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Abstract

Rhodopsins hosting synthetic retinal protonated Schiff base analogues are important for
developing tools for optogenetics and high-resolution imaging. The ideal spectroscopic properties
of such analogues include long-wavelength absorption/emission and fast/hindered
photoisomerization. While the former may be achieved, for instance, by elongating the
chromophore m-system, the latter requires a detailed understanding of the substituent effects (i.e.
steric or electronic) on the chromophore light-induced dynamics. Below, we compare the results of
QM/MM excited state trajectories of native and analogue-hosting microbial rhodopsins from the
eubacterium Anabaena. The results uncover a relationship between nature of the substituent on the
analogue (i.e. electron donating (a Me group) or withdrawing (a CF3 group)) and rhodopsin
excited state lifetime. Most importantly, we show that electron donating or With drawing
substituents cause a decrease or an increase in the electronic mixing of the first two excited states
which, in turn, controls the photoisomerization speed.
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The use of retinal proteins (simply, rhodopsins) hosting synthetic retinal protonated Schiff
base (rPSB) analogues in optogenetics and fluorescence microscopy is receiving increasing
attention.12 Such analogues not only allow achieving long wavelength sensitivity which is
essential for the biological applications?; but also provide a way of engineering fast or slow
photoreactivity into the protein. In principle, the latter is highly important, especially in
designing rhodopsin based fluorescent probes where one should hinder the isomerization of
rPSB in order to achieve a higher excited state lifetime and therefore a higher fluorescence.
45 Thus, understanding the impact of different rPSB substituents on absorption wavelength
and photoisomerization timescale is of great importance. While the wavelength tuning is
often achieved by increasing the rt-system of the rPSB or introducing electron donating/
withdrawing substituents, controlling the photoreactivity using such strategies requires a
better understanding of their effects on the rPSB photodynamics. More specifically, one
must understand which effects of the substitution (i.e. electronic, steric and etc.) cause a
change in the photodynamics. Among the recent studies aiming to achieve such knowledge,
the works by Kukura et.al and Garavelli et.al are significant.5-8 Kukura et.al investigated the
photoisomerization of several artificial rPSB pigments in methanol solution using time-
resolved spectroscopy.®” An interesting result from their experiments is that the introduction
of a Me group at the C10 position (10MerPSB) of the native rPSB backbone (see Scheme
1A) redshifted the absorption wavelength by only few nm but decreases the original excited
state lifetime from 4 to 0.7 ps. Later, Garavelli et. al reported a computational study
indicating that the fast decay of 10Me-rPSB in solution is the result of an electron releasing
effect of the Me substituent that increases the energy gap between first (S;) and second (S,)
electronic singlet excited states.8 While the above investigations have provided basic
information on rPSB photoreactivity tuning in solution, no information is presently available
on the chromophore analogue control of the photoisomerization inside the protein
environment (from now on, opsin cavity). In the past, bacteriorhodopsin (bR) hosting
different artificial rPSB pigments have been employed in various experimental studies.9-13
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One of such studies have provided evidence that electron withdrawing groups such as CF3
inhibit the photoisomerization.10 However, a computational/mechanistic study looking at
which specific effects (i.e. steric or electronic) speed up or slow down the rPSB
photoisomerization in the opsin cavity remains unexplored.

Below we demonstrate how electronic effects introduced by Me or CF3 in specific position
of the all-#rans rPSB chromophore backbone control the photoreactivity of rPSB inside the
opsin cavity. In order to do so, we construct hybrid quantum mechanics/molecular
mechanics (QM/MM) models of a selected microbial opsin with native and artificial rPSBs
featuring electron releasing or withdrawing substituents. The selected rhodopsin, Anabaena
sensory rhodopsin (ASR), is found in fresh water cyanobacterium Anabaena (Nostoc)
PCC7120 and known to be naturally hosting both all-#rans and 13-c¢/s rPSBs (hereafter
ASRat and ASR13c).141° As convenient rPSB analogues, we have chosen 10-methylated
and 9-trifluoromethylated all- trans and 13-c¢is rPSBs. From now on, ASR hosting these rPSB
analogues will be referred to as Me-ASRy and CF3-ASRy respectively; where X stands for
AT or 13C. The corresponding QM/MM models are then used to compute the wavelength of
the absorption maximum (Anax) Of each rhodopsin. More specifically we compute the
corresponding vertical excitation energies at the Franck-Condon (FC) points. The same
models are then used to investigate their photoisomerization dynamics. More specifically,
QM/MM models are used to simulate the photodynamics of rPSB along short (<150 fs long)
trajectories initiated on S; or S, potential energy surface (PES) with zero kinetic energies
(see Sl for details) called FC trajectory. We assume that in a sub-fs timescale, FC trajectories
represent the center of a vibrational wave packet and thus provide information of the
population dynamics. This assumption is consistent with our previous photodynamics
studies.16:17

In our QM/MM photodynamics simulations, geometrical progression is computed using 3-
root-state-averaged CASSCF/AMBER gradients.1® The effect of dynamic electron
correlation is then introduced by re-computing the Sg, S; and Sy energy profiles at
CASPT219 level of theory.

