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ABSTRACT

The rsEGFP2 is a reversible photoswitchable fluorescent protein (RSFP) used in super-resolved
optical microscopies, which can be switched between a fluorescent On state and a non-fluorescent
Off state. Previous studies have shown that the Off-to-On photoactivation extends over the
femtosecond to the millisecond range and involves two picosecond-lifetime excited states and four
ground state intermediates, reflecting a trans-to-cis excited state isomerization, a millisecond
deprotonation and protein structural reorganizations. Femtosecond to millisecond time resolved
multiple probe infrared spectroscopy (TRMPS-IR) is ideal to reveal the straeture structural aspects
of intermediate species in solution. Here we apply TRMPS-IR to rsEGFP2 and implement a alerg
with-the-appheation-of Savitzky-Golay derivative analysis, to correct for baseline drifts. The results
reveal that a sub-picosecond twisted excited state precursor controls the trans-to-cis isomerization
and a previously unreported step assigned to structural relaxation of the B-barrel occurs before the

final millisecond deprotonation of the chromophore.

TOC

rseGFP2

trans-cis

isomerization
/ +
ps-ms ~100 ps
IR-Probe Chromophore
movement

ACS Paragon Plus Environment

Page 2 of 19



Page 3 of 19

oNOYTULT D WN =

The Journal of Physical Chemistry Letters

The structure determination of intermediates involved in the early stages (femtosecond to
picosecond time scales) of protein photoactivation mechanisms has recently become possible with
the advent of X-ray free-electron lasers (XFEL), coupled to a femtosecond UV-Vis pump source
(time-resolved serial femtosecond crystallography, TR-SFX)!=4. Vibrational time resolved (TR)
spectroscopies such as Raman or IR can disclose relevant structural information that complements
the TR-SFX results. Importantly, they can uncover chromophore-protein interactions (not
accessible by TRUV-Vis which is mainly sensitive to chromophore electronic transitions) and
have been used to study complex photoactive biological systems such as fluorescent proteins>3
and other photoactive bio-systems®!2. Moreover, when used in a multiscale approach (time-
resolved multiple probe spectroscopy, TRMPS) the dynamics from a few hundreds of

femtoseconds (fs) up to the milliseconds (ms) time range can be measured!’.

The photoswitching mechanism of reversible photoswitchable fluorescent proteins (RSFPs)
involves in general a tranms-to-cis isomerization, a proton transfer and protein structural
reorganizations!%7-14. Recently, the Off-to-On photodynamics of isotopically labelled Dronpa2,
were studied using TRMPS-IR®. The formation of the first ground state photoproduct after a few
picoseconds (ps) is followed by a protein reorganization in 596 ps and the formation of the final
cis protonated chromophore (On like) state eis(Onlike—sate)protonated-chromophore in 91
nanoseconds (ns)-wasreperted. A second protein reorganization in 4.8 microseconds (us) takes
place before the final miecrosecond-{us) deprotonation®. On the contrary, recent studies from the
fs-ps! and ps-ms!# time scales by TR-SFX and TRUV-Vis spectroscopy on a similar RSFP!, the
rsEGFP2"3, proposed a different mechanism (Scheme la and Scheme S1 in SI). This protein has
the same chromophore as Dronpa (p-hydroxybenzylidene-2,3-dimethylimidazolinone, HBDI) but
a different protein cage (Fig. S5). The fs-ps study by TRUV-Vis revealed two excited state decays
on the ps time scale involved in the frans-neutral (Off state) to cis-anionic (On state)
photoswitching (Scheme S1, and Table S2), and the TR-SFX captured a twisted and a planar
chromophore conformation at 1 ps and the formation of the cis On like chromophore at 3 ps. The
TRUV-Vis ps-ms study!4 revealed the existence of four ground-state intermediates in solution with
lifetimes of 87 ps, 5.57 us, 36.1 us and 825 us, where the last two were assigned to deprotonation
steps (D,O isotopic effect). The X-ray structure determined at 10 ns featured a cis-On like

chromophore geometry, where the main difference with the On state is found in the His149 side
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chain position'4. Therefore, the movement of the His149 side chain to the final On state was

tentatively assigned to the 5.57 ps time constant'4.

