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Abstract:

Dreiklang is a reversibly photoswitchable fluorescent protein used as a probe in advanced
fluorescence imaging. It undergoes a unique and still poorly understood photoswitching
mechanism based on the reversible addition of a water molecule to the chromophore. We
report the first comprehensive study of the dynamics of this reaction by transient absorption
spectroscopy from 100 fs to seconds, in the original Dreiklang protein and two point variants.
The picture that emerges from our work is that of a competition between photoswitching and
non-productive reaction pathways. We found that photoswitching has a low quantum yield of
0.4%. It involves an electron transfer from a tyrosine residue (Tyr203) to the chromophore
and is completed in 33 ns. Non-productive deactivation pathways comprise recombination of
a charge transfer intermediate, excited-state proton transfer from the chromophore to a
histidine residue (His145), and decay to the ground state via micro/millisecond lived

intermediates.
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Reversibly switchable fluorescent proteins (RSFPs) are homologs of the green fluorescent
protein (GFP) capable of repeatedly switch between a fluorescent ON state and a non-
fluorescent OFF state under alternating illumination at two appropriate wavelengths. This
property makes them highly attractive probes for super-resolution microscopy and other
advanced fluorescence imaging techniques.® In most cases, fluorescence emission from the
RSFP is obtained by excitation at one of the two photoswitching wavelengths. Such spectral
coupling, although experimentally simpler, is unfavorable for controlling the protein's ON or
OFF state during imaging experiments. Together with its SPOON variant, Dreiklang is
currently the only RSFP that does not suffer from this drawback.> * In Dreiklang,
fluorescence, ON—OFF and OFF—ON photoswitching are elicited by three distinct
wavelengths. This is due to a photoswitching mechanism which is entirely different from that
of other RSFPs.

X-ray crystallographic studies of several "coupled” RSFPs have shown that the molecular
basis of their photoswitching is a cis-trans isomerization of the chromophore, coupled with
proton transfer.*® Subsequently, these RSFPs were studied in detail by time-resolved
spectroscopy with visible and infrared probes, as well as by time-resolved crystallography,
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with particular focus on Dronpa’™® and rsEGFP2.1**% Although some questions remain

unanswered, it is now well established that cis-trans isomerization occurs first on the ps* 3
or ns*° scale and is followed by ground-state proton transfer on the ps-ms scale.® ** 413 The
photoswitching mechanism of Dreiklang is much less understood. X-ray crystallography
combined with mass spectrometry showed that it relies on the reversible addition of a water
molecule to the imidazolinone ring of the chromophore,? as illustrated in Scheme 1a. This
reaction reduces electron delocalization within the chromophore, causing a strong blue-shift

of the absorption of the OFF state which is key for disentangling fluorescence excitation from

photoswitching.? In the only time-resolved spectroscopic study of Dreiklang available to



date,* some of us reported that, upon excitation of the ON state, excited-state deprotonation
of the chromophore’s phenol group takes place with a time constant of about 100 fs, followed
by excited-state decay on the ps-ns scale and formation of a ground-state photoproduct
absorbing at ~450 nm, which we named X. Based on the structure of the active site of ON-
state Dreiklang shown in Scheme 1b, we proposed that the proton is transferred to His145 and
that this event initiates photoswitching.!* We further suggested a multi-step mechanism
leading to water addition to the chromophore and involving X as an intermediate.** The 10-ns
time window of this first experimental work however did not allow us to resolve the
formation of the final OFF state. On the other hand, Dreiklang has recently been the subject of
theoretical studies by the Krylov and Nemukhin teams.™” They identified a low-lying
excited state with charge transfer (CT) character, produced by electron transfer (ET) from
Tyr203 to the chromophore in the ON state, and proposed that population of this state, hence
excited-state ET, is the trigger for water addition.’® ¥ They further suggested that X is a
complex of the cationic chromophore (with protonated imidazolinone ring) with anionic
Tyr203 and the water molecule.'” Excited-state proton transfer (ESPT) was not observed in
the simulations,™® in contrast with the experiments.**

