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New probes for kinetic intracellular measurements in the millisecond range are desirable to monitor protein
biochemical dynamics essential for catalysis, allosteric regulation, and signaling. Good candidates to this aim
are the photoswitchable mutants of the green fluorescent protein, whose anionic fluorescence, primed by blue
light, is markedly enhanced under an additional excitation at a shorter wavelength and relaxes within a few
milliseconds. The aim of this report is to study how the brightness enhancement kinetics depends on the
physical—chemical and spectroscopic parameters and to provide proof-of-concept experiments for the use of
the fluorescence enhancement in conditions in which the protein diffusion is hindered and thereby photobleaching
can be a limiting critical issue. Future, direct applications of photochromic mutants for modulated excitation imaging
would in fact require such a detailed knowledge. We present here an extensive study of the photoswitching
mechanism of the E222Q mutant of GFPMut2 (Mut2Q), pumped by visible 488 nm light and probed at 400—420
nm, as a function of pH, viscosity, temperature, and light intensity. In solution, two characteristic photoswitching
times are found by means of modulated double beam fluorescence correlation spectroscopy in the 1—30 ms range,
depending on the solution pH. The photoswitching kinetics is solved in terms of the eigenvalues and the eigenvectors
of a specific energy diagram and used directly to fit the data, suggesting that the observed photoswitching amplitudes
and kinetics are related to a single three-level transition loop. Finally, we give in vitro examples of the use of
modulated excitation microscopy, based on fluorescence enhancement amplitude and kinetics detection, on Mut2Q
protein samples immobilized in acrylamide gels.

I. Introduction

GFPs from the jellyfish Aequorea victoria and other autof-
luorescent proteins are generally used as intracellular probes
fused with other proteins of interest.!> The quest to localize
proteins and to follow their activity in vivo with higher and
higher spatial and time resolution® has motivated the growth of
dynamic microspectroscopic techniques, such as fluorescence
recovery after photobleaching, and the proposal* and the
application® of photoactivatable fluorescent proteins to nanos-
copy, also under two-photon excitation.'” In the latter case, one
exploits the selective bleaching and reactivation of GFP proteins
to induce sparsely labeled samples as in PALM>?® or a marked
shift of the protein emission to decrease the effective width of
the fluorescence point spread function.>>!! In these and similar
cases, one uses photodynamics to enhance the spatial resolution.
However, the switching or shifting phenomena are endowed
with characteristic response times that can be exploited for
dynamic studies. Indeed, a gap seems to exist in the use of GFP-
derived proteins for the investigation of cellular dynamics on a
time scale, 1—10 ms, relevant for dynamic events that are
fundamental for protein function and regulation.'?> With this

*To whom correspondence should be addressed. E-mail:
giuseppe.chirico@mib.infn.it. Tel: +39-02-64482440. Fax: +39-0264482585.

£ Also part of the Istituto Nazionale di Biostrutture e Biosistemi.

S Present address: Centro Ricerca Interdipartimentale Biotecnologie
Innovative, Universita degli Studi di Padova, Viale Colombo 3, 35121,
Padova, Italy.

regard, the use of modulated techniques seems to be very
promising, especially if coupled to imaging methods, such as
the recently introduced optical lock-in detection (OLID) imaging
microscopy.!® Specific mutations in the GFP molecule can
provide suitable probes for the application of these methods in
the millisecond time range, and part of this report is devoted to
the discussion of proof-of-concept experiments for possible
applications in this field. It is important to notice that any direct
intracellular application of such methods is based on a detailed
knowledge of the protein photodynamics in vitro and its
dependence on the relevant physical and chemical parameters,
at least solution pH, temperature, and viscosity.

The fluorescence emission of most GFP mutants displays a
complex photodynamics due to transitions between three levels
related to a neutral, an anionic, and a zwitterionic form of the
chromophore. The dynamics of the transitions among these
states has been found to be in the 50—500 us range at basic
pH, where the GFP chromophore is mostly deprotonated.'4~'¢
The emission of a variety of GFP mutants can also be
photoactivated®!”'® by irradiation with blue or UV light® or
quenched selectively by stimulated emission with red/infrared
radiation.' The photoactivation of these GFP mutants can be
almost permanent,9 and in some cases, the photoinduced
anionic—neutral transition can be reversed by further
irradiation.'#?° Other GFP mutants, specifically those containing
the E222Q mutation, show spontaneous and reversible photo-
induced switching events upon irradiation with 410—420 nm
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laser light.?!?? Their photoactivation dynamics, which lies in

the millisecond—submillisecond range,?'?> deserves deeper
investigations due to its high potential value as a tool for
monitoring a variety of intracellular processes in a time window,
1—10 ms, typical of many enzymatic reactions® and for
investigating and monitoring intracellular physical and chemical
properties such as temperature,?* redox potentials,> or pH.%

The mutation of the glutamate in position 222 into glutamine
seems to play a key role in the onset of photochromic properties
of GFP.?”?8 Jung et al. have characterized the effects of this
mutation on wild-type GFP and its T203 V mutant in terms of
brightness enhancement?>?° and estimated the significant relax-
ation rates from the analysis of the dark and activated state
populations at basic pH.?>* The rationalization of the photo-
activation mechanism for these mutants is generally based on a
four-level model?! that involves also the neutral ground state
of the chromophore.

In this report, we want to address the possibility of exploiting
the GFP photoswitching effect for modulated excitation mi-
croscopy. Our point of view is related to the possibility of
modulating GFP green emission with a tiny amount of higher-
energy (blue) laser radiation that does not induce a dramatic
photobleaching even on immobilized proteins and to measuring
the fluorescence enhancement and its activation kinetics on each
pixel of a confocal image. To this regard, we study the
photoswitching amplitude and kinetics with millisecond resolu-
tion in solution and on GFPs immobilized in acrylamide gels.

We focus here on the E222Q mutant of GFPMut2 (S65A,
V68L, S72A GFP), called hereafter Mut2Q for two main
reasons; GPFMut2 is a bright, thoroughly characterized,’' 33
folding mutant of GFP that can be efficiently expressed in
eukaryotic cells and suffers limited photobleaching,** and the
mutation S65A stabilizes the deprotonated brighter form at
physiological conditions. Moreover, the E222Q mutant of
GFPMut? has particularly low fluorescence efficiency,'* thereby
offering the possibility of obtaining a large relative fluorescence
gain under two-color excitation. The photochromicity of its
E222Q mutant, and particularly its characteristic activation time,
has not been studied up to now, and this is now covered by
this report, whose outline is as follows. We first discuss solution
measurements of the photochromic effect in Mut2Q obtained
by performing dual-wavelength (pump and probe beams)
fluorescence spectroscopy. The dependence of the amplitude
of the fluorescence enhancement induced by the probe beam is
followed as a function of the (pump/probe) laser intensities, of
the probe wavelength, and of the solution pH. We then perform
a thorough characterization of the photoswitching times as a
function of the relevant physical and chemical parameters,
solution temperature, viscosity, and pH, and photoactivation
intensity and energy. The switching dynamics and the enhance-
ment amplitudes are measured in solution by devising auto- and
cross-correlative methods that can be also applied to imaging
microscopy, as shown here in proof-of-concept experiments on
Mut2Q trapped in acrylamide gels. After reporting the photo-
physical characterization in solutions, we propose a minimal
energy diagram model whose steady-state and time-dependent
solutions are developed in detail in the Supporting Information
(SD). In the main text, we discuss how the use of this simple
though comprehensive energy diagram model allows one to
rationalize the observed double relaxation enhancement dynam-
ics in terms of a single three-level loop. The data analysis is
performed by keeping to a minimum the mathematical details
that can be found in the SI. Finally, we apply and discuss an
imaging protocol that is based on the knowledge of the protein
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photochromic parameters reported here. This imaging method,
named here beating mode imaging, is tested on acrylamide gels
loaded with Mut2Q photochromic proteins. The analysis that
we apply to the images acquired in the beating mode allows
one to envision future intracellular applications, subject to
validation experiments not presented here, in which the pho-
toswitching will be a valuable tool for the study of dynamic
processes and for the improvement of the image signal-to-noise
ratio, similarly to that made in OLID'3 microscopy.

II. Experimental Methods

Protein Expression and Purification and Sample Prepara-
tion. GFPmut2 (S65A, V68L, S72A GFP) and its E222Q mutant
(Mut2Q) were expressed and purified as described elsewhere.?!
GFPMut2 is a triple mutant of wild-type Aequorea victoria GFP
that ensures high fluorescence stability*' ~3* and high production
yield at 37 °C in prokaryotes.’® The samples used for spectro-
scopic experiments were in 10 mM citrate and 100 mM
phosphate buffer solutions, adjusted at the desired pH. All of
the measurements were performed at the same buffer concentra-
tion since this is known to affect the GFP photodynamics.*®
The acrylamide gels were prepared at 10% (w/v) by diluting
an acrylamide—bisacrylamide solution (37.5:1, 40%, Sigma
Aldrich, U.S.A., A7168) with phosphate buffer pH = 7.8. The
GFP concentration in the gels was between 100 and 150 nM.

