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Archaerhodopsin-3 (AR-3) variants stand out among other rhodopsins in that they display a weak, but
voltage-sensitive, near-infrared fluorescence emission. This has led to their application in optogenetics
both in cell cultures and small animals. However, in the context of improving the fluorescence
characteristics of the next generation of AR-3 reporters, an understanding of their ultrafast light-
response in light-adapted conditions, is mandatory. To this end, we present a combined experimental
and computational investigation of the excited state dynamics and quantum yields of AR-3 and its DETC
and Arch-5 variants. The latter always display a mixture of all-trans/15-anti and 13-cis/15-syn isomers,
which leads to a bi-exponential excited state decay. The isomerisation quantum yield is reduced more
than 20 times as compared to WT AR-3 and proves that the steady-state fluorescence is induced by
a single absorption photon event. In wild-type AR-3, we show that a 300 fs, barrier-less and vibrationally

coherent isomerization is driven by an unusual covalent electronic character of its all-trans retinal
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Accepted 13th November 2024 chromophore leading to a metastable twisted diradical (TIDIR), in clear contrast to the standard charge-
transfer scenario established for other microbial rhodopsins. We discuss how the presence of TIDIR

DO 10.1035/d4sc05120¢ makes AR-3 an ideal candidate for the design of variants with a one-photon induced fluorescence
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1 Introduction

In spite of its tiny fluorescence quantum yield (&y), arch-
aerhodopsin-3 (AR-3) from the halobacterium Halorubrum sod-
omense, has been successfully used as fluorescent genetically
encoded voltage indicator (GEVIs), thus enabling the visuali-
zation of neuronal activity with spatiotemporal precision.*™ To
enhance the relatively low @; of AR-3 and expand its applica-
bility as GEVI, several AR-3 variants were designed over the past

“University of Strasbourg, CNRS, IPCMS, 23 Rue du Loess, 67034 Strasbourg, France.
E-mail: stefan.haacke@ipcms.unistra.fr

*Department of Chemistry, Bowling Green State University, Bowling Green, OH 43403,
USA. E-mail: molivuc@bgsu.edu

‘The Institute for Solid State Physics, University of Tokyo 5-1-5, Kashiwano-ha,
Kashiwa, Chiba, 277-8581, Japan. E-mail: inoue@issp.u-tokyo.ac.jp

Dipartimento di Biotecnologie, Chimica e Farmacia, Universita di Siena, I-53100
Siena, Italy

‘LASIRE, Université de Lille, CNRS, 59000, Lille, France

JLOB, CNRS, INSERM, Ecole Polytechnique, Inst. Polytechnique de Paris, 91120
Palaiseau, France

T Electronic supplementary information (ESI) available: Experimental and
computational methods, additional data and figures femtosecond spectroscopy,
protocol light adaptation, etc. See DOI: https://doi.org/10.1039/d4sc05120c

1 These authors contributed equally.

© 2025 The Author(s). Published by the Royal Society of Chemistry

possibly reaching the emission quantum yield of the top natural emitter neorhodopsin (NeoR).

years by screening libraries with randomly mutated AR-3.°*
However, the highest &, reported for the seven-fold mutated
ARCH-7 is only 1.2%,” still much lower than the ca. 20% value
recently found for the exceptional naturally fluorescent neo-
rhodopsin (NeoR).>*® There is therefore a need to understand if
AR-3 can be engineered to generate variants approaching or
overcoming, the NeoR limit or if, alternatively, there are
fundamental reasons why this is not possible.

A first step towards an understanding of AR-3 was achieved
by some of us via a theoretical/computational study of the
electronic structure of the first excited state (S;) of its retinal
protonated Schiff base (RPSB) chromophore (and fluo-
rophore).”* A schematic representation of the established fluo-
rescence mechanism in AR-3 mutants is given in Fig. 1. A
potential energy surface (PES) barrier along the S; isomerization
path of RPSB was found to control the lifetime of the fluorescent
state (FS) and prevent its efficient decay into the region of an S,/
Sy conical intersection (Coln). By computing the height of the
barrier (Ef ) for different AR-3 mutants, a correlation was
established between barrier height and mutation-dependent
@' This result indicated that: (i) the higher fluorescence of
randomly engineered variants is due to a 1-photon excitation
process that is ineffective in WT AR-3 (ref. 12 and 13) and (ii) the
increase in 1-photon @ correlates with the stability (Erpir-rs) Of

Chem. Sci., 2025, 16, 761-774 | 761


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc05120c&domain=pdf&date_stamp=2024-12-21
http://orcid.org/0009-0001-2100-3900
http://orcid.org/0009-0009-4090-9458
http://orcid.org/0000-0002-0605-1816
http://orcid.org/0000-0002-6898-4347
http://orcid.org/0000-0002-8247-209X
http://orcid.org/0000-0002-6969-4667
https://doi.org/10.1039/d4sc05120c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc05120c
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016002

Open Access Article. Published on 18 November 2024. Downloaded on 12/6/2025 6:51:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

i
/

‘-n
)

" Decay, Photocycle
and Function

M
-
NH

So — Lys

E
2
one-photon
iy 9ousdsalony &

[+—2

So Product
Coordinate (a)

Relaxation
(BLA)

B
NN AL
H
cov

Fig. 1 (A) Representation of the chromophore isomerization path. FS
corresponds to the fluorescent state. TIDIR represents the photo-
isomerization channel located near Coln. Lewis formulas representing
product, FS and TIDIR display distinct degrees of double bond twisting
and charge transfer. (B) Representation of electronic characters of the
chromophore COV vs. CT. Note the different bond length alternation
(BLA).
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an unusual S; twisted bi-radical (TIDIR) of RPSB displaying
a covalent (COV) electronic character, in stark contrast to the
dominant charge transfer (CT) character of the S, state in other
microbial rhodopsins.’*™*® Remarkably, in a more recent
computational study the same mechanism was shown to be
responsible for the record @; of NeoR."**°

