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Photoinduced Chromophore Hydration in the Fluorescent Protein Dreiklang Is Triggered by Ultrafast Excited-State Proton Transfer Coupled to a Low-Frequency Vibration

Abstract :

Due to growing applications in advanced fluorescence imaging, the mechanisms and dynamics of photoinduced reactions in reversibly photoswitchable fluorescent proteins are currently attracting much interest. We report the first time-resolved study of the photoswitching of Dreiklang, so far the only fluorescent protein to undergo reversible photoinduced chromophore hydration. Using broadband femtosecond transient absorption spectroscopy, we show that the reaction is triggered by an ultrafast deprotonation of the chromophore phenol group in the excited state, in 100 fs. This primary step is accompanied by coherent oscillations that we assign to its coupling with a low-frequency mode, possibly a deformation of the chromophore hydrogen bond network. A ground-state intermediate is formed in the ps-ns regime, that we tentatively assign to the deprotonated water adduct. We suggest that proton ejection from the phenol group leads to a charge transfer from the phenol to the imidazolinone ring, which triggers imidazolinone protonation by nearby Glu222 and catalyzes the addition of the water molecule.

Table of Contents Graphic :

Reversibly photoswitchable fluorescent proteins (RSFPs) are Green Fluorescent Protein (GFP) homologues that can be switched back and forth between a fluorescent (ON) state and a nonfluorescent (OFF) state by irradiation at two wavelengths. Over the last decade, they have become essential tools for super-resolution microscopy and other advanced fluorescence imaging techniques. 1 X-ray crystallography studies of the ON and OFF states of several RSFPs revealed that in most cases, photoswitching is based on cis/trans isomerization of the chromophore coupled with proton transfer. [2][3][4] The photoswitching pathways of this class of RSFPs, the prototype of which is Dronpa, 5 have been further investigated by time-resolved spectroscopy with visible [6][7][8][9] and IR 10,11 probes, quantum chemistry 12,13 and low-temperature X-ray crystallography, 14 in order to establish the sequence in time of the two events, their characteristic timescales and detailed mechanisms. Although questions remain, a clear picture of chromophore transformations involved in the OFF→ON photoswitching of Dronpa has recently emerged: the first step consists of picosecond trans→cis isomerization of the chromophore in the excited-state, while proton transfer follows much later in the ground state, on the microsecond timescale. 7,11 In Dronpa-like RSFPs, the wavelength used to excite and image the fluorescence of the ON state under a microscope is identical to one of the wavelengths driving the ON-OFF transitions (e.g. ON→OFF for Dronpa 5 and OFF→ON for Padron 4 ), which prevents a perfect control of the ON or OFF state of the probe during data acquisition. Brakemann et al. recently tackled this problem by developing Dreiklang, 15 a green-emitting RSFP in which fluorescence excitation is decoupled from photoswitching. Interestingly, X-ray crystallography combined with mass spectrometry 15 showed that Dreiklang exhibits an entirely new photoswitching mechanism, based on the reversible covalent addition of a water molecule across the C=N bond of the chromophore imidazolinone ring, as illustrated in Scheme 1. The reaction reduces the electronic delocalization within the chromophore, causing a strong blue-shift of the absorption of the OFF state, 15 which is key for disentangling fluorescence from photoswitching. Dreiklang is still today the only reported example of a fluorescent protein displaying such photochemistry. The thermal formation of a hydrated structure similar to Dreiklang's OFF-state has however been proposed to occur in some fluorescent proteins during chromophore maturation, [16][17][18] suggesting that photoinduced hydration might be transferrable to other members of the GFP family. In spite of its originality and high potential for the development of advanced RSFPs, the dynamics and mechanistic details of Dreiklang photoswitching are still completely unknown. We report here the first time-resolved study of Dreiklang photoswitching. The ON→OFF photoconversion was investigated from ~100 fs to 10 ns using broadband femtosecond UV-visible transient absorption (TA) spectroscopy, in order to establish the events immediately following the absorption of a photon and the onset of the hydration process.

Figure 1 shows the absorption spectra of Dreiklang at pH 7.5, in the equilibrium ON state and after irradiation at ~410 nm (in agreement with the report of Brakemann et al. 15 ). In the ON state (black line), the two bands peaking at 413 nm and 511 nm correspond to the neutral (A) and anionic (B) forms of the chromophore, respectively. 15 Irradiation in the A band switches the protein to the OFF state, characterized by a strongly blue-shifted band, peaking at 339 nm (C; Figure 1, red line). The ON state can be regenerated by irradiation of the OFF state in the C band.

