and A, (x,y) are the n-th in-phase

and quadrature Fourier amplitudes of the fluorescence signal oscillating around the average value
I%.(x,y). The phase ¢,., may originate from distinct starting times for the light modulation and
the acquisition of the camera and can be easily calibrated using the fluorescence emission from
instantaneously responding fluorophores (such as EGFP or Fluorescein).

Pre-processing is performed to compensate for possible photobleaching of fluorophores. As-
suming that photobleaching linearly decays, we evaluate the compensation factor K (z, y) from the

average of two successive periods

K = B77
Then the frames of the same two periods are corrected according to
IP™(x,y, k) = Ip(x,y, k) — K(x,y) x k (B78)

The procedure is repeated for the whole video.

The Pre-HIGHLIGHT image /%(x, y) is calculated by averaging the frames over the whole film

2mN—1

1%z, ) Z 197 (2, y, k (B79)

" 2m N

The HIGHLIGHT-n signals are retrieved according to

2mN—1

A = W{N > {Jgorf(x,y,k) X cos {”]\’; (f +¢acq)}} (B8O)
f 2mN—1 f

By = N 2 {]F (z,y,k) x sin [2 (fs + gbacq)}} (B81)
f 2mN—1 f

Ay = p— kz_% {]F (z,y, k) x cos [3 <fs+¢acq)]} (B82)

In section B4.9, we provide the Matlab code, which we used to compute the HIGHLIGHT-n

signals in our imaging experiments.
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B4.8 Calibration of light intensities

HIGHLIGHT implementation requires knowing the intensity of the two excitation lights at 480
and 405 nm in the sample in order to set the control parameters at the resonance condition for
the targeted RSFP. Instead of using a powermeter, we relied on the photoswitching kinetics of a
photochemically well-characterized RSFP (Dronpa-2 at pH 7.4) for measuring light intensities at
which the kinetics is well-accounted by a two-state model (see section B1). Such an actinometric
measurement is photochemically reliable up to 10 ein.m~2.s~! light intensities at the wavelengths
A1 = 480 nm and Ay = 405 nm respectively. The calibration of the light intensities exploits light
jumps on Dronpa-2 samples (calibrating sample: 6 pm-thick layer of 20 uM Dronpa-2 solution in
pH 7.4 PBS buffer sandwiched between two 130 pim-thick glass slides). We use the reported values

of 01 = 196 m?mol !, oy = 413 m?mol !, and k2 = 0.014 s~! for Dronpa-2.’

* As a preliminary step of the calibration protocol, the Dronpa-2 solution is illuminated with
the 405 nm LED (1§ = 0.01 ein.m~2.s~! for 2 min) to secure that Dronpa-2 is initially in its

thermodynamically stable state C.

e In a first step, the sample is submitted to constant light intensity I at \; = 480 nm. Dronpa-
2 switches from the bright state C'; to the dark state C5 (see Fig. B15a). The evolution of

fluorescence is averaged over space and compared to

Ip(t) = A+ Bexp (—;) (B83)

where A, B, and 7 are used as fitting parameters. Using Eqgs. (B10,B62,B63) relating the
characteristic time and the rate constants, we obtain the light intensity at the wavelength \;

I = 1 (3 — kA) (B84)

g1 T

e In a second step, while maintaining constant the illumination 19 at the wavelength \; = 480
nm, we submit the sample to to a constant light I9 at the wavelength A\, = 405 nm in order
to drive the C5 to C reaction and recover fluorescence (see Fig. B15b). The fluorescence
evolution is averaged space and compared to the fitting function given in Eq. (B83) leading
to an evaluation of the characteristic time 7. Using Eqgs. (B10,B62,B63,B65) relating the
characteristic time and the rate constants, we obtain the light intensity at the wavelength \,

1 /1
D=— (- — kA - 011$> (B85)

09 T

where the light intensity /; has been evaluated in the first step.
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Figure B15: Calibration of the light intensities using the photoisomerization kinetics of Dronpa-
2. a: Fluorescence evolution of a 20 uM Dronpa-2 solution in pH 7.4 PBS buffer submitted to
illumination at \; = 480 nm (/Y = 4.8 x 1072 Ein.m?s™!); b: Fluorescence evolution of a 20 M
Dronpa-2 solution in pH 7.4 PBS buffer submitted to illumination at both A; = 480 and A\, = 405
nm (/Y = 1.6 x 1072 Ein.m?s~! and IY =7.6x1073 Ein.m~2s~!). Disks: Experimental data; solid

lines: Fitting function given in Eq. (B83). 7" = 298 K.