Two central questions remain to be answered to establish
WT AR-3 as a suitable starting point for fluorescent GEVI
engineering. The first is whether the transient TIDIR interme-
diate is also a characteristic of WT AR-3 in spite of a substantial
absence of 1-photon fluorescence in this species (WT AR-3
fluorescence originates from a complex 3-photon process).'>*?
The second is whether it is possible to provide direct or indirect
experimental evidence for the existence of TIDIR. Experimental
studies on the fluorescence lifetimes of QuasAr1, QuasAr2 and
Archon1 and its mutants were recently reported,*>* confirming
that the fluorescence is induced by a 1-photon process.
Importantly, in contrast with the fact that light-adapted (LA) WT
AR-3 contains a single all-trans chromophore isomer, the
chromophore of the variants mentioned above was found to
correspond to a mixture of all-trans and 13-cis RPSBs.*>** For
Archonl, it was also argued that the trans-membrane voltage
acts on the ground isomer composition, and hence on the @¢.>*

In the present paper, we address the two questions above via
a combination of spectroscopic and non-adiabatic molecular
dynamics studies. Experimentally, we study the transient spec-
troscopy and photoisomerization efficiency of WT AR-3 and,
additionally, of two specific AR-3 mutants: the double mutant
DETC (D95E, T99C) and the five-fold mutant ARCH-5 (V59A,
P60L, D95E, T99C, P196S) initially reported by MclIsaac et al.’
For WT AR-3 at pHS6, the excited state lifetimes (75 )and isom-
erization quantum yield (®;s,) were measured for the first time,
providing indirect evidence for an excited state barrier (Egl)
induced by the TIDIR. Computationally, we focus on the
simulation of the photoinduced dynamics of the WT AR-3 using
a set of 200 quantum-classical trajectories. The results consis-
tently support the existence of a TIDIR intermediate indicating
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that the mechanism illustrated in Fig. 1 is general and valid for
WT AR-3, its variants as well as for NeoR. Accordingly, one
concludes that the problem of finding highly fluorescent AR-3
variants, namely by increasing the average excited state life-
time (t) of the system, can be solved by finding mutations that
sufficiently destabilize TIDIR with respect to FS. This conclu-
sion is indirectly supported by the spectroscopic data of the two
AR-3 mutants, as we report that the () dramatically increases to
29 and 66 ps for DETC and ARCH-5, respectively, and that the
;o is reduced by more than 20 times.

2 Experimental results and discussion

2.1 Retinal configuration analysis in dark- and light-adapted
proteins determined by HPLC

High-performance liquid chromatography (HPLC) analysis was
used to investigate the isomeric configurations of the RPSB in
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Fig. 2 HPLC analysis of the retinal chromophore of AR-3 WT, DETC
and ARCH-5 in the dark-adapted (DA) and the light-adapted (LA)
states. (A) Representative HPLC chromatogram of the retinal oxime in
dark-adapted (DA, solid line) and light-adapted (LA, dotted line) states.
The retinal oxime was produced by the hydrolysis reaction between
the retinal chromophore and hydroxylamine. Syn and anti refer to the
configuration of the C=N bond of the product retinal oxime, which
does not represent the configuration of the retinal Schiff base in the
original proteins. The retention time of each isomer was normalized
based on that of each isomer in DA. (B) The ratio of each isomer (mean
+ standard deviation, n = 3 independent experiments). Sample illu-
mination and HPLC analysis were performed three times indepen-
dently. The numbers at the top of each bar indicate the composition of
each isomer.
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light- and dark-adapted forms of WT AR-3 and the two mutants
(vide supra). The results are given in Fig. 2. For the light-
adaptation procedure, details are given in Fig. S8t together
with the common associated red-shifts of absorption spectra,
indicating accumulation of all-trans RPSB. In all proteins, the
retinal primarily existed in all-trans/15-syn (AT) and 13-cis/15-
anti (13-C) forms. In the dark-adapted state, 43 and 57% of WT
AR-3 had AT and 13-C retinal, respectively, whereas 95% of the
chromophore was in the AT form in the light-adapted state like
in bR.*>* For DETC and ARCH-5, the dark-adapted state con-
tained ~80% of the retinal in the 13-C form. Upon light adap-
tation, although a slight increase in the AT form was observed,
but the 13-C remains in majority, accounting for ~63% and
~65% of the retinal in DETC and ARCH-5, respectively.

2.2 Raman spectroscopy of light-adapted proteins

To investigate the retinal isomer composition in the LA WT AR-
3, DETC and ARCH-5 Fourier transform Raman spectroscopy
was used. Light adaptation was performed with the same
protocol as for the HPLC experiments above (Fig. S87). Fig. 3
presents the obtained Raman spectra for each of the proteins.
For the fingerprint region (C-C single bond stretching) we can
see that the WT has predominantly all-trans configuration of the
retinal chromophore (1169 cm™* and 1202 cm ™' bands).?* On
the other hand, in DETC, a peak at 1186 cm™ ', previously
assigned to the 13-cis, 15-syn configuration,*?® is observed. In
ARCH-5, both peaks are unresolved, which could indicate
a slight red-shift of the 13-cis-related vibration in this mutant.
Moreover, in the methyl group rocking region around
1000 cm ', WT and ARCH-5 display a single peak at 1008 cm ™",
while DETC shows an additional peak at 1000 cm ™", which
could also be a sign of the existence of two isomers. However, in
the hydrogen-out-of-plane (HOOP) region around 800 cm™" that
was previously reported to be an indicator of a distorted 13-cis
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Fig. 3 FT-Raman spectroscopy. Comparison of the off-resonance
FT-Raman spectra of light-adapted WT AR-3, DETC and ARCH-5
proteins at pH 6. The positions of the common bands are highlighted
with solid vertical lines. The positions of the peaks that shifted or were
not present in one of the proteins are indicated by the dashed lines.
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isomer*® no peak is observed for any of the three proteins. In
addition, the red-shift of the C=C double frequency (from
1529 ecm~ ' in WT to 1513 em ™' in ARCH-5) is observed for
mutants, in line with the red shift of the mutants' absorption
spectra with respect to the WT.

