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Protein Photochromism Observed by Ultrafast Vibrational Spectroscopy
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Abstract

Photochromic proteins, such as Dronpa, are of particular importance in bioimaging, and form the basis of ultraresolution fluorescence microscopy. The photochromic reaction involves switching between a weakly emissive neutral trans form of the chromophore (A) and its emissive cis anion (B). Controlling the rates of switching has the potential to significantly enhance the spatial and temporal resolution in microscopy. However, the mechanism of the switching reaction has yet to be established. Here we report a high signal-to-noise ultrafast transient infra-red investigation of the photochromic reaction in the mutant Dronpa2, which exhibits facile switching behavior. In these measurements we excite both the A and B forms and observe the evolution in the IR difference spectra over hundreds of picoseconds. Electronic excitation leads to bleaching of the ground electronic state and instantaneous (sub picosecond) changes in the vibrational spectrum of the protein. The chromophore and protein modes evolve with different kinetics. The chromophore ground state recovers in a fast non-single-exponential relaxation, while in a competing reaction the protein undergoes a structural change. This results in formation of a metastable form of the protein in its ground electronic state (A’), which subsequently evolves on the time scale of hundreds of picoseconds. The changes in the vibrational spectrum that occur on the sub-nanosecond time scale do not show unambiguous evidence for either proton transfer or isomerization, suggesting that these low yield processes occur from the metastable state on a longer time scale and are thus not the primary photoreaction. Formation of A’, and further relaxation of this state to the cis anion B, are relatively rare events, thus accounting for the overall low yield of the photochemical reaction.
Keywords: Dronpa, Dronpa2, photoswitching, cis-trans, time resolved infrared spectroscopy, ultrafast
Introduction

Photochromic proteins, of which Dronpa is the prototypical example,
Despite the significance of Dronpa, the mechanism of photoswitching is far from fully characterized. This is an obvious hindrance to the design of new photochromic proteins with enhanced properties for imaging. For example, resolution and imaging speed depend on A/B and B/A switching rates, which might be manipulated by mutagenesis if the mechanism is known. In addition other photoswitchable functions (for example probing site specific photo-activated drug release and photodynamic therapy
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 in genetically modified organisms) may be devised. It is established that the A state is the neutral form of the chromophore (Figure 1) while the B state is its deprotonated anionic form, suggesting that a proton transfer reaction occurs during photoswitching. HYPERLINK \l "_ENREF_12" \o "Bulina, 2006 #12" 


 ADDIN EN.CITE 
4, 14-15
 This may be an excited state proton transfer (ESPT) reaction, such as occurs in wild type (wt) GFP,
In this article, we report real time observations of the primary steps of the photochromic reaction in the Dronpa mutant Dronpa2 using ultrafast ultrasensitive time-resolved infrared (TRIR) spectroscopy.
23

 They presented decay associated spectra showing a 9 ps excited state decay of the A* excited state leading to a new state, assigned as the protonated cis ground state, which was stable on a 100 ps time scale. Thus, they proposed that the primary event is the trans - cis isomerization reaction, and not ESPT. The present results extend these TRIR measurements to a wider frequency range and to longer times. This permits the observation of modes associated with changes in protein structure around the chromophore, which are found to evolve on the hundreds of picoseconds time scale. These data lead us to propose a more complex picture of the primary events in the Dronpa photocycle, involving changes in both the chromophore and the surrounding protein matrix. In addition we contrast our Dronpa data with measurements on wt GFP, for which the transient IR modes have been assigned.4

 Very recently van Thor and co-workers reported the first TRIR study of Dronpa.23

 The first study of ultrafast electronic spectroscopy following A state excitation revealed dynamics on the picosecond time scale consistent with the weak fluorescence of A. In addition, the measured rates depended on whether D2O or H2O was the solvent, leading to the suggestion that the primary process was ESPT, as in wtGFP.4

 and van Thor and co-workers.22

 This complements two earlier ultrafast optical studies of Dronpa, by Hofkens and co-workers 
18, 24
 The marked differences between the spectra and dynamics of these identical chromphores in their distinct protein environments are discussed in terms of a mechanism for the photochromic reaction.
Results and Discussion