Optical Setup. The microspectrofluorimeter is based on a
Nikon (Japan) TE300 microscope. Two laser sources were
employed for two-color fluorescence correlation spectroscopy
measurements. A mode-locked Ti:Sapphire laser (Tsunami 3960,
Spectra Physics, CA, 280 fs pulse width on the sample,’”38
repetition frequency 80 MHz, 700—1000 nm) was doubled in
order to obtain pulsed laser light in the range of 370—450 nm.
A CW argon laser (Spectra Physics, CA, 2025) provided the
excitation light at 488 nm to prime the one-photon absorption
of the anionic state of GFP mutants. The confocal acquisition
of the signal was done via an SPCM-AQ R15 SPAD module
(EG&G, U.S.A)) and by inserting an 80 um pinhole in the
collection optical path. For details, we refer to the SI.

The confocal images were acquired on the same microscope
used for solution experiments, equipped with a Plan Apochromat
60x water objective (NA = 1.2, Nikon, Japan). The sample raster
scanning was performed by moving it through a piezo actuator
(P-541.2CD, Physik Instrumente, D) with 10 nm repeatability and
100 um full length displacement in the closed loop mode. The
detection of the photon counts and the bias to the three channels
of the piezo actuator was performed via an NI analog—digital board
and through Lab-view homemade software.’

Analysis of the ACFs. The normalized ACFs, acquired in a
pseudocrosscorrelation mode, were computed by an ALV5000E
(ALV, Langen, Germany) board and analyzed by means of the
non-least-square routine of the Origin 7.0 software (OriginLab
Inc., Northampton, MA). The ACF decay was analyzed ac-
cording to the model function'?

G(t) = 035(1+ )(1+ )_O'Sx

(N
H[l -

exp( tlt )]

where A; and 7; are the fraction of the jth dark species and the
corresponding bright — dark transition relaxation time, (N) is
the average number of observed molecules endowed with
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diffusion coefficient D, and 7 and 7, are the radial and axial
diffusion times, Tp = w3/4D and 7, = 57p. Since the ACFs have
been routinely fitted down to 10 us, the triplet state dynamics
has not been taken into account (see SI for further details).

Analysis of the ACFs under Modulated Excitation. The
zero time lag extrapolation of the autocorrelation function
(ACF), free of electronic artifacts as measured in the pseudocross-
correlation mode,* is

(OFWOF®) _ (F*) — (F1)Y
(F()y (F()y

G(0) = ()

This parameter can be used to obtain information on any
relaxation time 7 that characterizes the fluorescence emission
dynamics if the excitation intensity is modulated periodically
at frequencies close to 1/z. When the excitation beam is
modulated as a harmonic function with angular frequency o,
I(t) = I(1 + A;sin(wt)), the corresponding fluorescence
emission, F(z) is modulated at the same frequency w,* but it is
demodulated in amplitude and delayed in phase F(f) = Fy(1 +
Am(w) sin(wt — ¢(w)) if w is close to 1/7. The relevant
quantities are the demodulation ratio m(w) and the phase shift
¢(w) whose forms are m(w) = (1 + w?t?)™"? and Pp(w) =
arct g(wt), for a single relaxation time. The form of m(w) and
¢(w) can be obtained by a Fourier analysis of the fluorescence
signal obtained under modulated excitation. The underlying
theoretical treatment has been extensively reported in the
literature®® and applied experimentally in the field of charac-
terization of the molecular excited states that lie in the
nanosecond range. In these cases, the excitation light is
modulated at hundreds of MHz. Here, we exploit the same
treatment in the Hz—kHz range (see SI).

The zero time extrapolation G(0) of the ACF, measured under
an intensity modulated laser beam, can be obtained from eq 2
and the harmonic form F(¢) = Fo(1 + Aym(w) sin(wt — ¢p(w))
as follows

(F(y = F,
FAim(w)’
(F?) = — s 3)
_(F@)’ > —(FOY _ omw)’
G(0,
©.r= (Fa))? b2

Since the pump beam is always present, a constant nonmodu-
lated signal, Fp, must be added to the fluorescence emission,
whose average value is F. The average squared fluorescence
value increases then to (Fy, + Fg)* in eqs 2 and 3. The
fluorescence fluctuations are instead affected only by the average
squared value of the correlated fluorescence photons, F3. In
practice, Fp is the value of the constant nonmodulated signal
due to the second laser beam used for two-color FCS, and the
amplitude of the modulation (G(0)) is diminished because the
oscillations are superimposed on a background. Equation 3
changes then to the final form

FZ
GO, = A0 @
(F, +FB)

For the current case of a square wave modulation, the trend
of G(0,w) as a function of the modulation frequency can be
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obtained by Fourier expanding the excitation as I(r) = Io(1 +
Y Ayt sin((2n + 1)wr)) and writing eq 4 as a sum of the
contributions of the first few harmonic components.
Moreover, when the fluorescence dynamics of the system is
endowed with two relaxation times, 7g; and Tg,, with fractions
fi and f>, G(0,w) can be written as (see SI for further details)

2

F
— 2 Z 2n+1

(Fy + Fp)*2 %012

GO,w) =

fl + 1 _fl 2 +
1+ @n+ Do’n, 1+ @n+ 1Yo'n
f2n + Do, (1 — f)2n + Do,
+
(1 + @n+ Do’s 1+ Q2n+ o' ) ]

(&)

The constant background f accounts for the presence of any
dynamic contribution to the demodulation with relaxation times
< 11, T. For the frequency range explored here, more than three
terms in the square wave expansion neither improve the quality
of the fit nor change the values of the best-fit parameters.

III. Results and Discussion

Equilibrium Fluorescence Spectroscopy. The mutation of
Ser65 accounts for the pH dependence of GFPmut2 spectro-
scopic properties, with a pK, for the chromophore anionic—neutral
equilibrium of 6.12 4+ 0.01 and 6.0 = 0.1 for GFPMut2 and
Mut2Q, respectively.’! The absorption spectra of the two
mutants show absorption bands at ~390 nm for the chromophore
neutral state and ~490 nm for the anionic state, with an
isosbestic point at 425 nm (ref 31 and SI), consistent with an
apparent two-state transition. Excitation at 490 nm leads to
fluorescence emission at 508 nm, typical of the anionic form
of the chromophore, in a wide range of pH values. Excitation
at 390 nm, instead, does not produce relevant emission at 508
nm (see SI), indicating that a very small or no excited-state
proton transfer (ESPT) is present in Mut2Q due to the E222Q
mutation.?”#!

When Mut2Q is excited simultaneously by a 488 nm pump
beam and a more energetic probe beam at 405 nm, the 508 nm
anionic emission at alkaline pH (pH = 8.4) is substantially larger
than the sum of the emissions primed by one beam at a time
(Figure 1A). The almost linear increase of the fluorescence
emission as a function of the probe beam intensity observed
when the protein solution is irradiated by the probe beam only
(Figure 1A) is due to the presence at pH = 8.4 of =80% of
chromophores in the anionic state that absorbs the 405 nm probe
beam about 20 times less than the neutral state.>! No appreciable
fluorescence enhancement induced by two-color irradiation is
found for the GFPMut2 parent protein (Figure 1A, inset),
suggesting that the molecular origin of the effect is related to
the E222Q mutation, in agreement with Jung et al.?® A minor
decrease of the emission is actually observed at increasing probe
excitation intensity, probably due to some additional photo-
bleaching induced by the more energetic beam irradiation.

The emission spectra under dual beam excitation, recorded
as a function of the probe beam intensity by means of a CCD
spectrometer (see SI), are peaked at 508 nm, as in the case of
single beam excitation, suggesting that the enhancement mech-
anism is due to emission from the anionic state of the protein.

Effect of the Pump and Probe Beams’ Intensity on the
Fluorescence Enhancement. The anionic emission increases
linearly with excitation intensity and reaches a plateau level at
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Figure 1. Fluorescence emission (Ae, = 515/30 nm) of Mut2Q at pH
= 8.4 versus laser intensity. (A) Probe excitation only (405 nm, filled
circles); dual beam excitation (pump at 488 nm, Jyymp = 1.1 kW/cm?,
and probe at 405 nm, filled squares). Dashed line and triangles:
fluorescence signal computed in the case of no photoinduced fluores-
cence enhancement. Solid lines: best fit of eq 6 to the data (Table 1).
Inset: fluorescence emission under dual beam excitation versus the probe
intensity (Jpump = 1.7 kW/cm?) for GFPMut? (filled squares) and Mut2Q
(open circles). Data refer to the same protein concentration, and the
solid lines are as those in the main panel. (B) Saturation curve of the
fluorescence emission of Mut2Q at pH 8.4 versus the pump beam (488
nm) intensity. Solid line: best fit to eq 6 (see Table 1). (C) Fluorescence
emission of Mut2Q versus the probe (405 nm) intensity at different
pump intensity values, 1.1 (squares), 2.3 (circles), 7.7 (up triangles),
16.3 (down triangles), and 78 kW/cm? (diamonds). Solid lines: best fit
of the data to eq 6 (see Table 1). (D) Relative fluorescence enhancement,
AF/Fy, versus the pump intensity derived from the data fitting. Solid
line: best fit to eq 11. Inset: absolute fluorescence enhancement, AF,
versus the pump beam intensity.