In conclusion, the isomer composition of the light-adapted
proteins determined by Fourier transform Raman spectros-
copy is qualitatively in agreement with the more precise and
quantitative HPLC method (vide supra), with the additional
information that the 13-cis, 15-syn isomer appears to be planar
since no HOOP activity is observed.

2.3 Excited state lifetimes

To study the impact of point mutations on the in vitro fluores-
cence properties, the @¢ and fluorescence lifetimes were studied
for DETC and ARCH-5 in their LA forms. The absorption and
emission spectra of these mutants were measured (Fig. 4).
These are known to be red-shifted with respect to the WT.?
Moreover, @ for DETC and ARCH-5 at pH 6 were calculated as
described in Methods.t The obtained values of 3.6 + 0.6 x 10>
and 9 +£ 1 x 107> for DETC and ARCH-5 respectively are in
agreement with the ones previously obtained for slightly lower
pH values.”

Broadband fluorescence up-conversion spectroscopy
(FLUPS)*>”*® with ~150 fs time resolution (see Methodst) was
used to investigate the fluorescence lifetimes of LA WT AR-3 and
the two mutants at pH 6. Fig. 5A presents an example of the time
evolution of DETC fluorescence spectra. According to this
figure, the spectral shape does not change with time, only the
fluorescent intensity decays. This indicates that the excited state
dynamics do not depend on the detection wavelength and that
both single and integrated kinetic analyses are relevant.

For an analysis of the kinetics, a spectral range of 15 nm
around the fluorescence maximum (WT 722 nm, DETC and
ARCH-5 735 nm) was averaged. The panel B of Fig. 5 presents
experimental data (dots) for normalized kinetic traces for WT
AR-3 (blue) and its mutants DETC (red) and ARCH-5 (yellow). It
is clearly seen, that the WT fluorescence decays in a few ps while
the mutants' fluorescence lives significantly longer. The kinetics
have bi-exponential decay character for all the samples
(Fig. S27). Solid lines display the results of the multi-
exponential fit. A Gauss function (representing the instrument
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Fig. 4 (A) Normalized absorption (blue) and emission (red) spectra of
DETC at pH 6, excitation wavelength 615 nm. (B) Normalized
absorption (blue) and emission (red) spectra of ARCH-5 at pH 6,
excitation wavelength 600 nm.
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Fig. 5 Results of FLUPS experiments. (A) Fluorescence spectra of LA
AR-3 mutant DETC at pH 6 at time delays listed in the legend and for
excitation at 570 nm. The difference in the fluorescence profile
between steady-state emission and FLUPS measurements is caused by
the phase matching conditions adjusted for up-conversion of the blue
part of the emission spectrum. (B) Comparison of the normalized
fluorescence decays between WT, DETC and ARCH-5 (dots). Kinetics
were averaged over 15 nm around the fluorescence maximum. Solid
lines present the best result obtained for fit with a bi-exponential decay
function.

response function) convoluted with two decaying exponents was
used as a fitting function. A three-exponential fit was used for
ARCH-5 kinetics to take into account the 0.4 ps rise of the
fluorescence signal. Extracted decay time constants and their
relative amplitudes are condensed in Table 1 along with
calculated average fluorescence lifetimes for each of the
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proteins. The amplitude-weighted average fluorescence life-
times for DETC and ARCH-5 are 29 ps and 66 ps, respectively.
This approach is explained and justified in the ESI (Section
2.2t). Note that they are proportional to the above-determined
¢ of these proteins.

Additionally, to investigate the photoisomerization reaction
and dynamics in the excited state of the proteins, ultrafast
transient absorption spectroscopy (TAS) experiments were per-
formed for the three proteins in their LA forms. In this method,
the absorption changes in the 470-1000 nm range were moni-
tored with 60 fs resolution after photoexcitation. The results of
the TAS experiments are shown in Fig. 6. Panel A presents the
time evolution of the difference absorption spectra of WT AR-3
(results for DETC and ARCH-5 are presented in the ESI{). We
observe difference spectra typical for microbial retinal proteins,
such as bR,*? highlighting excited state decay and isomeri-
zation on a sub-picosecond time scale. Indeed, at 50 fs the
positive peak around 470-530 nm is due to excited state
absorption (ESA) and the negative bands around 550 nm and
800-1000 nm range are assigned to the ground state bleaching
(GSB) and stimulated emission (SE), respectively. Noise in the
GSB region at 570 nm is caused by residual pump laser scat-
tering. In the first 100 fs range ultrafast relaxation out of the
Frank-Condon region takes place which explains the blue shift
of the ESA and rise of SE in the near-IR. Later, along with the
decay of the excited state (decay of ESA and SE) a new positive
band appears around 630 nm. It reflects the all-trans to 13-cis
isomerization of retinal, forming the vibrationally hot J inter-
mediate, which in the next ps cools down (blue shift of its
absorption to 610 nm) leading to the first ground state photo-
product of AR-3 (K intermediate).

The bottom part of Fig. 6 shows the comparison of the
normalized ESA (panel B) and SE (panel C) dynamics of WT
(red), DETC (blue) and ARCH-5 (yellow). Similar to the FLUPS
results, DETC and ARCH-5 have significantly longer-lived
excited states. At the short times (before 0.5 ps) the excited
state kinetic traces of the mutants show an unusual sudden
drop at 0.6 ps, which is due to excited state relaxation from the
Franck-Condon region, but without the loss of its excited state
population. Indeed, the stimulated emission remains constant
during this time interval (see the complete time-dependent
spectra for DETC and ARCH-5 in ESI,{ panels A of Fig. S3 and
S51). In contrast with the WT, only a small absorption trace of
photoproduct formation is detected for DETC and even weaker
so for ARCH-5 for delays of hundreds of picoseconds, i.e. after
excited state decay (Fig. S61). The TAS results were globally fitted
with three time constants. Results of the fit are presented in
Table 2 and in panel C of Fig. S3-S5,1 which represent the

Table 1 Fluorescence lifetimes, its relative amplitudes, amplitude-weighted average fluorescence lifetimes, measured fluorescence quantum
yields and calculated non-radiative (k) and radiative (k) rates of WT AR-3 and mutants at pH 6

