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ABSTRACT

The time-resolved emission spectra of wild-type green fluo-
rescent protein (WtGFP) and the T203V GFP mutant have
been recorded with picosecond time resolution, allowing the
separate characterization of the two spectral components
associated with the neutral and anionic forms of the GFP
chromophore. Significantly, neither component shifts as
a function of time. It is suggested that the absence of spectral
shift is a result of highly restricted movement of the protein
residues in the vicinity of the chromophore. The shapes of
the separated spectra are discussed and their relative ratio
analyzed in a steady-state analysis.

INTRODUCTION

The intrinsically fluorescent green fluorescent protein (GFP) has
found very widespread application in bioimaging (1,2). Fusions of
the gene for GFP with that of a target protein lead to the target being
expressed irreversibly bound to GFP. A posttranslational cyclization
and oxidation reaction among three adjacent amino-acid residues
forms the chromophore and renders GFP, and thus the target protein,
strongly fluorescent, without the addition of any cofactors (1,2).
Because of its importance, and the need to produce mutants with
specific properties such as pH or ion-sensing capabilities, there has
been intense interest in understanding and controlling the excited-
state chemistry of GFP (3-15).

The electronic spectrum of wild-type GFP (wtGFP) reveals that
the ground state of the chromophore exists in two forms, proton-
ated (neutral), yielding the A form of the protein, and deprotonated,
giving the anionic B form (3,4,16). The relative populations of the
A and B forms are insensitive to pH in wtGFP, but can be modu-
lated by introducing site-specific mutations in and around the chro-
mophore. These mutations not only change the relative populations
of the two chromophore forms, but also affect the absorption and
emission properties of the chromophore while rendering it sensitive
to pH. On excitation of the neutral A form in wtGFP, the A* state
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undergoes a rapid (tens of picoseconds) excited-state proton trans-
fer reaction to form an anionic (I*) form, which emits the dominant
green-yellow GFP fluorescence with a nanosecond lifetime and
80% quantum efficiency (1,2). Once in the I ground state, the
proton has been observed to return to the chromophore reforming
the A ground state on multiple timescales in the picosecond range
(17). The A* emission is seen only as a very weak shoulder on the
I* peak in the steady-state spectrum (3). The proton transferred
from the A* state initiates an ultrafast proton relay reaction, in-
volving an adjacent bound water molecule and two amino-acid
residues, calculated (18) and observed (19) to result in the ultrafast
protonation of a carboxylate residue, E222. The fluorescent I* state
is similar to the B* state accessed directly from the B ground state,
but exists in an unrelaxed protein environment. The conversion
between the I and B states, which is believed to involve isomer-
ization in the Thr203 residue, takes place on a much slower time-
scale (20). These structural changes are summarized in Fig. 1.

In contrast to the high fluorescence quantum yield of the intact
protein, the denatured protein is essentially nonfluorescent (21).
Model compounds of the GFP chromophore have been synthe-
sized, and were also found to be nonfluorescent at room temper-
ature, although fluorescence is restored on freezing in a glass to 77
K (22,23). The mechanism of radiationless decay in the chromo-
phore has been studied in considerable detail (24—31). It was found
that the excited state decays through a rapid internal conversion,
which exhibits only a weak dependence on medium viscosity. It
was proposed that the mode (or modes) coupling the excited state
to the ground state is (are) volume conserving, and the barrier
to reaction is low (near zero at 295 K) (26-28). One unresolved
question in GFP photophysics lies in understanding how the
protein effectively suppresses such an efficient radiationless decay
channel. Certainly, the enhancement of the fluorescence channel
suggests an important role for protein—chromophore interactions.
In this work we investigate the time dependence of the fluorescence
spectra of wtGFP and a GFP mutant, T203V, in which the key
threonine depicted in Fig. 1 is replaced by a valine, thereby
destabilizing the anionic form of the chromophore and favoring the
neutral form. The time dependence of the fluorescence spectrum is
expected to be a sensitive probe of the evolution of chromophore—
environment interactions.
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Figure 1. The A*, I* and B* states of GFP (adapted from Brejc et al. [16]).

