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Proton transfer is an elementary process in biology. Green fluorescent protein (GFP) has served

as an important model system to elucidate the mechanistic details of this reaction, because in

GFP proton transfer can be induced by light absorption. We have used pump–dump–probe

spectroscopy to study how proton transfer through the ‘proton-wire’ around the chromophore is

affected by a combination of mutations in a modern GFP variety (sGFP2). The results indicate

that in H2O, after absorption of a photon, a proton is transferred (A* - I*) in 5 ps, and

back-transferred from a ground state intermediate (I - A) in 0.3 ns, similar to time constants

found with GFPuv, although sGFP2 shows less heterogeneous proton transfer. This suggests that

the mutations left the proton-transfer largely unchanged, indicating the robustness of the

proton-wire. We used pump–dump–probe spectroscopy in combination with target analysis to

probe suitability of the sGFP2 fluorophore for super-resolution microscopy.

Introduction

Green Fluorescent Protein (GFP)1 is an important model

system for biologically relevant proton transfer reactions that

has been investigated extensively by many spectroscopical

methods.2–10 GFP’s excited state proton transfer (ESPT) is

unique in biology. The ability to synchronously induce proton

transfer with a short laser flash presents a great opportunity to

study proton transfer in detail, with high time-resolution. In

the past we have studied GFPuv using both visible and IR

time-resolved spectroscopy. GFPuv11 is an ‘‘old’’ variety of

GFP. It has surface exposed mutations F99S, M153T and

V163A relative to wild-type GFP and is spectrally very similar

to the native protein, but 18 times brighter, and it is better soluble

in water.12 In the ground state GFPuv is in a protonated

(neutral) form (A). Excitation with 400 nm forms A*, followed

by fast intramolecular proton transfer, yielding the deprotonated

(negatively charged) chromophore I* that emits green light with a

peak at around 510 nm, and a lifetime of B3 ns in H2O and a

fluorescence quantum yield of 0.79.13 The intramolecular proton

transfer is a multi-exponential process. Four lifetimes were needed

to describe the decay of the emission from the A* state, and the

longer lifetimes are accompanied by a decreasing probability of

forming I*, which approaches zero with the longest A* lifetime of

1.5 ns.14 Multi-exponentiality also followed from time-resolved

difference absorption spectroscopy, where the decay of A* was

described by two exponentials of similar amplitude and lifetimes

of 2.2 and 11 ps in H2O, and 12 and 69 ps in D2O.
15 The multi-

exponentiality may be explained by heterogeneity of A and/or by

relaxation of A*. The heterogeneity can be linked to the E222

residue which is partially disordered in the ground state.16,17

Photodecarboxylation of E222 leads to permanent deprotonation

of the chromophore (which is then in the anionic form).17

The fate of I* has been further studied in GFPuv by

pump–dump–probe spectroscopy, which revealed two ground

state intermediates (GSIs) I1 and I2 after stimulated emission

of I*,15 with lifetimes of 3 ps and 0.4 ns in H2O, and 7 ps and

5 ns inD2O. The unusually large kinetic isotope effect suggested the

involvement of multiple proton transfer steps, in agreement with

results from spectral hole burning.18 Further studies in D2O

employing also femtosecond IR spectroscopy confirmed the proton

transfer and suggested another intermediate between A* and I*, in

which a shift of the equilibrium positions of all protons in the

H-bonded network has led to a partial protonation of E222 and to

a so-called low barrier hydrogen bond (LBHB) for the chromo-

phore’s proton, giving rise to dual emission at 475 and 508 nm.4

Enhanced GFP (eGFP)1 was one of the first improved versions

of GFP (mutations F64L and S65T, see Fig. S1, ESIw). It showed
improved chromophore formation, and the chromophore was

deprotonated in the ground state (disrupted proton wire, no

ESPT), with a higher extinction coefficient. Other S65T mutants

are trapped in state A and show a very broad and asymmetric

blue shifted emission spectrum, with an excited state decay time of

only a few hundred picoseconds. This is in sharp contrast to the

narrow slightly structured emission of I* which is associated with

a fluorescence lifetime of a few nanoseconds.19 Strongly enhanced
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GFP (sGFP2) is a more recent improvement of eGFP, with

five additional mutations (S72A, M153T, V163A, S175G and

A206K),20 leading to improved protein folding and solubility and

decreased tendency to dimerize. sGFP2 has similar brightness to

eGFP, despite partial protonation in the ground state. sGFP2

variants without protonation had low quantum yields (T65G) or

slow folding (E222Q).

