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Selective Fluorescence Recovery after Bleaching
of Single E°GFP Proteins Induced by Two-

Photon Excitation**

G. Chirico,*™ A. Diaspro,'® F. Cannone,® M. Collini,” S. Bologna,' V. Pellegrini,®

and F. Beltram®™

We report the two-photon excitation and emission of a recently
developed green fluorescent protein (GFP) mutant, E°GFP. Two
main excitation bands are found at 780 and 870 nm. Blinking
and irreversible and reversible bleaching were observed. Fluores-
cence blinking occurs in the millisecond range and has been as-
cribed to conversions between the neutral, anionic and dark zwit-
terionic states. Bleaching is observed after approximately 10 to

Introduction

Fluorophores display photobleaching, a permanent and irrever-
sible loss of fluorescence emission."? This process limits the
observation time of fluorescence emission from biological sam-
ples, especially when high excitation intensities are used, as in
confocal and two-photon microscopy.®* Most of the chromo-
phores for biological applications have also pronounced blink-
ing in the microsecond-to-millisecond range.*® Bleaching
should be taken carefully into account in the application of
fluorescence microscopy to the study of long-lasting cellular
processes at high spatial resolution. The control of the chro-
mophore emission is therefore an essential step for a wider
and more effective application of fluorescence microspectro-
scopy to cellular environments. In this framework, some bio-
logical systems, such as the green fluorescent protein (GFP) of
the Aequorea Victoria jellyfish, offer naturally evolved optimized
structures with unique properties that can be further tailored
to specific applications by genetic engineering.”®*® GFP has
emerged in recent years as a unique fluorescent marker in mo-
lecular and cell biology."®™ GFP fluorescence dynamics are
characterized by transitions between bright and dark states
which, at the single-molecule level, lead to reversible turning
on and off (blinking) of the emission.®®'? Blinking of GFP mu-
tants has been addressed in a number of works mainly by
single-molecule techniques."® Photobleaching of GFP mu-
tants"*'>'9 and different types of photoactivation processes
have also been reported and studied. Dickson et al.'? were
able to recover fluorescence emission from apparently irrever-
sibly photobleached YFP molecules (that carry the T203Y mu-
tation) with 405-nm irradiation. On the other hand, Cinelli
et al™ have demonstrated no optical switching behavior for
EGFP under a variety of conditions, while spontaneous recov-
ery of fluorescence has been reported for GFP mutants carry-
ing the E222Q mutation. Jung et al."” found recovery times as
long as 180 min after bleaching, and these results have been
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4000 ms depending on the excitation power, and it is probably
due to a conversion to a dark state. The striking feature of this
GFP mutant is that the fluorescence can be recovered with very
high efficiency only upon irradiation at 720+ 10 nm. This GFP
mutant therefore seems promising as an almost permanent chro-
mophore for two-photon excitation (TPE) microscopy or for appli-
cations in single-molecule memory arrays.

confirmed and extended by Garcia-Parajo et al.”! on the S65T
mutant of GFP. More recently Jung et al."® have demonstrated
the photoinduced enhancement in the fluorescence output of
a E222Q-GFP mutant by dual color excitation. Recently Lippin-
cott-Schwartz and Patterson™ gave an overview of three dif-
ferent protein mutants, PA-GFP'? Kaede” and KFP1%?" that
represent a choice as photoactivated fluorescent proteins. PA-
GFP" s the only GFP mutant of these series, and it is charac-
terized by a mutation at the threonine 203 (T203 H).

Herein, we report the two-photon excitation (TPE) of fluores-
cence of single molecules of E’GFP, a recently developed GFP
mutant,”? in terms of the quantum yields, cross sections, life-
times, and dependence upon pH. E*GFP is a triple mutation of
GFP (F64L, S65T, T203Y) obtained by a T203Y mutation of
EGFP.">?4 The main result of this study is the finding that fluo-
rescence is recovered after photobleaching only upon selective
irradiation with near-infrared (IR) light. The fluorescence recov-
ery is highly efficient and its dependence upon the irradiation
wavelength is very sharp. These features offer the possibility to
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Selective Fluorescence Recovery after Bleaching

use E*GFP for intracellular studies of slow biological processes
by means of single-molecule two-photon excitation.