We report here a new experimental study of Dreiklang aiming at elucidating the interplay
between proton and electron transfer and their role in the ON—OFF photoconversion. We
prepared for this purpose two point variants of Dreiklang respectively designed to block the
aforementioned proton or electron transfers and compared them with the original Dreiklang
protein. The study was conducted by transient absorption (TA) spectroscopy in the UV-visible
domain with an extended time window from ~100 fs up to ~1 s in order to cover all time
scales of Dreiklang’s photoinduced dynamics and resolve the formation of the OFF state.

We targeted proton transfer by replacing His145, the putative proton acceptor, with a non-

protonatable tyrosine (given its pKa of ~10,'® the -OH group of tyrosine is already protonated



at our experimental pH), and electron transfer by replacing Tyr203, the putative electron
donor, with a less reducing phenylalanine (E°(F"/F) = 2 V (vs NHE) > E°(Y™/Y) = 1 V*).
Like the original Dreiklang,® ** its H145Y and Y203F variants exhibit two absorption bands
at ~410 nm and ~505 nm in their ON state, corresponding to the neutral (A) and anionic (B)
forms of the chromophore, respectively (Figure la,b, black lines and Figure S1). Upon
irradiation in the A band, H145Y switches to its hydrated OFF state, which is characterized by
a blue-shifted absorption band peaking at 341 nm (C; Figure 1a, red line). The ON state then
recovers spontaneously in the dark with a characteristic time of ~6 min (Figure S2). This
behavior is similar to that previously reported for Dreiklang® ** and shows that His145 is not
essential for photoswitching. In contrast, no significant spectral change is observed for the
Y203F variant even after prolonged 410-nm irradiation (Figure 1b, red line), indicating the
loss of photoswitching ability. Excitation of H145Y and Y203F in their B band (of the ON
state) leads to a strong fluorescence emission at ~520 nm, similar to that of Dreiklang?®
(Figure S3). However, the two variants exhibit distinct shapes of their fluorescence excitation
spectra (Figure 1c). That of Y203F (black line) consists of the same two bands as the
absorption spectrum (Figure 1b), albeit with different relative amplitudes. In contrast, the
fluorescence excitation spectrum of H145Y (Figure 1c, red line) and that of Dreiklang (blue
line) consist essentially of a single anion-like band.

To characterize the excited-state processes in the two variants, we performed broadband fs
TA experiments by exciting their respective A forms (of the ON state) at 405 nm (Figures 2
and 3). The data were globally fitted with sums of exponentials whose lifetimes are given in
Table 1. The corresponding amplitude spectra (decay-associated difference spectra (DADS))
are shown in Figures S6 and S7 together with Kinetic traces at a few representative
wavelengths. Like for Dreiklang,** we assign the five bands of the initial TA spectrum of

Y203F (200-fs black spectrum in Figure 2a) to regions dominated by ground-state bleaching