Sample T4, PS Ay, % T2, PS Ay, % (Tfluo), PS [on knr, NS k., ns~
AR 3 pH 6 0.34 £ 0.02 85t 2 1.4 £ 0.1 15+ 2 0.5 2000

DETC pH 6 7.7 £1.1 37+t6 42 + 3 63t 6 29 3.6 +0.6 x 103 34 0.12
ARCH-5 pH 6 31 £8 43 +9 91 £ 15 56 £ 3 66 9+1x10° 15 0.14
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Fig. 6 Results of TAS experiments. (A) Difference absorption spectra
of WT AR-3 at the time delays indicated in the legend after the 570 nm
photoexcitation. Comparison of the normalized excited state
absorption (B) and stimulated emission (C) kinetics at the indicated
wavelengths for WT, DETC and ARCH-5 at pH 6.

decay-associated difference spectra for each of the samples,
respectively. For WT AR-3, short-lived components 7, and 7, are
mainly attributed to the excited state decay and formation of the
hot photoproduct. The decay time of the photoproduct (K
intermediate) is beyond the detection time range of these
experiments. For the mutants, on the other hand, 7, is attrib-
uted to the thermal relaxation of the excited state and 1, and t;
to the excited state decay. Excited state lifetimes are consistent
with the ones obtained in the FLUPS experiments. A direct
comparison of the kinetic traces relevant to the excited state
decay displays perfect agreement (not shown). The differences

Table 2 Global fitting results of TAS experiments

WT AR-3 DETC ARCH-5
71, PS 0.25 & 0.02 0.4 £ 0.07 0.43 £ 0.03
T2, PS 1.4 £0.2 7E£1 28+5
73, PS ® 42+ 4 79+ 6

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in the value of 7, for WT AR-3 (Tables 1 and 2) are a consequence
of the assumption of wavelength-independent lifetimes (global
fit) for the TAS data.

2.4 Isomerization quantum yield

To determine the isomerization quantum yield of the WT AR-3
(P43), we performed a nano-second transient absorption
measurement and compared the bleach signal intensity with
bR. ®fes’is expressed as,*

@RS €bR (A/)AAAR-»? (1) or

i T . (O\AA () iso 1
iso EARS (A)AAbR (A ) [ )

where e,g(A') and AApr() are the molecular extinction coeffi-
cient and the bleach signal of bR at probe wavelength X', exg3(1)
and AA,gr3(A) are the molecular extinction coefficient and the
bleach signal of AR-3 at probe wavelength A, respectively, and
@R is the isomerization quantum yield of bR. The transient
absorption spectra of light-adapted WT AR-3 were measured
with 532 nm excitation wavelength (Fig. 7, panels A-C). At ¢ =
~100 ps, a blue-shifted M intermediate was accumulated. In
this time region, the bleach signal of the initial state was
observed without overlapping any absorption of red-shifted
intermediates, e.g., K and O intermediates. To extract the
bleaching signal, the transient absorption change was analyzed
by a multi-exponential function assuming an un-branched
sequential reaction. To observe the shortlived photo-
intermediates, a measurement at specific probe wavelengths
with better time resolution using a photomultiplier tube was
performed (Fig. 7, panel C). Based on the result of the multi-
exponential analysis, we constructed a photocycle model of
the WT AR-3 (Fig. 7, panel D) and calculated the absorption
spectra of two photointermediates appearing after ¢ = 35 us.
Comparing the order of appearance and peak wavelengths, they
were assigned to the quasi-equilibrium between the L and the M
and between the N and the O intermediates, (Fig. 7, panel E).*>
Because there is a weak contribution of the L even at the time
point where the M accumulation is maximized, we estimated
the bleach signal at 600 nm probe wavelengths where no
absorption of the photointermediate overlaps with the bleach
signal at t = ~100 ps. To compare the bleach signal intensity
between AR-3 and bR, the samples were excited with low pulse
energy (0.50 mJ cm ™) in the range where the linearity of the
signal against the excitation pulse energy is maintained (Fig. S7,
panel AT), and the absorptions of the WT AR-3 and bR sample
solutions at the excitation wavelength were adjusted to the same
with an error less than 1%. The transient absorption signals of
the WT AR-3 and bR are shown in panel J of Fig. 7. AAr.3(600
nm)/AApg(575 nm) in eqn (1) was determined to be 0.36. To
estimate the ¢ag.3(A), we observed the absorption change along
with the hydrolysis reaction of the Schiff-base linkage of the
retinal chromophore (Fig. S7, panel Bf). The absorption of
retinal oxime produced by the hydrolysis reaction was observed
at 362 nm. Based on the difference molecular extinction coef-
ficient of the retinal oxime (33 600 M™* cm ™" (ref. 33)) and the
ratio between the absorption of the retinal oxime and the
bleaching of the initial AR-3, the eyr-3 (600 nm) was determined
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Fig. 7 Transient absorption measurements of the LA WT AR-3, DETC,
plot of the transient absorption change of the WT AR-3 (A), DETC (F).
ARCH-5 (1) at specific time delay (t) after the photoexcitation. (C) Time

and ARCH-5 in the microsecond to millisecond time region. (A and F) 2D
(B, G, and I) Transient absorption spectra of WT AR-3 (B), DETC (G), and
-evolutions of the transient absorption change of the WT AR-3 probed at

408, 559, and 624 nm representing the M, the L/AR-3, and the K/O, respectively. (D) The photocycle model of the WT AR-3 obtained by the
multi-exponential analysis of the transient absorption change. (E) The calculated absorption spectra of the photo-intermediates. (H) Time-
evolutions of the transient absorption change of DETC probed at 392, 586, and 657 nm representing the M-like, the L-like, and the DETC,
respectively. (J) Transient absorption signals of the WT AR-3 and bR with 0.50 mJ cm™2 excitation pulse energy. For clarity, the signal intensities

of G and H have been amplified tenfold.

to be 24900 + 300 M~ " ecm ™' (ear.3 (559 nm) was 48900 +
300 M~ " ecm™" at the peak maximum). Based on these values,
PR = 0.64 + 0.04,* and (575 nm) 62 000 &= 1000 M ' cm *,3
@483 was determined to be 0.54 + 0.03.