Experimental Section

Optical Setup: The optical setup is built around an inverted micro-
scope (TE300, Nikon, Japan) with a Plan Apochromat 100X oil ob-
jective (N.A.=1.4, Nikon, Japan) and a PCM2000 Nikon scanning
head coupled to a femtosecond mode-locked Ti:sapphire laser
(Tsunami 3960, Spectra Physics, CA) as described elsewhere.”® The
fluorescence signal, collected by an objective and spectrally re-
solved by either emission filters (HQ535/30=535+ 15 nm, HQ440/
50=440+25 nm and SP670=short pass at 670 nm, Chroma Inc.,
Brattelboro, VT) or a Jobin-lvon monochromator, is fed to a multi-
mode fiber that brings the light to a photomultiplier (R928, Hama-
matsu, Milano, Italy) in the PCM2000 controller.”® The point spread
function widths of the setup measured at =740 nm are 220+
40 nm in the radial direction and
790+50 nm in the axial direction
(statistical accuracy means stan-
dard deviation herein).?¥

N
)

Sample Preparation: E’GFP is a
triple mutation (F64 L, S65T, T203Y)
obtained as a mutation of EGFP
(F64 L, S65T). E’GFP has been pre-
pared as a recombinant protein, as
described by Cinelli etal™ For
single-molecule studies, the E*GFP
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ed during the rest of the image acquisition. The images typically
showed several distinct spots ascribed to the fluorescence signal
from either single proteins or small aggregates. Single-molecule
spots were then identified according to a histogram analysis of the
fluorescence output, as described elsewhere®” and to the observa-
tion of a sudden single-step bleaching on our sampling time scale
(=360 ps).

Fluorescence Spectra Acquisition: The fluorescence emission spec-
trum was acquired through a monochromator (Jobin-Yvon, Long-
jumeau, France, model H10-450) with a 4 nm spectral resolution.
Fluorescence excitation spectra were obtained on aggregates of
~10 E*’GFP molecules encapsulated in silica gel, and by varying
the excitation wavelength (700-920 nm) at fixed excitation power
on the sample (1 mW), or by collecting the fluorescent signal
through various emission filters (SP670, and HQ440/50 and HQ535/
30). The emission and excitation spectra shown in the Figure 1 are
the average of the spectra taken on =10 aggregates.
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molecules were encapsulated in 400
silica gels.” We have shown previ-
ously®® that this trapping matrix
allows protein rotational motions
and does not change the main
chemical and physical properties
of the protein. The stock protein
solution was diluted 50- to 100-
fold in citrate buffer (10 mm cit-
rate, 100 mm phosphate buffer,
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pH 5.0). The final solution was O700 750 800
mixed with the solution (in a 7:10
ratio), obtained with tetramethyl-
orthosilicate, water, hydrochloric
acid, and phosphate buffer. Silica
gels were then covered with the
same buffer solution and stored at
4°C for at least 12 h before use.
The gel pore size is estimated to
be less than a few nanometers and
the E’GFP molecules, which have
an average diameter of about
4 nm, were not observed to leak
through the gels. The E*GFP con-
centration in silica gel is estimated
around 10 nMm. All experiments

were performed at room temperature.