Here we choose to study the ESPT in sGFP2, because it is a

modern type of GFP, which is more relevant for microscopy

than GFPuv, and because in contrast to most other eGFP

variants it shows (partial) protonation in the ground state

which makes it an interesting system to study ESPT. In

particular it is interesting to study how the proton transfer is

affected by the additional mutations. Furthermore this study

presents a way to screen for suitable GFP variants for super-

resolution microscopy. The role therein of GFP’s ground state

intermediates is discussed.

Materials and methods

His6-tagged strongly enhanced GFP (sGFP2) was prepared as

described previously.20 In brief, sGFP2 was expressed in

Escherichia coli for 5 h at room temperature, and purified

using His-bind Resin (Novagen, Darmstadt, Germany). It was

frozen in liquid nitrogen and stored at �80 1C until usage.

Samples were measured in 20 mM Tris buffer (pH = 8) in

1 mm path length quartz cuvettes, at an OD of 0.25–0.35 mm�1 at

400 nm. Oxygen was removed with an oxygen scavenging system

of glucose oxidase, catalase and glucose. Sample quality was

checked by steady state absorption (Lambda40 photospectrometer,

Perkin-Elmer, Wellesley, MA, USA) before and after PDP

experiments, which showed for some experimental signs of

photoconversion (see ESIw). All experiments were performed

at room temperature.

Multi-pulse visible pump–dump–probe measurements were

performed on the set-up described previously, based on a set of

commercial lasers and amplifiers (Coherent Inc., Santa Clara,

CA, USA).4,21 In brief, a 1 kHz Ti:sapphire oscillator and

amplifier provided o100 fs 800 nm pulses, which were split

into three paths. The first path was frequency doubled in a

BBO crystal to give the 400 nm pump pulses. The second path

was used to pump an Optical Parametric Amplifier, producing

dump pulses at 550 and 575 nm, and the third path was

focused into a rotating CaF2 plate generating broadband

probe pulses, ranging from 430 nm to 750 nm. The transient

absorption of the probe pulse was measured by dispersing the

probe beam in an imaging spectrograph (Newport Oriel

MS127i) with a photodiode array (Hamamatsu S3901-256Q).

The delay time between pump and dump pulses was 1, 5, 10 or

50 ps. This delay time was varied synchronously relative to the

delay time of the probe pulses, using two automated translation

stages of 60 cm. Pump pulses were modulated with a chopper

at 500 Hz, and the dump pulses at 250 Hz, while detecting

at 1 kHz. This generated 4 datasets, in the presence of one, two

or three laser pulses: pump–dump–probe, pump–probe,

dump–probe and probe-only (control). Polarization of pump

and dump pulses was set parallel to each other at a magic

angle relative to that of the probe pulse. Pump pulse energy

was set at 170 nJ, and dump pulse energies varied between

200 nJ and 600 nJ. The temporal instrument response function

was B0.42 ps full width at half maximum and the spectral

resolution was B1 nm. The data were fitted by using global

and target analysis,22 with the extension for pump–dump–

probe data described in ref. 15. Model based data-analysis is

described in more detail in the ESI.w The absorption and

emission spectra of sGFP2 are shown in Fig. 1, together with

the profiles of the laser pulses.

Results and discussion

Pump–probe (PP) spectroscopy

A typical PP dataset of sGFP2 excited at 400 nm is shown in

Fig. 2a, with transient spectra and time-traces in Fig. 2d and e.

The PP signal consists of a positive band at around 450 nm

(excited state absorption, ESA) and a negative band at around

520 nm. This band consists of ground state bleach (GSB),

stimulated emission (SE) and perhaps a minor contribution of

the broad weak ESA-band that extends to over 700 nm. The

band rapidly red-shifts and rises within several picoseconds.

