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ABSTRACT The irreversible photoconversion of T203V green fluorescent protein (GFP) via decarboxylation is studied under
femtosecond excitation using an accumulative product detection method that allows us to measure small conversion efficiencies
of down to AOD = 10~7 absorbance change per pulse. Power studies with 800- and 400-nm pulse excitation reveal that exci-
tation to higher states of the neutral form of the GFP chromophore induces photoconversion very efficiently. The singly excited
neutral chromophore is a resonant intermediate of the two-step excitation process that leads to efficient photoconversion. We
determine the dynamics of this two-step process by separating the excitation step of the neutral chromophore from the further
excitation step to the reactive state in a time-resolved two-color experiment. The dynamics show that a further excitation to
the very reactive higher excited state is only possible from the initially excited neutral chromophore and not from the fluorescent
intermediate state. For applications of GFP in two-photon fluorescence microscopy, the found photochemical behavior implies
that the high intensity conditions used in microscopy can lead to photoconversion easily and care has to be taken to avoid

unwanted photoconversion.

INTRODUCTION

In the past two decades, fluorescence became the basis for
many standard analytical tools in the life sciences due to
its detection sensitivity and specificity toward analytes.
The availability of compact and powerful laser sources trig-
gered the development of new fluorophores and of detection
schemes beyond ordinary luminescence excitation. Manipu-
lating intervention into the emission process by stimulated
emission was applied to localize cellular structures with
unprecedented accuracy in optical microscopy (1). Photoac-
tivation was used to map proteins with temporal and spatial
resolution (2). The first method repetitively exploits the
cyclic population of different photophysical states of a dye
molecule, whereas the latter technique is based on irrevers-
ible phototransformations (3,4). Autofluorescent proteins,
especially, apply as effector molecules for this purpose.
The best-known representative among the autofluorescent
proteins is green fluorescent protein (GFP) from the pacific
jellyfish Aequorea victoria. Shortly after the experimental
proof that its fluorescence can be encoded genetically (5),
it was shown that GFP exhibits an excited state proton-trans-
fer reaction upon excitation with A = 400 nm; the photo-
cycle of the Thr’®*Val (T203V) mutant is shown in Fig. 1
and spectra in Fig. 2. Herein, the neutral chromophore state
RH releases a proton to the protein matrix leaving a deproto-
nated, metastable anionic chromophore state, Ry * (6-9).
After photon emission at 510 nm, this intermediate state in
the photocycle of GFP undergoes reprotonation within
<1 ns (10). It could be stabilized by site-directed mutagen-
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esis (11). In addition to Ry, a stable, equilibrated anionic
chromophore state R¢, exists in wild-type (wt)-GFP, which
absorbs at ~480 nm and fluoresces at ~510 nm. Although
for different mutants these two absorptions of wt-GFP at
~400 nm and ~480 nm are shifted in wavelength and of
different strength, one finds both absorption maxima (usually
denoted as A and B forms) in most GFP mutants. In addition
to these reversibly interconverting chromophore species,
prolonged irradiation of the protein causes photoconversion,
by which an anionic chromophore state Ry, (Fig. 1, right)—
also with green fluorescence—is created. The reaction
pathway was previously not considered to proceed via
a doubly excited state RH** as shown in Fig. 1; this mech-
anism is one of the main results of this work as discussed
below. The optical properties of the converted form are
very similar to those of Ry, the B form; for T203V GFP,
absorption and fluorescence of Ry occurs at 500 nm and
510 nm, respectively. Crystallography, mass spectrometry,
optical, and vibrational spectroscopy were used to unravel
the underlying structural rearrangements. It turned out that
this irreversible phototransformation is characterized by
decarboxylation of Glu222, which is in close contact to the
chromophore (12-14).