(GSB) at 365-420 nm, stimulated emission (SE) at 460-620 nm and excited-state absorption
(ESA) at < 365 nm, 420-460 nm and > 620 nm. The SE band exhibits a maximum at 515 nm
flanked by two shoulders at ~480 nm and ~550 nm which suggest a composite nature: the
peak and the red shoulder indicate the presence of a population of excited chromophore that is
already deprotonated at 200 fs (compare with the emission spectrum of form B, shown as a
gray dash-dotted line), while the blue shoulder is due to the neutral excited chromophore
(compare with the emission spectrum of the A* state of GFP,% shown as a gray dashed line).
The first picoseconds of the dynamics (Figure 2a) are mainly marked by a decay in neutral SE
(460-500 nm) and a rise in anionic SE (500-620 nm), with a temporary isosbestic point at 500
nm. The apparent rise of the central ESA band (415-485 nm) at this time scale most likely
originates from its overlapping with the decaying neutral SE. This signature, which was
previously observed in GFP?* and Dreiklang,** indicates the deprotonation of the
chromophore phenol group in the excited state, leading to an anionic excited species I*. The
reaction was found to be multiexponential (Table 1). Although we do not have any structural
information for Y203F, such multiexponential kinetics in proteins are often assigned to
structural heterogeneity.” ** %% The next step of the dynamics (Figure 2b) consists of a
biexponential decay of all bands (Table 1), indicating return from I* to the initial ground state
(ON state, form A). Due to the much longer average lifetime of 1* (<t;=> = 970 ps) compared
to A* (<ta=> = 1.3 ps), we assign the A band in the fluorescence excitation spectrum of
Y203F (Figure 1c, black line) to the emission of I* formed by ESPT. The quantum vyield of
ESPT can be estimated by comparing the relative amplitudes of the A and B bands in the
absorption and excitation spectra. Taking into account that the lifetime of the I* state of
Y203F is shorter than that of the B* state of Dreiklang (excited anion obtained by direct
excitation of form B; <tg~> = 2.3 ns according to ref '*), we find an ESPT yield of ~40% in

Y203F (Figure S8). The same reasoning leads to a much lower ESPT vyield of 5% in



Dreiklang, due to the very low amplitude of the corresponding A band (Figure 1c, blue line
and Figure S9). Finally, Y203F still exhibits a small TA signal at 20 ns (inset of Figure 2b),
after complete excited-state decay attested by the disappearance of SE. It features a central
GSB band (390-460 nm) flanked by two TA bands (peaks at 367 and 487 nm) and indicates
the formation of a ground-state photoproduct. This species is expected to return to the initial
ON state on a longer time scale, since the Y203F variant does not photoswitch (see Figure
1b).

The fs TA spectra of H145Y, displayed in Figure 3, highlight a different excited-state
behavior. The initial SE band (black 100-fs spectrum in Figure 3a, 470-620 nm range) is less
structured than that of Y203F. It is blue-shifted by 10 nm with respect to the fluorescence of
form B (gray dash-dotted spectrum) and extends below 490 nm where only form A
contributes. This indicates that, unlike Y203F, the excited neutral chromophore does not
undergo ultrafast deprotonation in H145Y. We assign the red shift of the negative SE band
relative to the fluorescence spectrum of form A (gray dashed line) to a compensation by the
positive ESA contributions around 450 nm. The TA dynamics include three main steps. A
slight reshaping of the spectrum (small rise of the 450-nm ESA band and small decay of all
other bands, see Figure 3a) is first observed in 145 fs (Table 1). The next changes (920-fs
component in Table 1) are mainly concentrated in the region below 485 nm with strong
decays of the ESA bands at 330 and 450 nm and of GSB (Figure 3b). The decay of GSB leads
to a positive net signal at ~405 nm from 3 ps, due to ESA becoming dominant. SE shows a
comparatively much smaller decay on this time scale. We note that a similar asynchronous
evolution of the ESA/GSB and SE bands has been observed previously for Dreiklang on the
same time scale** (Figure S4b). Finally, the third step (Figure 3c) is dominated by the
multiexponential decay of the excited state (average lifetime of 1.1 ns; Table 1). Like for

Dreiklang and Y203F, a small signal corresponding to a ground-state photoproduct remains



at 20 ns (inset of Figure 3c). It consists of a GSB band at ~410 nm and a TA band at ~500 nm.
The 500-nm band is expected to disappear on a longer time scale because it does not
correspond to the OFF state which is the only stable photoproduct in the H145Y variant (see
Figure 1a).