Then, we investigated the photoreaction of DETC and ARCH-
5 mutants. DETC excited at 600 nm exhibited two blue-shifted
photointermediates at 586 and 392 nm (Fig. 7, panels F and
G). Because the former appeared faster than the latter, whose
absorption wavelength is in the near-UV region indicating to

766 | Chem. Sci, 2025, 16, 761-774

have a deprotonated retinal Schiff-base, the 586 and 392 nm
species were named L-like and M-like intermediates. It was
difficult to determine the precise lifetimes of these intermedi-
ates due to the extremely small transient absorption signals of
DETC. The signal intensity of the transient absorption change
of DETC is less than 1/20 of the WT AR-3, indicating its isom-
erization efficiency is considerably smaller than that of the WT
AR-3, i.e. in the range of 0.02-0.03. ARCH-5 excited at 600 nm
did not exhibit any significant transient absorption change

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 7, panel I), indicating the photoisomerization reaction
hardly occurs in this mutant.

We also searched for a photo-product signal on the sub-
nanosecond time scale by performing femtosecond TAS. The
K-like intermediate shows up in WT AR-3 as a pronounced
absorption band peaking at 605 nm (Fig. 6A), red-shifted, as
usual, with respect to the ground state absorption spectrum.
Similar signatures hardly emerge from the noise for DETC and
ARCH-5 in the range of 650-700 nm, and the very weak GSB is
obscured by pump light scattering (570-600 nm, Fig. S6}). A
quantitative evaluation of the quantum yield &, is therefore
impossible, also due to the strong spectral overlap of GSB and
the K-like absorption band. We note however, that these data
are in agreement with the nano-second TAS (see above), in that
ARCH-5 has a lower ®;y, than DETC, and P > 10 x Phe'c,

The low @;4, values in the mutants support the conclusion
that, relative to WT AR-3, the brighter steady-state emission of
DETC and ARCH-5 at pH 6 is induced by a 1-photon absorption
process, like in other AR-3-based GEVIs**** and in NeoR.’ Not
only is the fluorescence intensity proportional to the excitation
power, these mutants have a too low @, to form a putative
fluorescent intermediate of sufficient amount, in stark contrast
to WT AR-3. In addition, the fact that the ratio of the average
fluorescence lifetimes agrees with the ratio of the @¢'s for both
mutants is in strong support of the 1-photon excitation process.
Interestingly, a comparison with the S, lifetime and & of NeoR®
shows that DETC and ARCH-5 have a radiative rate very similar
to the former (¢f Table 1, k., = 1.7 x 10® s~ for NeoR). Note
however that in both mutants, the RPSB is present in a mixture
of all-trans/15-anti and 13-cis/15-syn isomers, as demonstrated
by both the HPLC analysis and Raman spectroscopy. Light-
adaptation only enhances the proportion of the all-trans/15-
anti, but it remains limited to 30%. Both fluorescence up-
conversion and TAS experiments show a bi-exponential
excited state decay, with relative amplitudes similar to the
isomer composition (¢f Table 1). The most direct interpretation
is then that the decay times 7; and 1, represent the decay of all-
trans/15-anti and 13-cis/15-syn isomers, respectively (Fig. SO¥).
This assignment may be questioned since for other microbial
rhodopsins, it was shown that the excited state lifetime of 13-cis/
15-syn is shorter than the one of all-trans/15-anti.**** The
assignment is therefore preliminary and will be substantiated
through ongoing work comparing the temperature-dependant
excited state decays of both mutants in light- and dark-
adapted states. Unfortunately, since the absorption spectra of
both all-trans/15-anti and 13-cis/15-syn isomers largely overlap
(Fig. S8B and Ct), it is impossible to determine the @5, and &
independently for one or the other isomer. The quoted values
are thus an average over the relative amount both forms.

3 Computational results and
discussion
3.1 Computed excited state dynamics of AR-3

We use an automatically constructed quantum mechanics
molecular mechanics (QM/MM) model of AR-3 to simulate its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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room-temperature photoisomerization dynamics at the pop-
ulation level (see details in Fig. 8A, B and the Method sectionf).
The result provides a validation of the constructed QM/MM
model as well as a basis for the assignment of part of the
spectroscopy data presented above. Most importantly, it
discloses different mechanistic aspects of the photo-
isomerization dynamics in this class of archaea-rhodopsins at
both the geometrical and electronic structure levels.

As illustrated in Fig. 9A the simulated isomerization, occurs
on a sub-picosecond timescale indicating the existence of
a substantially barrierless path connecting the Franck-Condon
(FC) (i.e. vertical excitation) region of the population to an
intersection seam (ISg ss,) formed by Coln points with values of
o (i.e. of the C12-C13-C14-C15 dihedral, see Fig. 8C) spanning
a ca. 70-120° range. By fitting the change in the S; population
fraction as a function of simulation time (see Fig. 9B), it is
possible to compute an 75 of ~190 fs at the complete active
space self-consistent field (CASSCF) level**(see ESI for detailst).
This should be compared with the average fluorescence lifetime
result reported in Table 1 above, where a larger time constant of
~340 fs is determined. In Fig. 9C we also show how the isom-
erization coordinate is dominated by the C13=C14 torsional
deformation «a.

While a ~150 fs difference is significant when considering
the short reaction time scale, we notice that this could, in part,
depend on factors such as the limited accuracy of the PES and
forces calculated at the CASSCF level that miss a significant
portion of dynamic electron correlation energy. We will further
discuss this point below. In Fig. 9A we also see that only part of
the population reaches the photoproduct configuration (i.e. the
K intermediate). By counting the number of reactive trajectories
and calculating their fraction with respect to the total number
of trajectories (reactive + unreactive), it is possible to estimate
an @;, that is 0.63 and, therefore, relatively close to the exper-
imentally determined value of 0.54 £ 0.03. In conclusion, both
the calculated tgand ®;,, seem to support a quantitatively
correct use of the constructed AR-3 model for mechanistic
studies.

