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ABSTRACT: In the preceding paper [Hanson, G. T., McAnaney, T. B., Park, E. S., Rendell, M. E. P.,
Yarbrough, D. K., Chu, S., Xi, L., Boxer, S. G., Montrose, M. H., and Remington, S. J. (2002)Biochemistry
41, 15477-15488], novel mutants of the green fluorescent protein (GFP) that exhibit dual steady-state
emission properties were characterized structurally and discussed as potential intracellular pH probes. In
this work, the excited-state dynamics of one of these new dual emission GFP variants, deGFP4 (C48S/
S65T/H148C/T203C), is studied by ultrafast fluorescence upconversion spectroscopy. Following excitation
of the high-energy absorption band centered at 398 nm and assigned to the neutral form of the chromophore,
time-resolved emission was monitored from the excited state of both the neutral and intermediate anionic
chromophores at both high and low pH and upon deuteration of exchangeable protons. The time-resolved
emission dynamics and isotope effect appear to be very different from those of wild-type GFP [Chattoraj,
M., King, B. A., Bublitz, G. U., and Boxer, S. G. (1996)Proc. Natl. Acad. Sci. U.S.A. 93, 8362-8367];
however, due to overlapping emission bands, the apparent difference can be analyzed quantitatively within
the same framework used to describe GFP excited-state dynamics. The results indicate that the pH-sensitive
steady-state emission characteristics of deGFP4 are a result of a pH-dependent modulation of the rate of
excited-state proton transfer. At high pH, a rapid interconversion from the excited state of the higher
energy neutral chromophore to the lower energy intermediate anionic chromophore is achieved by proton
transfer. At low pH, excited-state proton transfer is slowed to the point where it is no longer rate limiting.

The green fluorescent protein (GFP)1 from the jellyfish
AequoreaVictoria has become a ubiquitous tool in cell and
molecular biology (1). The chromophore of wild-type GFP
is formed spontaneously from the internal cyclization and
oxidation of the Ser65-Tyr66-Gly67 tripeptide unit (2, 3) and
is protectively housed along a coaxial helix threaded through
the center of an 11-strandedâ-barrel (4). The surrounding
protein environment is responsible for many of the emission
properties of GFP such as the emission wavelength, relative
contributions from neutral and anionic forms of the chro-
mophores, and constraints that are responsible for the high
fluorescence quantum yield. There has been a significant
effort to change the surrounding environment by both random
and semirational mutagenesis to produce GFP variants with
desirable properties such as new emission wavelengths and
improved quantum yields (5, 6), more rapid chromophore
maturation (7), greater structural stability (8, 9), and altered

sensitivity to environmental properties such as pH (10-12),
redox potential (13), and ion concentration (14-16). In the
preceding companion paper, a new class of pH-sensitive dual
emission GFP (deGFP) mutants is reported (17). These
mutants exhibit emission that changes from green (λmax )
514 nm) to blue (λmax ) 465 nm) as the pH is lowered
(Figure 1) and should be useful ratiometric pH sensors in
vitro and in vivo. Structural studies of a related dual emission
GFP, deGFP1 (S65T/H148G/T203C), show that while most
of the wild-type GFP structure is preserved, the proton relay
network near the chromophore observed in wild-type GFP
does not appear to exist at either high or low pH.

At room temperature wild-type GFP exhibits two main
absorption peaks with maxima at 398 nm (band A) and 478
nm (band B) and a single emission peak in the steady-state
fluorescence spectrum around 510 nm. Previous studies have
led to the assignment of these absorption bands to different
protonation states of the chromophore, with the high-energy
band corresponding to the neutral chromophore and the low-
energy band to the anionic chromophore (3, 18). Ultrafast
proton transfer occurs in the excited state, leading to the
formation of the deprotonated chromophore from which
steady-state emission occurs, regardless of which band is
excited. Scheme 1 shows a working model for the dominant
photophysical processes of wild-type GFP at room temper-
ature (19, 20). Direct excitation of the anionic chromophore
B results in green emission. Upon excitation of the neutral
chromophore, A* rapidly converts to I*, an anionic chro-
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mophore similar to B* but in a nonequilibrium protein
environment, and emits green fluorescence. The 460 nm
emission from A* is only observed on a very short time scale,
and its decay rate matches the rise of emission from I*
measured at 510 nm. Both the A* decay and I* rise are
slowed upon deuteration of exchangeable protons, which
originally led to the suggestion that the process connecting
these states is ultrafast excited-state proton transfer (ESPT)
(19, 20). The hydrogen bond network near the chromophore
observed in the crystal structure of wild-type GFP is
suggested to be responsible for ESPT (21). Although this
scheme can account for many properties of wild-type GFP
photophysics, it is surely incomplete (22-26). Nonetheless,
it can provide a framework for interpreting results of GFP
mutants, and it will be used as a working model for the
analysis of the photophysical processes of deGFPs.