The photochromic nature of Dronpa presents challenges to ultrafast spectroscopy which we resolved by studying the mutant Dronpa2 rather than Dronpa itself; Dronpa2 has a mutation (Met159Thr) that enhances both the A to B switching rate and the thermal B to A relaxation.25

 This allows the study of both B and A states separately, provided the sample is flowed and continuously illuminated at the appropriate wavelength (see experimental details). The TRIR spectra of Dronpa2 excited at 400 nm (i.e. in the neutral protonated dark A state of the chromophore) are shown in Figure 2a. In these transient difference spectra the negative peaks (bleaches) correspond to the removal of IR absorbing states while positive signals (transients) indicate the creation of transient or product states. Features in the difference spectra which appear during the time resolution (200 fs) are assigned to IR active vibrations of the bleached A ground state or vibrations of the A* excited state, or to protein modes perturbed by the change in electronic state. The latter includes changes in chromophore - environment H-bonding structure without a corresponding change in nuclear structure.
A number of significant new features are revealed in these TRIR spectra. First, the spectrum is complex. There are ten obvious bleach modes and seven transient absorptions in the range surveyed. In contrast, the isolated chromophore of Dronpa in methanol solution has only five bleach modes over the same range, which have been fully assigned
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 Second, modes associated with the protein also contribute to instantaneous bleaches and corresponding transients in the TRIR spectra, as has been shown for other photoactive proteins.
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 (Figure S1). This is consistent with the proposal of disorder in the x-ray structure of the Dronpa A state.
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 (supporting information Figure S1, Table S1). This complexity can be ascribed to two sources. First, multiple isomers in the A state; DFT calculations show that the C=O mode near 1688 cm-1 is sensitive to the isomeric form (supporting information, Table S1). This disorder may explain the appearance of a pair of bleach bands at high frequency (1671 cm-1 and 1690 cm-1) in Dronpa2 where only one is present in the non-irradiated chromophore in solution
18, 24, 27
 The appearance of such protein modes in Figure 2a is indicative of strong H-bond interactions between the chromophore and surrounding residues, which are modified upon electronic excitation. Modes in the spectrum which have no counterpart in the isolated chromophore are found at 1623 cm‑1 (bleach) and 1425 - 1500 cm‑1 (a complex differential lineshape) and must therefore arise from the protein.

The second key feature in Figure 2 is that the spectral complexity is reflected in complex kinetics. First we will consider kinetics associated with individual bands (Figure 2b-e, Figure S2) and then discuss a global analysis of the spectra (Figure 3). The transient (1663 cm-1) and bleach (1688, 1650 and 1608 cm-1) modes associated with the chromophore reveal a major relaxation component of 7±2 ps (Figure 2b, S2). Such a fast recovery of the ground state indicates rapid radiationless decay, consistent with the weak emission from the A* state. This result is consistent with previous ultrafast studies of Dronpa
4

 which also found picosecond time scale ground state recovery and excited state decay times.
4, 23
 This contrasts strongly with the behavior of the (non-photochromic) wt GFP, where the A* state forms the anionic (I*) state through ESPT with high efficiency, so that the ground state is repopulated on the nanosecond time scale.29

 28

 the NMR studies of Mizuno et al. suggested a degree of flexibility in the Dronpa A state compared to wt GFP, which is consistent with the observed ultrafast decay.28