Substituent effects on Ao Originate from competing steric and electronic

effects.

Below we employ the ASRaT, Me-ASR T and CF3-ASR a1 models to look at the absorption
spectroscopy of these corresponding rhodopsin. However, before discussing the
computational results, it is necessary to revise our general understanding on the excited
states of the rPSB chromophore. As depicted in Scheme 1B the electronic structures (from
now on called “characters”) contributing to the 3-root-state-average wavefunctions (Sg, S1
and S,) of each model are termed 1Ag (covalent), 1Bu (charge transfer) and 2Ag (diradical)
respectively.16:17.20 |n ASR a7, the Sy PES at the FC point displays dominating 1Ag
character where the positive charge of the chromophore is mostly distributed in the Schiff
base (-CH=NH-) region. At the same location, the S; and S, PESs display a dominating1Bu
and 2Ag characters respectively. Therefore, Sq is characterized by the majority of the
positive charge located in the p-ionone side of the rPSB and it is reactive as the Sy double

J Phys Chem Lett. Author manuscript; available in PMC 2018 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Manathunga et al.

Page 4

bond have become, effectively, single bonds. On the other hand, S, displays a similar charge
distribution to the covalent Sy state with the charge mainly residing on the Schiff base
moiety and it is not reactive as the double bonds still have the bonding character.

As illustrated in Scheme 1C (see the computed vertical excitation energies in Table S1), the
introduction of electron releasing or withdrawing substituents leads to a relative stabilization
or destabilization of the three different PESs. In fact, 9-trifluoromethylation destabilizes the
S1 PES with respect to the Sy PES due to its 1Bu character and, for the same reason,
decreases the S,-Sq gap. Consistently, the introduction of an electron donating substituent
(Me-ASRaT) results in an increased S1-So energy gap. However, contrary to what is
expected on the basis of electronic effects, we observe an increase in the Sp-S; excitation
energy with respect to the rhodopsin with the native chromophore. This is due to steric
effects. In fact, we find that the 10-methyl substituted rPSB becomes highly distorted around
C6-C7 and C8-C9 single bonds (see Figure S2A) leading to partial deconjugation and,
therefore, a Amax blue-shift.

As we have discussed so far, addition of electron donating or withdrawing groups change the
S1-S, energy gap of PESs in the FC region. Below we show that such substitutions also lead
to character variation along the Sy trajectory driving the photoisomerization of ASRar to
ASR13c (see Figure 1) decreasing or increasing reactive 1Bu or unreactive 2Ag characters.
At this stage, it is essential to revise three important pieces of information that we fully
detailed in ref. 17. These are: 1) the shape of the rPSB CASPT2 and CASSCF energy
profiles are similar, 2) during the rPSB S; relaxation starting at the FC point, the system may
reach two conical intersections, namely CI1 and CI3, where first is a crossing between the
S1 and Sy PESs associated with the 1Bu and 1Ag characters, while the second is a crossing
between the S, and S1 PESs associated with the 2Ag and 1Ag characters (a third conical
intersection, CI2, between PESs dominated by 1Ag and 2Ag is higher in energy and it is not
involved in rPSB photodynamics) and 3) the change in the total charge of a suitable rPSB
moiety can be used to learn about the magnitude of the coupling between different PESs.

In Figure 1, we present the results of our FC trajectory computations for ASRat with and
without retinal analogues. These include the evolution of the CASSCF and CASPT2
energies and of the total CASSCF Mulliken charges on a selected moiety of the
chromophore (the Schiff base moiety -C14H-C15H=NH-). Note that such charges were
computed at the CASSCEF level to be consistent with geometrical progression.

Electron releasing substitution reduce the 1Bu/2Ag mixing and leads to a

faster rhodopsin photoisomerization.