Although the general Off-to-On photoswitching mechanism of rsEGFP2 is established, quantum
chemical calculations predicted an almost zero transition dipole moment for the twisted model
found in TR-SFX, which cannot correspond to either of the excited-state species identified by
TRUV-Vis spectroscopy'. Thus, the precise geometry of the chromophore excited state species in
solution and several of those in the ground state is still elusive. Here we use TRMPS-IR to gain
structural information of the excited state dynamics and the different ground state intermediates in

the solution phase switching of rsEGFP2.
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Scheme 1. a) Current rsEGFP2 Off-to-On photoswitching mechanisms based on TRUV-vis and
TR-SFX results'-'4, The first chromophore structures (1 ps) represented in the panel correspond to
the Off state in light grey (reproduced from PDB 5DTY), the twisted and planar chromophore
structures determined at 1 ps in cyan (reproduced from PDB 508B) and the On state in green
(reproduced from PDB 5089). The cyan protein chromophore with part of the protein cage (10 ns)
corresponds to the structure determined at 10 ns (reproduced from PDB 6T3A). b) General
TRMPS-IR data analysis scheme.

The intrinsically low molar absorption coefficients in the IR spectral region and modest quantum
yield of product formation makes TRMPS-IR signals of RSFPs typically very weak compared to
those in TRUV-Vis. Consequently, despite advances in experimental methods'®-!°, TRMPS-IR

transient spectra of RSFPs are affected by intensity fluctuations!'3-?°. These fluctuations translate
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into baseline drifts and offsets, making preprocessing and signal correction key steps before the
analysis of TRMPS-IR data, which typically involve a multi-exponential global-fit of the time
traces?!~24. The standard procedure to correct the baseline drift (Scheme 1b) is to fit a polynomial
baseline function to each individual spectrum and subtract it from the raw data!’”. However,
polynomial baseline correction methods commonly rely on parameters that are specified by the
user (order of the polynomial, location of points for fitting). A major drawback of modelling the
baseline shifts as a polynomial is, in some cases, the inability to select appropriate points that are
both sufficiently well spread throughout spectral range and genuinely offset-free for the whole set
of spectra. A common approach is to choose isosbestic points in the data, which are generally
assumed to be crossing points (overlap between ground state depopulation and induced absorption)
of modes that have shifted!’. Altogether, these aspects can hinder the determination of the number
of species and time constants involved in the photodynamics. Here we applied Savitzky-Golay
derivative filter?, a method used in different fields>6-2°, to pre-process the TRMPS-IR data. The
advantage of the Savitzky-Golay derivative approach rests on its non-arbitrary choice of support

points and on the local nature of the derivative filter exploited to correct local drifts.
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Fig. 1. rsEGFP2 On-to-Off photoswitching reaction (480 nm irradiation) at pD 8(50 mM NacCl,
50 mM HEPES) followed by a) difference FTIR spectra in the 1475-1720 cm! region (obtained
by subtracting the non-irradiated On state spectrum) and b) UV-Vis steady state absorption
spectroscopy between 340 to 540 nm.

To characterize the On and Off forms, first the On-to-Off kinetics of rsEGFP2 were measured by
FTIR (Fig. 1a) and UV-Vis spectroscopy (Fig. 1b) under steady-state 480 nm irradiation in
deuterated water at pD 8. UV-Vis absorbance spectra (Fig.1b) show an isosbestic point between
the absorption bands of the chromophore in the Off state (trans-neutral conformation; 408 nm),
and On state (cis-anionic conformation; 482 nm). Assuming that at pD 8 the thermodynamically