The GSB of the 400 nm absorption band is not within the

detection range.

The data were fitted with a three-component sequential

scheme (Fig. 2f–h). In this model the 400 nm pulse excites

molecules from the ground state to an initial excited state, with

absorption difference spectrum SADS1 (SADS = species

associated decay spectrum, see ESIw). SADS1 (black in (g))

shows a positive ESA band at 450 nm and a broad negative

band peaking at 520 nm. This spectrum is very similar to that

observed in GFPuv,15 where the chromophore is protonated in

the ground state. Therefore we attributed SADS1 to the

protonated excited state A*. Apparently 400 nm light excites

almost exclusively the subpopulation of sGFP2 proteins with

protonated chromophores (this was confirmed by allowing

direct excitation of SADS2 in the fit, yielding r3% of SADS2

excitation). In 5 ps SADS1 evolves to SADS2, with stronger

ESA at 450 nm and increased, narrowed and red-shifted

stimulated emission. In GFPuv this spectrum is assigned to

the deprotonated chromophore, I*.15 In 2.8 ns SADS2 evolves

to SADS3, which shows no stimulated emission, indicating

that it is an electronic ground state intermediate (GSI) rather than

an excited state. The transient concentration of SADS3 is very

small (Fig. 2h), due to the inverted kinetics (slow rise (k2), rapid

Fig. 1 Steady state absorption (black) and emission (red dashed)

spectra of sGFP2 and spectra (grey) of the 400 nm pump and 550 and

575 nm dump laser pulses.
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decay (k3)). Therefore it is hard to characterize. In particular, the

lifetime and spectral amplitude cannot be estimated independently,

so k3 had to be fixed for the fit to converge. Higher transient

concentrations of GSI are obtained by extension of the

experiment with a dump pulse, which forcibly populates the

GSI via stimulated emission (vide infra).

In summary, the pump–probe experiments show the

presence of an initial protonated excited state (A*), which

rapidly evolves into a deprotonated state (I*), which decays

on a nanosecond timescale to a protonated ground state

intermediate (GSI), followed by proton back-transfer on the

timescale of hundreds of picoseconds. The difference absorp-

tion spectra and kinetics are similar to those in GFPuv,

indicating that the sequential (evolutionary) scheme describes

true physical states. More detailed characterization of the GSI

requires pump–dump–probe spectroscopy.

Pump–dump–probe (PDP) spectroscopy

In pump–dump–probe spectroscopy three short laser pulses

are employed. The first (pump) pulse creates excitations, which

are allowed to evolve during time tdump (dump time), after

which the second pulse (dump) interacts with the sample,

inducing dumping (via stimulated emission) and/or repumping

(via excited state absorption). After time Dt (with tprobe =

Dt+ tdump, and tprobe the probe time) the transient absorption

spectrum is recorded with the third (probe) pulse. The

transient spectra in the presence of either pump, dump or both

Fig. 2 Pump–dump–probe data and fit of PP of sGFP2 excited at 400 nm. (a) Color coded PP data in mOD. The time-axis is linear until 2 ps, and

logarithmic thereafter, (b) same for PDP–DP, and (c) PDP–DP–PP; the white dashed line indicates the dumping time. (d) Selected PP transient

spectra and fits (dotted), (e) selected PP time traces and fits (dotted) at 450 nm (upper) and 520 nm, (f) PP fit model with fitted rates (k3 was fixed),

(g) species associated difference spectra (SADS; SADS3 scaled by 0.5 for visibility) and (h) concentration time-profiles from the fit. The transient

spectra in (d) at r5 ps were corrected for dispersion. The time-axis in (e) and (h) is linear until 4 ps, and logarithmic thereafter. The blue traces in

(g) and (h) are attributed to scattered and coherent artifact.
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pulses are measured for variable tprobe and fixed tdump, yielding

datasets named, respectively, PP, DP and PDP. PDP spectro-

scopy is ideally suited to create high transient concentrations of

states that are otherwise only slightly populated. This is the

case with the GSI in Fig. 2.