B4.9 Matlab code for extracting the HIGHLIGHT signals

function [IFO,IFlin,IFlout,IF2in, IF2out,Phase]l=highlight (filename,period,phi_acqg,n_per,skip_per)

o°  oe

(as camera manufacturers usually provide code to import files)

o°  oe

e oe

and light excitation previously calibrated at first order with

'n_per’ is the total number of periods used for calculation,

o° o

an even number of periods is considered (typically 8)

o

"skip_per’ is the number of periods to skip before calculation

npts = periodxn_per;

first = skip_perxperiod;
[X,Y,2] = size(filename);
Holder = zeros(X,Y,npts);

IFlin = zeros(X,Y);
IFlout = zeros(X,Y);
IF2in = zeros(X,Y);
IF2out = zeros (X,Y);
for i=l:npts
Holder (:,:,i)=filename(:,:,i+first);
end

% Calculate the average signal over the first half of 2n periods
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"phi_acqg’ is the phase delay between the dates of camera recording
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linePointl=mean (Holder (:,:,1: ((npts)/2)),3);

%Calculate the average signal over the last half of 2n periods

linePoint2=mean (Holder (:,:, ((npts)/2+1) :end),3);
% Calculate the slope B(x,Vy)
slope=(linePoint2-linePointl) / (npts/2);
$Correction for photobleaching

for i=l:npts

Holder (:,:,1i)=(Holder(:,:,1i)-slope.*1i);

% Compute pre-HIGHLIGHT image
IFO0=mean (Holder, 3); % pre-HIGHLIGHT image

% Compute HIGHLIGHT images
for i=l:npts

IFlin(:,:)= (IFlin(:,:) + ((Holder(:,:,1)).*sin(2*pix(i-1)/period + phi_acq)));
IFlout(:,:)= (IFlout(:,:) + ((Holder(:,:,1i)).*cos(2*pi*(i-1)/period + phi_acq)));
IF2in(:,:) = (IF2in(:,:) + (Holder(:,:,1)) .*sin(4xpi*(i-1)/period + 2xphi_acq)) ;
IF2out(:,:) = (IF2out(:,:) + (Holder(:,:,1)).*cos(4*pix*(i-1)/period + 2+phi_acq));

end

IFlin = 2.xIFlin./npts; % HIGHLIGHT lin image
IFlout = 2.*xIFlout./npts; % HIGHLIGHT lout image
IF2in = 2.xIF2in./npts; % HIGHLIGHT 2in image
IF2out = 2.*xIF2out./npts; % HIGHLIGHT 2out image

Phase = atan(IFlout./IFlin); %to calibrate phase with Fluorescein or EGFP

CameraDark = 508.12; %Black level of the camera, Change to match your model

IF0=IF0-CameraDark; %We substract the black level

figure; imagesc (IF0);colormap (gray (4096));colorbar;axis equal tight;

%Generate lin image
figure;imagesc (IF1lin);colormap (gray (4096));colorbar;
%$Generate lout image
figure; imagesc (IFlout) ;colormap (gray (4096));colorbar;
%$Generate 2in image
figure;imagesc (IF2in) ;colormap (gray (4096)) ;colorbar;
%$Generate 2out image
figure; imagesc (IF2out) ;colormap (gray (4096)) ;colorbar;

end
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B4.10 Cell imaging

This series of experiments has been performed using sine-wave modulation of large amplitude
(100%) at \; = 480 nm and constant light at Ay = 405 nm. The fluorescence intensity Ir(z,y,t)
of each pixel was analyzed with Eqs.(B79-B82) to provide the I%(z,y) (pre-HIGHLIGHT) and
the A;(x,y) (HIGHLIGHT-1), By(x,y) (HIGHLIGHT-2), A3(x,y) (HIGHLIGHT-3) images. To
reduce noise, the images have been spatially averaged over a 3-pixel square. The acquisition pa-

rameters used for HIGHLIGHT imaging of cells are reported in Tab. B6.

B4.11 Confocal experiments

The images displayed in Fig. 4a—f and Fig. B21a—f devoted to evidence intrinsic HIGHLIGHT
optical sectioning were recorded for a 10-uM Dronpa-2 solution in pH 7.4 PBS buffer for different
sample thicknesses z using sine-wave modulation of large amplitude (100%) at A; = 480 nm
(A2 = 405 nm, resp.) and constant light at Ay = 405 nm (\; = 480 nm, resp.). The dependence
of the signal intensities on z shown in Fig. 4g and Fig. B21g have been obtained after spatial
averaging of the images over a region of interest of 400 pixels (equivalent to a square of 6 um in

the sample).

B4.12 Photochemical parameters of the RSFPs

Table B5: Photochemical parameters of Dronpa, Dronpa-2, Dronpa-3, and rsFastLime at pH 7.5
and at 37 °C. o, and o5 designate the photoswitching cross sections from the bright state C'; (dark
state Cs, resp.) to the dark state C (bright state C, resp.) at A; = 480 nm (A, = 405 nm, resp.).’