Fluorescence Imaging: The images (512 %512 pixels) of encapsulat-
ed fluorescent proteins were acquired with a residence time of
3 us per pixel, a field of view ~10umx10um and excitation
power ~3—15 mW on the sample. The single-molecule spot cor-
responds to approximately 11x 11 pixels for this choice of imaging
parameters. The effective collection time of fluorescence per single
protein is therefore ~360 pus. The single proteins were not irradiat-
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Figure 1. Panel A: two-photon fluorescence emission spectrum upon excitation at =760 nm at constant excitation
power (1 mW, silica gel pH 5). Panels B, C and D: two-photon fluorescence excitation spectra of E°GFP trapped in
silica gels (= 10 molecules/excitation volume). The solid lines are best fits to the sum of two Lorentzians. Panel B re-
ports the fluorescence emission observed through a short-pass IR filter (< 670 nm). Panels C and D report the fluores-
cence emission observed through 440/50 and 535/30 emission filters. Inset of panel B: fluorescence emission averaged
over = 100 single molecules for the A state (m) with excitation at 780 nm and emission through the 440/50 filter
(transmission =~ 94 %), and for the state B (@) with excitation at 870 nm and emission through the 535/30 filter (trans-
mission = 60%). The data have been computed by summing all the photons collected on a single-protein spot, which
corresponds to = 120 pixels, and for a total of 360 us illumination time of the single protein. Solid lines are the best
fits to the function: aP%/[1+ (P/Pyuuraion)’]- The best-fit values are reported in the text. Inset of panel C: fluorescence ex-
citation spectra taken on small protein aggregates in the gels and observed through the short-pass emission filter at
pH 5.8 (m), 7.4 (0) and 9 (»). Inset of panel D: fluorescence decay averaged over 100 molecules for the A (m) and B

(@) states. The best-fit values are reported in the text.

Fluorescence Kinetics of Individual Spots: To study the E°GFP pho-
todynamics, we collected sequential images for a total time of
~ 10 s. The single-molecule illumination time in a 160x 160 pixels
image, is 360 pus. This corresponds to the illumination time per
single protein on the image. Single proteins were not irradiated
for the rest of the image acquisition, which lasted
~229 ms. The stability of the microscope stage in the z direction
was assessed as described previously.?®
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Lifetime Measurements: We measured excited-state lifetime by
means of a PCl board for time-correlated single photon counting
(TCSPQ) (Time Harp 200, PicoQuant, Berlin) connected to an Ava-
lanche photodiode (APD; EG&G, Canada, |; model SPCM-AQR15) di-
rectly coupled to one of the bottom ports of the Nikon micro-
scope. The lifetime measurement duration was less than the
bleaching time, typically 4 s at 0.5 mW, and the temperature T was
kept at 293 K in order to minimize the blinking and photoconver-
sion probability. We verified that, on each acquisition run, no blink-
ing event was detected. Each lifetime decay was obtained by
counting typically 7000-15000 photons per single molecule.

Results
Excitation and Emission Spectra

TPE spectra of single E°GFP molecules are reported in Figure 1.
The emission spectrum upon two-photon excitation at 1~
780 nm, shows two components at A~445nm and at A=
525 nm (Figure 1, panel A) and it is very similar in shape to the
one-photon excitation (OPE) spectrum.”? The TPE spectra of
single E’GFP molecules in silica gel, very similar to those in so-
lution, have been acquired through three emission filters in
order to select the full emission (SP670), the emission at
445 nm (HQ440/50) or the emission at 527 nm (HQ535/30).
When the fluorescence is collected through the short-pass
filter, two excitation bands at A=780 nm and A =870 nm are
found (Figure 1, panel B) similar to the spectrum collected
through the HQ535/30 filter (Figure 1, panel D). On the contra-
ry, the excitation spectrum shows a single band (1 =780 nm)
when collected through the HQ440/50 filter (Figure 1, panel C).
By comparing the two-photon emission and excitation spectra
we suggest that the E>’GFP mutant shows at least two TPE fluo-
rescent states: state A (A.,.=780 nm, A.,,=445 nm) and state B
(Aee=870 nm, A,,=525nm). Moreover, we identify the
states A and B as the neutral and anionic states of the chromo-
phore. This assignment is further confirmed by the following
considerations. When we increase the pH in the silica gel, we
observe a decrease of the A band and a corresponding in-
crease of the B band (Figure 1, panel C, inset). The fluorescence
lifetime of E2GFP, measured on single proteins on the A (excita-
tion at 780 nm, emission through the HQ440/50 filter) and B
(excitation at 870 nm, emission through the HQ535/30 filter)
channels, can be fitted to a single exponential decay for lag
times >300ps (Figure 1, panel D, inset), finding lifetimes
values of ~1ns and ~2.8ns, respectively. When we excite
bulk solutions of E’GFP on either the neutral or the anionic
channel we obtain a single exponential decay (for lag times
larger than 0.3 ns) with values t=1.0+0.2ns and 7=3.1+
0.2 ns, respectively. These are also the typical values of the life-
times reported in the literature for the neutral and the anionic
states of most of the GFP mutants.”” We notice here that
Lossau etal., who have studied in detail the fluorescence
decay of GFP mutants in the subnanosecond time window,
report more than one lifetime component for the neutral state,
with an average value =~0.9 ns, in good agreement with our
measurements. It is likely that we cannot resolve more than
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one lifetime component in our measurements due to the time
resolution of our setup.