stable state is the On state with the cis-anionic chromophore fully occupied, the photostationary
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Off state is calculated to be a mixture of 90% trans protonated form and 10 % cis-anionic form.
The switching quantum yield was determined to be 1% and 18% for On-to-Off and Off-to-On,
respectively (Figure S2, SI), and the thermal back recovery time was fitted with a single
exponential decay of 1.81 hours (Figure S3). These values are in agreement with those reported
by Duwé et al.?°. Similar to UV-Vis experiments, the FTIR difference absorbance spectra in Fig
la (the resting On state spectrum is subtracted) are characterized by two species, the negative
bands corresponding to the depopulation of the cis-anionic On state and the positive bands
corresponding to the trans-neutral Off state formation. The assignment of the different vibrational
bands can be made by comparison with Dronpa, which has the same chromophore®#3! and HBDI
literature32. The main On state bands are at those at 1491, 1538, 1569, 1614, 1651 and 1668 cm'!.
The 1491 cm™! and 1569 cm™! bands are characteristics of phenolate vibrations. The 1668 cm™! is
assigned to the imidazolinone C=O stretching mode??, and the 1538 cm’! to the C=N/C-C
stretching mode?3. The negative bands that cannot be assigned to the HBDI, correspond to infrared
active modes of protein residues which couple differently to the cis-anionic and #rans-neutral
chromophore; these are the 1614 cm™! and 1651 cm! bands. The main trans-neutral chromophore
vibrations are observed at 1681, 1633, 1602 and 1515 cm!. The 1681 cm™! was assigned to the
C=0 stretching of the chromophore imidazolinone group®3-3!; while the band at 1633 cm! can be
assigned to the delocalized C=C-N=C bond (which may have an underlying protein contribution
and phenyl ring stretch vibration)®. The 1602 cm™! band is assigned to phenyl vibration®, and the

1515 cm ! one corresponds to the phenol group’.

ACS Paragon Plus Environment

Page 6 of 19



Page 7 of 19 The Journal of Physical Chemistry Letters

1
2
3 T
4 0.0002 |
5
6 0.0001}
7
8 0.0000
9
10 —0.0001¢
11
12 % —0.0002¢
13
14 —0.0003
15
16 —0.0004}
17
18 —0.0005}
19
20
21 ~
22
23
;;‘ 0.0002 }
2% 1491
27 0.0001
28 %&M
= v/ 7 — A4

;g 0.0000 %m A '
31 3 — 1.00ns }
32 —0.0001F — 12.00 ns
33 - 100.00 ns
34 — 500.00 ns

- [ —— 1.80 ps
35 0.0002 S0
36 — 50.00 ps
37 —0.0003} 247.50 ps 1633
38 903.00 ps
39 ' - ' - : -
40 1450 1500 1550 1600 1650 1700
4 Wavenumber (cm~1)
42
43 Fig 2. Transient IR absorption spectra of rsEGFP2 after 400 nm fs laser excitation of the trans-
2,‘; neutral chromophore (Off state) at pD 8 (50 mM NaCl, 50 mM HEPES, pD 8); recorded by
2? TRMPS-IR from 1 ps up to the ms range.
48
49 The TRMPS-IR spectra recorded after a 400 nm laser excitation of the rsEGFP2 Off state (1 ps -
2(1) 900 ps), are displayed in Figure 2. The corresponding TRUV-Vis data were published up to 40 ps!
gg and are here extended until 2 ns in SI (Fig. S1). At 1 ps the rsEGFP2 TRMPS-IR spectrum is
54 characterized by several negative bands (ground state bleaching, GSB), assigned to the
55
56 depopulation of the trans-neutral Off form. Note that several of the negative bands in Fig. 2
57
58
59
60 ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Letters

correspond to positive bands in the FTIR spectra in Fig. 1a, while there are some new bands in Fig

2 which reflect prompt perturbations of the protein vibrational spectrum.

The ultrafast Off-to-On dynamics studied by TRUV-Vis fs spectroscopy (Fig. S1) shows the
formation of the transient signal in about 300 fs. At this time several bands can be seen, two
positive bands with maxima at 335 and 455nm, which are attributed to excited-state species
absorption (ESA), and two negative bands. The first narrow negative band centered between 390
and 410 nm is attributed to GSB (depopulation of the frans neutral form), and the second
broadband negative band ranging from 490 to 700 nm is attributed to the stimulated emission (SE)
of excited-state species. The SE band is characterized by a large band (490-600 nm) with a
minimum at 515 nm together with a redshifted tail (600-720 nm). The growing of the later one is
occurring with a certain delay in comparison to the one center at 515 nm. A fast initial evolution
around 1 ps can be seen in the ESA bands centered at 335 nm and 455 nm together with the GSB
band and SE band centered at 515 nm, these bands decrease to around half of their intensities (Fig.
Sla). Importantly, within the same time, the red tail of the SE band decays completely. This
evolution is followed by the decay of all the transient absorption bands in ~10 ps to form at 40 ps
a transient spectrum characterized by a positive band at 375 nm and a small negative band between
465 and 580 nm with a maximum at 502 nm. The absence of SE at 40 ps after this time indicates
that processes in the ground state are being probe. These evolutions are followed by the formation
of a new positive band at 390 nm Fig. S1b. The global analysis yielded three time constants, an
ultrafast component of 0.2 ps assigned to decay of the Franck Condon (FC) excited state followed
by two excited state decays with lifetimes of 0.7 + 0.1 and 4.8 £0.3 ps (Fig. S1d), in agreement