A B
) Lys 226
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0 ~
&y ¥
J o %o
o | I 28820
cavity |2 &t -li
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Fig. 8 (A) Structure of the QM/MM model of AR-3. An inset shows
a magnification of the RPSB region. (B) The QM/MM partitioning and
description of the treatment of QM/MM frontier is exemplified. (C)
Schematic representation of the geometrical coordinates «, 6o, and
BLA dominating the i; isomerization dynamics. The t geometrical
coordinate representing the orbital overlap across the -bond is also
defined.
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blue circles, respectively computed using 200 trajectories. (B) t fitting from population dynamics (details in the ESIf and ref. 39). The S; population
fraction as a function of time and the fitting function are given in blue and red, respectively. (C) Change in average dihedral angles of C11=C12
(ash), C13=C14 (red), and C15=N (blue) bonds across five randomly selected fast (solid lines) and five slow (dashed lines) trajectories. (D) Energy
profiles along a single RMS-CASPT2 FC trajectory for AR-3 WT assuming zero kinetic energy. Sqg and S; profiles are reported as blue and green
diamonds, respectively. The average S-S energy is also given, while the horizontal blue bar indicates a 10 kcal mol™ threshold to emphasize the
approaching of ISs /s . (E) Evolution of the zeroth-order CASSCF charges associated to the AR-3 WT RMS-CASPT2 FC trajectory. The profiles

correspond to the sum of such charges for the depicted moiety. (F) Evolution of « and BLA along the RMS-CASPT2 FC trajectory.

An effort has been made to calculate a more accurate tg -
value. To do so we used the state-of-the-art rotated multistate
complete active space second-order perturbation theory (RMS-
CASPT2)* for equilibrium structures and trajectory calculation.
In fact, like CASSCF, RMS-CASPT2 correctly describes the
intersecting S; and S, PESs near the Coln but also accounts for
the dynamic electron correlation missing in CASSCF energy and
gradient computations.*®** In spite of their availability, running
hundreds of RMS-CASPT2 quantum-classical trajectories is still

768 | Chem. Sci., 2025, 16, 761-774

highly unpractical. Therefore, we determining a scaling coeffi-
cient “agcqre”, relating CASSCF and RMS-CASPT2 gradients and
resulting in a correction for the tg (£ 57 {OASSCE
details in the ESIT and ref. 42). The resulting agcaje value of 1.25
produces an improved tg, of 239 fs. This finding suggests that,
as expected from previous studies* the inclusion of dynamic
electron correlation leads to a flatter S; PES, or on the contrary,
that the CASSCF method tends to produce systematically
steeper excited state PESs.

= Oscale X

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To confirm the conclusion above, we were able to propagate
a single RMS-CASPT2 quantum-classical trajectory released
from the FC geometry with zero initial kinetic energy to
approximately estimate the average dynamics of the pop-
ulation.** As shown in Fig. 9D, we found that such a trajectory
indeed spans a shallower PES. The time necessary to approach
the ISg /s, that we conveniently define with a threshold of e.g.
10 kecal mol ™" (see Fig. 9D) is significantly longer than in the
corresponding CASSCF trajectory consistent with the scaling.
However, a significant discrepancy between the computation-
ally corrected 15, and the experimental one remains, which is
most probably due to our computations being based on a zero
initial velocity single FC trajectory which does not properly
account for the real ensemble of populations at room
temperature.

3.2 Mechanistic aspects

In this section we look at some characteristics of the FC
trajectory computed at the RMS-CASPT2 (and for comparison
CASSCF) level of theory to discuss the general structural and
electronic features of the S; relaxation of AR-3 towards the
ISs,/s,- We will then use the population dynamics simulated at
the CASSCF level to discuss additional mechanistic features
emerging from the population statistics. As shown in Fig. 9E, in
the FC geometry the S, state of WT AR-3 is characterized by
a mixed COV/CT electronic character, ie. its wavefunction is
described in terms of these “diabatic states” (see also next
section). In more detail, the S, delocalized iminium positive
charge is primarily (60%) residing in the chromophore portion
incorporating the Schiff base moiety (e.g. with respect to the
C13=C14 bond, see inset) and in S, away from the Schiff base
moiety. This situation changes rapidly, after 160 fs, along the S;
relaxation where the S, state becomes dominated by the CT
character and the S; state by the COV character.

This rather distinct behavior with respect to, for instance,
animal rhodopins*® has been previously reported for certain AR-
3 variants'' but, also, for extremely red-shifted rhodopsins such
as NeoR.*® As the C13=C14 bond twists, S, further increases in
COV character until an « value of =90° (see Fig. 9F) where the
T-conjugation along the chromophore backbone is substan-
tially broken and now S, features an almost pure COV character.
The S; electronic character change is mirrored by less negative
values of the BLA. In fact, as displayed in Fig. 9F, the BLA value
(i.e. the difference between average single and average double
bond lengths) increases as the COV character increases, along
the trajectory.

As noted in a previous contribution by some of the
authors,"*® as the conjugation is broken, the COV character
coincides with that of two unpaired electrons, thus it is more
appropriate to reference this area of the S; PES as that of a short
lived (or even transient) TIDIR as, indeed, a shallow S; energy
minimum could be located. The COV character appears evident
both by looking at the charges of the zeroth-order CASSCF and
RMS-CASPT2 wavefunctions. In fact, this is naturally related to
non-dynamic rather than dynamic electron correlation. Further
inspection of Fig. 9D and F shows, consistently with existence of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a TIDIR species, a small trajectory segment where the S; energy,
S1-Sp energy gap and COV character do not change. In the case
of the CASSCF wavefunction the nature of the S, electronic
character oscillates revealing the presence of a nearby Coln
that, presumably, is not crossed in the RMS-CASPT2
description.