MATERIALS AND METHODS

Measurements of the time-resolved fluorescence spectra were made with the
use of a Kerr gated spectrometer described in detail elsewhere (32). The laser
source is an amplified ultrafast titanium sapphire laser. The output at 800 nm
(up to 3 mJ/pulse in 150 fs at a repetition rate of 1 kHz) is routed through
a thin BBO crystal to generate 400 nm pulses, resonant with the A—A*
transition of wtGFP and T203V. The excitation pulses are routed through
a 2/2 plate to adjust the polarization to the magic angle. The pulse energy is
attenuated to ~ 0.04 pJ/pulse and focused into the sample cell with a spot
diameter of 300 um. The cylindrical cell has a path length of 2 mm and could
be translated and spun to minimize sample damage. The fluorescence from
the sample cell is collected and focused into the Kerr cell that comprises
a pair of crossed polarizers around a cell containing carbon disulfide as the
Kerr medium. With the polarizers crossed, no fluorescence is transmitted
through the cell. However, when the CS is illuminated with an intense pulse
(the residual 800 nm radiation), a large transient birefringence is produced.
During the lifetime of the birefringence the Kerr cell is open and
fluorescence is transmitted. The fluorescence is dispersed in a polychromator
and measured with a multichannel detector. Varying the time delay between
the excitation and gate pulses controls the timing of the spectrum. With the
use of this method a set of time-resolved spectra are collected in a few
minutes with a spectral resolution of 4 nm. Data collection is faster and
spectral resolution higher than with the alternative technique of fluorescence
upconversion and spectral reconstruction (33), although the time resolution
is lower (4 ps), because of dispersion in the Kerr gate and the finite response
time of the Kerr medium. The spectra presented below are uncorrected for
the wavelength-dependent sensitivity of the detection system.

wtGFP was overexpressed in Escherichia coli as a His-Tag construct
and purified with the use of NiNTA (Novagen, Madison, WI) affinity
chromatography. Protein was eluted from the NiNTA column with 100 mM
imidazole buffer, dialyzed into 20 mM potassium phosphate pH 7.5,
200 mM NaCl, and concentrated to approximately 100 pM with the use
of a Centricon YM1O filtration unit (Millipore Corp., Bedford, MA).

The T203V GFP mutation was introduced with the use of the
QuikChange mutagenesis kit (Stratagene, LaJolla, CA). Mutant protein
was expressed and purified as for wtGFP. Both proteins showed a dominant
absorbance peak at roughly 400 nm.

Steady-state fluorescence spectra were recorded on a Fluorolog-3 fluo-
rimeter (Jobin Yvon-Spex, Edison, NJ). Absorbance spectra were recorded
on a Cary 100 Bio UV-visible spectrophotometer.

RESULTS AND DISCUSSION

The time-resolved emission spectra for wtGFP and T203V are
shown in Fig. 2. The decrease in the A* intensity and associated
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Figure 2. Picosecond time-resolved emission spectra for (a) wtGFP and
(b) T203V measured with the Kerr gate method (see text for details). The
key shows pump-gating pulse time delays in picoseconds for both (a) and
(b); the arrows show the direction of change with increasing time.

increase in the I* intensity with increasing time after excitation
are evident. These time-dependent intensity changes are assigned
to the excited-state proton transfer reaction (3,4). The clear
isoemissive points at 488 = 5 nm for both wtGFP and T203V
suggest the existence of only two emissive states. It is also apparent
that a significant population is formed in I* promptly, that is,
within the 4 ps time resolution. The extent to which this is due to
the fastest component of the proton transfer reaction or to the cross-
well excitation (direct population of I* from A) identified in
transient absorption by Winkler et al. (13) cannot be assessed from
our data, due to the limited time resolution. However, the ratio of
I*/A* emission at = 0 is in reasonable agreement with the
transient absorption data (13).

The main interest in the current work is in the time dependence
of the spectra. However, kinetic information (time-dependent in-
tensity at a fixed wavelength) can also be determined from the
same data set. Kinetic data at 474 and 508 nm are shown in Fig. 3
for wtGFP (Fig. 3a) and T203V (Fig. 3b). The fluorescence decay
kinetics of these two variants have been reported previously (6),
and were found to be of multiexponential character. The present ki-
netic data are compared with the earlier measurements of Kummer
et al. (6), convoluted with the 4 ps response time of the Kerr gate
spectrometer. As can be seen in Fig. 3, the agreement between our
experimental data and that of Kummer et al. is excellent.
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Figure 3. Kinetic data for (a) wtGFP and (b) T203V at 474 and 508 nm.
The fitted lines to the 474 nm data are a convolution of the previously
reported fluorescence decay (6) with the 4 ps instrument response of the
Kerr gate spectrometer.
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To further analyze the data, the spectra are separated into A* and
I* components. Various separation methods have been attempted.
Fitting to multiple Gaussian or log-normal peaks did not provide
a unique or accurate fit. Because the spectra are reasonably well
separated a more direct method was employed. The spectrum due
to I* at long times, where the A* emission has decayed away, was
multiplied by a constant factor (a) and subtracted from the
measured time-resolved spectrum (F).