In previous studies (12—15), a strong dependence of the
photoconversion of GFP on the excitation wavelength was
found; ultraviolet (UV) light proved to be more efficient at
inducing photoconversion than visible light. Additionally,
a Kolbe-type mechanism was suggested to be responsible
for the photoconversion, starting with an excited chromo-
phore that accepts an electron from the Glu**? rest which,
in turn, is decarboxylated. Therefore, the efficiency of UV
light is explained by the higher oxidizing power of excited
chromophore states higher than RH*. Although that study
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FIGURE 1 Simple potential energy scheme of T203V GFP. (Left) Photo-

cycle of the RH form of GFP including excitation, excited state proton trans-
fer, fluorescence, and reprotonation. In this study, it was found that further
excitation from RH* with 800 nm leads to a higher excited state RH**,
which is responsible for decarboxylation under femtosecond excitation
conditions (dotted arrow). Time constants () taken from the literature
(10,17). (Right) Photoconverted form Rj.

was performed under continuous-wave (CW) conditions and
the role of RH* in the photoconversion process remains
ambiguous (14), a major part of modern studies involving
GFP use picosecond or femtosecond radiation for excitation,
e.g., two-photon absorption (TPA) microscopy. The tran-
sient molecular species in combination with possible multi-
photon absorptions constitute the basis for a potentially
very different photochemical behavior of GFP under femto-
second excitation compared to CW excitation conditions.
Ultrafast spectroscopy, for separating the competing photo-
reactions of photoconversion and excited state proton trans-
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FIGURE 2 Normalized absorption (solid line) and fluorescence (dashed
line) spectra of the T203V mutant of GFP used in this work.
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fer, is hampered, however, by the small quantum yield for
the irreversible photoreaction.

In our contribution, we compensate for the drawback of
a low yield of photoproduct by a new spectroscopic
method—accumulative spectroscopy—that we have recently
developed (16). Whereas conventional pump-probe spectros-
copy is performed with a continuous exchange of the sample
with fresh material, in our technique, photoproducts (i.e., in
this case the photoconverted protein) are accumulated over
a series of pulse sequences. In this way, pump-probe tran-
sients can be measured even when the photochemical conver-
sion efficiency is extremely low. Here we examine the GFP
mutant T203V. This mutant is particularly appropriate for
investigating photoconversion due to the preponderance of
RH (Fig. 2) and the detailed knowledge about its fluorescence
dynamics (11,17-19).

It will be shown by accumulative studies that transitions to
a higher excited state are the major contribution to photocon-
version upon pulsed excitation. Time-resolved two-color
accumulative pump-probe spectroscopy is then performed,
yielding the timescales of the initial steps of photoconver-
sion. This provides further evidence for the importance of
the transient RH* species in the photoconversion process.

MATERIALS AND METHODS

GFP mutant T203V was kindly provided by J. Wiehler, Gene Center,
Munich, Germany. We used the undiluted sample, which was buffered
to physiological conditions with an optical density (OD) of = 10/cm
at Apax.

The general experimental method used for product detection used here has
been described elsewhere (16). In these accumulative experiments (Fig. 3),
a sequence of pulses from a femtosecond laser interacts with a small sample
volume of GFP solution inside a glass capillary (Hellma, Miillheim,
Germany) for a time of 3 s (controlled by a beam shutter). Thus, only perma-
nent photoproducts—in this case, the photoconverted form of GFP, Rj.—
are accumulated in the capillary interaction volume and the product yield
is measured by optical absorption after the exposure.

The laser system used for these experiments consists of a home-built
Ti:sapphire oscillator and a regenerative amplifier (Quantronix, East
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FIGURE 3 Schematics of the experimental setup.
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Setauket, NY) that generates pulses of 80-fs duration centered at ~800 nm at
arepetition rate of 1 kHz. For the power study of fluorescence and photocon-
version these pulses were attenuated by a variable filter wheel (Thorlabs,
Newton, NJ) and their energy was measured with a small beam pick-off
and a photodiode (Laser Components, Olching, Germany) before sending
them to the sample. The fluorescence was collected by a microscope objective
above the capillary, passed through a green interference filter, and its intensity
was measured with another photodiode. Due to our laser repetition rate of
1 kHz the RH species completes a full photocycle of excitation, excited state
proton transfer, fluorescence, and reprotonation between two consecutive
pulses.

For the time-resolved two-color experiment the beam from the laser
system was split into two arms (Fig. 3); the pulses in one arm were time-
delayed and frequency-doubled in a 100-um g-Barium-Borate crystal. A
short-pass filter (BG39, Schott) eliminates the remaining fundamental light
and a dichroic mirror (Laser Components) recombines the 400-nm pulses
with the 800-nm pulses from the other arm collinearly. In addition, the pulse
energy in each arm can be adjusted independently with two variable attenu-
ator wheels (not drawn). The diameter of the 800-nm beam was adjusted
with an aperture so that, after focusing, both beams had a diameter of
~200 um inside the capillary. To ensure the best possible time resolution
and to avoid timing offsets we compressed the pulses and placed a slab of
glass, which was as thick as the wall of the capillary holding the sample,
into the common beam path and performed a cross-correlation of the 400-
and 800-nm pulses in a sum-frequency mixing crystal. This procedure
reveals a time-resolution of 165 fs.