Going back to the CASSCF/6-31G* population dynamics,
inspection of the geometrical changes associated with other
relevant torsional degrees of freedom and accompanying the
progression of « (see Fig. 8C) along the S; PES are documented
in Fig. 9C. One can see that both the C15=N and C11=C12
bonds (measured using the skeletal dihedral angles C14-C15-
N-C and C10-C11-C12-C13, respectively) undergo significant
twisting in the counterclockwise direction relative to the
clockwise « change and, thus, revealing a bicycle pedal motion
active at the population level irrespective of whether the decay is
slow or fast. On the other hand, such coupled motion is aborted
upon decay as the “reactive” trajectories produce exclusively the
13-cis isomer of the chromophore upon S, relaxation. This is
reminiscent of the isomerization coordinate of other animal*
and microbial rhodopsins***® as originally proposed by
Warshel.*”

Let us now discuss the vibrationally coherent character of the
excited state reaction. Inspection of the distribution of the
reactive “hop” events (see red line, Fig. 10A) displays, for delays
of 100-250 fs, at least two reactive waves that are separated by
a ca. 40-50 fs period. Importantly, a plot of the geometrical
variable ¢, (see Fig. 10B) corresponding to an out-of-plane
hydrogen wag at C14 somehow coupled with the wag of the
heavier methyl substituent at C13, displays a similar periodicity
indicating an impact of the d,, wag phase at the time of the
decay on the trajectory reactivity. Indeed, these data support the
hypothesis that the so-called “HOOP mechanism” demon-
strated in bovine rhodopsin is also active in this microbial
rhodopsin whose isomerization occurs on the C13=C14 double
bond. Thus the AR-3 simulation provides evidence that the
replacement of a H-C11=C12-H moiety of animal rhodopsins
with the Me-C13=C14-H moiety of microbial rhodopsins does
not quench the HOOP mechanism for the control of trajectory
reactivity (and, in turn, @, see ref. 45) through a phase
matching between the Me-C13=C14-H wag velocity and the
a velocity. This implies that the larger is the population fraction
decaying with a negative d,, velocity at decay (the phase of « at
decay is statistically positive due to the clockwise motion), the
higher is the achieved ®;,, value. Similar to the case of H-C11=
C12-H wag in animal rhodopsins, the phase dependent reac-
tivity is explained by a change in overlap velocity at the moment
of decay.” This is illustrated by the compound geometrical
variable 7 (see Fig. 8C above), which is a combination of the
variable describing the Me-C13=C14-H wag (HOOP) and the
variable describing the C13=C14 isomerization («), and that is
proportional to the overlap between the fragment of m-orbitals
whose interaction generates the C13=C14 7 bond. The figure
shows how the phase of the 7 velocity is substantially dominated
by the phase of the é,, velocity (Fig. 10C) and that a positive 7
velocity at decay marks reactive trajectories (see Fig. 10D).
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(blue). (B) éop progression of S; population (in black) and corresponding average value (in yellow). Reactive (leading to isomerization) and non-
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associated with Sq (blue) and S; state (red). S; decay points represented in black dots. (F) Evolution of the zeroth-order CASSCF charge associated
with S; state developed using ten randomly selected trajectories for the same moiety.

The above results convey a wealth of new information both
on the S; dynamics as well as on the optogenetically relevance of
WT AR-3 as a template for the development of novel fluorescent
reporters (see next section). In fact, on one hand, the spec-
troscopy of LA WT AR-3 at pH 6, shows that both the

770 | Chem. Sci, 2025, 16, 761-774

fluorescence decay kinetics and the ultrafast isomerization
reaction monitored by TAS are consistent with several examples
reported in the literature for other microbial rhodopsins,
including bR.>*** The dominant =300 fs decay time is due to
the all-trans-to-13-cis isomerization process; an assignment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a previous work).* The position of two relevant carboxylic side chains is

supported by the QM/MM-based simulation of the light-
induced population dynamics. In addition, these calculations
also reveal that photoisomerisation occurs via a bicycle-pedal
mechanism similar to the one found in animal rhodopsins
(but occurring on the C13=C14-C15=N moiety rather than the
C9=C10-C11=C12) and that &y, is modulated by coherent
oscillations of Me-C13=C14-H wagging motion, which is
a feature of barrier-less and ballistic isomerisation as seen,
again, in animal rhodopins.*

On the other hand, and in spite of the above similarities, it is
shown here for the first time that WT AR-3 is electronically
different from reference (e.g. bR) microbial rhodopsins and
animal rhodopsins: it has an unusual degree of mixed COV and
CT characters (described by the chromophore positive charge
distribution. See Fig. 9E, 10E and F) in both the S, and S, states

© 2025 The Author(s). Published by the Royal Society of Chemistry

marked with a*.

already present in the Franck-Condon region and then
conserved all along the reaction path. This and the related
existence of a TIDIR intermediate close to the Coln support the
hypothesis that certain (presently unknown) fluorescent
mutants of AR-3 may behave like NeoR."*® However, WT AR-3
shows that the conclusion indicating that the an S; TIDIR
with COV character necessarily implies an isomerisation-
preventing S; barrier* is not valid any more. It is rather the
destabilization of a pre-existing TIDIR “transient state” that
modulates the barrier. It remains to be understood which exact
electrostatic features of the RPSB-binding protein pocket WT
AR-3, its mutants and in NeoR lead to their unusual electronic
properties, i.e. the formation of the S; TIDIR with COV character

(c¢f Fig. 11).
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4 Engineering aspects

When considering the rational engineering of AR-3 towards
more fluorescent variants, one has to deal with the over-
whelming structural complexity of the cavity hosting the chro-
mophore. Indeed, the fact that the cavity may incorporate the
chromophore counterion in different positions and polar resi-
dues in different orientations in response to both electrostatic
and steric factors, leads to patterns of electrostatic potential
(ESP) and steric interactions whose effect is not obvious and
very difficult to predict. For this reason, here we do not explicitly
focus on the effect of amino acid replacements but, rather, on
the changes in cavity electrostatics that, in principle, would lead
to an increased excited state lifetime of DETC and ARCH-5 and
other fluorescent AR-3 variants. This is assumed to be the most
important factor for controlling the 1-photon @r.