An important finding at this stage is that the SE band of H145Y only decays throughout the
dynamics. This indicates the absence of ESPT in this variant, in contrast with Dreiklang™* and
Y203F, which is in line with the hypothesis that the ultimate proton acceptor in the ESPT in
Dreiklang is His145. Moreover, the fact that Y203F exhibits ESPT and no photoswitching
while H145Y does not exhibit ESPT but photoswitches shows that ESPT is not involved in
the photoswitching mechanism but rather represents a competing reaction pathway.

However, even in the absence of ESPT, one would expect the fluorescence excitation
spectrum of H145Y (Figure 1c, red line) to exhibit a prominent A band. Indeed, A* emits at
560 nm, the detection wavelength of our excitation spectrum (see the gray dashed spectrum in
Figure 3a), with an oscillator strength that is very close to that of the I* state of Y203F
(Figure S10), and it has a similar lifetime of ~1 ns (Table 1). The very weak A band in the
fluorescence excitation spectrum of H145Y therefore indicates that only a small fraction of
the population excited in the Franck-Condon state (which we will refer to as Ag) evolves to
the fluorescent A* state. Based on the amplitude of the A band and the lifetime of A*, we
estimate the quantum yield of formation of A* to be ~5% (Figure S11). Apart from the nature
of the fluorescent state (A* instead of I*), this behavior resembles very much that of
Dreiklang. Y203F is in fact the only protein in which the population of the fluorescent state
(I* in this case) is large enough to lead to a prominent A band in the fluorescence excitation
spectrum (Figure 1c). Since the GSB bands of H145Y (Figure 3a) and Dreiklang™ (Figure
S4a) are essentially stable on the time scale of formation of the fluorescent state, we conclude

that there must be an ultrafast branching in the initial Ay state of Dreiklang and H145Y,



leading to the fluorescent state (A* for H145Y, I* for Dreiklang) and to a non-fluorescent
state. Such a branching would be absent in Y203F.

Searching for the signature of the dark state in our TA data, we noticed that the DADS
associated with the 145-fs (DADS1) and 919-fs (DADS2) components of H145Y (Figure
S7a) are both very similar to those of the 100-fs and 750-fs components of Dreiklang™
(Figure S5a) and completely different from the DADS of Y203F (Figure S6a). DADS1
features a large negative band at ~470 nm which could reflect the ultrafast rise of the
absorption of a dark state. The end of this rise is visible between 440 and 500 nm in the early
TA spectra of H145Y (Figure 3a). The next kinetic step is reflected by DADS2 which shows a
positive band at 460 nm, a negative band at 400 nm and weaker contributions in the SE
region. This corresponds in the raw spectra to an asynchronous evolution of ESA at ~450 nm
and GSB at ~400 nm, which decay significantly, and of SE at ~520 nm, which remains
essentially stable (Figure 3b and Figure S4b). In Dreiklang, we formerly assigned these
features to vibrational cooling of the ESA of I* following ultrafast ESPT, and to spectral
overlap of the ESA and GSB bands.’* The present study favors a different explanation,
namely the ultrafast formation (~100 fs) and decay (~1 ps) of a dark state, absorbing at ~450
nm and resulting from the initial branching mentioned above. The fluorescent state (I* in
Dreiklang or A* in H145Y) resulting from the same branching then decays in the 100-ps to 1-
ns time scale (Figure 3c and Figure S4c).

Furthermore, at the earliest time delays in Y203F (Figure 2a), the apparent rise in the ESA
at ~450 nm, that we assign to the decay in the overlapping SE of A*, is accompanied by a
significant rise in the SE of I* at ~520 nm, both corresponding to the signature of ESPT. In
Dreiklang™ (Figure S4a), a similar rise in the same ESA is accompanied by a much smaller

rise in the SE of I*. We therefore propose that the ESA rise at ~450 nm in Dreiklang is not



solely due to ESPT as in Y203F, but also to the formation of a dark state absorbing at 475 nm,
as suggested by DADS1 (Figure S5a).