The results presented in Figure 1 are interpreted using the information 1-3 recalled above.
Upon inspection of the energy profiles (Figure 1B top) one notes that in the case of ASRaT
(central panels) the molecule remains on S, for the whole simulation time. This observation
is consistent with the fact that ASR T decay takes experimentally more than 700 fs as
reported by previous investigations.2122 The charge variation displayed in Figure 1B bottom
shows that the Schiff base moiety of the rPSB carries an oscillating positive charge centered
around ~0.6 on both S, and Sy states and ~0.4 charge on S state. Recall that a large positive
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charge indicates 1Ag or 2Ag characters and a small charge indicates 1Bu character. Thus, in
conclusion, the S; PES displays an oscillating 1Bu character. These oscillations exhibit an
out of-phase relationship with oscillations of S, PES that is associated with the 2Ag
character (i.e. 1Bu/2Ag coupling, see the framed region in Figure 1B bottom panel). Such a
relationship indicates that S; and S, PESs are interacting with each other (i.e. the two states
are mixed) and the S1 PES is only “partially” reactive.

As apparent from Figure 1A, the situation changes upon addition of a 10-methyl group in
Me-ASRat. The oscillatory relationship between 1Bu and 2Ag characters lasts for only
about 60 fs and thereafter, 1Bu displays an out-of-phase oscillation relationship with 1Ag
character. This means that S; PES is interacting with Sy after 60 fs and continues until the
molecule reach CI1 and decay to Sg at 110 fs eventually producing the 13-c/sisomer. The
slow decay of ASRaT and the fast decay of Me-ASRaT is consistent with the changes
documented between all-frans-rPSB and 10Me-rPSB in methanol solution.®8 In conclusion,
in the protein cavity the 10-Me substituent induces the same effect seen in solution.

Electron withdrawing substituents increase 1Bu/2Ag mixing and leads to a

slower (or blocked) photoisomerization.

Comparison of Figure 1B and 1C shows that replacing the methyl group at C9 position with
a CF3 leads to strong S,/S; state mixing. At the FC point of CF3-ASR a7, the optically
allowed 1Bu-like state is higher in energy than the 2Ag-like state. This is observed in both
CASSCF and CASPT2 energy profiles. Therefore, while CF3-ASR 7 relaxation along the
S1 PES remains dominated by a 1Bu character leads, within 62 fs, to a CI3-like structure
with largely mixed 1Bu/2Ag characters and hops to the 2Ag dominated S, PES. From Sy,
the system will then return to S; through another C13-like conical intersection. Another
interpretation would be that the system remains on the S; PES but remains partially
“trapped” on a highly bumpy surface which frequently change electronic character between
reactive (1Bu) and unreactive (2Ag) thus slowing down the isomerization motion. More
specifically, the strong state mixing results in a bumpy adiabatic S; potential energy surface
formed by several avoided crossings between diabatic states with covalent (unreactive
character, 2Ag) and charge transfer (reactive character, 1Bu). Even if the molecule retains on
S4, the observed molecular motion on such a bumpy S; PES would be attempts to overcome
a barrier (caused by an avoided crossing) resulting in a slower photoreactivity. It is important
to note that S; and S, CASPT2 energy profiles show a similar shape to CASSCF until the S;
to S, hop point; but exhibit different shapes thereafter. Further inspection of the CASPT2
energy profiles show sudden increases in energy around 65 fs and 85 fs of the trajectory.
This indicates that Sq PES interacts with a higher excited state PES as supported by the
inspection of the charge profiles. In fact, during first ~90 fs of the CF3-ASRat relaxation,
we observe a dominating out-of-phase relationship between S; and S, charge profiles
(1Bu/2Ag state mixing) similar to ASRat. However, such relationship occasionally
disappears and this is attributed to a coupling with another higher state. In order to track the
interacting higher state, we recomputed energy and charge profiles at the 4-root-state-
average level along the same geometries. The results indicate that the S3 PES is interacting
with S; (see Figure S3). On the basis of the above results we predict that the electron
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withdrawing group that we have introduced has increased state mixing of rPSB resulting in a
longer decay time with respect to ASRaT. In order to better demonstrate the increase in
decay time, we propagated a ASRq3c trajectory. In fact, ASR13¢ that incorporates a native
13-cis chromophore, has an observed excited state lifetime of ca. 150 fs.21 As apparent from
Figure 2A, our ASR13¢c model decays to ground state within 150 fs consistently with the
previous theoretical and experimental studies.16:21 Inspection of charge profiles suggest that
1Bu/2Ag mixing persists until about 75 fs and then 1Bu/1Ag mixing takes over until the hop
point (see framed regions in bottom panel). Such situation is completely different from that
found after introduction of CF3.