It also recovers spontaneously in the dark with a half-life of ~10 min at room temperature, which explains the residual A and B bands observed after 410-nm irradiation. Excitation of the B band (ON state) elicits a strong green fluorescence with a maximum at 525 nm (Figure 2A, grey dashdotted line). Interestingly, the weak steady-state fluorescence spectrum of form A is identical to that of form B (see Supporting Information (SI), Figure S4), which suggests that the phenol group of the neutral chromophore deprotonates very fast in the excited state.

Form A (ON state) was excited at 405 nm with 110-fs pulses, to initiate the ON→OFF switching. The experiment was performed at pH 6.3 in order to increase the amount of neutral chromophore (pK a = 7.2; 15 Figure S3). Homologous measurements were performed in D 2 O (Figures S1 andS2) to characterize proton transfer steps. Photoinduced spectral changes were recorded between 300 and 700 nm, as shown in Figure 2. The initial spectrum at 100 fs (black line in Figure 2A) exhibits several characteristic bands. The negative one extending from 360 to 430 nm matches the steady-state absorption of form A (grey dotted line) and is attributed to ground-state bleaching (GSB). The other negative band, ranging from 465 to 630 nm, is due to stimulated emission (SE). The shoulder at ~560 nm evokes the fluorescence spectrum of form B (grey dash-dotted line) and suggests that the red wing of the band includes the contribution of some readily deprotonated population. The blue wing (below 490 nm) has however no equivalent in the fluorescence spectrum of form B. It proves that a population of excited neutral chromophores (noted A * ) is also present at 100 fs. GFP-like fluorescent proteins containing neutral chromophores have indeed been reported to emit in the 400 to 600 nm spectral range, with maxima at 470-480 nm. 7,[19][20][21] We show as an example the fluorescence spectrum of the A * state of GFP, measured by Jaye et al. 21 before excited-state deprotonation of the chromophore, by time-resolved fluorescence spectroscopy (grey dashed line). Finally, the three positive bands (below 360 nm, from 430 to 465 nm and above 630 nm) correspond to spectral regions where excited-state absorption (ESA) dominates the other contributions. Let us note that a significant contribution of SE from A * is expected in the region of the central ESA band.

The transient spectra evolve then in three steps, highlighted in sections A-C of Figure 2.

During the first 500 fs (Figure 2A), one observes mainly a rise of the central ESA band, a decay of SE below 514 nm and a rise of SE emission above 514 nm (with temporary isosbestic point at 514 nm). We assign these spectral changes to the deprotonation of A * , leading to an excited anionic species noted I * . At 500 fs (blue spectrum), the characteristic SE of A * below 490 nm has indeed entirely disappeared and the new SE band peaks at 523 nm, close to the fluorescence maximum of form B. The inset of Figure 2A shows the double difference spectrum ΔΔA = ΔA(500 fs) -ΔA(100 fs) between 440 and 580 nm (black line), which illustrates the early changes. We could satisfactorily simulate ΔΔA by a weighted difference of anionic and neutral SE (inset of Figure 2A, red line; see Methods in SI for details). This demonstrates that the rise of the central ESA band around 460 nm is mainly due to the disappearance of the underlying SE of A * . GSB shows little evolution on this ultrashort timescale, suggesting a high yield of A * deprotonation. Finally, the partial decays of ESA below 360 nm and above 630 nm point to a lower absorption of I * in these regions, compared to A * . It is well-known that an excited-state proton transfer (ESPT) also occurs in GFP upon excitation of its neutral form, in a few picoseconds. 22,23 Remarkably, the dynamics is here more than one order of magnitude faster. The spectral signature is however qualitatively similar. 22 From 500 fs to 3 ps (Figure 2B), the ESA and GSB bands below 490 nm decay significantly, while the SE band remains essentially stable. To rationalize these apparently asynchronous evolutions of ESA and SE from the same species, we hypothesized that a slight reshaping of the ESA band was "amplified" by the overlap with GSB. The contribution of GSB was estimated by reference to the TA signal of a solution of [Ru(bpy) 3 ] 2+ (see Methods in SI for more details), and subtracted from the data. GSB-free spectra are displayed in the inset of Figure 2B. They indeed show a slight narrowing and blue-shift of the ESA band, in line with the slight narrowing of SE (Figure 2B, main frame). We assign these spectral changes to the vibrational cooling of I * .