The suppression of the dark state in Y203F suggests that its formation requires the
presence of Tyr203, which is also needed to obtain the OFF state (Figure 1b). On this basis,
we propose to assign the experimental dark state to the CT state predicted by theoreticians to
be the first precursor of the OFF state.'® ' Its decay in ~1 ps could then correspond to rapid
charge recombination between Tyr203 and the chromophore. It may tentatively be
hypothesized that the ESA feature at ~450 nm characterizing the CT state would be the
signature of a protonated tyrosyl radical resulting from the transfer of an electron from
Tyr203 to the excited chromophore. Absorption spectra of this species have indeed recently
been obtained in several flavoproteins and show a broad band peaking between 450 and 500
nm.26, 27

The presence of photoproducts at 20 ns, which are different from the expected final states
both for Dreiklang (the X species in ref **) and its variants, points to the existence of yet
unidentified long-lived components in their dynamics. To characterize these slow dynamics,
we switched to “classical” TA spectroscopy setups enabling us to probe time scales ranging
from nanoseconds to seconds. The “slow” TA data recorded for Dreiklang are shown in
Figure 4 and those of H145Y and Y203F in Figures S12 and S13. Like for the fs-ps scales, the
signals were fitted with sums of exponentials; the lifetimes are given in Table 1.

For Dreiklang, the kinetics at 337 nm (i.e. at the maximum of the absorption band of the
OFF state; blue trace in Figure 4a) shows that the OFF state is formed with a time constant of
33 ns (Table 1). Apart from a slight decay that we assign to back-switching to the ON state by
the actinic effect of the probe light, no further evolution is observed at this wavelength
(Figure S14), indicating that photoswitching is complete in ~100 ns. The amplitude of the

337-nm plateau enabled us to estimate Dreiklang’s photoswitching quantum yield at 0.4%,
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using ruthenium tris-bipyridine as actinometer® (see Methods in SI for more details). The
decay of species X at 457 nm (Figure 4a, green trace) is concomitant with the formation of the
OFF state, while GSB is constant on this time scale (gray trace). We deduce that the OFF state
is formed directly from X, without any spectroscopically detectable intermediate and with
100% vyield. In addition, this step exhibits a strong Kkinetic isotope effect of 3.7 upon H/D
exchange (123 ns in D,0, see Figure S15), suggesting an involvement of proton transfer.
Figure 4b shows the evolution of the TA spectra of Dreiklang between 10 ns (broadband
spectrum from ref %) and 10 ps. Unexpectedly, the TA band between 430 and 520 nm (10-ns
gray spectrum) does not fully decay on the 30-ns scale. The 300-ns spectrum (in green)
indeed includes a residual TA at ~490 nm, in addition to OFF-state absorption at ~337 nm and
GSB at ~410 nm. This indicates that the TA band at 10 ns actually takes contributions from
two species: the 450-nm absorbing X species, precursor of the OFF state, and a longer-lived
species absorbing at 490 nm, which we will name Y. Considering the 0.4% photoswitching
efficiency, the relative amplitude of GSB versus OFF-state absorption at 300 ns, compared to
that in the OFF minus ON difference spectrum, makes it possible to estimate the quantum
yield of formation of Y at 0.2% (Figure S17). The subsequent dynamics at the ps scale show
that Y evolves in ~7 us (Table 1) and with 100% yield towards a new species Z whose
absorption remains centered at 490 nm but is broader and more intense (10-us blue spectrum
in Figure 4b). Finally, the ms-scale dynamics comprise two phases (Figure 4c,d and Table 1).
We first observe the decay of the absorption of Z at 515 nm, accompanied by a partial decay
of GSB at 400 nm, in ~2 ms (Figure 4c). This phase corresponds to the return of Z to the ON
state. During the second phase (~500-ms component; Figure 4d), neutral GSB at 400 nm, due
to the initial excitation and depopulation of form A (of the ON state), decays partially while

anionic GSB appears at 515 nm. We assign this phase to the restoration of acid-base balance
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between the A and B forms of the ON state following the partial photoconversion of form A
to the OFF state.