For sGFP2, a dump pulse of 575 nm was applied at tdump =

1 ps after the pump pulse (Fig. 2b; DP data were subtracted

from PDP to correct for the coherent artefact and a small

amount (0–4%) of excitation by the dump pulse). Dumping is

clearly visible as a loss of signal after 1 ps (compare Fig. 2a).

The product formed by dumping is observed more clearly as

(PDP–DP)–PP (Fig. 2c), and shows a positive band at 510 nm,

and weak bleach at o440 nm. This product decays on a time

scale of hundreds of picoseconds.

The PDP–DP data were fitted simultaneously with the PP

dataset, using the target model shown in Fig. 3a (see ESIw for

details on the global and target analysis). In this model the

400 nm pump pulse excites only sGFP2 proteins in the

protonated state (A), yielding the protonated excited state

A*, which subsequently converts to the (deprotonated) excited

state I* in 5 ps. In 2.9 ns I* decays to the (deprotonated)

ground state I, a ground-state intermediate (GSI), which

reverts to A in 0.25 ns. The 575 nm dump pulse (block-arrows

in Fig. 3a) de-excites A* to A (ground state), which has no

absorption difference spectrum, and I* to GSI. De-excitation of

A* reduces the amount of I* formation, and therefore also the

amount of GSI formed on the nanosecond scale. De-excitation

of I* leads to an instantaneous drop in the concentration of I*

equal to the rise in the concentration of GSI.

The model in Fig. 3a is by no means the only model that can

describe the PDP data. Therefore several alternative models

were tested. First, inclusion of direct excitation of I to I*. This

resulted in only a small fraction of direct excitation (a few

percent relative to A*), which varies between experiments.

Fitted lifetimes and spectra were not affected, and the fit

quality improved only very little. Second, inclusion of

bi-exponential conversion of A* to I* and of GSI to A. This

resulted in A* - I* rates varying strongly between experiments,

indicating that at the current signal-to-noise bi-exponentiality is

not detectable (this is studied in more detail in the ESIw). Third,
inclusion of dumping of A* to the GSI. This resulted in a

decreased amplitude of the GSI spectrum, and was no longer

consistent with dumping at later dump times when the concen-

tration of A* is much smaller than I* (vide infra).

Thus, the model in Fig. 3 is the simplest to satisfactorily

describe the data. The species associated absorption difference

spectra (SADS) of A* and I* of this simultaneous fit are very

similar to those from the fit of only the pump–probe data

(Fig. 2), confirming the assignment of those difference spectra.

It is concluded that A* is dumped to the ground state (A),

whereas I* is dumped to a GSI. Quantitatively, after unit

excitation 0.085 A* and 0.034 I* are dumped at a 0.8 ps delay

Fig. 3 Results of simultaneous target analysis of the data in Fig. 2a and b. (a) target model, (b) selected time traces and fits (dotted blue line) (red

and green lines indicate PP and PDP–DP respectively), (c) concentration time-profiles (solid and dotted lines indicate PP and PDP–DP

respectively), (d) species-associated difference spectra. The time-axes are linear until 4 ps, and logarithmic thereafter. For better visibility, the green

spectrum in (d) is multiplied by 0.5, and the green concentration in (c) is multiplied by 2. The blue traces in (c) and (d) are instantaneously scattered

light and coherent artefact. In (a) the dashed arrow indicates excitation by the 400 nm pulse, the block-arrows dumping by the 575 nm pulse and

the regular arrows spontaneous processes.
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time. Since GSI is formed only from I*, the experiments were

extended with dumping at longer delay times, when the higher

I* concentration should yield more GSI.

PDP experiments with 575 nm dumping at 5, 10 and 50 ps

were fitted simultaneously (Fig. 4) with the model in Fig. 3a,

assuming equal spectra and transfer rates for all experiments.