In this work, we investigate the excited-state dynamics of
deGFP4 (C48S/S65T/H148C/T203C) by fluorescence up-
conversion spectroscopy. We examine the excited-state
kinetics at both low and high pH and upon replacing
exchangeable protons with deuterons to better understand
the mechanism responsible for dual emission. The results
are compared to wild-type GFP and BFP, a blue-emitting
variant of GFP that does not undergo excited-state proton
transfer (20, 27). Even though the time-dependent emission
appears to be very different from that of wild-type GFP, it
is possible to model the data using the conventional scheme.

MATERIALS AND METHODS

Sample Preparation.Protein samples of deGFP4 were
prepared as described in the companion paper (17). Samples
of deGFP4 at pH 5.6 and 9.2, wild-type GFP at pH 7.2, and
a BFP variant (S65T/Y66H/Y145F) at pH 8.0 in 50 mM
buffer solutions (citrate, Tris, and HEPES as appropriate)
were examined by fluorescence upconversion spectroscopy.
For deGFP4 and wild-type GFP samples, exchangeable
protons were replaced by deuterium by repeated dilution of
the protein with the appropriate buffer in D2O (buffers were
not corrected for the isotope effect on the pH meter) and
concentration to a minimal volume by ultracentrifugation
(3×).

Fluorescence UpconVersion Spectroscopy.The time evo-
lution of fluorescence up to 160 ps at 460 and 515 nm was
measured by a fluorescence upconversion setup described
previously (19, 28). Samples were excited with a 400 nm
excitation pulse generated from the second harmonic of an
argon ion pumped titanium-sapphire laser. The instrument
response function generated from the mixing of the gate
beam with the scattered excitation light was typically∼170

fs. The sample, stirred continuously in a 1 mmpath length
quartz cuvette, was excited at 82 MHz with 10 mW of light
polarized at the magic angle with respect to the gate beam
(12 pJ/pulse).

Data Analysis.Data sets were fit to the convolution of
the instrument response with a model function composed of
a sum of exponentials, a baseline, and a time offset. Reported
errors are the standard deviation of fit parameters from three
data sets. The time-resolved emission of deGFP4 is not fit
well by a single exponential; therefore, the average lifetime
(〈τ〉 ) ∑Aiτi) is also reported for convenience. Modeling of
the 515 nm time-resolved emission as the sum of A* and I*
kinetics used the fixed amplitudes and decay parameters from
the 460 nm emission as the A* kinetics. The I* rise lifetimes
were fixed to the A* decay lifetimes, and their respective
amplitudes were varied to produce the best fit to the data.
The I* decay lifetime was fixed to 2.8 ns, the value
determined from time-correlated photon counting.

RESULTS

Excited-State Kinetics of deGFP4.To determine the basis
for the pH-dependent steady-state emission properties of
deGFPs (Figure 1), the early time fluorescence dynamics of
deGFP4 were studied at both high and low pH and in
protonated and deuterated buffer solutions. The excited-state
dynamics were probed by exciting band A at 400 nm and
monitoring the emission at 460 and 515 nm. For comparison,
the emission from BFP and wild-type GFP was also
measured. The results are shown in Figure 2, and the fit
parameters for deGFP4 are summarized in Table 1.