Finally it is worth noting that the emission at 1~~445 nm
could not be observed in ref.[22] only because a single-
photon excitation at 476 nm was used. An excitation at
400 nm would probably have shown an emission at ~445 nm.
As a matter of fact the GFP blue-edge emission (here 445 nm)
has been observed only once® 3" apart from the present data,
and can be ascribed to a direct emission of the neutral state.

TPE Fluorescence Emission versus Excitation Power

We studied the fluorescence of more than 100 single E°GFP
molecules at different excitation powers. The fluorescence
emission versus the excitation power at 780 nm and 870 nm,
in the range 0-15mW, follows a second-order power law
(Figure 1, panel B, inset). A saturation effect is evident for exci-
tation powers larger than 10—15 mW for both states and is
well accounted for™ by the function aP*/[1 4 (P/P.ration)’]. We
find a,=0.6+0.02kHzm "W 2 P mion=20£08mW for
state A, and az=0.1£0.04 kHzm "W, P aion=30+1 mW
for the state B.

Ground-State Population

When the same field of view is observed first in the A and
then in the B channel, different single molecules are detected
(Figure 2). We never observed a single protein spot on both
channels. In order to check that no photobleaching effect is
present we acquired a third image on the A channel and this
always gave the same single-molecule spots observed in the
image previously taken on the A channel. At acidic pH, the
number N(780,440) of single E2GFP observed in the A channel
was always larger than that observed in the B channel,
N(870,535). The ratio N(780,440)/N(870,535) depends on the
pH (see the sequence of images and left graph in Figure 2). In
fact when increasing the pH, we observe an increase of
N(870,535) and a decrease of N(780,440), that is, at basic pH
the B state is more populated than A state. The spots not en-
closed in rectangles are aggregates (between four and seven
proteins per aggregate) and clusters of aggregates. Their inten-
sity decreases with pH when observed on the A channel but
increases with pH when observed on the B channel. This trend
reflects the change in the number of proteins on each channel
per aggregate, in agreement with the observations done on
the single-protein spots.

It is remarkable that we never observed the same molecule
on both channels, neutral and anionic. This implies the exis-
tence of two stable and spectrally distinct species, the neutral
and the anionic one, and highlights the strength of single-mol-
ecule spectroscopy in studying the molecular heterogeneity.

Single-Molecule Fluorescence Kinetics

Tens to hundreds of images of single E2GFP molecules could
be recorded in the IR region 770-890 nm before the fluores-
cence dropped suddenly (i.e., within 360 ps) to the back-

ChemPhysChem 2005, 6, 328 — 335
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Figure 2. Fluorescence images of the same field of view, 10 umx 10 um
(512x 512 pixels, 3 us dwell time, 10 mW excitation power) through the A and
B channels at different silica gel pH values. Left column: A channel (neutral
state, excitation at L. =780 nm and collection through a 440/50 emission
filter) at pH 5, 6.5 and 8. Right column: B channel (anionic state, excitation at
Aec=870 nm and collection through a 535/30 emission filter) at different pH
values (5, 6.5 and 8). Rectangles on the images indicate all single molecules as
determined through the histogram analysis. Single proteins present in the