TABLE 1: Fluorescence Output As a Function of the Pump
or Probe Beam Intensity*

 S— Ly AF [kHz] F, [kHz] AF/F,
probe only 7.8+ 1.3 54+7 —-02+£2 —
pump only 49+ 2 1370 £ 30 — —
pump&probe 1.1 0.26 £0.04 52+2 33+£2 1.6%0.1
23 0334+0.05 113+4 81+£3 1.4+0.07
7.7 039 +£0.10 13447 95+6 14+£0.1

163 024 £0.06 1237 268+7 0.46+£0.03
78 0.16+£0.08 87410 683 £10 0.13 £0.01

“Result of the analysis of the fluorescence signal as a function of
the pump or probe beam. Best fit parameters obtained by fitting eq
6 to the fluorescence increase as a function of the pump or probe
beam intensity. For the pumpé&probe irradiation, the pump beam
intensity was set to 1.1 kW/cm? All of the intensity values are
reported in kW/cm?.

high excitation intensity values both under the pump beam only
and pump&probe beam irradiation (Figure 1B,C). This behavior
can be described by the function*?

I

sat

(F)=F0+AF( -

! ) ©)

where F) is the fluorescence measured at excitation intensity /
= 0 and AF is the maximum fluorescence increase observed.

When increasing the pump beam intensity under no probe
excitation (Figure 1B), we find the value of the saturation
intensity to be lympsa = 49 £ 3 kW/cm?, substantially lower
than the value at which the ground state becomes depleted due
to the finite lifetime, 7, of the excited state, Jgepletion = 5000 KW/
cm?. This value can be computed for the ground-state depletion
(excited-state lifetime 7 = 1 ns,'* one-photon absorption cross
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Figure 2. (A) Fluorescence enhancement, AF/F,, versus the probe
wavelength. (B) Fluorescence enhancement, AF/F,, versus the solution
pH. The solid line is the best fit of a sigmoidal curve, y = 2.1/[1 +
10®PH-PK"/0] "o the pH-dependent data. The best fit parameters are pK*
= 6.5+ 0.1 and 6 = 1.1 & 0.13. The pump beam intensity was 1.7
kW/cm?. The inset shows the fluorescence emission (raw data in
photons/ms) of Mut2Q versus the probe intensity (Apone = 420 nm) at
various pH values of 8.6 (squares), 8.06 (circles), 7.2 (up triangles),
6.2 (down triangles), and 5.4 (diamonds). The solid lines are the best
fit to eq 6.

section”” gy = 107'¢ cm?, photon energy Epy = 4 x 10719 J) as
Tgepieiion = Epn/(70y). Therefore, the saturation may be ascribed
to intersystem crossing, a process often invoked to account for
the saturation of the fluorescence emission of GFP mutants!®
and/or the emergence of transitions to higher-energy states.*?

The trend of the fluorescence emission of Mut2Q as a function
of the probe intensity for a wide range of pump beam intensities,
I = Iump = 80 kW/cm?, is reported in Figure 1C, and the
corresponding best-fit parameters are reported in Table 1. Under
two-color excitation, the fluorescence emission at increasing
probe beam intensity saturates at Iygpesa = 0.3 kW/cm? over
almost the whole range of Iy, values investigated. The two
fluxes of photons (pump and probe) act independently on the
observed emission enhancement, and this can be taken as an
indication that the emission increase observed under either pump
or probe (actually pump&probe) excitation originates from
priming transitions from different lower-energy molecular states.

The fluorescence enhancement induced by the probe beam,
AF, shows a maximum (Figure 1D, inset) at a power that is
close to the value of the saturating pump intensity (Figure 1B).
When AF is normalized to the fluorescence output under pump
excitation only, F it rapidly decays as a function of the pump
beam intensity (Figure 1D), indicating that the lower the pump
excitation, the larger the relative fluorescence enhancement. The
trend of AF follows therefore the trend of the pump-induced
emission, and in particular, it decreases above the value of the
saturation intensity. We may therefore hypothesize that the
complex photodynamic process that leads to the fluorescence
enhancement has as a limiting step the excitation of the
chromophore to its first anionic (since we are exciting at 488
nm) excited state.

Altogether, we come then to a possible scenario in which
the pump and probe beams prime two consecutive processes,
the first one being the transition of the anionic chromophore to
its first excited state. We further hypothesize in the following
analysis and in the development of an energy diagram model
that the decrease of AF for Lyump = Ipump,sat 1S due to transitions
from the first excited state to higher-energy states.

Effect of the Probe Beam Wavelength and Solution pH
on Fluorescence Enhancement. The enhancement factor AF/
Fy depends on the probe beam wavelength in the range of
390—440 nm (Figure 2A), with a smooth increase while raising
the photon wavelength up to a maximum effect at 420 nm,
followed by a rapid drop at larger wavelengths. This shape is
an indication of the presence of a smooth distribution of energy
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state gaps, corresponding to the transition primed by the 420
nm photons, characterized by a minimum threshold value. In
fact, for wavelengths larger than A = 420 nm, that is, for photons
with energy smaller than AE = hi/c = 3 eV, the transition
cannot occur, or it occurs with much lower efficiency. The
behavior described above is the fingerprint of a resonant
interaction with an energy gap of AE = hi/c = 3 eV (h is the
Planck constant).

The unchanged shape of the emission spectrum under dual
beam excitation discussed above indicates that the final step in
the observed photochromic behavior of Mut2Q under dual-color
excitation is the de-excitation of the anionic state of the
chromophore. However, this experimental result does not allow
one to exclude some involvement of the neutral state of the
chromophore in its photoactivation, as suggested by Jung et al.
for E222Q GFpP.?!

We have therefore investigated the fluorescence emission of
Mut2Q over a wide range of pHs, 5.4 < pH =< 9, under dual
beam excitation at 488 and 420 nm (Figure 2B). The dependence
of the fluorescence on the probe beam intensity can again be fit
by eq 6. The fluorescence measured under pump excitation only,
Fy, decreases at acidic pH values (Figure 2) since fewer and
fewer molecules lie in the anionic state and can be excited at
488 nm. Also, the fluorescence enhancement, AF, decreases at
acidic pH values and almost vanishes at pH = 5.4. The
enhancement factor, AF/F, varies markedly between acidic and
basic conditions, and its pH dependence (Figure 2) is described
by a protonation curve with a pK, value of 6.5 £ 0.2, slightly
larger than that measured from the pH titration of the anionic
fluorescence emission, pK, = 6.0 & 0.1.!"* We have also verified
that at low pH values, the low enhancement effect cannot be
increased by changing the probe wavelength. This suggests that
the fluorescence enhancement is directly related to the absorption
of the chromophore in the anionic form, with minor, if any,
role of the neutral ground state, contrary to what was previously
reported for the E222Q mutant of wild-type GFP.?> The identity
of the state involved in the enhancement effect is not easy to
ascertain and would be rather speculative at this stage.

Fluorescence Enhancement Dynamics. Fluorescence cor-
relation spectroscopy (FCS) covers a dynamic range from
microseconds to seconds.** Mut2Q photodynamics upon single-
photon excitation at 488 nm'* shows two exponential decays at
alkaline pH values due to a power-dependent triplet conversion
(5—20 us) and a light-induced power-dependent photoswitching
(50—200 us). For other E222Q mutants, it has been suggested?’
that the conversion rates among the energy levels involved in
the enhancement correspond to a relaxation time, 7y, in the 10
ms range that is on the order of the protein dwell times in the
excitation volume.