 The fast decay observed in Dronpa2 is more similar to the sub-picosecond decay of the chromophore in solution, which is associated with conformational freedom about the bridging methylene bond;
Significantly, a number of other modes are measured to have either appreciably faster (Figure 2c) or slower (Figure 2d,e) kinetics than the 7 ps associated with chromophore ground state recovery. Examples of such kinetics are shown in Figure 2c-e, where the representation of the chromophore kinetics (1688 cm-1, Figure 2b) are included for reference; the numerical results for fitting all modes to a bi-exponential function are collected in supporting information (Figure S2).  In particular, modes assigned to the protein exhibit kinetics which are quite distinct from those associated with the chromophore. For example modes at 1470 cm-1 (Figure 2d) and 1580 cm-1 show a rise on the 7 ps time scale while modes at 1470 and 1500 cm-1 (Figure 2e) have a component which relaxes in about 1 ns. The 1623 cm‑1 protein bleach mode lacks the 7 ps component associated with the chromophore and instead has tens of picosecond and > 300 ps relaxation components. These observations prove both that the formation of new states from the initially excited state occurs in competition with the 7 ps chromophore ground state recovery, and that there is a slow (hundreds of picoseconds) subsequent evolution in protein structure. 
An alternative to analyzing the kinetics associated with specific modes with a multi-exponential fitting function is to conduct a global kinetic analysis. The study of individual bands revealed a fast decay in chromophore modes plus some slower components, a fast rise in some proteins modes and a much longer decay time. These data suggest the application of a sequential model A* ( A’ ( X( F, where A’ and X are intermediate states and F is a final state; attempts to describe the data with a single intermediate were unsuccessful, consistent with the multiple timescales recovered from the bi-exponential fitting (Figure S2). The results of the global analysis are shown in Figure 3, with ultrafast (2.3 ps), fast (22 ps) and slow (458 ps) decay constants associated with each state being recovered. Further details of this analysis are presented in supporting information.
The bands which are unambiguously associated with the recovery of the chromophore ground state (e.g. 1690, 1650, 1608 cm-1) are dominated by, but not exclusively due to, the faster two components. This does not necessarily indicate a contribution from two distinct states with different spectra but results from the way in which this sequential global analysis model (which is the simplest model to fit the data but is not unique, see supporting information) fits the non-exponential ground state recovery. Significantly, bands which were assigned to the protein behave quite differently in the global spectrum, in line with the single frequency analysis above. The 1623 cm-1 bleach has a major component of the intermediate state, but no slow component. In contrast the 1580 cm-1 bleach forms on the faster time scale and mainly decays in hundreds of picoseconds. The complex lineshape between 1450 and 1500 cm-1 has major components associated with the slow relaxation. In the final state (F) these protein modes have also relaxed, but a number of long lived modes in the 1550 to 1670 cm-1 region remain, which may be associated with the final cis anion (Figure 3). These protein modes require further study by isotopic substitution and site directed mutagenesis for a conclusive assignment.18

 Importantly, the single frequency and global analysis results point to the same conclusion; the picosecond time scale ground state recovery is accompanied by population of a metastable state of the protein around the chromophore (called here A’) which undergoes further structural relaxation on the hundreds of picoseconds time scale to states which ultimately lead to the B state.
Further insight into the nature of the metastable state, A’, can be obtained by contrasting the TRIR following excitation of the A state of Dronpa2 (Figure 2) with those from excitation of the B state and of the A state of wt GFP; this is done in Figure 4. There are striking difference between the TRIR spectra of the Dronpa2 A and B states. In the B state the C=O bleach (calculated to be the highest wavenumber mode, see supporting information) has shifted down to 1663 cm‑1 and the amplitude of the bleach associated with the phenyl ring mode (1498 cm‑1) has increased significantly. In addition the chromophore ground state recovery kinetics are much slower in the B state (ca 1 ns), consistent with a long lived fluorescent state. These spectral differences can be understood in terms of photoinduced changes in the structure of both the protein environment and the chromophore between the A and B states. The B state is an anion in the cis form. Formation of the anion is calculated to lead to a shift to lower frequency in the C=O mode (Table S1) for either isomer, consistent with observation. Further, NMR studies of Dronpa suggested that in the B state a strong H-bond is formed between the phenolate O– and an adjacent amino acid residue (S142).28

 Thus, TRIR spectra and dynamics of the B state support its assignment to anionic cis form in a strongly H-bonding environment.