The measurement sequence consists of the following steps: First the
stepper motor pushes the glass syringe forward to bring a fresh sample
volume into the interaction region. The pulse configuration is adjusted,
i.e., the time delay between 400- and 800-nm pulses is adjusted (in the
pump-repump experiments) or the energy of the pulses is changed (in
the power study). Then the shutter is opened and the exposure time starts.
During the first few laser shots that hit the sample, we collect the fluores-
cence signal. In all the experiments shown here, we used an exposure time
of 3 s, thus roughly 3000 pulses irradiated the pump volume. After closing
the shutter again, the absorption of the pump volume at 504 nm is obtained
through a measurement of the transmitted intensity of a light-emitting
diode. We use a 100-um pinhole in front of the light-emitting diode and
image this pinhole into the pump volume. This defines the probe volume,
which is slightly smaller than the pump volume. Thereafter, the cycle starts
again with a fresh sample volume. This sequence is computer-controlled
and can be repeated automatically many times. Due to the small cross
section of the glass capillary (250 um x 250 um), the smallest amounts
of sample volume are sufficient for these types of measurements. A
typical experiment, e.g., the one from Fig. 6, uses only ~50 uL of sample
solution.

The concentrations of the different molecular species RH, Rey, and R
evolve over the exposure time according to the efficiency of the irradi-
ating laser pulses. However, since the accumulation of the photoproducts
happens on a timescale of a few seconds, one has to take the diffusion of
all reactants in and out of the laser interaction volume and the probed
volume into account. The accumulation is therefore nonlinear in exposure
time and in the efficiency n of the laser pulses. (The quantity n can be
regarded as the product of the quantum efficiency & and the probability
for excitation. However, especially with possible multiphoton excitations,
the probability for excitation is not easy to determine. For studies of the
efficiency of a process such as photoconversion, for given conditions as in
this article, it is sufficient to consider the efficiency 7 only.) Without
compensating for the nonlinearities in the accumulation process, and
taking only the measured absorption after exposure, this would lead to
distorted results and interpretations of the data. However, a correction
for this diffusion can be done analogous to the procedure described in
Langhojer et al. (16): a simple mathematical model for the accumulation
and diffusion has to be found; a calibration measurement is performed;
the model is fit to that data; and finally, the obtained calibration is applied
to correct any other experimental data to gain the efficiency n (i.e., the
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fraction of all molecules in the laser-exposed volume that undergoes
photoconversion).

Here, basically, three species have to be considered in the accumulation
process: RH, Ry, and Rp.. The femtosecond laser pulses at 400 nm or
800 nm are only resonant with the one-photon or two-photon absorption
of the predominant RH species of T203V GFP. Since photoconversion leads
to Ry, and the optical absorption properties of Rg are equal to those of R,
(4), we can restrict ourselves to the two spectroscopically distinguishable
species A and B with absorption maxima at 397 nm and 500 nm, respec-
tively (Fig. 2). The geometry of pump and probe volumes, including the
constants describing the dynamics during exposure, is shown schematically
(Fig. 4, inset). Using a simple exchange rate d,,, between the pump volume
and the bulk sample solution, one can attain the following differential equa-
tions to describe the concentration dynamics of A and B during the exposure
(0 <t < 7, the total exposure time is 7):

Apu(t) = _nApu(t) + dpu(AO _Apu(t))7 ()

Byu(t) = nAw (1) + dp(Bo — Bpu(1)). )

Apy and By, are the concentrations of A and B in the pump volume. The
initial conditions are dictated by the homogeneous concentrations of both
A and B throughout the capillary:

Apu(o) == Apr(o) = A07 (3)

By, (0) = B,(0) = By. “)

For determining the effects of the pump laser on the sample in the
pump volume, the probe light is focused on a volume smaller than the
pump volume. During the exposure time 7, the concentrations in this probe
volume, Ay and By, develop just like the concentrations in the bigger
pump volume:

Ap(t) =Ap(1), ®)

By (1) =By (1) ©)

To characterize the diffusion in the calibration experiment independent of
the molecular dynamics, we introduce an additional waiting time 7 after
the end of the exposure time 7 and before measuring the absorption of
B (t > 7, T =t — 7). Then B evolves according to
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FIGURE 4 Calibration scan of the accumulation setup. Data shown as
dots, best fit to model function shown as shaded surface. (Inser) Concentra-
tions C; in different volumes i defined by beam geometry with rates for diffu-
sion d; and product accumulation 7 (see text).
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Byu(T) = dp(Bo — Byu(T)) — dpr (Bpu(T) — By (T)), (7)

®)

The constant d,,, is the diffusion exchange rate between the pump and probe
volume, analogous to d,, (Fig. 4, inset).

Byu(T) = dpu (Byu(T) = Byu(T)).

Langhojer et al.

So far, the discussion has dealt with the total number N of molecules of
the A and B form in the pump and in the probe volume. Absorbance (or
optical density) OD is defined via I/l = 10°P with the intensities /
after, and [, before, passing through the sample. To make the transition
to absorbance OD (the signal from the experiment), we consider the
proportionality

The conditions for joining Eqs. 7-8 with Egs. 1 and 2 are OD xeN. (16)
Byu(t = 1) = Byu(T = 0) )
and o
Thus, substituting
By (1 = 7) = Bn(T = 0). (10) A—ODy /ea (17)
The differential equations (1-6) were solved with the Mathematica software
package (Wolfram Research, Champaign, IL) and the solutions for times
0 < t < 7 during the exposure to the femtosecond pulses are B—0OD / (18)
- B/€B
Ao
— — —(dpu +n)t
Apu(t) - Apr([) - d])u + n(dp" +ome )’ an and defining
Ao LEZ—B (19)
Bou(t) = Bp(t) = ———(1 —e ntmt) 4 B (12 A
pul?) pr(f) dpu“v‘n( e )-‘r 0. (12)
The solutions for Eqs. 7-10 for nonzero waiting times 7T after the exposure
(T=t-71,t>r7)are
1 3 1
Bou(r,T) = ——— x —2(dyy + 2d,)T — =sT — (d., x {A d,. + 2d,))T
(7, T) 25(dps + 1) exp{ 2( o+ 2dy) > (dp + 1) T] { onexp | (dp + 2y )T]
x (exp[(dpu + 1)7] = 1) X (dpu + (s — dpu)exp[sT] + 2d,(exp[sT] — 1) + )
3 1
+ 2Bos(dyu + m)exp {3dprT + ST + 3T + (dpw + 1) r” (13)
and
1 3 1
By(t,T) = ——— X — —(dy + 2d, )T — =T — (dpn X <A dy, + 2d,)T
D) = S ) eXp[ (o + 2] T =T = (dy +")T] { oo+ 24e)T]
x (exp[(dpn + m)7] = 1) X (—dpu + (5 + dpu)exp[sT] + 2dy,(exp[sT] — 1) + s)
3 1
+ 2Bos(dp, + n)exp {3dprT + 5T + T + (dy + n)f} } (14)
with

5)

s = /d%, + 4d.

1

AODg(7,T) = egB,(7,T) —ODpy = ————
B( ) BPY ( ) B0 ZS(dpu + 77)

as the ratio of the absorptivities of the two forms, we can write

1
exp l: — %(dpu + 2de)T - EST - (dp“ + 7])7:|

X {cODAoneXp[(dpu + der)T] (exp[(dpu + n)ﬂ — 1) X (— dpy + (s + dpu)exp[sT]

3 1
+ 2d, (exp[sT] — 1) + s) + 20Dgys (dpu + n) exp {3dprT + EdpuT + =T +
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Only the absorbance in the probe volume is of interest; therefore, we simply
write AODg instead of AODgp, to denote the change of absorbance
measured at 504 nm in the experiment. We used the numeric values of the
absorption cross sections of A and B from Wiehler et al. (11). The initial
absorbances ODA (¢ < 0) and ODg(t < 0) of the unexposed sample volume
were gained in an independent measurement. Thus, the function AODg(7, T)
has the three remaining free parameters dp,, dyr, and 7. Whereas the latter
depends on the properties of the applied laser pulses that induce photocon-
version, and thus is the objective of the actual pump-repump and power
study experiments, the first two parameters only depend on the measurement
geometry and the diffusion properties of GFP in the buffer solution and are
therefore constant for all experiments studying different femtosecond pulse
configurations.