with previous results!-'# (Table S2).

Similar evolutions of species can be observed in TRMPS-IR. The relaxation of the first excited
state is characterized in TRMPS-IR spectra by the recovery of the GSB bands (~30% decrease of
the 1681 cm! band at 3 ps) and a decrease and growth of positive bands at 1668 cm™! and 1651
cm!, respectively. This initial evolution is followed by an incomplete recovery of the GSB bands
during the relaxation of the second excited state. At 30 ps, both excited states have relaxed to the
electronic ground state, and the formation of a band at 1686 cm! superimposed to a broad bleach
band can be observed. The total recovery of the GSB bands is around ~80%, in agreement with the

determined Off-to-On switching quantum yield of 18%. The growth of the band at 1686 cm™!,
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slightly blue shifted with respect to the trans C=0 mode, is assigned to the formation of a cis-
neutral photoproduct based on observations in Dronpa and the HBDI associated DFT calculations®
(discussed below). The assignment of the other chromophore modes at lower wavenumbers is
complex due to overlapping protein modes (e.g., at 1651 cm™!). From 30 ps to 1 ns further spectral
evolutions are difficult to resolve due to baseline fluctuations (see 160, 500 and 1000 ps at 1600
cm!). The rsEGFP2 transient spectrum recorded at 1 ns (Fig. 2) displays two main positive bands
at 1594 cm! and 1651 cm™! and a ground state bleach at 1633 cm!. Strong baseline fluctuations
hinder the observation of the photoproduct spectral evolution from 1 to 900 us. Within the first
500 ns there is an increase in the amplitude of the positive band at 1651 cm™! and the GSB at 1633
cml. Finally, the formation of two positive bands at 1491 and 1614 cm!, characteristic of the cis-
anionic On state, can be seen in a few hundred ps (see transient spectrum at 900 ps and FTIR

spectra in Fig. 1a).

As discussed above, baseline fluctuations need to be corrected when performing a global decay
analysis to obtain intermediate species decay associated difference spectra (DADS) and their
lifetimes. Here we apply a Savitzky-Golay derivative filter, which to the best of our knowledge,
has not been applied to TRIR or TRMPS-IR data so far. The validation of the Savitzky-Golay
derivative filter to correct baseline drifts was carried out on simulated data sets as described in the
supporting information (Fig. S6-S8) through a comparison with standard polynomial correction
methods (see Fig. S9-S13 and Table S3). Considering the simulations, after the baseline
corrections, the most relevant feature of the Savitzky-Golay derivative filter compared with the
polynomial correction is a much accurate determination by a singular value decomposition (SVD)
of the underlying number of components involved in the dynamics (see the outcomes on the
simulated data Fig. S9). The analysis of TRMPS-IR data using the Savitzky-Golay derivative filter
method is shown in Fig. 3 (data from 1 ns to 900 ps). The filter removes the baseline drift, revealing
the spectral evolutions in the derivative spectra (Fig. 3b). The associated time constants and
(derivative) DADS obtained from the global analysis of the preprocessed derivative data can be
seen in Fig. 3¢ (bottom right panel). The final baseline drifts corrected DADS are obtained via a
simple cumulative integration, to yield the DADS (Fig 3d).
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Fig. 3. Methodology used to apply Savitzky-Golay derivative filter to the TRMPS-IR data and
obtain DADS spectra and associated time constants. a) IR transient absorption spectra of rsEGFP2
after 400 nm fs laser excitation of the Off form. b) Savitzky-Golay (5 point spectral window; third
order polynomial interpolation) first order derivative of the time-resolved spectra. c)
Determination of the number of components by SVD followed by a global decay analysis to obtain
the derivative DADS and time constants. d) Cumulative integrated DADS.