We start by noticing that the AR-3 population dynamics re-
ported above shows that the S; electronic character changes
accompanying the isomerization, are confirmed at the statis-
tical level. Indeed, Fig. 10E and F show that the majority of
trajectories display a COV character at the moment of S; decay
(S Schiff base charge fraction >0.8). In other words, the theory
of photoisomerization in AR-3 mutants and NeoR"-*¢ illustrated
in Fig. 1 must also apply to WT AR-3. Again, this is different
from the classical picture documented for bovine rhodopsin*®
and bacteriorhodopsin,® according to which S; has a CT char-
acter at decay (S; Schiff base charge fraction <0.2). It is this
specific electronic character of the AR-3 chromophore that
accounts for the impact of site-specific mutations on the vari-
ants' S, lifetime.** %%

We now discuss which exact electrostatic features of the
RPSB-binding protein pocket of WT AR-3 have to change to
generate its brighter mutants such as DETC and ARCH-5 or, in
perspective, variants as bright as NeoR. As anticipated above,
our reasoning relies on the formation of the S; TIDIR with COV
character (cf. left panel in Fig. 11A). This implies that, (i) along
the C13=C14 isomerization coordinate the diabatic states
representing the CT and COV electronic characters cross (cf:
right panel in Fig. 11A)" and that the height of the crossing is
proportional to the Egl barrier, (ii) the cavity electrostatics acts
according to a mechanism called “charge delocalization and
confinement”** illustrated in Fig. 11B, and (iii) due to the initial
mixed CT/COV character the FC and putative FS regions feature
a chromophore with a “delocalized” positive charge while such
charge is firmly “confined” in the C~-C=N moiety in TIDIR (or
the Coln region accessed by the trajectories). The consequence
is that an increase of negative ESP (or a decrease of positive ESP)
in a chromophore cavity region located far from the C-C=N
moiety must destabilize the TIDIR region and increase Eg (see
Fig. 11A and B). Due to lack of structural data, we could not
computationally assess the above hypothesis for DETC and
ARCH-5. Thus, in Fig. 11C we compare the ESP cross-section of
WT AR-3 and its bright variant ARCH-7 whose QM/MM model
has been reported.” It can be seen that the electrostatic
potential becomes more positive in the C-C=N moiety
(compare a with a’) region and more negative in the region close
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to the chromophore ring (compare b and b’) when going from
WT to the variant.

Of course, these changes in ESP must be induced by the
corresponding amino acid replacements that are shown on the
right-end of the same figure. For instance, the replacements of
the negatively charged oxygens of residue 222 with a single
neutral serine oxygen combined with transferring the lost
negative charge to residue 95 at a larger distance from the Schiff
base, would contribute to projecting a less negative ESP on the
C-C=N moiety. Similarly, the proline to serine replacement at
position 196 could contribute to increasing the negative ESP far
from the Schiff base. However, while one can attempt a ration-
alization of the ESP changes on the basis of the specific change
in partial charge distribution and orientation induced by the
replacements, the “inverse” problem of predicting which amino
acid replacements would induce the wanted cavity ESP appears
extremely complex and presently difficult to tackle if not in
a highly hypothetical fashion. For this reason, we do not further
elaborate on such point.

Regarding the voltage sensitivity of the fluorescence inten-
sity, in AR-3, its D95N mutant, and Archoni, its origin is
proposed to result from the voltage-dependent change in the
hydrogen-bonding network. These changes are induced by
shifts in the orientation of R92 or D125, which in turn affect the
equilibrium between the protonated and deprotonated states of
the RSB, leading to the change in the fluorescent state."?*>°
Therefore, to improve the fluorescence quantum yields of AR-3
variants while maintaining their voltage sensitivity, amino acid
residues not involved in the hydrogen bonding network around
RSB, R82, and D125 should be targeted for mutation to increase
the excited state barrier.

5 Conclusions

In the context of establishing WT AR-3 as an ideal template for
engineering fluorescent GEVIs, we motivated the present
combined experimental and computational study by two ques-
tions: does the TIDIR intermediate with COV character also
exist in WT AR-3, and how to provide experimental evidence for
the TIDIR-related PES barrier in mutants? The latter is
addressed by a set of spectroscopic studies of the DETC and
ARCH-5 mutants, which highlight the extended, barrier-
induced excited state lifetimes of the all-trans/15-anti and 13-
cis/15-syn isomers; a fact also found in other AR-3-based
mutants.”>** In addition, the larger excited state barriers in
the mutants correlate with a largely reduced isomerization
quantum yield, ®;,. The first question is addressed by an
unprecedented non-adiabatic dynamics simulation of the WT
AR-3 photoisomerization at the population level, which allows
to compute both the excited state lifetime and ;s thus
providing a basis for a mechanistic interpretation of the
experimental results. The most important message from the
simulated population dynamics is that the WT AR-3 displays
indeed a significant CT character in S, and a TIDIR interme-
diate with COV character in S;. This supports the hypothesis
that the WT form of AR-3 has the same type of electronic
character as the one found computationally in its weakly
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fluorescent AR-3 variants as well as in the strongly fluorescent
NeoR. However, WT AR-3 does not feature an S, isomerization
barrier (Eg1 is negligible or absent), and therefore decays rapidly
to S,. Since other microbial rhodopsins failed to produce fluo-
rescent variants with @¢'s similar to the ones obtained with AR-3
variants," we conjecture that the specific COV/CT mixture in S,
and S;, as well as the presence of a TIDIR intermediate with full
COV character, is the reason for the WT AR-3 propensity to form
isomerisation-restraining S; barriers upon suitable genetic
engineering.

The mechanism for the transition from WT AR-3 to a fluo-
rescent form has been discussed and justified under the
hypothesis that is controlled by variations in the cavity elec-
trostatics and its interaction with the delocalized positive
charge computed near the FC point and the TIDIR charge that is
confined in the Schiff base moiety. This provides a rational
route to engineering. In fact, it is possible to conclude that the
problem of engineering highly fluorescent AR-3 variants,
namely to increase the 75 of the system, can be solved by finding
mutations creating an ESP that destabilizes TIDIR with respect
to FS. However, the problem of how to exactly identify the
necessary mutation pattern (or group of different mutation
patterns) remains to be further investigated.
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