The dynamic component related to the fluorescence enhance-
ment and characterized by the relaxation time 7y is singled out
under two-color modulated excitation (either of the probe or
the pump) in a frequency range centered around the value v
=1/tg. This approach is the same as the frequency domain
method to measure the excited-state lifetime of fluorophores.*’
When a two-level quantum system is excited by light whose
intensity is modulated at a frequency close to the inverse, 1/zg,
of the relaxation time between the two states, Tg, the emission
is modulated at the same frequency with a demodulation ratio
and a phase shift due to the finite value of 7y (see Experimental
Methods section). By measuring these parameters as a function
of the modulation frequency, it is possible to derive 7z.*’ For
the measurement of the lifetime of an electronic excited state
that is typically of the order of few nanoseconds, one modulates
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Figure 3. (A,B) Time traces of the fluorescence emission primed by
the 488 nm pump beam (20 kHz sampling frequency, smoothed over
15 adjacent points), acquired under either pump or probe beam
modulation. Iy was 1.6 kW/em?, and Ly, was 2.3 kW/em?. (A) and
(B) refer to modulation frequencies of 1 and 100 Hz, respectively. In
each panel, the upper curve, displaced for display purposes, refers to
the modulation of the probe beam and the lower curve to the pump
beam modulation. (C,D) Fluorescence ACFs computed while modulat-
ing either the probe (C) or the pump (D) laser beams at increasing
modulation frequencies, v = 0.5 (black), 1 (red), 5 (green), 10 (blue),
30 (cyan), 50 (magenta), 80 (yellow), and 100 Hz (dark olive). The
corresponding zero lag time extrapolation values for G(0,w) are reported
in the panel insets. The solid line in the (C) inset is the best fit of the
probe modulation data to eq 5. The solid line in the (D) inset is a linear
best fit to the data, drawn to guide the eye. The pump and probe
excitation intensities were lyymp = 16.3 kW/cm? and Lrobe = 1.6 KW/
cm? in all of the experiments.

the excitation intensity at frequencies on the order of 100—400
MHz. We have employed here modulation frequencies in the
range of 1—2000 Hz (since we want to explore relaxation times
of 7g = 0.5—1000 ms) and directly measured the demodulation
ratios from the computation of the normalized mean-square
fluorescence fluctuation, G(0) (eqs 2 and 5).

The basic idea of this experimental approach is to modulate
either the pump or the probe beam excitation intensities and to
measure the demodulation and dephasing of the emitted light
as a function of the modulation frequency. The modulation
frequencies are here slow enough to be obtained by inserting a
chopper or an electronic shutter in the beam path, thereby
modulating the intensity by a square wave. The frequency of
the square wave is then the first harmonic of the frequency
content of the emitted light.

The typical time traces of the fluorescence emission acquired
while modulating either the pump or the probe beam intensity
by a square wave function are shown in Figure 3A (frequency
modulation of 1 Hz) and Figure 3B (frequency modulation of
100 Hz). The stepwise change of the square wave excitation is
systematically rounded off in the emission when the probe beam
is modulated at 100 Hz, if compared to lower frequencies
(Figure 3A,B upper curves), whereas no low-pass filtering effect
on the fluorescence trace is present upon modulation of the pump
beam (Figure 3A,B lower curves). This effect can be quantified
by the computation of the fluorescence fluctuation ACFs. This
function shows marked peaks at times corresponding to the
applied modulation period (Figure 3C,D) and varying mean-
square fluorescence fluctuation amplitudes. When modulating
the pump beam (Figure 3D), small changes are observed in the
zero time delay extrapolation of the ACF, G(0,w), as shown in
the inset of Figure 3D. On the contrary, a strong dependence
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Figure 4. Dependence of the demodulation factor, G(0,w), on
experimental parameters. (A) Trend of G(0,w) versus the modulation
frequency for probe excitation intensities of 0.12 (squares, black), 0.31
(circles, red), 0.51 (up triangles, green), and 0.93 kW/cm? (down
triangles, blue) on the sample. The solid line is the global fitting of the
data to eq 5. Inset: G(0,w) dependence on the probe wavelength; the
filled squares and open circles refer to the modulated probe excitation
at 420 and 403 nm, respectively. (B) Trend of G(0,w) versus the
modulation frequency for pump excitation intensities of 1.2 (squares,
black), 1.4 (circles, red), 3.1 (up triangles, green), 7.7 (down triangles,
blue), and 16.3 kW/cm? (diamonds, cyan). The solid lines are the best
fit to eq 5 (see Table 2). The inset reports the average relaxation time
as a function of Iymp. The line is the best fit of eq 12 (7)) to the data.
(C) Demodulation factor versus the modulation frequency at various
pH values, 6.2 (diamonds, cyan), 6.8 (down triangles, blue), 7.2 (up
triangles, green), 8.2 (circles, red), and 9 (squares, black). Solid lines
are the best fit of eq 5 to the data (Table 3). The inset reports the average
relaxation time versus pH; the solid line is a sigmoidal fit yielding a
pK, = 7.0 £ 0.1. (D) G(0,w) versus modulation frequency for /e =
1.35 kW/cm? and Lump = 0.8 (squares, blue), 8.0 (triangles, green),
and 15.6 kW/cm? (circles, red). The filled and open symbols refer to
solution temperatures of 24 and 38 °C, respectively. Inset: G(0,w) versus
the solution viscosity, changed by adding glycerol. The filled and open
symbols refer to 0 and 50% glycerol, respectively.

of the G(0,w) value on the modulation frequency is found when
the probe beam is modulated (inset of Figure 3C). This is in
agreement with the direct observations of Figures 3A and B.

The analysis of the modulation factor, G(0,w), as a function
of the modulation frequency, v = w/2m, can be performed
according to conventional Fourier methods,*’ as described in
the Experimental Methods section. The modulation of the pump
laser beam induces only a minor decrease of G(0,w) (Figure
3D), consistent with the traces reported in Figure 3A,B, while
the modulation of the probe beam affects substantially G(0,w)
(Figure 3C), which decreases steadily with the modulation
frequency. The step-like behavior observed in the inset of Figure
3C suggests that a single characteristic time does not adequately
describe the data, which can instead be fitted by an equation
with two relaxations (eq 5 and SI) providing characteristic times
of 7, = 1.3 &£ 0.2 and 7, = 32.8 & 4.7 ms, with fractional
weight fi = 68 £ 4% at pH = 8.5 and Ipymp = 1.7 kW/cm?.

Effect of the Pump and Probe Intensity on the Enhance-
ment Dynamics. We have acquired probe-modulated FCS
curves at 403 and 420 nm and found almost no difference within
the experimental error (Figure 4A and Table 2). A limited effect
is also found when changing the probe intensity in the range of
0.05 < Ipope = 1 kW/em?, with Lyump = 1 kW/cm? and pH =
8.2 (Figure 4A). A global fit of the whole set of data curves
provides the best-fit parameters 7, = 2.4 + 0.2 ms, 7, = 29 £+
2 ms, and f; = 65 £+ 4%.

On the contrary, the rise of the pump beam intensity leads to
an increase of the demodulation factor G(0,w) (Figure 4B, Table
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TABLE 2: Dependence of G(0,w) on the Pump or Probe
Laser Beam Intensity”

h Ty r [ms] Tk [ms] (7) [ms]
A [nm] Toump = 17.0 kW/cm?
405 0.90 £ 0.05 1.3£02 129 £5.0 24406
420 094+004 12+02 149+73 2006
Lyump Iprobe = 0.93 kW/em?
17  068+£002 13+02 328+47 115+24
21 0.69 +0.03 318428  11.0£20
38 077 £0.02 283+44 75+1.6
85  0.83+0.02 187 +£3.5 41+1.0
170 0.89 +0.03 11.1+53 22406

“ Analysis of the G(0,w) dependence on the laser intensity. The
best fit parameters were obtained by fitting eq 5 to the probe
modulation data reported in Figures 3 and 4.

TABLE 3: Dependence of G(0,) on the Modulation
Frequency at Different pH Values®

pH h

(t) [ms]

Tor [ms] B

Toump = 1.7 KW/cm?
6.2 0.70 £0.04 8.2+2.0 113.9+44 0.042 £ 0.003 40.1 £+ 14.0
6.8 0.65+£0.03 6.7+1.4 947+30 0.027 £0.002 38.1 +£10.9
7.2 0.61 £0.07 3.9+ 1.5 325+8.5 0.019£0.006 18.8 +4.1
8.2 0.64 +£0.05 234+0.2 31.7+7.0 0.007 £ 0.004 13.0 + 3.0
9.0 0.69£0.02 1.3+02 27.7+3.5 0.015+0.003 9.55+1.23

Tir [ms]

“ Analysis of the G(0,w) dependence on the modulation
frequency at different pH values. The best fit parameters were
obtained by analyzing the data reported in Figure 4C according to
eq S.

2). The best fit of these data shows that both the longest
relaxation time and its weight decrease three-fold, while the
shortest relaxation time remains unchanged over the I, range
explored. The average relaxation time (7) = fi7; + f>7, is also
markedly dependent on the pump intensity, as shown in the
inset of Figure 4B. These findings show that the time response
of the fluorescence enhancement can be tuned by selecting the
pump beam intensity.

The photobleaching induced by the pump or probe beams is
weak under the present excitation conditions. Only a slight time
decrease of the fluorescence signal is observed on each probe
excitation pulse in the fluorescence traces (Figure 3A, upper
curve), with a hint of molecular photobleaching from the S,
state (as confirmed by the experiments on gels described below).
It is however not possible to evaluate the photobleaching rate
from S, from the solution experiments. However, the data
indicate that the trend of G(0,w) as a function of w is not
markedly affected by this minor photobleaching component. In
fact, we do not observe a decrease of the average fluorescence
with time under pulsed excitation, and G(0,w) either stays
constant as a function of the excitation intensity (Figure 4A) or
increases (Figure 4B). A detailed prediction of the effect of
photobleaching on G(0,w) is not easy,** and the effect of
photobleaching on the modulated excitation can be more directly
assessed by means of experiments in gels (see Experiments in
Gels section).