After the application of the Savitzky-Golay-filter, the global fit of the data has been performed in
two steps, from 1 ps to 2 ns and then from 1 ns to 900 ps; this prevents the high amplitudes of the
initial evolution biasing the analysis of the long-time ones which exhibit lower signal amplitudes.
The SVD of the entire rsEGFP2 TRMPS-IR derivative data set highlighted the presence of seven
underlying components (three from 1 ps to 2 ns and four from 1 ns to 900 ps). The results are
displayed in Fig. 4. Considering the higher S/N of the TRUV-Vis data and the number of time
points collected between 0 and 1 ps (first time point recorded in TRMPS-IR is 1 ps), we fixed the
first time constant to 0.7 ps and leaveleft the other tworest-free for the TRMPS-IR data’4, obtaining
a value of 5.5 + 0.1 ps and 117+ 7 ps. The DADS of the first component (0.7 ps) is characterized
by a positive contribution of the excited state at 1620 cm™! and a negative one at 1686 cm™! (a
negative DADS for a positive signal in the transient spectra implies the formation of this signal,
Fig. 4a blue curve), consistent with the appearance of the positive band at 1686 cm™! in the original

data (discussed above, Figure 2, 30 ps). The 1620 cm! band can be assigned to the chromophore
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C=C vibration by comparison with the attributions dene by Warren et al.” in Dronpa, although
there may be contributions from protein modes according to Laptenok et al.®. The 1686 cm™! band
is assigned to the C=O stretching of a cis chromophore and is located near the C=0O stretching band
of the trans chromophore peaking at 1681 cm! (positive band in Fig. 1). This redshift of the C=0
stretching peak between a cis and a trans chromophore has been observed and considered the
primary trans-to-cis isomerization signature for Dronpa and Dronpa2 and the o-HBDI analogue®.
Concomitantly with the decay of the 0.7 ps excited state, a partial recovery of the GSB is observed.
The partial recovery of the GSB signals indicates that the ultrafast isomerization occurs through a
conical intersection where part of the chromophore evolves back to the original trans-neutral

conformer and the remainder forward to a cis-neutral chromophore.

Contrary to the 0.7 ps component, the 5.5 ps (4.8 ps in TRUV—Vis) DADS (Fig. 4a orange curve)
is mainly characterized by GSB recovery and the excited state absorption (ESA) decay. The
existence of an SE band for the 4.8 ps DADS indicate the presence of an ESA. The presence of a
positive band that is red shifted in comparison to the maximum of the GSB band can also be
assigned to the presence of a hot ground state. The origin of this hot ground state is attributed to
the relaxation of part of the excited state species that, after the decay through a conical intersection
in 0.7 ps, relax back to the original trans form. Such vibrational relaxation could explain the longer
time component found for the second ESA by TRMPS-IR, 5.5 ps vs 4.8 ps, since IR signals are
more affected by vibrational cooling processes. Within the 5.5 ps component in TRMPS-IR,
essentially, the recovery of the main characteristic bands of the frans-neutral chromophore peaking
at 1515 cm, 1602 and 1682 cm! is observed. The first two bands correspond to the phenyl
vibrations and the last one to the C=O0 stretching of the imidazolinone group. Therefore, the 5.5 ps
component is attributed to a conformation that does not lead to isomerization, while 0.7 ps excited
state corresponds to the cis photo-product precursor. Since the DADS of the TRUV-Vis data short
component (0.7 ps, Fig. S1f) has a redshifted stimulated emission, it is assigned to a twisted
chromophore in the excited state, while the 5.5 ps is assigned to a planar chromophore in the
excited state, similarly to fluorophores that show twisted intramolecular charge transfer, the
emission from the TICT is red shifted in comparison to the one from the localized excited state
which present no change of geometry3¢. Moreover, twisted HBDI chromophores have much
shorter lifetimes than planar HBDI?*733. The twisted geometry of the chromophore in the excited