RSFP o1 ozl
(m?.mol™!) (m?.mol™1)
Dronpa 5,1 354,5
Dronpa-2 196 413
Dronpa-3 29 331
rsFastLime 36 648

B4.13 Acquisition parameters used for the HIGHLIGHT experiments

The acquisition parameters used in the HHIGHLIGHT experiments are reported in Tab. B6.

B4.14 Softwares

Data treatment, image analysis and theoretical computations were performed using Igor Pro (Wave-

Metrics), MATLAB (The MathWorks), Gnuplot and Mathematica (Wolfram Research) softwares.
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Table B6: Acquisition parameters used to image RSFPs at 25°C in Fig. 2, 3, 4 of the Main Text and
Fig. B17, B18, B19, B20, and B21 of the Supporting Information. f, and f,, refer to the sampling
rate and the modulation frequency of the excitation lights. a = 1 for all experiments.

Figure Periods  f, fm w I 19
(Hz) (Hz) (rads™') (Einm2s7!) (Einm 2s7!)

2e-h 10 12 1 6.3 1.6 x 1072 7.6 x 1072
2e—h;3c,g,k;4;B19;B20e—h;B21 10 12 1 6.3 1.6 x 1072 7.6 x 1073
2e-h 10 12 1 6.3 1.6 x 1072 7.6 x 1074
2e-h 10 12 1 6.3 1.6 x 1072 7.6 x 107
2e-h 10 1.20 0.1 0.6 1.6 x 1072 7.6 x 1073
2e-h 10 12 1 6.3 1.6 x 1072 7.6 x 1073
2e-h 10 120 10 63 1.6 x 1072 7.6 x 1073
3b.f,j 40 0.3 0.025 0.16 1.5 x 1072 2.2x 1074
3d,h,i;B18 10 12 1 6.3 8.7 x 1072 4.8 x 1073
B17 10 12 1 6.3 0.1 9.4 x 1073
B20a—d 10 12 1 6.3 8.7 x 1072 4.8 x 1073

BS Supplementary Figures

Normalized Emission

0.0
500

550

600

A (nm)

Figure B16: Normalized emission (\.;. = 488 nm) spectra of 5 uM solutions in pH 7.4 PBS (50
mM sodium phosphate, 150 mM NaCl) of the 4 RSFPs : Dronpa (red), Dronpa-3 (blue), rsFastLime
(green), and Dronpa-2 (violet); T =298 K.
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Figure B17: HIGHLIGHT-n discrimination of Dronpa-3. Pre-HIGHLIGHT (a), HIGHLIGHT-
1 (b), HIGHLIGHT-2 (¢), HIGHLIGHT-3 (d) images of Dronpa-3. System: Fixed U20S cells
expressing H2B-Dronpa-3 (at the nucleus). The images were recorded at 298 K. Scale bars: 10
pm. See Tab. B6 in Supporting Information for the acquisition conditions.
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Figure B18: HIGHLIGHT-n discrimination of rsFastLime. Pre-HIGHLIGHT (a), HIGHLIGHT-
1 (b), HIGHLIGHT-2 (¢), HIGHLIGHT-3 (d) image of rsFastLime. System: Fixed U20S cells
expressing H2B-rsFastLime (at the nucleus). The images were recorded at 298 K. Scale bars: 10
pm. See Tab. B6 in Supporting Information for the acquisition conditions.
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Figure B19: HIGHLIGHT-n eliminate spectral interferences. Pre-HIGHLIGHT (a), HIGHLIGHT-
1 (b), HIGHLIGHT-2 (¢), HIGHLIGHT-3 (d) images of Dronpa-2 and EGFP. System: Fixed U20S
cells expressing H2B-Dronpa-2 (at the nucleus) and Lyn11-EGFP (at the cell membrane). The
images were recorded at 298 K. Scale bars: 10 um. See Tab. B6 in Supporting Information for the
acquisition conditions.

271



SUPPORTING INFORMATION of manuscript:
Resonances of reversibly photoactivatable labels responding to high amplitude light
modulation for selective analysis and imaging (HIGHLIGHT)

3000 1000
150
2500 200 200
2000
600 100 150
1500
400 100
1000 50
200 50
500
0 0 0
500 300
2500 250
400
2000 200
300
1500 150
200
1000 100
500 100 50
0 0