The photoswitchable H145Y variant exhibits a time evolution of its TA signals at ns and
longer scales qualitatively similar to Dreiklang, but with faster kinetics (Table 1 and
Figure S12). In particular, OFF-state absorption is already at its maximum at 30 ns even in
deuterated buffer (Figure S16), suggesting that photoswitching is faster than 10 ns. We
conclude that the OFF state must already be present in the terminal 20-ns spectrum measured
with the fs setup (inset of Figure 3c), although unresolved due to limited signal-to-noise ratio.
The quantum yields of photoswitching and Y formation, respectively estimated at 0.6% and
0.4% (Figure S18), are similar to those of Dreiklang. Importantly, the involvement of species
Y and Z in the dynamics of H145Y, which does not exhibit ESPT, indicates that they belong
to a different reaction pathway. This excludes their assignment to ground-state anionic forms
resulting from chromophore deprotonation in the excited state.

In the case of the non-photoswitchable Y203F variant, the 20-ns spectrum has the
peculiarity of presenting two positive bands (with peaks at 367 and 487 nm; inset of Figure
2b). The 487-nm band gains intensity and broadens at the us scale (average lifetime: 3.4 ps;
Figure S13b and Table 1), a spectral evolution similar to that observed for Dreiklang and
H145Y and that we assign to the Y—Z transition. A full decay of the 367-nm band is
observed on the same time scale (Figure S13b). The simultaneity of the two processes
suggests that the 367-nm and 487-nm bands both belong to species Y, which therefore has a
different spectrum in Y203F. Further ms-scale dynamics show the decay of Z towards the ON
state (average lifetime: 220 ms; Figure S13c,d and Table 1). OFF-state formation and acid-
base equilibration in the ON state are not observed in Y203F, in agreement with its non-

photoswitchable character. The fact that the Y—Z sequence exists in both photoswitchable

12



and non-photoswitchable proteins and that it occurs in the former at a time scale longer than
photoswitching clearly demonstrates that it corresponds to an independent reaction pathway.

The present study highlights the complex photoinduced dynamics of ON-state Dreiklang,
which involves four parallel reaction pathways starting from the neutral Franck-Condon
excited state Axc (Scheme 2). The first two pathways (in black and gray) start with the
formation of the CT state in 100 fs, with a quantum yield of ~95%. The black pathway then
leads to the OFF state via X with a quantum yield of 0.4%, while the gray one restores the ON
state. The third pathway (in green) involves the formation of Y with a quantum yield of 0.2%,
followed by its return to the ON state via Z. Finally, the fourth pathway (in brown) consists in
the formation of a relaxed A* state that is quenched by ESPT in Dreiklang, resulting in I*, but
fluoresces in H145Y. Both A* and I* are formed with a quantum yield of 5% and then return
to the ON-A neutral ground state. We note that three of the four reaction pathways are non-
productive, leading to recovery of the initial ON-A ground state.

We would now like to briefly discuss the mechanisms of the different reaction pathways
shown in Scheme 2. The suppression of both the CT state and the ON—OFF photoswitching
in the Y203F variant supports the proposal of the Krylov and Nemukhin groups that
photoswitching is initiated by electron transfer from Tyr203 to the chromophore.'® " In line
with the theoreticians, we also assume that X is likely a complex of the cationic chromophore
(with protonated imidazolinone ring) with anionic Tyr203 and the water molecule involved in
chromophore hydration.?” This species would be formed after the primary ET by PT from
Tyr203 to the chromophore, followed by back-ET.*" If this holds true, OFF-state formation
from X would then require both addition of the water molecule’s hydroxyl ion onto the
chromophore’s imidazolinone ring and capture of the proton by Tyr203.'” Such a scenario
could explain the strong kinetic isotope effect observed experimentally during this step, if

proton capture is kinetically limiting. The main disagreement between experiment and theory
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concerns the height of the barrier. We found a characteristic time of 33 ns for OFF-state
formation from X. Using the Eyring-Polanyi equation of transition state theory and assuming
a transmission frequency of 1, we estimate that the Gibbs free energy barrier to water addition
is ~7-kcal/mol, which is significantly higher than the 1 kcal/mol barrier predicted by the
calculations.”