state suggested by UV-Vis and IR probably differs from the one captured by TR-SFX at 1 ps
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considering that quantum mechanical calculations predicted a zero transition dipole moment for
the latter'. On the contrary the same calculations predicted that the formation of the twisted
chromophore in the excited state is completed in less than 0.5 ps via a Hula-Twist mechanism. For
the S, state they yielded a major twisted chromophore conformation ( 1=-73°, ® = 11°), and an
additional minor planar conformation ( t=-30°, ® =-11°)!. The two excited state species (0.7 ps;
5.5 ps) may arise from a bifurcation of the FC state in 200 fs, populating two distinct excited states.
Alternatively, two distinct chromophore ground state conformations may lead to two excited states
with different decay times; note that the presence of two different co-existing frans forms was
recently reported for crystalline rsEGFP2143940 After the decay of the 5.5 ps component the GSB
bands recover to about 80 %. Since no extra recovery of the main GSB band can be observed at
longer delay times, we consider that there is no thermal back reaction from the following

intermediates photoproduct back to the Off state.

After the decay to the ground state, a species with a time constant of 117 & 7 ps was observed (Fig.
4a green curve) in agreement with the 98 + 16 ps time constant retrieved from the UV-Vis data
(Fig. S1). The corresponding species is characterized by negative and positive bands at 1680 cm™!
and 1691 cm! assigned to a shift of the C=0 stretching. Similarly, negative signals at 1650 cm!
and 1620 cm™! assigned to a protein residues and phenyl ring stretches are also observed. The shift
of the C=O0 stretching after the decay of the excited state suggests the relaxation of the cis-neutral
chromophore to its final cis On like neutral position (TR-SFX structure captured at 10 ns, Scheme
1) and not solely to a protein rearrangement as previously reported'*. This-is-much-fasterthan-the

a2. The

appearance of the cis isomer (1691 cm! band) for rsEGFP2 in a few ps following an excited state
isomerization reaction is different to observations on the related Dronpa2 protein®, where the cis
isomer (1702 cm™ band) appears in 91 ns, after a protein ground state reorganization of the
picosecond formed metastable intermediate. In drompa2 the assignment of 1702 cm! band to cis
isomer was confirmed by 3C isotope labelling®. In rsEGFP2 the isomerization precedes protein
structure change. The difference is ascribed to significant difference in the structure between the
two proteins (see X-ray structures of Dronpa and rsEGFP2 in Fig. S5), which include both On and
Off structures of the chromophore ground state and the H-bonding environment of the C=0

himidazolinone group with the surrounding residues.
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Fig. 4. TRMPS-IR data global analysis results. Left panels correspond to the cumulative integrated
DADS reconstructed using the pre-exponential factors obtained from the global fit analysis of the
preprocessed traces with a weighted sum of four exponential functions (Note the DADS are already
reintegrated). a) Data from 1 ps to 2ns. b) Data from 1 ns to 900 ps. In the right panels, a selection
of traces represented together with the corresponding fits and residuals. ¢) Data from 1 ps to 2ns.
d) Data from 1 ns to 900 us. (Note that the time axes are set on a logarithmic scale).

Four time constants were needed to fit the signal evolutions after 1 ns (Fig. 4c,d). Note that the 2
ms time constant reported elsewhere (in D,0)!# cannot be obtained precisely as the longest time
delay probed by TRMPS-IR is 900 ps, and thus this—valusethe 2 ms was used as a constant in the
fit. If it is omitted, the quality of the fit is unaffected, but the final state (offset) then fails to
reproduce the FTIR data, as required at long times (Fig. S4b). The other three time constants found
are 42 + 2 ns, 2.2 £ 0.1 us and 67 = 3 ps. In addition to the 2 ms time constant, our previous UV-
Vis study' reported two time constants of 5.16 ps and 88.4 us (no evolution in the ns range was
reported). The 10 ns intermediate state structure obtained by TR-SFX features the His149 in an
Off-like position!4. Thus the first UV-Vis time (5.16 ps) constant was attributed to the structural