Effect of the Solution Physical —Chemical Parameters on
the Dynamics. Figure 4C reports the demodulation factor,
G(0,w), as a function of the modulation frequency of the probe
beam under constant pump excitation Ipym, = 1.7 kW/cm?, in a
wide range of pH values. The data, analyzed according to eq 4,
provide values of the relaxation times that increase when
decreasing the solution pH, as reported in Table 3. The average
relaxation time, which changes from () = 10 to 40 ms between
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Figure 5. Energy diagram of a four-level model that accounts for the
observed fluorescence enhancement properties of Mut2Q. The excitation
rates ki, koi, and k;, depend on the excitation intensity; kg = 0 1/pumps
kin = Oulpump, and k= Oolone. I is the sum of the radiative, the internal
conversion, and the stimulated emission rates, and the latter can be
neglected in the present case, I' = yr + k. + ko1 = Yr + ki.. Regarding
the triplet states, the intersystem crossing, ki, and the triplet, kr, rates
account for the equilibrium between the ground and excited singlet
states and the triplet trap state, T. The triplet state T, is a different
triplet state that may account for the 10—100 us dynamic observed in
the FCS ACFs, and its location in the energy diagram is only indicative.
The spontaneous decay rates, y, and y,, account for the decay from
the S, and S, states.

pH 9.0 and 6.2, can be fitted to a protonation curve (inset in
Figure 4C) with pK, = 7.0 £ 0.1. Therefore, the enhancement
dynamics contains a protonable step with a pK, value higher
than that controlling the overall fluorescence emission (pK, =
6.0 & 0.1)!* and closer to that found from the analysis of the
fluorescence enhancement amplitude, AF/F, (pK, = 6.5 £ 0.1).

The enhancement dynamics is not affected appreciably by
the solution viscosity up to 6 cPoise (Figure 4D, inset) and by
temperatures between 24 and 38 °C, as shown in Figure 4D for
different pump values.

Energy Diagram Model. The data indicate that the first
excited anionic state, Sy, is critically involved in the fluorescence
enhancement effect. The decrease of the fluorescence enhance-
ment observed at increasing pump beam intensity (Figure 1D)
suggests additionally that some higher energy state S, needs to
be included in the energy diagram. Other energy levels should
also be taken into account in this scheme based on the presence
of a 1—20 us relaxation in the FCS ACFs, visible mostly at
high excitation intensity and due to an equilibrium between the
S, and some triplet state.'*!> Finally, two other energy levels
should account for the intensity- and pH-dependent relaxation
components observed in the 50—300 us range in the FCS
ACFs. '

We assume that some of these pathways are decoupled since
they are related to widely different time scales, and we focus
here only on those energy levels which appear to be necessary
to rationalize the fluorescence enhancement effect and its
dynamics. As sketched in Figure 5 a trap state, T, can be
populated from the first singlet excited state, S;. We assume
that molecules in the trap state can be excited by the probe beam
to a state, S,, which lies approximately 3 eV (corresponding to
420 nm) above T. A direct decay from S, to S; brings then the
molecule back to the fluorescence excitation—emission loop
related to the transition So — S;. An alternative nonradiative
deactivation route is from T to S, with a rate kt. The state T is
likely to be a triplet state distinct from the triplet state that is
responsible for the 10—100 us photodynamics observed in the
FCS ACFs'*!> and indicated in Figure 5 as T, due to the wide
difference of this photodynamics with respect to the millisecond
enhancement activation dynamics. The excitation and emission
rate constants of such a system and the corresponding cross
sections, 0y, 0, and 0,, are related by kig = 01Lpump, k1n = Oulpumps
and ko = 0ol probe. The relaxation rates for the various transitions
are defined in the caption of Figure 5 together with the scheme
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of the energy diagram, whose dynamics is described by the set
of linear equations

rdSO

o - keSo T IS+ kT

ds,

E = kOlSO - (r + kisc + k]'l)sl + stz + V"S”
ds,

T kiSy = 7,5,

ds,

T ko T = v,S,

dT

E = kiscsl - (kT + klz)T

{ ™

From these equations, we can obtain the equilibrium and the
dynamic response of the chromophore to the pump and the probe
beams, which are analyzed separately hereafter.

It must be noticed that this energy diagram model is probably
not the only one that would allow one to describe the observed
trend of the fluorescence enhancement. Our choice is motivated
by a minimum complexity requirement. Moreover, the mech-
anism just outlined is quite common in many organic dyes;* it
is known as (photoinduced) reverse intersystem crossing, and
it has been investigated by means of two-color spectroscopy
for cyanine dyes,**® for rose bengale,* for sulfo-rhodamine
101,% and also for fluorescent proteins.’! These studies have
also been performed in solutions by FCS*” or at the single-
molecule level on immobilized dyes.**>* We consider this wide
series of studies a reasonable motivation to adopt reverse
intersystem crossing to develop an energy diagram model as
described in the following.

The functional form of the average fluorescence signal and
its dependence on the pump (through k¢;) and probe intensities
(through ki,), derived from the stationary solutions of eq 7 (see
SI) with the constraint that So + S; + S, + S, + T = (N) is

<F>(Ipump’ Iprobe) = rn/RSI =
nyRa<N>Ipump

1+ Xg(glprobe) + O‘Ipump Y + gg(glprobe) + glpump

®)

In the previous equation, (N) is the average number of molecules
in the observation volume, g(x) = x/(1 + x), n is the setup
collection efficiency, yg is the radiative rate, 1 = 1 + (kis/kr),
e = (04yn), 0 = 017, & = (0olkr), T = 1y is the S; state
lifetime, B = (kis/kr)0o((1/y2) — (1/kr)), and y = kise/Y1tor, Which
is assumed to be negligible in the following analysis.

We analyze now the data collected as a function of the pump
and the probe intensities under continuous wave excitation in
terms of eq 8. To this purpose, it is convenient to specialize eq
8 to simplified expressions. When analyzing the dependence
on the pump excitation intensity, under no probe beam excita-
tion, we can write
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Instead, when analyzing the trend of the fluorescence output as a function of the probe intensity under constant pump intensity, we
can write

[ 010 ump(1 + 28 0)) !

D = 1(N)
" /1 + m[w +el ]
B D 1+ 28(E  iobe) pump
<F>(Ipr0be) - E 7 1+ 7 -1 (10)
Toump 1+ Eg(glpmbe) E = (lﬂ pump( Xg(é‘ probe))

1+ mw + ¢l um]
1+ Xg(glprobe) pamp

]

The fit of the fluorescence rate versus the pump intensity (Figure 1B) to eq 9 in the absence of the probe beam provides the best-fit
values 7o {Nyyrt = 10Ny = (1.1 £ 0.03) x 1077 cm?, oy7yp = (7.3 £ 0.7) x 107 cm® s, and e/yp = (4 £ 1) x 107 cm? .
In order to obtain a direct estimate of the relevant photophysical parameters, we must assume values for 7 = 0.01, 7 = 1 ns,'* and
¢ = 0.25, as found for the S65G/E222Q GFP mutant by Jung et al.,”” and {(N) = 40 as measured through FCS analysis (see SI).
In summary, we estimate by the above analysis the values 0; = 1071 cm?, (kis/kt) = 70, and & = (0,/y,) = 2.8 x 1072 cm® s. The
value obtained for the Sy—S, cross section is in reasonable agreement with literature data regarding other GFP mutants.??

Regarding the effect of the probe excitation on the trend of the fluorescence emission, the data reported in Figure 1C have been
fit to eq 10 (or eq S,9 given in the SI) by keeping & as a global fit parameter and finding & = (2.6 £ 0.2) x 107! cm? s. The most
relevant result is that the best-fit 5 parameter (obtained from the fit of the E parameter versus l,m, in eq 10) is negative, f = —7
x 1072 cm? s (SI Table Sy, Figure S,), indicating that kr < v, and further implying that the transition occurs mainly in the direction
S; — T — S, — S;. The value of the parameter ¢ = (0,/y,,), obtained from the fit of (F) as a function of I, is however 1 order
of magnitude larger (¢ = 107%> cm? s) than that obtained from the fit of the data reported in Figure 1B.