Finally, the ps-to-ns timescale (Figure 2C) is characterized by a simultaneous decay of all bands, reflecting the decay of I * . Excited-state contributions are still present at 2.6 ns (pink spectrum), as evidenced by the remaining SE, and obscure the detection of potential ground-state photoproducts. An additional TA spectrum recorded at 10 ns (inset of Figure 2C) is however fully devoid of SE, showing that the decay of I * is complete at this delay. The spectrum consists of GSB and of the absorption band of a ground-state photoproduct (apparent maximum at 450 nm), which we named X. The signal is zero below 365 nm, where OFF-state absorption is expected (see Figure 1). We conclude that the switching reaction is not over at 10 ns.

A major result at this stage is that the ON→OFF photoconversion of Dreiklang involves as intermediate an excited anionic species (I * ) formed by excited-state deprotonation of form A. In these circumstances, one may wonder why the OFF state cannot be produced by direct excitation of the anionic B form. To clarify this point, we measured the spectral changes triggered by femtosecond excitation (80-fs pulses) of form B at 505 nm, at pH 10.0 (see Figure S3). As can be seen in Figure 3, the recorded TA spectra are made up of two bands: a positive ESA band below 465 nm and a negative band from 465 nm to ~650 nm, resulting from overlapping GSB and SE contributions (see the grey dotted steady-state absorption and fluorescence spectra). They decay simultaneously on the nanosecond timescale, as the excited state (noted B * ) decays. Comparison of Figure 2C with Figure 3 shows that the lifetime of I * is much shorter than that of B * . The TA signal half life is ~30 ps in the first case (I * ), and ~1 ns in the second case (B * ), thereby demonstrating that the two species are different. Moreover, the TA spectrum measured 20 ns after excitation of B shows no significant absorption around 450 nm (inset of Figure 3; the small negative signal seen at ~515 nm is likely due to some minor long component of the excited-state decay). This is in sharp contrast with the formation of X upon I * decay (inset of Figure 2C). We suggest that the peculiar reactivity of species I * is due to the fact that it combines the charge distribution of the excited anionic chromophore with the protein conformation of the neutral ground state.

We next proceeded to kinetic analysis of the TA data by a standard multiexponential global fitting procedure. Inspection of the TA kinetics of both the A and B forms however revealed lowfrequency oscillations occurring during the first picosecond, as shown at representative wavelengths in Figure 4, panels A and C. The modulation is particularly obvious at 520 nm for form B (Figure 4C, green line) and at 505 nm for form A (Figure 4A, dark blue trace).

Oscillations are also observed in the TA kinetics of form A in D 2 O (Figure S2A). These oscillations were taken into account by adding a damped cosine with wavelength-dependent phase to our fit function (see Methods in SI for details). The frequencies, periods and damping times of the oscillatory components of the different samples are given in Table 1 and The strong wavelength-dependence of the phases points to coherent oscillations resulting from the excitation of vibrational wave packets by the spectrally broad femtosecond pump pulses. [24][25][26] Vibrational wave packets can be created in the excited state, but also in the ground state, through impulsive stimulated Raman scattering. 27 Ground-state wave packets modulate GSB, while excited-state wave packets modulate ESA and SE. Photoproduct bands may also be concerned, when the vibrational coherence persists throughout a photochemical reaction. 26,28 The affected band shifts back and forth as a result of wave packet motion about the corresponding excited-or ground-state potential energy surface (PES) minimum, leading to out-of-phase oscillations of the kinetics in its blue and red sides. 25,27 When a single electronic transition is probed, the maximum of the band is expected to feature both a minimum in the amplitude of the modulation and a phase jump of π. 25,27 The oscillatory pattern may however get more complicated when several contributions overlap.