A state are not visible in the B state and vice versa. When increasing the pH,
the anionic B state (right) is more populated than the neutral A state (left). The
ground-state population is: N(780,440) =9, N(870,525)=2 at pH 5,

N(780,440) =5, N(870,525) =6 at pH 6.5 and N(780,440) =2, N(870,525)=9 at
pH 8. Since in these measurements there is no bleaching,
N(780,440) + N(870,525) =11 at all pH values. The single-protein spots corre-
spond to approximately 121 pixels (and =360 us acquisition time) on the
image and to a total number of counts per spot of 15, 10 and 5 for the pH 5,
6.5 and 8 (neutral state), and 5, 11 and 15 for the anionic state at pH 5, 6.5
and 8. The background on the image is approximately 1 count per 121 pixels
area. The spots not included in the rectangles are aggregates of order between
four and seven. The left graph shows the number of molecules counted on the
two channels, neutral (m) and anionic (o), versus pH on a sample of N=88
total proteins. The error bars indicate the Poisson uncertainty due to the finite
number of molecules sampled (=N"?). The right graph shows the free energy
change AG, for the reaction A—B+H™ measured versus temperature at pH 5.
The solid line represents a fit to the van't Hoff equation.

ground level (Figure 3, panel A). Here we call “bleaching” any
transition from a fluorescent (A or B) state to a dark state D in-
dependent of its origin. The time, fyesching: at Which the bleach-
ing transition occurs, depends on the excitation intensity. The
bleached single molecules did not recover spontaneously the

ChemPhysChem 2005, 6, 328-335 www.chemphyschem.org
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fluorescence emission even when left in the dark for 180-
600 s, contrary to what was found for GFP-E222Q mutants"”
and single dyes.”® The distribution of the bleaching time can
be fitted to a Gaussian (Figure 3, panel C) for both the elec-
tronic transitions. The average value of the bleaching rate, I'=
1/toieaching: depends on the excitation power as I'=y;P%, j=AB.
The fit of the experimental bleaching rate to this function
gives and Kk,=Kz=254+03 and y,=77x10°+£2x
1072 Hz(mW) ™%, 7,=1.05x 10724 1x10"% Hz(mW)** (Figure 3,
panel B).

We also observed fluorescence blinking on the B state only.
The duration t; and t,,, of the “off” and “on” states are in the
range of 1-40 ms, depending on the excitation power. The dis-
tribution of these times can be described by an exponential
behavior (Figure 3, panel D). However, while the average value
of (t) does not change appreciably with the excitation
power, the average value of (t,) decreases as P2 (see
Figure 3, panel D, inset).

The molecules that fell into the dark state D could recover
fluorescence emission after they were illuminated with shorter
wavelengths in the range 710-740 nm. These wavelengths are
approximately double the value (365 nm) of the absorption
peak of a photoreversible, optically inactive configuration ob-
served in bulk solutions of E2GFP.? The recovery efficiency, de-
fined as the ratio of the molecules that recovered fluorescence
emission over the total bleached molecules, depends on the
excitation power and on the irradiation time. The longer the ir-
radiation time, the higher the number of the molecules that
could recover fluorescence emission (Figure 4).

The difference between the single-molecule fluorescence
emission before and after the bleaching/recovery cycle is
always within the statistical uncertainty due to the shot noise.
We collect typically 10-30 photons per sampling time (30-
80 kHz fluorescence rate). Within the Poisson uncertainty of
20-30% we do not see a systematic change in the fluores-
cence output of the single proteins upon fluorescence recov-
ery. The dependence of the recovery efficiency on the wave-
length is sharp, with a maximum at 720 nm (inset of Figure 4)
where up to 95% of the bleached molecules could recover
fluorescence emission. The spectral shape of the fluorescence
recovery efficiency does not seem to change appreciably with
the excitation power and with the bleached state, A or B (data
not shown).