In (A, 1) = Ig(A, 1) — alp (A, t = )

The result of the subtraction is the A* emission, isolated from I*.
The A* emission spectrum (Fig. 4) is very broad, extending
beyond 600 nm, that is, underlying the entire I* emission. The
isolated A* spectra are perturbed by a subtraction artifact at the
peak of the I* emission. The size of the artifact was minimized by
adjusting the fitting parameter, a.

To eliminate the artifact in subsequent analysis the I5+(A,f) were
fit to an extreme exponential line shape

Ino (A, 1) = Aexple™ —z+ 1),
in which
=12
=20
AL/ 27

where A is the maximum and AA is the spectral width. This
function gave a better fit than the more established log-normal
function, perhaps indicating the unusually broad asymmetric nature
of the spectrum. The time-dependent fit parameters are shown
in Table 1. It is immediately apparent that the A* spectrum is
independent of time. The fit to the A* spectrum can be subtracted
from the total spectrum to isolate the I* emission. As could be
inferred from the raw data and the existence of an isoemissive point
(Fig. 2), the I* spectrum is also independent of time. The isolated
I* spectra are shown in Fig. 5.
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Figure 4. Time-dependent spectra of the A* state, offset and normalized
for clarity (the feature around 495-515 nm is an artifact associated with the
subtraction procedure). The key details the pump-gating pulse time delay of
each spectrum given in picoseconds.

The first conclusion is that neither the A* nor the I* emission
spectra exhibit any time dependence for either of the GFP mutants.
This is an interesting and surprising result in the light of the
observation by Stark-effect spectroscopy that the dipole moment of
the chromophore changes markedly between excited and ground
states (34). The observed change on excitation of the A — A*
transition is 2.5 D, while that between B and B* is ca 7 D (34).
Thus, each transition in the GFP photocycle (Fig. 1) is accompanied
by an appreciable change in chromophore dipole moment. In fluid
solution it is expected that the medium would relax in response to
the changed electrostatic interaction between solvent and solute
(35), leading to a continuous shift in the emission spectrum to lower
energy (36). The rate of redshift of the emission spectrum of a solute
can be related to the dynamics of the surrounding medium, such as
the dielectric or Kerr relaxation times (37), whereas the magnitude
of the shift depends on the magnitude of the dipole moment change
and the dielectric properties of the medium. Such time-resolved
fluorescence shifts have also been observed in several different
protein environments including: intrinsic (tryptophan) amino-acid
fluorescence (38); fluorescence from a synthetic amino acid
incorporated at various sites in a protein (39); extrinsic probes
adsorbed at either polar or nonpolar binding sites (40-42), although
the latter is complicated by contact of probe molecules with the
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Table 1. Parameters for fit of extreme exponential function to A* spectra
shown in Figure 4.

wtGFP T203V
Delay time (ps) Ao/nm AM/nm A Ao/nm Al/nm A
4 476.6 91.7 279 471.5 85.2 650
8 4717.2 93.0 181 471.7 86.7 468
13 477.3 92.2 124 4727 88.7 345
18 4717.6 953 91 471.7 88.2 260
28 480.1 98.8 56 472.8 90.7 172

water environment (43). The absence of a measurable time-resolved
shift in fluorescence for wtGFP and T203V, in either the A* or I*
states, can be explained by one of two factors. First, the medium is
unperturbed by the change in chromophore dipole moment (i.e., the
chromophore—protein interactions are weak). Alternatively, the
medium is so rigid that no relaxation occurs on the timescale of the
excited-state lifetime, which reaches nanoseconds for the I* state.
The similarity between the spectrum of the GFP chromophore in the
protein and in the gas phase could support the idea of a weak
interaction (44). However, both the dramatic enhancement of
chromophore fluorescence by the protein and the fact that different
mutants exhibit different spectral properties argue that the protein in
fact has a strong interaction with the chromophore. Thus, the lack of
a shift in response to the changed dipole moment of the
chromophore on conversion to the I* state from the A* state, is
more consistent with an environment in which reorientation of polar
or polarizable residues in the vicinity of the chromophore are
suppressed, due to the high rigidity of the protein environment.
Having said this, we note that a rotation around the Thr203 residue
does occur in wtGFP on conversion from I to the B state (20). This
rearrangement is exhibited in the crystal structure of wtGFP
decarboxylated at Glu222, in which only the anionic form of the
chromophore is populated (45). Importantly, however, we do not
observe any contribution from I/B interconversion in our fluores-
cence spectra, as this interconversion is not significant during the
timescale of our measurements. In fact, we estimate from OD values
that less than 10% of the sample is converted to the B form after 20
min of irradiation.