The substantial consistency of the analyses of the trends of (F) as a function of the Jyymp and I intensities is further supported
by the analysis of the trend of the relative enhancement amplitude, AF/F), as a function of the pump intensity (Figure 1D). Equation
10 predicts an initial increase of this parameter followed by a decrease at large pump excitation intensities, according to the following
expression

B
(11 =
AF _ _ ik (11
Fy — B
R A

The decrease of AF/F,, observed at high intensities, is due to the denominator of eq 11, whose leading term, ;aslgump, is related
to transitions to higher-energy states through the & parameter. The solid line reported in Figure 1D corresponds to the best fit
obtained by keeping 0; = 107'® cm?, and that leads to the estimate of ¢ = 7 x 107> cm? s and S = —3 x 1072 cm? s. The 8 value
agrees with the estimates obtained by fitting the pump intensity dependence of (F). The still larger value of & found here indicates
that the enhancement is largely limited by the fluorescence saturation due to higher-energy-level transitions and suggests the possibility
that the simple energy diagram proposed in Figure 5 may lack transitions from the trap state to some higher-energy states, which
eventually do not lead to the S; — T — S, — S, cycle. In summary, the above analysis of the trend of the fluorescence rate as a
function of both the probe and the pump beam excitation intensities substantially agrees with the data presented in the literature in
terms of the Sy—S; transition cross section and, most importantly, provides information on the higher-energy transitions and on the
possible source of the enhancement effect in terms of the balancing between the T — S; and S, — S, transition rates.

Regarding the enhancement photodynamics, our model should reproduce the following experimental observations: (a) the slow
relaxing enhancement dynamics is found only under a modulated probe beam, (b) two major relaxation components can be detected,
and (c) only one of these relaxation times depends on the pump intensity (Figure 4 and Table 2). The derivation of the relaxation
times of the fluorescence signal under modulated excitation is rather involved and is reported in detail in the SI. In summary, the
relaxation dynamics can be obtained by computing first the Green function of the dynamic equations (eq 7) and then convoluting
these with the excitation time profile. The Green function of the dynamic system is a linear composition of exponential decays
whose relaxation rates are the eigenvalues of eq 7. In order to simplify the mathematical treatment, the eigenvalues and eigenvectors
analysis of eq 7 has been performed to the first-order approximation in Zymp and Zyobe, as detailed in the SI. We summarize in the
following the results of the theoretical analysis for the pump and the probe modulation separately.

When the pump beam is modulated, S;(f) depends only on the first two eigenvalues (see SI), leading to a fluorescence following
instantaneously any modulation in the Hz—kHz range, as observed in Figure 3D and inset. A different situation is found when
analyzing the effect of the probe beam modulation on G(0,w), as detailed in the SI. The resulting four eigenvalues are, to the first
order in <kt2> (Or Iprobe) and <k01> (OI' Ipump)
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The eigenvector analysis indicates that in this case, all of the
four eigenvalues contribute to the S; decay. As in the case of
the I,ump response analysis, the first of these rates (4o) corre-
sponds to the equilibrium state, and the second (4;) accounts
for the fluorescence antibunching. The other two components
(42, 43) correspond to the characteristic times 7; and 7,

7, (ko)) = 7% = {f«km)) +

2

Kigeker(kor) }*1
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This result is in agreement with the second basic dynamic
observation, which is reported in Figures 3 and 4. In particular,
the fit of the function 7;((ko;)) to the data in Figure 4B (inset)
gives the best-fit parameters I' + k. = 1.4 & 0.5 x 10° Hz,
kise = 450 = 60 Hz, and kr = 8.0 £ 0.6 Hz, when assuming o,
= 107'% cm?, as found previously. This indicates that T’ = 10°
Hz, in agreement with the excited-state lifetime of the Mut2Q
chromophore 7 = 1 ns."* Moreover, the k;,. and kt values found
here agree well with the estimate of the parameter v = 1 +
(kise/kr) = 70 obtained from the analysis of the average emission
as a function of the excitation intensities. Starting from the
previous estimate of £ = (2.6 £ 0.2) x 107! cm? s, we compute
a cross section value, 0, = 2 x 1072 ¢cm?, for the transition
involved in the enhancement of the fluorescence, which, for
Lorobe = 1 kW/cm?, would imply a T — S, excitation rate of
=50 Hz, compatible with the average relaxation time measured
in Figures 3 and 4. Finally, we notice that the low value of ki
additionally supports our hypothesis that the trap T state is not
the same triplet state responsible of the 10—100 us photody-
namics observed in the ACFs.

The transition rates related to the enhancement dynamics may
be affected by the diffusion of the Mut2Q proteins through the
observation volume. In the setup conditions used here, we
observe, on average, 40 molecules diffusing through the
observation volume in approximately 1.6 ms, a time smaller
than most of the light modulation times 7 = 1/v (1—100 ms)
used in the experiments reported below. The photochromicity
kinetics depends directly on the population of the Sy, S;, T and
S, states. The Sy and S, state populations change on time scales
much faster (1—10 ns) than the one on which the excitation
light is modulated (1—100 ms). The T state populates with a
kisc rate that corresponds to a relaxation time of about 2 ms, on
the same order of the protein diffusion time. The S, states
becomes populated with rates on the order of 100 Hz or
relaxation times on the order of 10 ms, depending on the probe
beam excitation intensity. To first approximation, we can then
consider the Sy, S; population as effectively stationary on the
time scale of the probe light modulation times (see SI for
additional mathematical treatment). However, for the slowest
modulation frequencies (<10 Hz), some of the proteins may be
actually diffusing out of the observation volume before they
suffer a T — S, transition entering the photochromicity transition
loop. A slight systematic overestimation of the fluorescence
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enhancement relaxation times (7, g and 7, in Tables 2 and 3)
may then be expected.

The complex photoactivation of the Mut2Q mutant differs
from that of other photoactivable proteins, such as PA-GFP’
and DRONPA.'® For DRONPA, once the chromophore has
undergone photoswitching from the bright anionic to the dim
neutral state under the action of 490 nm radiation, it can be
brought back to the bright state by even a single scan at 405
nm. This cycle can be repeated several times even at the single-
molecule level.'® The emission is therefore almost completely
switched off by 490 nm photoswitching to the protonated form,
where the protein lies until it is shined by a second, more
energetic laser beam. PA-GFP shows enhancement’ of the
fluorescence primed by 490 nm light under the action of more
energetic photons. The increase in the fluorescence emission is
much larger than that observed here for Mut2Q and, most
important, can last for days. On the contrary, Mut2Q does show
a fluorescence enhancement which does not seem to be related
to the neutral—anionic transition and which lasts only as long
as the protein is shined by the more energetic beam, being
activated in 1—10 ms.

Experiments in Gels. We have computed the transition rates
within the adopted energy model from the analysis of the FCS
ACFs of proteins diffusing through the observation volume.
However, our main reason for characterizing Mut2Q photo-
chromicity was to develop methods for dynamic measurements
in situations in which the mobility of the mutant protein is much
lower, such as, for example, in cells. The translational diffusion
coefficient of GFP changes from about D = 90 um?s in buffer
solution to D = 0.1—10 um?/s in cells’*** due to the interaction
with the cytosolic matrix and to its possible link to receptors.>*>*
Therefore, we present here also a characterization of the
photochromicity kinetics of Mut2Q in less mobile environments,
such as gels. The study of possible applications of Mut2Q
photochromicity in intracellular environments will be the subject
of a forthcoming study.

These experiments on proteins in gels have been performed
on a homemade confocal setup in which the sample can be
raster-scanned by the laser beams by driving a piezo actuator.
The motion of the actuator is driven by the same clock that
drives the electronic shutter that determines the modulation of
the probe beam. In this way, we could acquire images of the
gels while modulating the probe beam in phase with the raster
scanning motion. A typical result of such experiments is reported
in Figure 6 (images). In this first series of experiments, the pixel
size was 100 nm, approximately half of the size of the point
spread function, and the pixel dwell time was 5 ms. The raster
scanning and the modulation were phased in such a way to
obtain a vertical pattern; the bright stripes correspond to the
onset of the probe beam excitation, and the pump beam at 488
nm was always impinging on the sample. The bright—dark and
dark—bright transitions were affected by a fast spatial decay
(300 = 100 nm) along the scanned line (x-axis in the image),
which is due to the oversampling of the point spread function.

The analysis of the stripes contrast, AF/F, as a function of
the probe beam intensity under Zpmp, = 0.6 kW/cm? is reported
in Figure 6 as a function of the probe intensity. The analysis of
this trend by means of eq 6 provides an estimate of the saturation
intensity I, = 0.33 & 0.1 kW/cm? in excellent agreement with
the solution data reported in Table 1. The fluorescence enhance-
ment induced on Mut2Q by the 420 nm probe beam can
therefore be exploited also when the protein diffusion is largely
hindered. The minor photobleaching effect induced by the probe
beam does not seem to hamper the exploitation of the
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Figure 6. Experiments on Mut2Q proteins in acrylamide gels.
Amplitude of the fluorescence enhancement, AF/F, obtained on Mut2Q
loaded acrylamide gels (pH = 8) as a function of the probe intensity
(4 = 420 nm), Iyrobe, under the continuous action of the pump beam
(Iyump = 0.6 kW/cm?). The values have been obtained from the analysis
of the images of the gels taken under modulated probe excitation (fs =
1 Hz). The images were acquired at 200 x 100 pixels with a pixel
dwell time of 5 ms. Some sample images are reported as insets. Each
point of the plot is the result of the average of the relative enhancement
computed over all of the rows of the image; the error bars represent
the standard deviation. The solid line is the best fit of the data to eq 6.

fluorescence enhancement in these environments, as also
outlined by a second series of experiments on gels devised to
measure the photochromic relaxation time 7g.