The decay rate of I* showed some variability in the fits

of individual datasets, so it was allowed to differ between

experiments, yielding values ranging from k2 = (1.9 ns)�1 to

(2.8 ns)�1, in good agreement with previously reported values

from time-resolved microscopy.23,24 Experiments of partly

photoconverted sGFP2 showed shorter I* lifetimes than

unconverted proteins (see ESIw), providing a possible explana-
tion for the variability of I* lifetime. The rate of A* - I*,

k1 = (4.8 � 0.4 ps)�1, was identical to the 1 ps PDP fit. The

rate of GSI- A, k3 = (0.38 ns)�1, was somewhat slower than

in the fit above. Alternative fit models were tested, as described

above, with similar results. In addition, a variable amplitude

of the GSI spectrum among the different datasets was tested,

which had no effect on the rates and spectra. Based on the

results of all these fits we conclude that k3 = (0.3 � 0.1 ns)�1.

The GSI spectrum can be estimated much more accurately

from this fit than before (compare the noise levels of the green

spectra in Fig. 4b, 3d and 2g).

The target model was tested by PDP experiments with

dumping at 550 nm (Fig. 5), where the stimulated emission

amplitudes of I* and A* are different from those at 575 nm

(the SADS at these wavelengths consists mainly of stimulated

emission, as deduced from PP experiments of GFP(S65T)).25

Dumping at 550 nm gives the same GSI as dumping at 575 nm

(compare Fig. 4 and 5), but with stronger dumping efficiency.

Relatively more I* is dumped than A*, in agreement with

their stimulated emission amplitudes. More GSI is formed

with 550 nm dumping, confirming that the GSI is formed from

Fig. 4 Results of simultaneous fitting of the datasets with 575 nm dumping at delay times of 5, 10 and 50 ps with the model in Fig. 3a.

(a) Concentration time-profiles, (b) species-associated difference spectra and (c) time traces and fits (dotted blue lines) of PP (red) and PDP-DP

(green) at 520 nm, dumped at 5 ps (left), 10 ps (middle) and 50 ps (right). The time-axes are linear until 10 ps, and logarithmic thereafter. The blue

traces in (a) and (b) are instantaneously scattered light and coherent artefact. The different amounts of dumping at different dump times are due to

different dump powers and A* and I* concentrations.

Fig. 5 Results of the simultaneous fit of the datasets with 550 nm (dotted) and 575 nm dumping at 1 ps with the model in Fig. 3a.

(a) Concentration time-profiles and (b) species-associated difference spectra. In the absence of dumping the time-traces overlap. The time-axis

in (a) is linear until 4 ps, and logarithmic thereafter.
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I* but not from A*. Thus these experiments confirm the target

model. Moreover, they prove that it is possible to selectively

dump A* or I* by careful selection of the dumping wavelength.

In the case of A* dumping no ground state intermediate is

formed. This may be relevant for suitability of sGFP2 for super-

resolution microscopy.

Application to super-resolution microscopy?

At 400 nm exclusively the protonated (A) state of sGFP2 is

excited (Fig. 2), followed by excited state proton transfer

(ESPT) forming I* which decays to the A state via a ground

state intermediate (GSI). This is similar to the kinetics of

GFPuv,15 except for two aspects: firstly, the A* - I* transi-

tion is slightly faster in sGFP2, and showed no signs of

bi-exponential behavior, indicating that excited state proton

transfer may be less heterogeneous in sGFP2 than in GFPuv.

In Fig. S3 (ESIw) we compare traces from sGFP2 and GFPuv

at the minimum of the I* SADS, and demonstrate the

difference in the rise of I*. Secondly, the GSI - A transition

lacks the fast blue-shift (3 ps) from a primary (I1) to a

secondary (I2) GSI of GFPuv.15 The SADS of GSI in sGFP2

nicely mirrors the emission spectrum (green and red lines in

Fig. 6), as evidenced by the narrow peak (half maxima at

approximately 495 and 525 nm) and shoulder near 475 nm.

The energy difference between the 0–0 transitions GSI2 I* is

so small that, unlike in GFPuv, in sGFP2 ground-state proton

back-transfer is a mono-exponential process.