Discussion

According to the results described above, we can propose an
energy level diagram for EGFP (see Figure 5) that includes at
least two fluorescent states (A and B) whose population and
emission is sensitive to the pH of the environment, and two
dark states (Z and D). By comparing the lifetime values and the
pH trend of the relative population of the A and B states of
the E2GFP with those of other GFP mutants we suggest that
the A spectral component corresponds to a neutral state and
the B component to an anionic state of the GFP chromo-
phore.’™ The number of molecules, N(780,440) and N(870,535),
on the A and B channels occur in a definite ratio that depends
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Figure 3. Panel A: typical fluorescence kinetics of single molecules (at pH 5) in the neutral (m) and in the anionic (e) states under 10 mW excitation power versus
time. Panel B: bleaching rate I = 1Ayeqching averaged over ~ 100 molecules for the A state (m) with excitation at 780 nm and emission through the 440/50 filter, and
for the B state (@) with excitation at 870 nm and emission through the 535/30 filter. Solid lines are the best fit to the function: yP*. The best-fit values of the param-
eters are reported in the text. Panel C: histogram of the bleaching time tyjeching at 10 mW for the anionic state. The solid line is the best-fit Gaussian function to the
data. Panel D: histogram of the blinking time t,; at 10 mW excitation power. The solid line is a monoexponential fit to the data. Inset of panel D: average values
of (t,,) (V) and (ty) (e) versus the excitation power. The solid line is a ~P~? best fit to the t,, data.
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Figure 4. Percentage of the bleached E’GFP molecules that recover fluorescence
emission after the illumination time at 720 nm for different excitation powers
on the sample: 3.3 mW (%), 4.3 mW (a), 5 mW (o) and 5.7 mW (e). The data
are plotted versus the product of the irradiation time and the irradiation
energy at 720 nm, which is proportional to the absorbed energy (see text for a
discussion). The solid line is the best fit to a sigmoid function, y=A,+ (A,—A,)/
[T+ exp((x-xy)/dx)] with values A,=100+ 1.5, A,;=0.2+ 1.5, dx=8.2+0.7 and
Xo=66+0.7 . Right inset: fluorescence recovery efficiency at fixed illumina-
tion time (20 ms) and excitation power (4.3 mW) versus the excitation wave-
length. The solid line is a best fit to a Gaussian function. Left inset: fluorescence
rate collected from a single protein with excitation power=10 mW (at

A=780 nm, pH 5). After each bleaching event, the protein was irradiated for

14 ms at 720 nm with an irradiation power of 5.7 mW. For clarity, we plot one
in every five points. Filled squares (m) and open circles (0) indicate the fluores-
cence emission upon 780 nm excitation and 720 nm irradiation.

on the silica gel pH (Figure 2, left graph) and temperature

(Figure 2, right graph). In a first approximation N(780,440) and
N(870,530) should be equal to the number of molecules (N,
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Figure 5. Scheme of the proposed electronic levels structure for E’GFP. A is the
neutral state, B is the anionic state, Z is the zwitterionic state, D is the dark
state. The solid lines indicate the excitation paths, the thick dashed lines indi-
cate the radiative transitions, the thin dashed lines indicate the nonradiative
transitions between excited and ground states, and the dotted lines indicate
the conversions between excited or ground states (A*—B* B*—Z* and Z—B).
The excitation and emission wavelengths are indicated in the graph. The gray
areas indicate the energy barriers to be overcome in order to recover fluores-
cence emission.

Ng) in the ground A and B states, respectively. False assign-
ments of the molecules to the two states could be possible
due to the photoconversion between the excited A* an
B* states that can also be observed in the spectra of Figure 1
(panel D). In fact, a detailed analysis of the TPE and OPE spec-
tra®¥ indicates a photoconversion A*—B* efficiency ~20%, as
found for other GFP mutants.”® However, due to the difference
in brightness of the two states, we estimate that the numbers

ChemPhysChem 2005, 6, 328 — 335
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N(780,440), N(870,530) reproduce N, and Ny within the experi-
mental uncertainties. A complete study of a second GFP
mutant®™ and preliminary studies on E’GFP show that low ex-
citation intensities and large image sampling time (the time
between one image and the subsequent one) diminish the
photoconversion probability. The data reported in Figure 2 are
taken with a very large image sampling time (that in this case
is the time needed to exchange pH in the gel) and at low exci-
tation power (P~10mW). In this case the photoconversion
probability is kept at a minimum, although it cannot be abol-
ished. We can therefore estimate the free energy gap between
the anionic and neutral states from the Equation (1):