A final possibility is that the Stokes shift is too fast to be resolved
within the 4 ps time resolution. This may be the case if the relax-
ation is dominated by subpicosecond inertial (librational) motion of
the environment, while diffusive reorientation of the environment is
suppressed. In the case of bacteriorhodopsin it was found that
excited-state solvation was dominated by the inertial response, and
the diffusive component was suppressed due to the constrained
environment, as suggested above for GFP (46). We cannot rule out
such a component with our current time resolution, but believe it to
be relatively less significant in GFP, because of the overall smaller
Stokes loss.

The second conclusion is that the A* and I* emission spectra
have distinctly different shapes. I* is narrow and reveals clear
vibronic structure at ca 1400 cm™" with respect to the intense origin
(Fig. 5), in agreement with previous reports (47). Close inspection
of the A* band also reveals weak vibronic structure, but the
spectrum is much broader and more asymmetric (Fig. 4). The A*
vibronic structure reveals a similar wave number to I*, estimated to
be 1500 = 200 cm™', but its spectrum is poorly resolved, and the
origin peak is not strong. In terms of a single coordinate description
of these vibronic transitions, this result can be taken to indicate that
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Figure 5. Time-dependent spectra of the I'* state which have been offset for
clarity. The key details the pump-gating pulse time delay of each spectrum
given in picoseconds.

the A <« A* transition is displaced, i.e. the ground and excited
states have different equilibrium structures, while the I « I*
transition is between structurally similar states. This picture is also
obtained from the Stokes shifts, which are 60 and 8 nm, re-
spectively (17). Although a single coordinate picture is certainly a
great oversimplification of the GFP vibronic structure, it is note-
worthy that the resonance and preresonance Raman spectra are
dominated by a mode at 1565 cm ™" (48,49). A displaced coordinate
for the A < A* transition is consistent with the very broad and
asymmetric form of the spectrum. The undisplaced character of the
fluorescent I «— I* transition in GFP is one factor that distinguishes
it from the very weakly fluorescent excited state of the model
chromophore, 4'-hydroxybenzylidene-2,3-dimethylimidazolinone
(HBDI) anion. The HBDI anion has a spectral profile that is quite
similar to the neutral form of HBDI, but shifted to lower energy.

Finally it is noteworthy that the ratio I«(£)/I;«(¢) is different
between the two GFP mutants. The difference at time zero could be
indicative of a different degree of cross well excitation, as discussed
by Winkler et al (13). However, given that our time resolution is on
the timescale of the fastest component in the proton transfer reac-
tion, this may also reflect differences in the kinetics of the proton
transfer reaction.

An alternative approach to understanding the contribution of A*
emission to the spectrum is to conduct a steady-state analysis of the



Table 2. Relative intensity of A* and I* emission as a function of
deuteration.

Protein Solvent Ias® / 121072 I/ L9107
GFP H,O 0.5 22
GFP D,O 1.7 10
T203V H,O 1.6 2.9
T203V D,O 3.1 —

“Determined at 450 and 460 nm.
®Determined at 509 and 511 nm for wtGFP and T203V, respectively.
“Ratio calculated according to Scheme 1. For rate constants see text.