The oscillations in the TA kinetics of form B are mainly localized in the 480-550 nm region, where both GSB and SE contribute (inset of Figure 4D). Their amplitude goes through a minimum and their phase jumps simultaneously by ~π at 525 nm, the maximum of the SE contribution (see steady-state fluorescence spectrum in Figure 3). We conclude that the observed modulation originates mainly from vibrational wave packet motion on the excited-state PES. In the case of form A, the oscillatory behavior is observed over a broad spectral range extending from 350 to 600 nm (inset of Figure 4B). Since GSB does not contribute above 480 nm (see steady-state absorption spectrum in Figure 2A), the oscillations in the red part of the TA spectrum indicate that an excited-state wave packet is again involved. The amplitude of the modulation is the highest between 425 and 525 nm, the region where the main spectral changes associated to the ESPT reaction are observed (Figure 2A). Interestingly, a sharp phase jump of ~π and a minimum in the amplitude are seen at 525 nm, peak of the anionic SE, but not at ~475 nm, peak of the neutral SE. 7,[19][20][21] We propose that the ESPT step is too fast compared to the 630-fs vibration period (see Table 1) to allow the wave packet to oscillate in the reactant well (A * species), but that the vibrational coherence persists throughout the reaction and is observed in the longer-lived photoproduct I * . This scenario is supported by the kinetic analysis, which sets the time constant for ESPT to 100 fs (see below). The ~π phase jump and amplitude minimum found at 425 nm could then originate from oscillations in the ESA contribution of I * , expected in this very region (see the inset of Figure 2B). Similar low-frequency oscillations have been observed in the femtosecond transient grating and stimulated Raman data of GFP 29 and one of its mutants 30 , albeit with higher frequencies of 95 and 120 cm -1 . They have been assigned to the coherent excitation of intramolecular deformation modes of the excited chromophore. 29,30 The lower frequencies of the oscillations observed here in the femtosecond TA data of Dreiklang (30-90 cm -1 ; see Table 1) suggest that they are rather due to the excitation of intermolecular modes involving the chromophore and its environment.

Moreover, the sensitivity of the low-frequency mode of form A to deuteration (31 cm -1 in D 2 O compared to 53 cm -1 in H 2 O) suggests that it involves proton motion. One could think of a mode implying a deformation of the hydrogen bond network around the chromophore. The excited electronic transition, of charge transfer character, has indeed been reported to involve a decrease of the electron density on the phenol oxygen, 29,31 which is expected to displace the equilibrium geometry of the hydrogen bond network in which it participates.

In addition to the oscillatory component, three independent exponentials plus a biexponential decay (i.e. fixed ratio of two exponentials with a single amplitude spectrum) were needed to achieve a good fit of the TA data of form A, while a biexponential decay was sufficient to fit those of form B. The time constants are gathered in Table 1, and the corresponding amplitude spectra, or DADS (decay associated difference spectra) are shown in Figures 4B, 4D andS2B.

The 100-fs component of form A (Table 1) corresponds to ESPT, which is hence ~50 times faster than in neutral GFP. 22,23 As previously mentioned, this lifetime is much shorter than the 630-fs period of the coherent oscillations, which explains why the vibrational coherence is mainly observed in I * . Moreover, the ESPT dynamics in Dreiklang is significantly less sensitive to H/D exchange than in GFP (slowing down by a factor of 1.5 instead of ~522,23 ; Table 1).

Interestingly, the isotope effect is comparable to that on the period of the low-frequency vibration (slowing down by a factor of 1.7), suggesting that both phenomena are intimately related. We tentatively propose that ESPT in Dreiklang is gated by the coherently excited low-frequency vibration, which allows the protein to reach, after 100 fs, a nuclear configuration much more favorable to proton transfer than the Franck-Condon configuration. This idea is illustrated in the contour diagram of the excited-state PES at the top of Scheme 2A.

The 750-fs lifetime of form A (1.3 ps in D 2 O; Table 1) is assigned to the vibrational cooling of I * , and the three longer lifetimes (19 ps, 108 ps and 1.8 ns) to its multiexponential decay to X (Scheme 2A). Multiexponential kinetics in proteins are often attributed to structural heterogeneity. 7,8,10,32 The X-ray structure of ON-state Dreiklang at 100 K shows only a single conformation, 15 but the three decay times could be due to some conformational flexibility of the protein at room temperature, on timescales longer than the probed dynamics, as has been reported for other GFP variants. 33 The fact that two of the decay components can be fitted with a single biexponential decay is in agreement with this interpretation. No satisfactory fit could however be obtained replacing all three decay components by a triexponential decay, presumably because the 19-ps component still reflects some vibrational cooling of I * mixed to the excited-state decay, as suggested by its comparatively larger amplitude in the 350-500 nm region (Figure 4B). These fits confirm that the lifetime of I * is much shorter than that of the anion formed by direct excitation: the average lifetimes at 525 nm are 219 ps (I * ) and 2.3 ns (A * ). In addition, H/D exchange results in a slowing down of I * decay by a factor of ~2 (average lifetime of 469 ps in D 2 O), suggesting the involvement of proton motion in the quenching mechanism.