evolution of His149 prior to the multi-step chromophore deprotonation (88.4 us, 2 ms; time
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constants both show significant deuterium isotopic effects)!#. The 67 us and 2 ms species IR
DADS (Fig. 4c, the two DADS are represented solely in Figure S4a for clarity) revealed the
formation of the CO- phenolate stretching band at 1491 cm! and, therefore, agrees with the D,0O
isotope effect and multi-step deprotonation observed by Woodhouse et al.'*. The movement of the
His149 side chain was expected to occur before the deprotonation steps!# and, thus, can be
attributed either to the 42 ns or to the 2.2 us constants found in TRMPS-IR. The & nitrogen atom
(ND1) of His 149 side-¢hain is hydrogen-bonded to the chromophore phenolate in the On state. The
42 ns evolution has important contributions in the 1651 cm™! positive band (assigned to the amide
mode of residues in interaction with the chromophore) and in the 1633 cm! GSB representative
of the trans form (FTIR Fig. 1a) and thus agrees with the movement of an amino acid side chain
in interaction with the chromophore. The fact that the 2.2 us DADS shows only small variations
in the band intensities suggests rearrangements that provoke small or no changes in the
chromophore environment. Therefore, we tentatively attribute the 2.2 us evolution to the B-barrel
relaxation, involving particularly the 7%, 8 and 10™, B-strands, which, as shown by rsFolder NMR
studies*! or Dronpa®?, are the strands undergoing major distortions in the photoswitching process.
Moreover, NMR studies on GFP have shown that the B-barrel is rigid on the ps-ns, while
significant flexibility on the pus-ns time scales has been observed in the B-strands 3, 7, 8, and 10
and in the o-helix carrying the chromophore®. This time scales agrees with the time constant of

2.2 us being attributed to the B-barrel relaxation.

In summary, we hypothesize that once the cis-neutral chromophore (117 ps) and the surrounding
amino acids (42 ns) adopt their final position, a general relaxation of the protein occurs (2.2 ps),
that provoke changes in the pKa which in-turn triggers the chromophore deprotonation in the ps-
ms range (Scheme 2). The offset obtained from the fit (Fig 4c) is in agreement with the FTIR
spectra and confirms both the deprotonation step occurring in the ms range and the formation of
the final cis-anionic On state'*. The two deprotonation process can be due to either a multi-step
deprotonation via Thr204 and His149 to the solvent outside the protein as suggested for GFP#
which is triggered by a change in the pKa once all protein rearrangements have taken place, or to
an average signal of several protonation/deprotonation events between the chromophore and the
His149 in a sub-ms time scale, as suggested by recent studies on rsFolder®, that finally connects
the water molecule that is hydrogen bond to the chromophore with the solvent via His149 and a

chain of three water molecules'4. Altogether, the UV-Vis, TR-SXF and TRMPS-IR results allow
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us to suggest the following modified Off-to-On photo-dynamical scheme for rsEGFP2 in solution
(Scheme 2).

Excited state
<200 ps Ueactivation

oNOYTULT D WN =

10 Planar Twisted
11 5.5 ps 0.7 ps
e —
117 ps
Chromophore
movement 42 ns
His 149 movement 2.2 us

—
w
400 nm

e B-barrel relaxation ~ chromophore deprotonation

Cis-like neutral — 67 ps
18 ey chromophore  Cis On-like neutral — s eRlE

5 . .
19 trans neutral 18% chromophore Cis On-like neutral —

Off state chromophore Cis On-like neutral —

20 chromophore Cis anionic
21 ; . . On state

Scheme 2. Proposed Off-to-On photoswitching mechanism for rsEGFP2.

The proposed scheme could be obtained thanks to the study of the rsEGFP2 photodynamics by
34 TRMPS-IR combined with the Savitzky-Golay derivative filter (only one trans Off state is
36 considered)!. We revealed a previously unreported decay time in the ns range, which has been
38 tentatively attributed to the movement of the His149 side chain, and the few us evolution
reassigned to the relaxation of the B-barrel (Scheme 2). More importantly, the appearance of a cis-
41 like chromophore band in few ps is assigred-teevidence for a sub-ps twisted excited state precursor
43 that controls the trans-to-cis isomerization followed by a hundred ps relaxation in the ground state
45 to the protonated cis-On like chromophore. On-going theoretical calculations of IR vibrations that
take into account the protein residues will allow us to assign precisely the different bands observed
48 to unveil the different chromophore-protein interactions. Future studies on rsEGFP2 variants
50 mutating the His149 could verify the hypothesis that the nanosecond time constant is assigned to

histidine movement.
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