In fact, the FC region of CF3-ASR13¢ display similar features to the CF3-ASRar and the
relaxation initiates from a S, PES which is dominated by the IB u character. The first ~15 fs
of relaxation is dominated by 1Bu/2Ag mixing but the molecule reaches a CB-like point and
hops to the S; PES which is associated with unreactive 2Ag character. During this time, the
S PES appears to interact with another state. This is evident from the absence of a 1Bu-like
state that displays an out-of-phase relationship with 2Ag-like state (see Figure 2B, bottom
panel). Recomputing the energies at 4-root-state-average level suggest that the interacting
PES is S3 (see Fig. S3). The unreactive 2Ag character associated with S; PES explains why
CF3-ASR; 3¢ does not undergo isomerization similar to ASR13c More specifically, 9-
trifluoromethylation has contributed to an increase in the electronic state mixing of ASR13¢c:

In the past, the effect of 9-trifluoromethylation on bR (CF3-bR) photoisomerization has been
experimentally documented by Sheves and coworkers.10 In such work, the authors carried
out steady state absorption experiments and second harmonic generation experiments of
CF3-bR and native bR. The formation of photoproduct intermediates was also studied. The
results showed that CF3-bR absorption maximum is blue shifted by 48 nm with respect to
bR. Furthermore, the second harmonic generation signal of the former (0.375) was
significantly low with respect to the latter (1.0). However, the authors observed photoproduct
intermediates in both cases. The fact that calculated absorption maxima of CF3-ASR T and
CF3-ASR3c above are blue shifted with respect to their native counterparts is consistent
with the results of bR absorption experiments. We also constructed QM/MM models for
CF3-bR and bR and studied the absorption spectroscopic properties. Consistently with the
experiments, the computed maximum absorption wavelength of the former is blue-shifted by
66 nm in comparison to the latter (see Table S1). At the FC region, the S1-S, energy gap of
both models remains close to each other, however, the increased S;/S, mixing of CF3-bR is
clearly evident as the molecule is allowed to relax on S; PES.

Considerations for designing artificial rPSB analogues that are useful in

high-resolution imaging.

Above we have provided computational evidence for a correlation between the type of rPSB
substitutions (i.e. electron withdrawing or donating) and electronic state mixing. More
specifically, a microbial rhodopsin hosting an electron releasing, native and electron
withdrawing rPSBs display low, moderate and high amount of state mixing respectively. The
corresponding decay times increase as we go from electron rich rPSB to electron poor rPSB.
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The relationship that we have reported here may be used as a design principle to develop
rPSB chromophore analogues that, after insertion into a suitable opsin, would provide
fluorescent probes useful in high resolution imaging. In fact, as reported in the literature,
creating an excited state barrier and preventing the photoisomerization of rPSB is a way of
engineering fluorescence into a rhodopsin.# Since increasing electronic state mixing appears
to hinder the photoisomerization, we propose to search for other electron withdrawing
substituents and suitable substitution positions on the chromophore chain to increase the
electronic state mixing of rPSB is another way of engineering fluorescence. According to
the results presented above ASRay is a potential candidate for such reengineering resulting
in novel fluorescent probes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
PESs and the associated electronic characters of ASRaT models at the FC point. A. Structure

of the native all-trans rPSB chromophore and representation of its photoisomerization
reaction to the 13-¢/s rPSB chromophore. B. Resonance structures showing electronic
characters dominating the Sg (bottom), S; (middle) and S, (top) states of ASRar in its
vertical excitation region C. Schematic representation of the effect of electron releasing (10-
methyl, Me-ASRT) or withdrawing (9-trifluoromethyl, CF3-ASRaT) substituents on the
relationship between the PESs of ASRr at the FC region.
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Substituent effect on the relaxation of ASRat. A. CASSCF and CASPT2 energy profiles
(top panel) and evolution of CASSCF charge on the Schiff base side (bottom panel) of the
Me-ASRat. B. Same data for ASRT. C. Same data for CF3-ASRaT. Sg, S1 and Sy PESs are
shown in blue, green and red colors respectively. The profiles shown in the bottom panels
are the positive charge on the displayed molecular fragment.
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Figure 2.

Effect of CF3 substitution on the relaxation of ASR13¢c. A. CASSCF and CASPT2 energy
profiles (top panel) and evolution of charge on the Schiff base side (bottom panel) of
ASR13c. B. Same data for CF3-ASR13c. Sg, S1 and S, PESs are shown in blue, green and
red colors. The profiles shown in bottom panels are the positive charge on the displayed
molecular fragment.
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