The nature of the green reaction pathway remains unclear. Species Y and Z are
characterized by low quantum yields, long lifetimes in the us-ms range and red-shifted spectra
relative to the initial ON-A state. We tentatively propose that they might correspond to the
triplet excited state of the neutral chromophore and one of its products.”® Finally, besides CT
state formation and recombination, ESPT is the second most important reaction pathway, with
a quantum yield of ~5%. Its suppression in the H145Y variant is consistent with our previous
proposal that His145 acts as the proton acceptor.** ESPT results in the formation of species I*,
assigned to an excited anionic chromophore surrounded by an unrelaxed protein pocket and
which then decays to the neutral ground state ON-A on the ps-ns scale.* The fact that no
deprotonated ground-state intermediate is observed suggests that chromophore re-protonation
in the ground state is faster than the decay of I* by fluorescence and internal conversion, as it
is also the case in GFP.%

In conclusion, the combination of ultrafast (fs-ps) and conventional (ns-s) TA spectroscopy
enabled us to cover all time scales of the photoinduced dynamics of Dreiklang in its ON-A
state. We were able to establish the characteristic ON—OFF photoswitching time (33 ns) and
its quantum vyield (0.4%). The study of the H145Y and Y203F variants provides additional
new insight into the role of electron and proton transfer processes in Dreiklang’s excited-state
dynamics. The emerging overall picture is that of a competition between photoswitching and
three non-productive reaction pathways. Our results support the involvement of an electron

transfer from Tyr203 to the chromophore in photoswitching, as suggested by the Krylov and
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Nemukhin groups.’® *” Over 90% of the excited population is lost through rapid charge
recombination of the resulting CT state. The excited chromophore can alternatively be
deactivated by ESPT involving His145 as the proton acceptor (with 5% vyield), followed by a
back-PT upon decay to the initial ground state. Finally, a minor non-productive reaction

athway (with 0.2% yield) is responsible for kinetics on the pus-ms scale.
p y
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Scheme 1. (a) Chromophore structures in the ON and OFF states of Dreiklang and (b)
active site of Dreiklang in its ON state®
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®According to the crystallographic structure of ref 2 (PDB ID: 3ST4). We added the water
molecule observed between residues Ser205 and Glu222 in the simulations of ref 15. The

chromophore is shown in bold and the hydrogen bonds in dotted lines. Tyr203, which is
located below the chromophore, is shown in gray.
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Figure 1. Steady-state spectroscopy of Dreiklang and its H145Y and Y203F variants at pH
7.0. (a, b) Absorption spectra of H145Y (a) and Y203F (b) in the ON state (black) and after
irradiation at 410 nm (red). The spectra were normalized with respect to the maximum
absorption of each protein in the ON state. We show in (a) the chromophore structures
associated with absorption bands A, B and C. (c) Normalized fluorescence excitation spectra
of Y203F (black), H145Y (red) and Dreiklang (blue). The fluorescence was detected at 560
nm.
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Figure 2. Femtosecond transient absorption spectra of the neutral ON state (form A) of
Y203F measured at pH 7.0, after 405 nm excitation. The data were corrected for the chirp of
the probe. The region near 405 nm, obscured by pump scattering, was masked. (a) 0.1 to 6.0
ps. The gray dotted, dashed, and dash—dotted lines are the steady-state absorption spectrum of
the sample, the fluorescence spectrum of the A* state of GFP (emission of the neutral
chromophore measured before excited-state deprotonation, by time-resolved fluorescence
spectroscopy; taken from ref 20), and the steady-state fluorescence spectrum of form B of
Y203F, respectively. (b) 6.0 to 3200 ps. The inset displays an additional spectrum measured
at 20 ns, after complete excited-state decay.
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Figure 3. Femtosecond transient absorption spectra of the neutral ON state (form A) of
H145Y measured at pH 7.0, after 405 nm excitation. The data were corrected for the chirp of
the probe. The region near 405 nm, obscured by pump scattering, was masked. (a) 0.1 to 0.6
ps. The gray dotted, dashed, and dash—dotted lines are the steady-state absorption spectrum of
the sample, the fluorescence spectrum of the A* state of GFP (emission of the neutral
chromophore measured before excited-state deprotonation, by time-resolved fluorescence
spectroscopy; taken from ref 20), and the steady-state fluorescence spectrum of form B of
H145Y, respectively. (b) 0.6 to 9.3 ps. (c) 9.3 to 3200 ps. The inset displays an additional
spectrum measured at 20 ns, after complete excited-state decay.