To retrieve these diffusion rates we fit the model function Eq. 20 to the
calibration data. This data is gained by scanning the exposure time between
0 and 6 s and taking the absorbance measurement after an additional waiting
time that is varied between 0 and 8 s. Fig. 4 shows the data together with
a best fit obtained from a least-squares optimization; the best parameters
are dp, = 0.487/s, d,r = 1.86/s, and n = 4.06 x lO’S/pulse. We used the
diffusion calibration for all experiments presented in this article by taking
the obtained measurement data AODg as a function of pulse configuration
(e.g., pump-repump delay time) and solving the fit model for the efficiency
7 numerically for each data point. This calibration is a nonlinear correction
to the absorbance data and results in the diffusion-corrected efficiency of a
certain pulse delay or a certain pulse energy for the time-resolved 400-nm
plus 800-nm experiment and the power study, respectively. For stable
photoproducts one thus obtains the same information with the accumulative
method as with a conventional experiment, but with greatly enhanced sensi-
tivity; differences in conversion efficiencies of An = 2.3 x 1077 per pulse
can be detected routinely. This sensitivity was determined from the standard
deviation of the data points for Ar < 0 in Fig. 6. The change in 7 corresponds
to a change in absorbance of AOD = 10~ per pulse.

RESULTS AND DISCUSSION

We focus on photoconversion starting from the neutral
ground state RH, which is the predominant species of the
T203V mutant in thermal equilibrium (17) (Fig. 2). The accu-
mulative method described in Materials and Methods is the
basis for these experiments and allows us to detect even
extremely small photoconversion efficiencies. First we
conduct a power study of the photoinduced reaction.
Although this is, in general, a rather simple experiment, to
our knowledge it has not been performed yet on the efficiency
of photoconversion of GFP, perhaps due to the low conver-
sion efficiency in conventional flow-cell geometries. The
accumulation setup, in contrast, facilitates an easy automated
measurement with high sensitivity, where many data points
can be taken with different sample volumes, while not
imposing any special restrictions or demands on the sample
concentration or the laser peak power. The results of such
a power study using 800-nm laser pulses for excitation are
shown in Fig. 5; both the fluorescence (Fig. 5 a) and the photo-
conversion (Fig. 5 b) were measured simultaneously. For
interpretation, it should be considered that TPA microscopy
with GFP as fluorescent marker is a common technique and
exploits the fact that GFP (in its RH form) has a relatively
strong TPA at ~800 nm (20,21). One therefore expects a pro-
portionality of the fluorescence yield to the squared intensity
of the pulses (or pulse energy, since the duration and beam
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FIGURE 5 Power studies: (a) Fluorescence upon excitation with 800-nm
pulses. (b) Photoconversion efficiency upon excitation with 800-nm pulses.
(c) Fluorescence upon excitation with 400-nm pulses. (d) Photoconversion
efficiency upon excitation with 400-nm pulses. The abscissas of all plots
(a—d) represent the peak intensities in the sample.

profile are not altered). The best fit of the function f = al®
to the data (Fig. 5 a, solid line) indeed reveals a quadratic
dependence of the fluorescence on the excitation intensity.
Moreover, even at the higher power levels we see no satura-
tion effects. This confirms that the green fluorescence purely
results from TPA of RH at 800 nm leading to RH* and subse-
quent excited state proton transfer.

For the photoconversion, on the other hand, the situation is
more complex. In the original experiments, where photocon-
version of a GFP variant (PA-GFP) was introduced as
a means to mark structures in a cell and track them under
a microscope, high levels of CW light, resonant with the
RH — RH* transition, were used to trigger photoconversion
(3). However, the nature of the reactive state remained
unclear. Does photoconversion occur via TPA of RH into
RH* as has been shown for a GFP variant (22)?