The time-resolved emission of deGFP4 exhibits pH-
dependent kinetics. At low pH, the emission at 460 nm
decays with an average lifetime of 96 ps and is unchanged
in deuterated buffer solution (〈t〉 ) 94 ps). The emission at
515 nm is essentially identical to that measured at 460 nm
with an average lifetime of 103 ps, but the decay kinetics
become slightly faster upon replacing exchangeable protons
with deuterons (〈t〉 ) 85 ps). At high pH, the emission at
460 nm is rapidly quenched with an average decay lifetime
of 35 ps and becomes slower in deuterated buffer (〈t〉 ) 55
ps). The emission at 515 nm shows an initial ultrafast decay
component with a lifetime of 4.2 ps comprising 14% of the
total amplitude followed by long-lived emission (86%) that
extends out well beyond our experimental time window (160
ps). Upon replacing exchangeable protons for deuterons, the
decay of emission at 515 nm becomes substantially faster,
with ultrafast decay components of 4.2 and 23 ps comprising
a total of 54% of the total amplitude followed by long-lived
emission (46%). Note that in no case does the fluorescence

Scheme 1: Photophysics of Wild-Type GFP

FIGURE 1: Steady-state fluorescence spectra of deGFP4 excited at
400 nm in pH 5.6 (solid line) and pH 8.0 (dashed line) buffers
(17).
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rise outside the instrument response function for deGFP4
emission at either 460 or 515 nm.

DISCUSSION

Comparison of deGFP4 at Low pH to BFP.The steady-
state emission spectrum of deGFP4 shows that excitation of
band A at low pH produces a broad emission band at 460
nm that extends out beyond 515 nm (Figure 1). At low pH
the decay kinetics measured at 460 and 515 nm are nearly
identical, implying that the emission measured on the
ultrafast time scale at either wavelength arises predominantly
from the same excited-state species (Figure 2B,E). This
response is similar to what is observed for BFP emission
where nearly identical kinetics are measured as far out as
600 nm (20) and where the emission from A* is relatively
long-lived (Figure 2A). The absence of both an appreciable
deuterium isotope effect and a rise in the emission at 515
nm, features also absent in the emission from other BFP
variants (20, 27), indicates that efficient proton transfer does
not occur on the time scale of the fluorescence lifetime of
A* and that the emission at both wavelengths at low pH
arises from A*. This behavior is also consistent with the
structural data of the related dual emission variant which

lacks a proton network near the chromophore in deGFP1
capable of ESPT (17). The slight isotope effect observed
for emission at 515 nm will be discussed in further detail
with the large isotope effect seen at high pH.

Comparison of deGFP4 at High pH to Wild-Type GFP.
At high pH the emission band at 515 nm becomes more
prominent in the steady-state fluorescence spectrum, and the
emission at 460 nm becomes less intense (Figure 1).
Comparison with the wild-type steady-state emission spec-
trum suggests that the dominant emission band observed at
high pH arises from an intermediate anionic species (I*)
formed through ESPT; however, the excited-state dynamics
of deGFP4 at high pH appear to be completely different from
those observed in wild-type GFP (Figure 2D,G). In wild-
type GFP, excitation of band A results in an immediate
emission at 460 nm from A*, which decays in a few
picoseconds with a concomitant rise of green emission at
515 nm from I*. Both the decay of blue emission and the
rise of green emission at 515 nm are slowed substantially
upon deuteration, indicating that ESPT is involved in the
conversion of A* to I* in wild type (19, 20). The time-
resolved emission of deGFP4 at 460 nm shows similar
although slower picosecond decay kinetics compared to wild-

FIGURE 2: Time-resolved fluorescence of BFP, deGFP4 at pH 5.6 and 9.2, and wild-type GFP for excitation at 400 nm. Emission is shown
(A-D) at 460 nm and (E-G) at 515 nm. Data (dots) and fits (solid line) are shown for BFP, deGFP4, and wild-type GFP; for clarity,
deGFP4 and wild-type GFP data in deuterated buffers are omitted and only the fits (dashed line) are shown.

Table 1: Spontaneous Fluorescence Fit Parameters of deGFP4 Excited at 400 nm

protonated buffer deuterated buffer

pH λem (nm) amp (%)a τ (ps) 〈τ〉 (ps)b amp (%)a τ (ps) 〈τ〉 (ps)b

5.6 460 58( 3 146( 9 96 61( 5 135( 8 94
32 ( 2 33( 4 32( 4 34( 6
10 ( 1 3.9( 1.0 7( 1 4.7( 1.8

515 54( 4 170( 11 103 56( 3 136( 1 85
31 ( 3 34( 4 28( 2 29( 3
15 ( 2 3.1( 0.8 16( 2 3.1( 0.4

9.2 460 20( 2 109( 7 35 38( 2 117( 4 55
46 ( 1 25( 2 35( 1 25( 2
34 ( 2 5.9( 0.6 27( 3 5.3( 0.4