Apparently, in the sub-population of sGFP2 proteins with

protonated chromophores, the proton-transfer-wire is slightly

different from that in GFPuv. The mono-exponential A*- I*

transition in sGFP2 points to minor changes in the proton-

network in the excited state, or possibly less disorder of the

E222 residue in the ground state of the protonated sGFP2

mutant.16 This could also explain the homogeneous proton

back-transfer. Interestingly, though the major fraction of the

sGFP2 proteins has its chromophore in the deprotonated

state, creation of the deprotonated chromophore in its ground

state with light results in an efficient reformation of the

protonated chromophore with a 0.3 ns time constant. This

shows that the protein environment that determines whether

the energetically favourable state contains a protonated or

deprotonated chromophore is stable on the time scale from

0.1 ps to 3 ns. The huge difference between the timescales of

proton transfer in the excited state A* - I* and in the ground

state GSI - A, 5 ps vs. 0.3 ns, can be explained by an

increased energy barrier for the GSI - A transition, as

in GFPuv and wtGFP.4,15,18 It would imply that proton

back-transfer is thermally activated, and that the GSI plays

an important role in sGFP2’s photocycle. Further experiments

with time resolved IR spectroscopy will be needed to further

unravel the dynamics in the hydrogen bonding network.4,26

Ground state and excited state processes determine the

suitability of fluorescent proteins for optical microscopy, and

in particular super-resolution microscopy, e.g. stimulated

emission depletion (STED) microscopy.27 STED is a very

powerful technique in life sciences,28 based on local de-excitation

of excited chromophores via stimulated emission. However,

experiments with fluorescent proteins (e.g. ref. 25, 29–31) usually

yield lower resolution results than with organic dyes (e.g. ref. 32

and 33). This is mainly due to the lower brightness and stronger

photobleaching of fluorescent proteins, which often occurs via

excited state absorption. It is therefore crucial to select the

right ‘‘STED-wavelength’’, where the stimulated emission

cross-section is high, while the excited state absorption is

low. Pump–probe spectroscopy has been successfully applied

to find suitable wavelengths for eGFP (supporting material in

ref. 25) and two organic dyes.32 It is also crucial to select the

right fluorophores. One of the determining factors therein is

the presence of long-lived (initial) GSI’s, which limit dumping

efficiency, due to the Frank–Condon principle. Consequently

the power and/or duration of the STED beam has to be raised,

leading to additional photobleaching. Moreover, photon

absorption by GSI’s may lead to additional photobleaching.

PDP spectroscopy is a rarely used, but very useful method to

study the presence and lifetime of GSI’s. For sGFP2 we found

a long-lived GSI, rendering the protein ill-suited for STED.

However, the possibility to selectively de-excite A* at a specific

wavelength enables by-passing of the GSI, and may offer a

solution. The required wavelength was chosen from the SADS’s

and tested by PDP (see Fig. 5). Without PDP experiments it

would have been impossible to test for GSI formation from A*.

GFPuv may be more suited for STED than sGFP2, due to the

presence of the short-lived GSI I2.
15 Both sGFP2 and GFPuv

offer the advantage of a large difference between excitation

(B400 nm) and de-excitation (B550 nm) wavelengths, leaving a

large spectral window for fluorescence detection.

In conclusion, PDP spectroscopy offers the following tools

to support fluorescence microscopy: (1) unique information on

ground state processes, which are important for fluorophore

selection; and (2) PP data, which provide the ESA and SE

spectra that are important for wavelength selection.

Conclusions

We demonstrated that

(i) after A* - I* excited state proton transfer (ESPT, rate

(5 ps)�1) sGFP2 has a ground-state intermediate, related to

thermally activated proton back-transfer GSI - A. The rate

of this back-transfer is (0.3 � 0.1 ns)�1 in H2O.

(ii) sGFP2 is only the second fluorescent protein for which a

GSI has been shown to exist. GSI’s are important elements of

the photocycle of GFP and related proteins, and as such

important for a full understanding of the protein dynamics.

(iii) proton transfer in sGFP2 is more homogeneous

(mono-exponential), but is overall similar to that in GFPuv,
Fig. 6 Steady state absorption and emission spectra of sGFP2 (black

and red dashed line), and DOD of GSI from Fig. 4b (green).
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suggesting that despite the large changes in the amino acid

sequence, the proton network around the chromophore is not

much affected.

(iv) PDP spectroscopy in combination with target analysis

is a useful tool to probe suitability of a fluorophore for STED

microscopy.
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