This second series of experiments was performed on Mut2Q
proteins trapped in acrylamide gels by means of an imaging
protocol devised to measure the enhancement kinetics with pixel
resolution. The protocol that we test here on a line scanning is
based on a slight difference between the modulation wave (fs)
and the line scanning (fi) frequencies. A second fundamental
assumption is that the sample is stationary, in the sense that all
of the sequentially performed line scannings are equivalent to
each other. This is a critical assumption that will set a limitation
to the possibility of following a time evolution of the fluores-
cence enhancement, as discussed later in the text. As will be
clear from the analysis presented below, the number of
sequential line scannings that we require to be equivalent is on
the order of 10 or less.

In order to provide a simple example of this protocol, which
we call here beating mode (BM) imaging, we have acquired
images while keeping the “y-axis” of the piezo actuator drivers
set to the ground level. In this case, as shown in Figure 7, the
image is a collection of lines each of which describes a square
wave with a phase that increases linearly along the y-axis.
Altogether, the image gets the form of a wave propagating in
the u direction (see Figure 7A) that forms an angle with the
y-axis whose value depends on the frequency mismatch. In the
example reported in Figure 7A, the line scanning and the shutter
modulation (square wave) frequencies were fi, = 1.9608 Hz and
fs = 9.78 Hz, respectively. From the pixel dwell time, set here
to 7 = 5 ms, and from the number of pixels per row (100), we
would expect a line scanning frequency of fi, = 2 Hz. The slight
difference between this and the actual value, f;, is due to dead
time needed to position the piezo system at the beginning of
each line scan. We call hereafter BM images those images
acquired with this protocol.

We can scan any BM image in three different directions, the
x-axis, the y-axis and an axis v perpendicular to the u vector.
These axes are endowed with different effective time scales.
Along the x-axis, the time scale is determined by the pixel dwell
time, in this case, 5 ms. Along the v-axis, we can compute the
time step per line from the line scanning frequencys, in this case,
1.9608 Hz, which corresponds to 7, = 0.510 s. Along the y-axis,
the time scale, 7,, is set by the difference in frequency between
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the line scanning and the shutter opening, as sketched in Figure
7 A. The value of 7, can be computed from the measured
number of rows, M, after which a full modulation period has
been scanned (M = 83 rows in Figure 7) along the y-axis and
from the modulation frequency of the electronic shutter (and
therefore of the probe beam) as 7, = (fsM)~". In the case reported
in Figure 7, fs = 9.78 Hz, M = 83, and 7, = 1.23 ms.

The image profile along the v-axis provides us with informa-
tion on the amount of photobleaching induced by either the
pump only (dark bands) or the pump&probe excitation (bright
bands) during this type of scanning. The plots reported in Figure
7B indicate for the present case (Iprobe == 0.15 kW/cm?, Toump =
10 kW/cm?) decay times of 44 £ 3 and 43 4 2.5 s for the
pump&probe (bright skew stripes) and the pump (dark skew
stripes) only case, respectively. However, it must be noted that
the bleaching time measured here on the image is an effective
value not directly related to the actual protein bleaching time.
In fact, we monitor subsequent pixels along the v-axis, treated
as equivalent, that have received increasing energy doses (of
either the pump or the pump&probe beams) interleaved by times
equal to the line scanning time (=1 s). Moreover, each pixel
switches from one (pump only) to the other (pump&probe)
irradiation mode every half of a modulation period. The
measured decay is however the relevant parameter for the
present image acquisition mode since it corresponds to ap-
proximately 90 scanned lines and it ensures us the possibility
to perform several (= 10) repeated scannings on each line in
order to obtain the dynamic information as outlined hereafter.
In the following analysis, we have therefore not taken into
account the corrections of the y-profiles for this photobleaching
effect.

The profile of BM images along the x-axis allows one to
measure the fluorescence enhancement amplitude on each pixel.
This can be accomplished by performing the spatial first-order
derivative along the row, setting a threshold level on it in order
to select only the pixels on which the bright—dark or dark—bright
transition can be clearly discerned and by averaging pixel by
pixel over a minimum set of rows that correspond to a full half
modulation period, about 40 rows for the image acquisition
parameters used in the example given in Figure 7. As an
example of this procedure, we report in Figure 8A the x-axis
profile of four rows taken 10 rows apart on the same image
reported in Figure 7A. The absolute value of the derivative is
reported in the corresponding layer (open squares) and clearly
indicates the pixels on which the maximal change in the
fluorescence occurs. We assume that fluorescence gain (low to
high transition) is equal to the fluorescence loss (high to low
transition) and use the absolute value of the derivative of the
x-axis profile, therefore halving the number of rows needed to
compute the fluorescence enhancement pixel by pixel over the
whole row (x-axis). The threshold value is to be chosen
according to the probe and the pump excitation intensities that
affect the value of AF and Fy; for example, reported here, we
found that the value AF/F, = 0.5 allowed one to clearly
determine the pixels on which the maximal change AF occurred.
The result of the pixel by pixel averaging described above is
reported in Figure 8B as the plot of the relative fluorescence
enhancement as a function of the position along the row. This
analysis can be extended to a whole image by devising a suitable
scanning algorithm synchronized with the shutter driving
waveform. Also, the number of line scannings needed to cover
the whole set of pixels on the row can be diminished with
respect to the value (=40) used in Figure 8. For the acquisition
parameters used in Figures 7 and 8, we could use a minimum
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Figure 7. Acrylamide gels experiments in the beating mode. The gels were scanned under conditions in which a slight difference exists between
the line scanning and the modulation wave frequencies that yields a time shift 6 per subsequent row. The y-axis piezo control input was set to
ground during the whole scanning. The “image” reported is therefore only the collection of several line scannings of the same row on the gel. (A)
The image, acquired in the beating mode, was 10 x 20 um? (100 x 200 pixels) in size, and it was acquired at a f;, = 1.9608 Hz line scanning
frequency while the shutter frequency was set at fs = 9.78 Hz. The corresponding time shift per row is 7, = 1.23 ms. The x-, y-, and v-axes are
indicated as arrowed lines. The sketch outlines the time scanning along the three axes. The blowup illustrates the role of the time shift per row, z,,
of the pixel dwell time, 7, and of the time shift 6 on each pixel. (B) Plot of the average of five profiles measured along bright (open squares) and
dark (open triangles) v lines on the image reported in (A). The time scale is set by the line scanning frequency. The solid lines are the best-fit

exponential fit to the data (see text).

of 10 line scannings per row to build the entire profile of AF/
Fy over the row.

We finally discuss the analysis of the y-axis image profile
that offers the possibility of measuring the fluorescence activa-
tion kinetics on each pixel of the row. In fact, the fluorescence
collected per pixel is the integration of the photon counts
detected during the pixel dwell time, 7 (see Figure 7A). During
a portion 0 of this time stretch, the probe beam may be switched
on, as sketched in Figure 7A, or off. The rise time of the probe
intensity due to the finite opening time of the electronic shutter
has been estimated to be less than 1 ms. The O time increases,
in the example given in Figures 7 and 8, in steps of 7, = 1.23
ms. When approaching an off—on transition, the signal collected
on the pixel characterized by a shift value O is given by the
integration

(PO = [TdiF(y= [ diF o) + [ diF (1)
(14)

where F,,(f) and Fou(f) represent the fluorescence photon
counting rates when the probe beam is on or off, respectively.
When approaching an on—off transition, instead, the roles of
F,, and F¢ in eq 14 are exchanged. Referring to eq 14, three
cases can then be envisioned. When the probe beam is always
on (0 = 0) or off (0 = 7) during the pixel dwell time, the
fluorescence signal is simply the average of the emission under
the action of the probe&pump beams or of the pump beam
alone. For those pixels, we expect to obtain fairly constant

signals apart from any photobleaching effect. We call these two
levels, B (bright, pump&probe excitation) and D (dim, pump
only excitation). A third case corresponds to the situation when
the switching on (or off) of the probe beam occurs within the
pixel dwell time duration, as outlined in the sketch of Figure
7A. In this case, if we assume an infinitely sharp transition
between the B and D levels, we can compute

1 _9 @=0)p_p_sD=B
(ﬂ-rﬁth(z) D+ =——B=B- 00—
(15a)
for an on—off sharp transition and
1 0, @0, _ (B — D)
(F) =~ S deF(1) B+ ——D=D+ 00—
(15b)

for an off—on sharp transition. The parameter 0 is actually the
y-coordinate referred to the y-value, yy, that represent the onset
of the transition, 0 =y — y,. We expect therefore that the profile
along the y-axis of a BM image resembles a square wave with
linearly increasing or decreasing ramps described by eqs 15a
and 15b. This is actually observed when collecting BM images
under the modulation of the pump beam only on Mut2Q or
fluorescein gels, as reported in Figure 9A. In this case, as shown
in the blowups of Figure 9A, the on—off and off—on transitions
are well-described by linear trends with slopes given by 4650
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Figure 8. Computation of the fluorescence relative enhancement, AF/
F), with pixel resolution. Images acquired in beating mode are analyzed
along the y-axis, row by row. From the derivative along the x-axis, we
can compute the AF/F factor. Due to the small value of the time shift
per row, 0 = 1.23 ms in the presented case, about four contiguous
rows contribute to the average of the AF/F, value on each pixel. (A)
Profile of the image along the x-axis for the rows numbered 12, 22,
32, and 42 (from the bottom to the top layers, thick solid lines) of the
same image reported in Figure 7A. The derivatives of these profiles
are reported in the same layers as open squares. (B) Value of AF/F,
computed on each pixel of the row.