In our highly sensitive accumulative study we determined
an exponent of the power dependence of 2.76 (Fig. 5 b).
Here, the diffusion calibration has already been applied as
described in Materials and Methods. This is significantly
higher than what one would expect if photoconversion
occurred from the same initial excited state RH* as fluores-
cence. Our data instead suggests that an efficient photocon-
version can only be induced by absorption of at least three
800-nm photons leading to a higher excited state RH**,
and that photoconversion predominantly starts from this
RH** state rather than from RH*, which is the excited state
of the regular fluorescence photocycle of GFP.

This conclusion is further supported by data taken
with 400-nm instead of 800-nm excitation pulses. The

Biophysical Journal 96(7) 2763-2770
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fluorescence (Fig. 5 ¢) shows a linear dependence on the exci-
tation intensity, as expected. However, the dependence of
photoconversion on the excitation intensity (Fig. 5 d) is
~2, indicating that more than one photon is needed to induce
photoconversion efficiently, and that excitation to a higher
excited state is needed for photoconversion. Two 400-nm
photons most likely excite a state that is higher-lying than
RH** and can either lead to decarboxylation itself or undergo
a fast conversion to the reactive RH**. The evidence for
a consecutive TPA being responsible for the photoconversion
of another autofluorescent protein, DsRed, reported by Habu-
chi et al. (23) corroborates our interpretation of this data. In
a study of fluorescence dynamics of superfolder GFP upon
TPA with 975 nm, Cotlet et al. (24) suggest that the photocon-
version, which they detect indirectly via fluorescence lifetime
of single molecules, is due to a 241 photon absorption. (Note
that we do not exclude the possibility of photoconversion
from Ry, but under our conditions any resulting linear
component of the power dependence is concealed under the
vastly greater nonlinear component because of excitation
into RH**.)

We did not perform any experiments using UV excitation;
however, this has been reported to be a very efficient way of
inducing photoconversion (e.g., with A = 254 nm in (15)).
Presumably, wavelengths of ~267 nm, corresponding to
three 800-nm photons, access RH** directly and are there-
fore efficient at photoconverting the RH species.

Although photoconversion must occur from the higher-
lying RH**, RH* is a resonant intermediate state when
exciting with either wavelength, 400 nm or 800 nm. It is
an interesting question as to what role this state plays in
the photoconversion, and what the dynamics of the
RH* —RH** step of photoconversion might be. The exper-
iments with 800- or 400-nm pulses shown in Fig. 5 require
a molecule to absorb all photons from one pulse, and hence
no time resolution is achieved. Aiming at separating the exci-
tation to the photoconverting form into excitation to RH*
and subsequent excitation to RH**, we employ a two-color
experiment where a 400-nm pulse excites the GFP molecules
and an 800-nm pulse, delayed by time ¢, induces photocon-
version.

Fig. 6 shows the results of such an experiment. To avoid
contributions due to one color only, the individual beam inten-
sities were adjusted so that each of them only induces a small
amount of photoconversion, 3 mOD absorbance change for
the 800-nm and 6 mOD for the 400-nm beam, while the
maximum photoconversion signal arising from both pulses
together at ~t = 0 was 22 mOD. In Fig. 6, the diffusion cali-
bration has been applied as discussed in Materials and
Methods. As a result, the photoconversion efficiency 7 is ob-
tained. The value 7 describes the fraction of molecules in the
interaction volume that are converted with a single 400-nm,
800-nm two-pulse sequence. The maximum photoconversion
efficiency is = 3.4 x 10" for r = 0, which represents an
enhancement of a factor of 2.4 over the photoconversion effi-
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FIGURE 6 Time-resolved two-color experiment on photoconversion.
After initial excitation of RH to RH* with a 400-nm pulse, a 800-nm pulse
induces photoconversion, and the diffusion-corrected conversion efficiency
(for a single laser pulse sequence) is shown as a function of pump-repump
time delay. The constant offset at negative time delays is due to the photo-
conversion caused by the single 800- and 400-nm pulses.

ciency yielded with the wrong time ordering of the excitation
pulses (i.e., 800 nm first, # < 0). This clearly shows that there is
a cooperative part to the photoconversion, requiring an inter-
action with the 400-nm pulse first and then another interaction
with the 800-nm pulse. Therefore, we can say that the photo-
conversion can more easily be achieved (i.e., with less overall
pulse energy) when first exciting to RH* and then exciting to
the reactive RH**.