N(780440) Ny _ .« )
N(870,535) ~ Ny

The experimental value, obtained by an average over 60
single proteins, Ny/N;=4.4+1.2 determined at pH 5, implies
that the difference in the free energy between the two states
is Gg—G,=3.5+0.7 kymol™". We have then determined the en-
thalpy and entropy change for the deprotonation reaction A—
B+HT. In this case we have measured the ratio Ng/N, over a
sample of 88 single molecules at pH 5.5 in the temperature
range 2°C to 50°C, and evaluated the deprotonation equilibri-
um constant as given in Equation (2):

Keg = %10*"“ (2)

A

The temperature dependence of the equilibrium constant
allows the calculation of the standard reaction enthalpy AHS
according to the van't Hoff Equation (3):

d AHS
aq/T) IN(Keq) =5 (3)

where R is the gas constant R=8.31JK 'mole”". From the

linear fit reported in the right plot of Figure 2 we obtain AH=
3.6+0.2 kJmol™" , and from this a standard entropy change
AS=-105+5kimol~'K™". The trend and the values of the
free energies reported here are very similar to those reported
by Haupts et al.”! for EGFP at pH 6.5.

Theoretical predictions and
ments®@ indicate that a fourth metastable statel exists,
which acts as an intermediate between the A* and B* states.
This state has recently been stabilized®® and observed in a
GFP mutant (with mutations Thr203 Val and Glu222GlIn). It is
suggested that the excited I* state can decay through direct
fluorescence to its ground state with fast conversion into the
ground A state or through a rapid conversion of I* to the excit-
ed B* state.®”*¥ Although we do not observe a third emission
band (Figure 1, panel A) in the fluorescent spectrum, we
cannot discriminate between these two possible relaxation
pathways since the | and B emissions largely overlap.®”

The transition of a single E°GFP from the anionic B state to
the zwitterionic state can account for the reversible process of
blinking. In fact the zwitterionic Z form has been reported to

low temperature measure-
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be a dark state.®>***" On the other hand the photoconversion
between the excited states A* (RH" in ref. [39]) and B* (R [ in
ref. [39]), due to a proton transfer process is expected to be
slower than ~10 ns.*’% |n the ms range, no blinking process
is observed for the A state. The distribution of the blinking off-
and on-times is well described by an exponential function
(Figure 3, panel D) with average values in the order of millisec-
onds. However, while (t.4) does not vary appreciably with the
excitation power, the average values of the on-times, (t,,),
shows a clear quadratic dependence on the excitation power
(see Figure 3, panel D, inset). According to Weber et al.,*"’ we
assign the blinking off-transition to a conversion between the
excited B* and Z* states. Its probability would depend on the
B—B* excitation and, therefore, on the second power of the
excitation intensity. On the other hand, the fact that (t.4) does
not change with the excitation power suggests that the E>’GFP
protein may spontaneously relax to the B state, from which
the fluorescence cycle can start over again. This would indicate
that the ground Z state lies at higher energy than the
ground B state and that there is a very low energy barrier to
be overcome for this process.

The transition from the A or B state to the dark D state is ap-
parently an irreversible process, which we call bleaching. The
approximately second-order power law of the bleaching rate I
upon the excitation power P (Figure 3, panel B) is expected
since bleaching usually occurs from excited states that are
reached here by two-photon absorption. Similar findings have
been reported from bulk measurements on simple fluoro-
phores on microdroplets by Patterson et al.®? However the
bleaching time has a Gaussian distribution (Figure 3, panel C)
and this is a strong indication that the observed process is not
due to a transition from the excited singlet to a dark state, a
process that should be characterized by an exponential distri-
bution of bleaching times.”