4 30 and 4800 £ 30 Hz, respectively. The transitions occur
indeed on about four pixels along the y-axis, as expected due
to the choice of 7 = 5 ms and to the 7, value 7, = 1.23 ms.
Moreover, we find a quantitative agreement between the
measured slopes and the computation of the values (B — D)/t
= 5500 4+ 500 Hz and ID — Bl/r = 5600 £ 800 Hz performed
directly on the y-axis profile.

What happens instead when we measure a y-axis profile of
the BM image acquired on Mut2Q loaded gels under the probe
beam modulation is reported in Figure 9B. The linear increase
(decrease) of the fluorescence in the off—on (on—off) transitions
is rounded off, giving hints for a finite time response to the
probe beam switching off. It must be noted that the shape of
the on—off transitions depends on the pump intensity, as
expected from the results obtained in solutions and summarized
in the Table 2. However, we also notice that much less
pronounced dependence is found for the off—on transitions. This
behavior is not unexpected since the fluorescence enhancement
is related to transitions from the T to the S, state due to the
probe beam activation. On the other hand, the off transition is
determined by the repopulation of the T state that critically
depends on the excitation rate to the S; state. We expect
therefore that a detailed analysis of the energy diagram model,
specialized to the BM acquisition mode, should account also
for these observations. However, this issue is out of the main
scope of the present report, which is the proof-of-concept of
pixel-dependent measurements of the fluorescence enhancement
amplitude and relaxation times.

The trend of the on—off and off—on transitions can be simply
analyzed if we assume that the response of the protein
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Figure 9. Evaluation of the enhancement activation time on the beating
mode images. (A) Results of control experiments performed on
fluorescein loaded acrylamide gels (pH = 8). The y-axis profile of a
BM image acquired with a line pixel dwell time of 7 = 10 ms and
under a modulation frequency of fg = 9.78 Hz is reported in the main
panel. The insets report the blowups of an off—on (left) and on—off
(right) transitions together with a linear fit to the data according to eqs
15a and 15b. (B) Example of the y-axis profile of a BM image acquired
on Mut2Q loaded acrylamide gels acquired with the same parameters
as those used for the fuorescein gels. The open squares and the filled
circles refer to the pump excitation intensities I,y = 16 and 8 kW/
cm?, respectively (Tyrope = 1.8 kW/cm?). The dashed curves report a
v-axis scan along a bright (upper most) and dim (lower most) oblique
stripe in the image. The insets show a blowup of the on—off transition
for these two pump intensity values, together with a best-fit function
according to eq 18. The best-fit parameters are B = 4.4 + 0.1, I’ = 55
+ 15 Hz, ID—BIl/r = 480 % 90, and ID—BI/(T't) = 17 =& 2 for the Jyump
= 8 kW/cm? case and B = 5.9 & 0.2, ' = 88 + 20 Hz, ID—Bl/t =
490 =+ 100, and ID—BI/(T'7) = 13.5 £ 4 for the Jyymy = 16 kW/cm?
case.

fluorescence to the probe intensity is described by a single
exponential relaxation (with relaxation rate I'). The fluorescence
photon counting during the pixel integration time, 7, is given
by the following equation

_ D 0
Fo = {D + (B — D)1 — exp[-T1]) o

With the present choice of the BM images acquisition param-
eters, the time resolution given by 7, = 1.23 ms does not allow
one to discern two exponential relaxations as done in the solution
experiments. A symmetric expression to eq 16 is given for the
on—off transition. By employing eq 16 in eq 14, eqs 15a and
15b, the functional form of (F), becomes then nonlinear as a
function of the y-axis time, 0

{(an) =
0<90

1 _ (B—D) (I —exp[-T'(r — 9)D
: fo UF(=D + = [a+ . ]

A7)

for an off —on transition and
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?mm—rﬁmm>3 Bl + =
0=<0

(18)

for an on—off transition. Here, the value 6 = 0 represents the
time (or pixel along the y-axis profile) at which the probe beam
is switched on or off.

Equations 17 and 18 closely describe the observed trends as
illustrated in Figure 9B (insets). Actually, we should take into
account also how the relaxing fluorescence signal is integrated
in the pixel when the switching on or switching off of the probe
beam occurs close to the pixel dwell time though not within it,
that is, for ¢ < 0. This would bring us to a slightly more complex
trend (reported in the SI) than that reported in eqs 17 and 18.
We use here for sake of simplicity these simplified equations
in order to provide a proof-of-principle of the proposed dynamic
imaging method.

The best-fit values (see figure caption) of the relaxation rates
are ' =55 £ 15 Hz and ' = 90 + 20 Hz for the pump
excitation intensities Jpump = 8 and 16 kW/cm?, respectively.
The corresponding relaxation times should correspond to the
T,k values reported in Table 2. In fact, the time resolution
obtained here by the beating acquisition mode, 7, = 1.23 ms,
does not allow one to discriminate the contribution of the fast
relaxation time, T;r = 1 ms (see Table 2), obtained in the
solution experiments. The corresponding relaxation times, Tog
= 1/T', that can be recovered from the y-axis profile analysis
are then 7o = 18 &= 5 and 11 £ 3 ms for the Iy, = 8 and 16
kW/cm? cases, therefore in very good agreement with the
solution results (see Table 2). This type of analysis can be
performed on a per pixel level by analyzing all of the y-axis
profiles that can be measured on a BM image, as shown in
Figure 7. Our aim here was only to provide proof-of-concept
experiments that allow one to envision the possibility of
measuring on single pixels of an image both the fluorescence
enhancement amplitude and its characteristic activation/
deactivation times.

IV. Conclusions

The Mut2Q fluorescence enhancement amplitude can be
exploited for modulated excitation imaging. The characterization
given here of the amplitude and kinetics of the fluorescence
enhancement of Mut2Q is an essential step toward future
applications in modulated imaging. The marked dependence of
the fluorescence enhancement and its relaxation time, (7), on
the solution pH might also be exploited in the future for in vitro
and intracellular measurements of pH, an aim that was not in
the scope of this report.

The four-energy-level scheme solved for the average equi-
librium response and for fluorescence enhancement dynamics
suggests that the observed phenomenon is related to a single
feedback loop between a triplet (or long-lived) state and an
excited state from which the excited singlet state can be
repopulated. It is likely that also other transitions to higher
energy levels from the T trap state are present. This theoretical
description, the experimental estimate of the number and values
of the relaxation times, and the tentative assignment of this
dynamics to specific transitions suggest also applications of
Mut2Q in modulated excitation fluorescence imaging. In fact,
the enhancement factor increases rapidly with the probe beam
intensity, the most effective case occurring at low pump beam
intensity. This opens up the possibility of performing fluores-
cence imaging under modulated probe beam intensity while
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keeping the pump excitation at a minimum in a way similar to
what was recently proposed by the Marriott group.'* A phase-
sensitive acquisition of the fluorescence output per pixel would
then allow one to increase the image signal-to-noise ratio. Other
interesting scenarios could be opened by devising new mutants
in which the fluorescence activation is primed by two-photon
infrared absorption and/or with activation times that fall in a
shorter time window. We are currently investigating these
possibilities.

An example of future fluorescence microscopy applications
of Mut2Q or similar mutants has been given here by devising
imaging protocols that allow the pixel-resolved measurement
of the enhancement amplitude and relaxation times of the
proteins trapped in gel matrixes. These experiments are thought
to mimic, in terms of reduced mobility, the case of proteins in
intracellular environments. We have illustrated how a simple
synchronous-phase-resolved imaging method, called here beat-
ing mode imaging, allows one, in fact, to measure pixel by pixel
the fluorescence enhancement and its activation/deactivation
characteristic time and to have an estimate of the possible
photobleaching on the immobilized proteins. Though the data
reported here allow one to envision the possibility of using such
imaging protocols and similar mutants for intracellular dynamic
measurements, still a number of issues should be addressed in
the near future. Experiments on chimeric proteins bringing
Mut2Q and receptors specific for intracellular compartments are
in progress in order to ascertain the potential of the proposed
imaging protocols for cellular biophysical studies.
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