I+ / I« ratio. We have observed that the ratio is also a function
of mutation and deuteration (Table 2, Fig. 6). The effect of
deuteration is to enhance the ratio by a factor of 3 in wtGFP and
2 in T203V. Thus, the effect of deuteration is somewhat dependent
on the particular mutant. It is also seen that the I/l ratio itself
a function of the mutation, the relative contribution of A* emission
being larger for T203V than wtGFP. We compare those
observations with the predictions of the following simplified
kinetic scheme (Scheme I) in which excited A* may relax via
proton transfer to form I* or via vibrational relaxation to generate
a form of A which does not undergo proton transfer, A°. This
simplified scheme reproduces the nonexponential decay of the A*
emission. It can easily be extended to more realistic cases [as has
been shown by Winkler (13)] but this is not required for
a stationary state analysis. It is straightforward to show that under
steady-state conditions scheme I leads to

Ia _ kikpa(kao + kyg)
I- kpokprky '

where ky is the proton transfer rate constant, Iy = Ia« + Ix0 and
ka = kpa + knras kao = kgao + knrao, k1 = kgp + kngp and, as they
are spectroscopically indistinguishable, kgs = kgao. An estimate of
the ratio can be obtained by making reasonable assumptions about
some of the rate constants. From the quantum yield and lifetime of
the I* state, we can estimate the radiative rate kg as 0.19 ns—', and
from the lower oscillator strength for A* <— A we estimate kg =
0.15 ns". An estimate of the decay rate constants, ki, is obtained
from the measured fluorescence decay times in wtGFP and T203V,
as 0.24 and 0.27 ns', respectively. Similarly, to obtain kso we
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Scheme 1. Simplified kinetic scheme for GFP photophysics. F and NR
indicate radiative and nonradiative rate constants, respectively, of states A,
A and 1. kyg is the rate constant for vibrational relaxation in A*, and ky is
the rate constant for proton transfer.
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Figure 6. Stationary-state emission spectra of wtGFP, T203V (solid lines),
deuterated wtGFP and deuterated T203V (dashed lines) normalized at the
peak of the I* emission. The insets show the A* fluorescence.

assume that this reflects the hundreds of picoseconds components
observed in A* fluorescence, yielding 5 ns~'. The rate of vibra-
tional relaxation is not measured for GFP, but based on measure-
ments on polyatomic molecules in fluid solution 50 ns™' may be
assumed. Finally, to obtain an estimate of kg, the proton transfer
constant, the following procedure is used. For wtGFP and T203V
the proton transfer rate constant is calculated from the weighted
mean of the fast components of the A* fluorescence decay (6),
where the long component is assumed to be associated with the
decay of A°, yielding 95 and 80 ns™' for wtGFP and T203V, re-
spectively. To obtain a value for deuterated GFP, we use the
observed slowing of the proton transfer rate by a factor of 5 as
reported by Chattoraj et al. (3).

The scheme correctly predicts the experimentally observed order
for the I+/It ratio: wtGFP < T203V < deuterated wtGFP. This
indicates that the underlying kinetics are correctly contained within
the scheme. However, the scheme fails rather badly in predicting
the absolute ratio. One factor that is absent from Scheme 1 is the
‘cross well’ excitation, or direct excitation to I* at 400 nm. This
omission will lead to an overestimation of the ratio, as observed.
An alternative explanation is that the procedure used to calculate
(and measure) ky is inadequate. Agreement between the calculated
and measured I5+/Iy« ratio could be obtained by assuming that there
are components in the proton transfer that are significantly faster
than were considered or observed in the fluorescence experiments.
These two explanations for the observed discrepancy are of course
related, in the sense that cross-well excitation can be taken to
correspond to infinitely fast components in the proton transfer
reaction. The overestimation of the effect of deuteration on the
ratio can then be understood on the basis that these ultrafast proton
transfer rates are relatively less sensitive to deuteration than the
slower components observed in fluorescence decay.

CONCLUSIONS

The time-dependent emission spectra of wtGFP and T203V have
been recorded with the use of the Kerr gated technique. Simple
subtraction procedures were used to separate the spectra due to
A¥* from those due to I*. The width and very weak vibronic struc-
ture of the A* emission suggest a significant difference in structure
between ground and excited electronic state. In contrast the [ < I*
transition is characteristic of unshifted states of similar structure.
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Neither spectrum shows any observable time dependence on the
picosecond timescale. This result was discussed in terms of the
known change in dipole moment between ground and excited
states. It is suggested that the GFP chromophore sits in an envi-
ronment in which reorientation of the adjacent polar or polarizable
amino-acid residues is severely restricted, at least on the timescale
of A* and I* state lifetimes. Finally, the dependence of the relative
emission intensity I5«/I;«+ on mutation and deuteration has been
studied in a steady-state analysis. A simple kinetic scheme has
been given that reproduces the observations qualitatively but
not quantitatively. It is suggested that the quantitative difference
can be understood as arising from either cross-well excitation or
an unresolved and deuteration-insensitive ultrafast proton trans-
fer step.
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