Our data indicate that, at acidic pH, the A state lies slightly
lower than the B state, while the energy level of A* is slightly
higher than that of B*. This assignment comes from the mea-
surement of the equilibrium ratio N,/Nz and from the emission
Stokes shifts. Blinking suggests that there is a conversion be-
tween the B and Z states both at the ground (t,4) and at the
excited (t,,) states (Figure 5). On the other hand, bleaching is
probably related to the transition from the excited states A*
and B* to a dark state D* that converts non-radiatively to D. It
is not possible from the present study to infer whether the
A*-D* transition is more likely to occur than the B*-D* one,
since the bleaching times are very similar for the two excita-
tion bands and have similar dependence on the excitation
power. The dark D state to which the molecules convert is dif-
ferent from the zwitterionic Z state for which the fast blinking
is observed.?*3¢

The fluorescence emission from single E>’GFP molecules that
have been bleached by two-photon excitation at 780 or
870 nm, can be recovered upon excitation at 710-730 nm. In
particular, we observed that the recovery of the fluorescence
has a sharp dependence on the irradiation wavelength with a
maximum at 720 nm (see inset Figure 4). Moreover, the fluores-
cence recovery efficiency depends upon the irradiation time
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times the irradiation power. This parameter is proportional to
the total energy released to the molecules (Figure 4). The
actual released energy could be computed from the knowl-
edge of the two-photon absorption cross section at 720 nm.
The recovery efficiency reaches 50% for an energy release of
approximately 65 pJ. Furthermore, experiments on the fluores-
cence recovery of proteins selectively bleached on either the
neutral or anionic state® indicate that two separate dark
states may be present in EGFP. The recovery of the fluores-
cence upon irradiation at ~720 nm suggests that the D-D*
transition would correspond to an energy gap much larger
than those related to the other transitions of the chromophore
(Figure 5) and probably related to the 360-nm absorption
band found upon OPE.?>3? The observation that the recovery
efficiency spectrum is quite sharp around 720 nm (Figure 4)
suggests that the distribution of the vibrational levels of the
D states is relatively narrow, and/or that the recovery is a com-
bination of more than one excitation step, as also confirmed
by the steepness of the dependence of the fluorescence recov-
ery efficiency upon the released energy. Actually the narrow-
ness of the recovery efficiency spectrum (inset of Figure 4) is
one of the most attractive features of E’GFP. As a final remark,
we notice that the almost complete recovery of the fluores-
cence upon irradiation at 720 nm, calls for a word of caution
about the actual origin of the so-called “dark state”. In fact we
would expect that a fraction of the bleached proteins undergo
a photo-chemical reaction from D" and could not recover fluo-
rescence at all. The almost 100% fluorescence recovery ob-
served here, suggests that proteins do not undergo an irrever-
sible chemical reaction from the so-called dark state.

Conclusions

Various pathways among the neutral, the anionic B and the
dark zwitterionic state of E’GFP have been observed. The char-
acteristic times for the conversions among these states range
from =~one to several milliseconds. Moreover we have ob-
served bleaching of single E2GFP molecules after ~10 ms-1s
of irradiation in the near-infrared (at 780 nm or 870 nm), de-
pending on the excitation power. This process is probably due
to a conversion to a fourth dark D state from which the fluo-
rescence can be recovered with very high efficiency only upon
irradiation at 720 + 10 nm. Two striking features are that the re-
covery of the fluorescence reaches ~100% at 720 nm and
that it has a sharp dependence upon the irradiation power
and the illumination time. This GFP mutant seems therefore
promising as an almost permanent chromophore for TPE mi-
croscopy. Moreover E2GFP could be valuable also for applica-
tions in single-molecule memory arrays. In fact the possibility
to use IRradiation and high spatial resolution of the two-
photon excitation process would allow to have high-density
three-dimensional single-molecule memories, where the “0”
and “1” bits are dark and bright states and the “erase” and
“write” instruction are obtained by illumination at 780 nm and
720 nm, respectively. These possibilities will require further
characterization and optimization of the E2GFP mutant, which
are currently in progress.
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