The comparison between the neutral A states of Dronpa2 and wt GFP (Figure 4c) is also instructive. The first feature to note is that the intense phenyl bleach mode, observed near 1500 cm-1 in both wt GFP and the Dronpa B state (Figure 4b), is significantly weaker in Dronpa A. This suggests (see above) a stronger H-bond between the phenolic OH of the chromophore in wt GFP than in Dronpa A, lending the chromophore to have a more quinoidal character in the former; this result is also consistent with facile ESPT in wt GFP.  
For both Dronpa and GFP the emissive B state is ascribed to the cis anion. In wt GFP this is formed in a fast ESPT reaction, and the question arises whether this also occurs in Dronpa. ESPT has a clear signature in TRIR, the appearance of a carbonyl mode at 1710 cm‑1 due to protonation of the carboxylate of an adjacent amino acid residue, accompanied by the disappearance of a carboxylate mode at 1560 cm‑1 (Figure 4c).23

 DFT calculations suggest that this would lead to an increase in the frequency of the C=O mode, which would thus appear as the formation of a transient to higher wavenumber than the 1690 cm-1 bleach; this is not observed in our data (Figures 2,4a). Thus there is also no direct evidence for a picosecond isomerization reaction in the TRIR data. Rather we propose that the primary step is decay of the excited state driven by reorganization of H-bonds between the chromophore and the protein. This picosecond reorganization leads mainly to radiationless decay to the original ground state but also, with a lower yield, to a metastable form of the protein in which one or more amino acid residues have reorganized. This state is associated with the final spectrum in Figure 3. Unfortunately neither the number nor the nature of the residues involved is known, precluding the estimation of a yield. This metastable form then either decays back to the original ground state or undergoes a proton transfer/isomerization reaction leading ultimately to the B state. The present data do not reveal the order of these reactions, which will require sensitive measurements on a longer time scale.23

 that ESPT is not the primary step in Dronpa. Instead Warren et al. proposed that trans to cis isomerization occurs on the picosecond time scale.30

 could act as an acceptor, and this structure recalls the proton wire found in wt GFP. However, there is no evidence for such an ESPT in the TRIR data (Figures 2 and 4a), specifically no new carbonyl features are formed in the TRIR spectra as the A* excited state decays; thus we conclude, in agreement with van Thor and co-workers,4

 The highly conserved glutamate residue (E144 in Dronpa) linked to the phenolic OH by a water molecule18

 It was proposed on the basis of ultrafast electronic spectroscopy that the Dronpa B state is also formed via such an ESPT reaction.
These ideas are summarized in Figure 5 where a mechanism is proposed. The TRIR data show that the main fate of the excited A state chromophore in Dronpa2 is a non-single exponential ground state recovery on a few and tens of picoseconds time scale. This state also populates a metastable protein structure around the ground state chromophore, with a distinct TRIR spectrum which persists on the hundreds of picoseconds time scale, here called here A′ (Figure 5). The fast appearance of bleach modes associated with the protein and the fast decay kinetics associated with some transient modes point to the formation of A′ from A* (or potentially from a hot A ground state after the ultrafast internal conversion, our data cannot distinguish these possibilities). The further relaxation of the A′ state occurs in a non-single exponential fashion on a time scale of hundreds of picoseconds. We speculate that A′ is a conformation of the protein which can undergo a proton transfer in the ground electronic state, and thus probably involves the conserved E144 residue (Figure 5b). The A′ state can thus relax to the anionic form of the chromophore, which further relaxes to the cis conformer and forms the H-bond which ultimately stabilizes the B state (Figure 5b). This mechanism is consistent with the observed TRIR data and the low cross section for photochemical generation of the B state, although the details and order of the slowest steps are not unambiguously resolved in the present data. 
Conclusion 
High quality TRIR data revealed complex spectra and kinetics in the photochromic protein Dronpa2. Detailed analysis and a comparison with wt GFP suggested a mechanism for photochromic which involves formation of a new metastable ground state, A′, in which the protein structure has reorganized about the initial chromophore. This state relaxes ultimately to the B state. To further probe the nature of A′ will require: QM/MM calculations of the possible reaction pathway (which have begun to appear31