The present work establishes ultrafast excited-state deprotonation of the chromophore phenol group as the primary step of Dreiklang's ON→OFF photoconversion. The connection with the final addition of a water molecule to the imidazolinone ring is however not obvious. We give below a few directions. Inspection of the ON-state X-ray structure in the vicinity of the chromophore hydroxyl shows that it is hydrogen-bonded to a water molecule, which itself interacts with a histidine residue (His145; Scheme 2B). We propose that the photoejected proton is accepted by this water molecule, which in turn protonates His145 (Scheme 2B, step 1).

Deprotonation is then expected to trigger a charge redistribution in the chromophore, leading to an increase of the electron density on the imidazolinone ring (Scheme 2B, step 2). This is due to the π-conjugated and electron donor-acceptor nature of the chromophore structure. Interestingly, the hydrogen-bond network on the imidazolinone side comprises a glutamic acid residue (Glu222) which is suitably located to catalyze the addition of the water molecule (Scheme 2B).

Mutagenesis studies by Brakemann et al. 15 suggest that Glu222 is crucial for the photoswitching properties of Dreiklang. We propose that Glu222 is protonated in form A and transfers its proton to nitrogen N a in response to the increase in electron density on the imidazolinone ring (Scheme 2B, step 3). Protonation of N a would indeed activate the C b =N a bond and presumably catalyze the nucleophilic addition of the water molecule, which is only 3.5 Å away from electrophilic C b .

Glu222 could in addition increase the nucleophilicity of the water molecule by abstracting a proton from it.

The fact that X is formed following excitation of the A state, but not of the B state suggests that it plays the role of an intermediate in the photoswitching reaction. Within the above framework, one could imagine that X corresponds to the zwitterionic species formed upon imidazolinone protonation. This hypothesis seems however unlikely, because quantum chemistry calculations carried out on RSFPs predict that the chromophore zwitterion absorbs at longer wavelengths than the anion. 34,35 This has also been experimentally verified in the case of a methylated derivative of the GFP chromophore in solution. 36 X could more likely be the anionic water adduct formed from I * by the concerted mechanism illustrated in Scheme 2B (step 3).

Further evolution of X to the final OFF state would then involve phenolate protonation and conformational relaxations of the chromophore and its environment. This would be in line with the strongly blue-shifted absorption of the OFF state, since phenolate protonation is expected to reduce electronic delocalization within the chromophore.

In conclusion, we studied the photoswitching dynamics of Dreiklang for the first time by timeresolved spectroscopy. We found that the ON→OFF photoconversion, which ultimately results in chromophore hydration, 15 is triggered by an ultrafast deprotonation of the chromophore phenol group in the excited state, with a time constant of 100 fs. This primary reaction is accompanied by coherent oscillations that we assign to the coupling of the reactive motion with a lowfrequency mode, possibly a deformation of the chromophore hydrogen bond network. Decay of the deprotonated species (I * ) on ps-ns time scales leads to the formation of a ground-state intermediate (X). We suggest that charge transfer from the phenol to the imidazolinone ring in I * triggers protonation of the C=N bond nitrogen by nearby Glu222, thereby catalyzing the addition of the water molecule in X. Conversion of X to the final OFF state would require phenolate reprotonation, on a timescale longer than our observation window (10 ns). 

  their amplitude and phase spectra are shown in the insets of Figures 4B, 4D and S2B (amplitude in black, phase in red). The insets of Figures 4A and S2A display the oscillatory parts of the fits for form A in H 2 O and D 2 O.
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Table 1 :

 1 Global Kinetic Analysis of the Transient Absorption Data of ON State Dreiklang in its Neutral (A) and Anionic (B) Forms. Frequencies, Periods and Damping Times of the Oscillatory Parts. Time Constants of the Multiexponential Parts.

				Oscillatory part		Multiexponential part
			ν (cm -1 )	T (ps)	τ 0 (ps)	τ 1 (ps)	τ 2 (ps)	τ 3 (ps)	τ 4 (ps)	τ 5 (ps)
	A	H 2 O	53 ± 5	0.63 ± 0.06	0.24 ± 0.04	0.10 ± 0.01 0.75 ± 0.03	19 ± 1	108 ± 8	1800 ± 200
		D 2 O	31 ± 3	1.1 ± 0.1	0.29 ± 0.03	0.15 ± 0.01	1.3 ± 0.1	10 ± 2	144 ± 14	1100 ± 90
	B	H 2 O	86 ± 2	0.39 ± 0.01	0.36 ± 0.05	368 ± 61	2700 ± 450		
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