515 86( 5 .160c .160c 46 ( 1 .160c .160c

14 ( 5 4.4( 2.7 30( 2 23( 1
24 ( 1 4.2( 0.4

I* modeld -3 109 23 -68 117 87
-74 25 -29 25
-23 5.9 -3 5.3

a Positive amplitudes indicate a decay time; negative amplitudes indicate a rise time.b The average lifetime〈τ〉 ) ∑Aiτi. c Indicates a lifetime
that is too long to be accurately measured with the 160 ps experimental time window.d The rise lifetimes of the intermediate anion kinetics were
fixed to the decay lifetimes of the 460 nm emission.
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type GFP (〈t〉 ) 35 and 25 ps respectively; Figure 2C,D).
As is observed in wild-type GFP, the decay of emission at
460 nm is slowed upon replacing exchangeable protons with
deuterons. The time-resolved emission of deGFP4 measured
at 515 nm is completely different from that observed in wild-
type GFP (Figure 2F,G). At 515 nm no rise kinetics are
observed, and the decay of emission becomesfaster in
deuterated buffer solution.

The absence of a rise in the emission from the lower
energy state and the negative isotope effect appear to be
inconsistent with the scheme used to describe excited-state
dynamics in wild-type GFP; however, there are some hints
to the contrary. The isotope effect observed at 460 nm is
analogous to that observed in wild-type GFP and is consistent
with ESPT, though the emission at 515 nm lacks the
distinctive kinetic characteristics associated with A*f I*
conversion in wild type. The steady-state fluorescence
spectrum is also significantly different from that of wild type.
Appreciable steady-state fluorescence from A* is present at
460 nm (due to the longer A* lifetime), and given the broad
shape of the A* emission band, it is likely that the emission
bands associated with A* and I* overlap at wavelengths
beyond 500 nm (Figure 1). This overlap should also be
present in the time-resolved emission, and the kinetics
observed at 515 nm could be a sum of the A* decay and I*
rise kinetics. In the following, we show that, by taking this
into account, the seemingly novel kinetics fit well with the
model developed for wild-type GFP.

Modeling the 515 nm Emission as a Sum of A* and I*
Dynamics.We model the time-resolved emission at 515 nm
for deGFP4 at high pH as a sum of the emission from the
neutral chromophore A* and the intermediate anionic chro-
mophore I*. The A* decay kinetics at 515 nm are taken to
be identical to those observed at 460 nm. The I* population
that forms by ESPT from A* should exhibit rise kinetics
identical to those of the A* decay kinetics. As described in
Materials and Methods, we model the observed fluorescence
kinetics at 515 nm as a linear combination of the measured
A* decay and an I* population that rises with the A* decay
lifetimes, with the only parameters being the relative
amplitudes of the I* rise components. Figure 3 demonstrates
that both the protonated and deuterated 515 nm emission
can be accurately modeled in such a manner and that the
relative contribution from the intermediate state decreases
upon deuteration as is expected if A*f I* conversion is
slowed. Table 1 summarizes the parameters used to model

the kinetics of the intermediate anion. Decomposition of the
time-resolved 515 nm emission into separate contributions
from the A* decay and I* rise kinetics makes it apparent
that ESPT is responsible for the predominantly green
emission of deGFP4 at high pH. The A* and I* kinetic
profiles extracted from this analysis now resemble those of
wild type: both the decay of A* and the rise of I* occur on
comparable picosecond time scales and slow upon deutera-
tion. Further confirmation of this analysis is provided by the
steady-state emission spectrum which exhibits a decrease in
the 515 nm emission and concominant increase in the 460
nm emission upon replacing exchangeable protons with
deuterons (data not shown). Although the high-pH structure
of the related variant deGFP1 shows significant differences
from wild type in the hydrogen bond network around the
chromophore, our results indicate that the protein environ-
ment in the vicinity of the deGFP4 chromophore (and likely
in the other deGFP variants) is still capable of ESPT, albeit
with less efficiency than in wild type. The slower A*f I*
ESPT results in a longer A* lifetime and emission that is
readily detected in the steady-state fluorescence spectrum,
thereby giving rise to the dual fluorescence.