22



Table 1. Kinetic Analysis of the Multiscale Transient Absorption Data of Dreiklang and
its H145Y and Y203F Variants”

Variant | Branching/ESPT® | CT decay | Decay of I*/A*® | X — OFF Y—Z Decay of Z A/B balance
19+ 1 ps (51 %)
0,
Dreiklang | 100+10fs  |750+30fs fgiiogzprfs(fl% 33) 33+1ns 6.6=0.1 us 229+003ms | 476+2ms
<t>=230ps
0,
225 : 20"3 5(2(29/‘;3) 217 + 3 ns (64 %)
H145Y 145+ 4 fs 920+ 30fs 22+_02Es (450/2) <10ns 2.9+0.1 ps (36 %) 8.1+£0.1us 156 £ 4 ps
T <t>=12ps
<t>=1.1ns
130 10 fs (25 %) 10725 ps (2L 9%) 115+1ns(34%) | 572+5ps (52 %)
vooaE | L0 0.1ps (65%) 1.20 0,02 18 (79 %) 1.39 % 0.01 pis (33 %) | 84.8 + 0.5 ms (14 %)
5.7 +0.5 ps (10 %) BAGIS 8.7+0.1pus(33%) | 608+ 2ms (34 %)
<t>=13ps P <> =34 ps <t> = 220 ms

"The characteristic times of branching, CT decay and decay of I* in Dreiklang are taken from
ref 14. AIll other characteristic times were determined in the present study. For
multiexponential processes we give the individual components with their weights in
parentheses and the average characteristic time <t>.

“Branching between CT and A* for Dreiklang and H145Y. ESPT for Y203F.
9Decay of I* for Dreiklang and Y203F. Decay of A* for H145Y.
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Figure 4. Nano- to millisecond transient absorption data of the neutral ON state (form A) of
Dreiklang measured at pH 7.0, after excitation at 430 nm. (a) Kinetics at a few representative
wavelengths in the nano-microsecond time range. The initial peaks correspond to unresolved
ultrafast signals and the smooth lines to a global biexponential fit with time constants of
33+ 1nsand 6.6 0.1 ps. (b) Spectra at a few representative delays in the same time range,
constructed from the individual kinetics. The data were scaled to the 10-ns spectrum from
ref 14, shown here in gray. (c, d) Kinetics at 400 nm and 515 nm in the millisecond time
range. The initial peaks correspond to unresolved fast signals and the black and red lines to a
simultaneous biexponential fit with time constants of 2.29 + 0.03 ms and 476 + 2 ms. The
inset in d shows the end of the long component at 515 nm, in the second time range.
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Scheme 2. Proposed model for the light-induced
Dreiklang®
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“The quantum yield and characteristic time values are those of the original Dreiklang protein.
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