By scanning the time delay of the two pulses, one can
determine how efficient the excitation to RH** is a certain
time after the initial excitation to RH*. Fitting a biexponential
function Ay + Ay exp(— t/Ty) + A, exp(- t/7,) to the data for
t > 0 yields time constants of 7y = (3.46 £ 0.14) ps and
T, = (24.2 £+ 1.7) ps, with amplitudes of Ap = (1.585 £
0.015) x 107° A, = (1.027 £ 0.027) x 107>, and A, =
(0.793 4+ 0.018) x 10°. If the noncooperative background
of 1.4 x 1077 is subtracted, the relative amplitudes ensue
as Ag = 9.2%, A; = 51.3%, and A, = 39.5%.

Kummer et al. (17) measured the fluorescence decay of the
protonated RH* form at 450 nm—i.e., the depopulation of
RH* of the T203V mutant—with a time resolution of 6 ps,
and found time constants of 5.4 ps and 17 ps to be the pre-
dominant contribution to the dynamics, with similar relative
amplitudes to the amplitudes we found in the photoconver-
sion experiment. These dynamics of fluorescence relaxation
from the RH* state are the same within the experimental
accuracy as the dynamics we find for excitation of the reac-
tive RH** state from RH*. The deviation of Kummer’s time
constant of 5.4 ps from our time constant of 3.46 ps can
likely be attributed to the low time resolution of 6 ps in their
experiment (17). They also found contributions on longer
timescales up to 400 ps adding up to a relative amplitude
of =16%. However, the scanning range of our experiments
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was limited to 55 ps and the small constant contribution of
Ay = 9.2% is most likely due to those slow contributions.
Therefore, we argue that the excitation to the reactive
RH** can only occur close to the Franck-Condon region
that was accessed in the initial RH* excitation step. It is not
likely that a later, relaxed species like Ry * is excited to the
reactive state, because in that case, the transient in Fig. 6
would look like a step function, or even exhibit a rise of
some picoseconds duration, due to the formation of the
relaxed forms of GFP in the excited state. Instead, we observe
that the timescales and amplitudes correspond to those for
depopulation of the initially excited RH*.

CONCLUSIONS

Here, we have presented a study on the photoconversion of
T203V GFP under femtosecond irradiation starting from
the protonated species of the chromophore. By means of
power studies in a novel accumulative setup with a sensitivity
of AOD = 10, the photoconversion process was found to
be largely governed by an initial excitation to a higher
excited state of the chromophore RH**. From there, photo-
conversion is much more efficient than from the first excited
state RH*. This supports earlier suggestions that the decar-
boxylation reaction of the Glu**? rest follows a Kolbe-type
mechanism (15), because a higher excited state generally
has a higher oxidative potential. To further investigate the
role of RH* in the subsequent excitation to the reactive
RH** state, we used a time-resolved two-color experiment
where a 400-nm pulse excites RH to RH* and a time-delayed
800-nm pulse excites RH* to RH**. The probability of the
latter process decreases with time constants very similar to
those for the depopulation of RH* previously reported in
the literature (17). Thus, with one 800-nm photon, the
RH** state can only be reached from the region of the
RH* potential energy surface where the initial excitation
occurred and, due to the excited state dynamics, RH** can
only be reached a few picoseconds after the initial excitation.

On the other hand, photoactivation under long pulse or
CW excitation conditions as it has been exploited, for
instance, by Patterson and Lippincott-Schwartz (3) is
unlikely to occur via TPA due to the orders-of-magnitude
lower intensities in those experiments. It rather seems likely
that under those conditions the long-living Ry * state, which
is created after excited state proton transfer, is responsible for
photoconversion with a fairly low efficiency. This, however,
can yield significant amounts of R,. through prolonged
(quasi-)CW irradiation (19,25).

In contrast, the findings of this study are particularly inter-
esting, with respect to the use of GFP in TPA microscopy,
because the high intensity levels of a typical setup using
a femtosecond oscillator with tight focusing (=1 um) are
comparable with the intensity levels of our experiments
with an amplified laser system and loose focusing. When
using 800-nm pulses in a microscopy experiment, the
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process of ground-state absorption and subsequent excited-
state absorption from RH* can be regarded as a resonance-
enhanced multiphoton absorption; thus, there will always
be some photoconversion in microscopy experiments,
decreasing the fluorescence signal from 800 nm TPA over
time, and also changing the fluorescence lifetimes (19,24).
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