Figure B20: HIGHLIGHT-2 discriminates distinct spectrally similar RSFPs. Pre-HIGHLIGHT
(a,e), HIGHLIGHT-1 (b,f), HIGHLIGHT-2 (¢,g), HIGHLIGHT-3 (d,h) images of Dronpa-2 and
rsFastLime. System: Fixed U20S cells expressing H2B-Dronpa-2 (at the nucleus) and Lynl11-
rsFastLime (at the cell membrane). The images were recorded at 298 K. Scale bars: 10 ym. See
Tab. B6 in Supporting Information for the acquisition conditions.
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Figure B21: Optical sectioning power of HIGHLIGHT. Pre-HIGHLIGHT (a,d), HIGHLIGHT-1
(b,e), -2 (c,f) images of a 10-uM Dronpa-2 solution of thickness 120 ym (a—c) and 4 pm (d-f)
obtained with an optical setup using coaxial light profiles spatially decaying over 10 ym from a ho-
mogeneously illuminated 15-pm edge octahedron. Scale bar: 10 ym; g: Pre-HIGHLIGHT (black
triangles), HIGHLIGHT-1 (deep violet squares), -2 (light violet circles) signals versus thickness
z of the sample for a 10-uM Dronpa-2 solution. The mean signal intensities and the error bars
are obtained using spatial averages of the images over a 6-um square. See Tab. B6 in Supporting
Information for the acquisition conditions with sine-wave light at A, = 405 nm and constant light
at A\; = 480 nm.
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Discrimination cinétique de marqueurs fluorescents réversiblement photocommuta-
bles

Resumé : Le multiplexage ou imagerie simultanée de dizaines d’especes dans une cellule, est
un défi pour la biologie quantitative. Deux protocoles d’imagerie, LIGHTNING et HIGHLIGHT,
exploitant la cinétique riche de photocycles comprenant des étapes photochimiques et thermiques, ont
été congus et appliqués & des protéines fluorescentes réversiblement photocommutables (RSFP). Dans
LIGHTNING, 4 temps caractéristiques définissant la signature cinétique d’'une RSFP sont extraits de
I’évolution de la fluorescence pour 4 conditions d’illumination constante donnant acces a 4 dynamiques
indépendantes. Des mécanismes chimiques réduits sont dérivés pour les 4 conditions d’illumination.
Deux RSFP sont distinguées si la distance entre leurs signatures cinétiques est plus grande qu’une
distance de coupure liée a la précision expérimentale. 20 RSFP parmi les 22 étudiées sont discriminées.
Dans HIGHLIGHT, des fluorophores reversiblement photocommutables sont soumis a un éclairement
sinusoidal. A chaque harmonique, 'amplitude de Fourier en phase ou en quadrature des oscillations de
fluorescence présente une résonance dans ’espace des parametres de controle, fréquence d’excitation
et intensités lumineuses moyennes. Des conditions de résonance reliant les parametres de controle
et les parametres caractérisant la cinétique sont explicitées. Le choix des parametres de controéle
permet d’optimiser la réponse d’un fluorophore tout en éliminant celle des fluorophores de cinétiques
différentes. Les deux protocoles ont des mérites complémentaires. LIGHTNING a un pouvoir discri-
minant plus important et HIGHLIGHT fournit des images de meilleure qualité grace a une détection
synchrone.

Mots clés : Imagerie de fluorescence multiplexée, protéines fluorescentes réversiblement photo-
commutables, analyse multiexponentielle, élimination de variables rapides, systeme dynamique forcé,

résonance.

Kinetics-based discrimination of reversibly photoswitchable fluorescent labels

Abstract : Multiplexing, i.e. simultaneously imaging tens of chemical species in a cell, is a chal-
lenge for quantitative biology. To this aim, two imaging protocols, LIGHTNING and HIGHLIGHT,
exploiting the kinetics of rich photocycles including photochemical and thermal steps are introduced
and applied to reversibly photoswitchable fluorescent proteins (RSFPs). In LIGHTNING, four char-
acteristic times defining the kinetic signature of an RSFP are extracted from fluorescence evolution in
four constant illumination regimes granting access to four independent dynamics. Reduced chemical
mechanisms derived for the four illumination regimes qualitatively account for fluorescence evolution.
Two RSFPs can be distinguished provided that the distance between their 4-D kinetic signature is
larger than a cutoff distance related to experimental accuracy. 20 RSFPs out of the 22 investigated
RSFPs are discriminated. In HIGHLIGHT, reversibly photoactivatable fluorophores are submitted to
sine-wave illumination. At each harmonics, either the in-phase or the quadrature Fourier amplitude
of fluorescence oscillations exhibits a resonance in the space of control parameters formed by the exci-
tation frequency and the mean light intensities. Resonance conditions relating the control parameters
and parameters characterizing kinetics are made explicit. Tuning the control parameters to target
a given fluorophore optimizes its fluorescence response and nearly eliminates the responses of fluo-
rophores with different kinetic properties. Both protocols have complementary merits. LIGHTNING
has a larger discriminatory power and HIGHLIGHT provides better quality images due to lock-in
amplification.

Keywords : Multiplexed fluorescence imaging, reversibly photoswitchable fluorescent proteins,

multiexponential analysis, elimination of fast variables, forced dynamical system, resonance.
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