 Such measurements are in progress.30

); TRIR studies of a wider range of isotopically edited mutants of Dronpa; TRIR measurements on an extended time scale from picoseconds to milliseconds to observe the full photoconversion.
Experimental 
TRIR measurements were performed using an ultrafast laser system described in detail elsewhere,


22 HYPERLINK \l "_ENREF_22" \o "Greetham, 2011 #22" 
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 with a 10 kHz repetition rate and ~ 100 fs time resolution. For these measurements the excitation wavelength was 400 nm for the A state and 450 nm for B. The spot size was 100 µm and the pulse energy was below 400 nJ. Photoactive proteins were studied in a flow cell (0.5 ml total volume, 50 µm path length) with CaF2 windows. The flow cell was rastered in the beam to avoid photobleaching and degradation during the measurement. To ensure that only one state of the protein was studied the solution was irradiated by 380 nm or 505 nm LED arrays to generate B and A states respectively. The protein reservoir was irradiated and flowed for several hours prior to experiments to ensure full conversion, and then continuously irradiated during the measurements. The IR probe transmission was measured as a function of pump-probe delay time after the pump pulse, and TRIR spectra are reported as normalized difference spectra at time delays between 1 ps and 1 ns. The pump probe polarization angle was set to magic angle to eliminate effects of molecular reorientation. The infrared spectra were measured by two matched 128 pixel MCT detectors, yielding a resolution of 3 cm-1 per pixel. 

Dronpa2 was expressed and purified as described elsewhere25

 and resuspended in D2O buffer for TRIR measurements using a series of dilution/concentration cycles.

Figure Legends
Figure 1. Structure of the Dronpa chromophore in its neutral (protonated) cis and trans states.

Figure 2. (a) TRIR spectra of Dronpa2 excited in the A state at 400 nm. (b) kinetics at 1688 cm-1  of the ground state recovery. The 1688 cm‑1 mode can be associated with the chromphore ground state bleach. (c)-(e) ultrafast kinetics for three different peaks in the spectrum, in each case the kinetics are compared to the chromophore kinetics measured at 1688 cm-1, inverted for the comparison where necessary. For full kinetic data see supporting information.

Figure 3.Global analysis of Dronpa TRIR kinetics. The spectra associated with the A*, A’ and subsequent states are shown along with the associated time constants and normalized kinetics (inset).
Figure 4. The TRIR spectra of Dronpa2 A state (a) are compared with those of Dronpa2 B state (b) and wt GFP A state (c).

Figure 5. Proposed mechanism for Dronpa2 photochromic. (a) Schematic energy level diagram for the important charge and isomer (cis and trans) states of the chromophore. Thick black lines are electronic states, thinner lines are postulated transition states, with barriers indicating the relative rates. Arrows connect states investigated in the present work. Blue lines represent radiative (solid) and radiationless (dashed) electronic transitions while red arrows represent transitions within electronic states. Cis A and trans B are not observed in the present work but are assumed to be populated at some stage and are included to complete the cycle. Relative energies are assumed on the basis of relative stabilities and measured transition energies, the actual energies remain to be determined by calculation. (b) Possible molecular origins of the various charge and isomer states of Dronpa2 involving the conserved E144 residue.
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Figure 3
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Figure 4
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Figure 5
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