The slight isotope effect seen at 515 nm at low pH can
also be explained in such a manner, although the effect is
much smaller than at high pH. The steady-state fluorescence
spectrum shows a small contribution from I* at 515 nm
(Figure 1), indicating that, even at low pH, a very small
amount of ESPT occurs and produces a small population of
I*. Upon deuteration, this process slows even further and
results in a decrease in the contribution of I* kinetics to the
time-resolved emission at 515 nm (because less I* is formed),
resulting in a slightly faster decay lifetime. In the steady-
state spectrum, the small contribution at 515 nm from I*
emission decreases even further upon deuteration (data not
shown).

Modeling the green emission as a sum of two distinct
populations may be important for understanding the emission
properties of other GFP mutants. Mutants which compromise
the efficiency of excited-state proton transfer could result in
increased blue emission and therefore detectable A* kinetics
at longer wavelengths. For example, previous work by
Lossau et al. on the F64L/S65T mutant revealed a lack of
rise kinetics at 530 and 650 nm after excitation at 400 nm
(20). The authors interpreted their results as a cancellation
of picosecond rise and decay kinetics associated with I*;
however, these picosecond decay processes did not appear
upon direct excitation of the B band. It is possible that, upon
excitation at 400 nm, emission at 530 and 600 nm is the
sum of decaying A* emission and rising I* emission, similar
to that observed here with deGFP4. The A* emission would
be absent upon direct excitation of the low-energy B band,
explaining why the picosecond decay components were not
detected at 530 and 600 nm. Furthermore, Heikal et al.
showed that the steady-state emission from A* at 450 nm is
almost 30 times greater in F64L/S65T than in wild-type GFP
(29), providing further evidence that such overlap issues may
exist on the ultrafast time scale in the F64L/S65T mutant to
a much greater extent than in wild type. It is therefore
important to consider the possibility of emission from
multiple states when drawing conclusions from time-resolved
emission data. Even in cases where there is little or no
evidence of emission from a particular species in the steady

FIGURE 3: Decomposition of the time-resolved emission of deGFP4
at pH 9.2 into two populations. Emission at 515 nm is shown (A)
in protonated buffer and (B) in deuterated buffer. A* kinetics (solid
line) and I* kinetics (dashed line) are summed to obtain a fit (bold
solid line) to the 515 nm emission data (dots). The A* kinetics are
fixed to the fit of 460 nm emission and the I* population is modeled
using the A* decay time constants as rise time constants (see text
for details).
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state, emission could be present and have a significant
contribution on the ultrafast time scale.

Conclusions.The time-resolved emission of deGFP4
exhibits pH-dependent kinetics with novel dynamics ob-
served at 515 nm. These interesting dynamics, the lack of
rise kinetics and an apparentnegatiVe isotope effect, are
consistent with the notion of pH-dependent, excited-state
proton transfer when the time-resolved emission at 515 nm
is treated as the sum of distinct A* and I* populations. The
pH-dependent efficiency of proton transfer is most likely a
result of the large structural changes accompanying pH
modulation as inferred from the structural changes seen in
deGFP1 (17). Scheme 2 depicts a general working model
for deGFPs that combines the structural information of
deGFP1 (17) and the excited-state dynamics of deGFP4. At
high pH, the local chromophore environment includes a
proton transfer relay to the bulk solvent that is capable of
efficient ESPT and results in green emission from the anionic
chromophore. Proton transfer becomes less efficient at acidic
pH due to structural rearrangements that result in the loss of
an adequate proton-transfer relay. The rate of ESPT can no
longer effectively compete with other processes such as
internal conversion back to the ground state (30), and
emission is primarily from the neutral chromophore. At all
pHs, A* f I* is slowed compared to wild-type GFP and
results in the visible 460 nm steady-state fluorescence that
makes deGFP4 a useful ratiometric pH sensor. However, in
addition to their usefulness as pH sensors, deGFPs are

excellent model proteins for experimental and theoretical
study since their rates of ESPT can be systematically varied
and controlled. To better visualize the dynamic range over
which deGFP4 can modulate proton transfer, emission at 460
nm is compared in Figure 4 to that of wild-type GFP, which
can be considered to exemplify efficient proton transfer (19,
20), and a BFP variant, which serves as a model in the
absence of proton transfer (20, 27). When compared against
these two limiting scenarios, deGFP4 is seen to modulate
excited-state proton transfer over a fairly large range.
Mutations that further stabilize the neutral chromophore in
the excited state and increase the lifetime of blue emission
would be desirable and improve the usefulness of deGFPs
as ratiometric pH sensors.
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