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Abstract: Isorhodopsin is the visual pigment analogue of
rhodopsin. It shares the same opsin environment but it embeds
9-cis retinal instead of 11-cis. Its photoisomerization is three
times slower and less effective. The mechanistic rationale
behind this observation is revealed by combining high-level
quantum-mechanical/molecular-mechanical simulations with
ultrafast optical spectroscopy with sub-20 fs time resolution
and spectral coverage extended to the near-infrared. Whereas
in rhodopsin the photoexcited wavepacket has ballistic motion
through a single conical intersection seam region between the
ground and excited states, in isorhodopsin it branches into two
competitive deactivation pathways involving distinct conical
intersection funnels. One is rapidly accessed but unreactive.
The other is slower, as it features extended steric interactions
with the environment, but it is productive as it follows forward
bicycle pedal motion.

The protonated Schiff base of 11-cis retinal (PSB11) is the
chromophore of the visual pigment Rhodopsin (Rh).l"? The
transduction activity of Rh is triggered by an ultrafast
(200 fs)P" and highly efficient (0.65 quantum yield, QY)®
light-induced cis—trans isomerization of PSB11F!% to form the
primary photoproduct photorhodopsin (photoRh). This pro-
cess can be described as the ballistic motion of a photoexcited
wavepacket from the Franck—-Condon (FC) region through
a conical intersection (CI) between ground and excited states.
The speed and efficiency of the photoisomerization in the
visual pigment depend upon two key parameters: 1) The

protein pocket. In solution, the QY is smaller and the
photoisomerization is almost two orders of magnitude
slower;!" and 2) the specific configuration of the chromo-
phore within the protein pocket. In the case of isorhodopsin
(isoRh), where 9-cis-retinal (PSB9) is embedded in the same
opsin environment, the 9-cis—all-trans photoisomerization
reaction is three times slower (600 fs)? and is less effective at
triggering a visual response (0.22 QY).*! As first reported by
Yoshizawa and Wald,"”) photoisomerization of isoRh results in
the production of the same batho-rhodopsin (bathoRh)
intermediate as for Rh. In fact, Rh, bathoRh and isoRh
form, upon irradiation, a steady-state three-component
photoequilibrium.!"”' The longer isomerization time and
smaller quantum yield in isoRh were assigned to a lower
wavepacket speed along the torsional isomerization coordi-
nate.!"”

Herein, we employ a combined experimental/computa-
tional approach to provide the mechanistic rationale behind
the less-efficient PSB9 photoisomerization and the delayed
photoRh formation. Ultrafast optical spectroscopy with sub-
20 fs time resolution and spectral coverage extended to the
near-infrared (NIR) allows us to track wavepacket motion
from the photoexcited FC region to the photoproduct by
directly probing the reactant excited state dynamics through
its stimulated emission (SE). The mechanistic scenario
unraveled by quantum-mechanical (QM)/molecular-mechan-
ical (MM) molecular dynamics (MD), which accounts for the
recorded features in SE decay and timescale, challenges the
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currently accepted view of a single and slower decay path in
isoRh photochemistry. Indeed, we find that the reaction path
rapidly branches towards two competitive deactivation chan-
nels involving a backward and forward bicycle pedal motion
of the C9=C10 and C11=C12 double bonds, respectively.
These pathways lead to two different CI funnels: one is
rapidly accessed, but unreactive; the other is accessed later
and produces bathoRh after excited state decay. This wave-
packet splitting and the different decay rates are responsible
for the reduced QY and the slower isomerization that is
observed in isoRh as compared to Rh. The spectroscopic
signatures arising from these individual pathways add
together and explain the strongly non-exponential decay
observed in the SE.

The isoRh sample is generated by illuminating Rh,
prepared by isolating rod outer segments from bovine
retinas,”®! with laser radiation at 568 nm for 30 min at 77 K.
We initiated the photoisomerization by a 10 fs pump pulse
centered at 500 nm in resonance with the ground-state isoRh
absorption, and probed the differential transmission (A7/T)
signal using both sub-10 fs visible (500-680 nm) and 13 fs
NIR pulses (840-1020 nm). The experimental setup is de-
scribed in detail in the Supporting Information and in
Ref. [16]. The time resolution was better than 20 fs over the
entire spectral range. The sample was flowed to ensure
complete replacement in the focal volume for each consec-
utive laser shot.

Our AT/T data in the visible (see the Supporting
Information) are in excellent agreement with previous results
by Schoenlein et al.,"” and show the build-up of the photoRh
photoproduct, with photoinduced absorption (PA) red-
shifted with respect to the ground-state absorption of the
reactant.'’) However, in the visible spectral region, the signal
is the result of several overlapping contributions:'? an initial
PA from the excited state of the PSB9 reactant, which rises
upon pump excitation, a subsequent PA from the hot ground
state of the non-isomerized reactant (produced with ca. 80 %
efficiency), and finally the PA from the isomerized all-trans
photoproduct. This strong overlap makes it cumbersome to
directly extract isoRh dynamics. On the other hand, the novel
NIR spectral window directly probes the excited state of the
reactant via its SE, as previously shown for the case of Rh.['"!
Figure 1a presents the 2D A7/T map in the NIR, as a function
of probe wavelength and pump-probe delay. The signal
features a prompt rise of the SE at short wavelengths
(850 nm) that rapidly shifts to longer wavelengths because
the energy gap between ground and excited states decreases
as the wavepacket moves towards the CL™! The SE signal
displays a strongly non-exponential decay, with an initial fast
component completed within ca. 150 fs, followed by a weaker
plateau that lasts until ca. 400 fs after the pump pulse
(Figure 1b). This two-component decay of the SE, which is
radically different from the dynamics observed in Rh,!" is not
consistent with the picture of a single wavepacket which
moves ballistically through a CI.

To extract a dynamic model of the photoinduced process,
we simulated (through the COBRAMM interface)™ the
evolution of the opsin-embedded PSB9 chromophore from
the excited to the ground electronic state by employing
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Figure 1. a) Differential transmission (AT/T) map of isoRh in the NIR
range, following excitation by a 10 fs pulse at 500 nm; b) solid lines:
time traces at selected probe wavelengths; dashed line: MD-simulated
trace at 850 nm. The green arrow indicates the delayed formation of
the SE for longer wavelengths.

a statistically meaningful set of hybrid QM/MM trajectories.
Similar methods have been previously used to track photo-
induced dynamics in Rh"*®*?! and other biomolecules.’>>! We
used a joined QM/MM approach employing ab initio
complete active space-self consistent field (CASSCF(10/10)/
6-31G*) with electrostatic and MM embedding wavefunc-
tion, and the Amber99ff force field. This combination has
proven to be an accurate method for quantitative studies in
retinal proteins!'®*! (see also the Supporting Information).
We simulated transient signals using scaled CASSCF tran-
sition energies,' thus approaching the accuracy of full non-
adiabatic complete active space with second-order perturba-
tion theory (CASPT2)™®! dynamics that are currently possible
only for smaller systems.*! All of the atoms are fixed at their
crystallographic positions, except for the chromophore and
a 5 A-thick protein pocket region surrounding it. An ensem-
ble of 81 initial conditions was generated by thermally
sampling the vibrational modes at room temperature. We
included zero-point energy corrections but excluded high-
frequency C—H, N—H, and O—H modes. The details of the
system set-up, QM model reduction and the dynamics are
presented in the Supporting Information.

The computed trajectories for C9=C10 and C11=C12
twisting motion toward the different photoproducts are
shown in Figure 2 a. The swarm of trajectories initially created
in the PSBY FC region branches within about 30 fs and almost
equally populates two competitive radiationless decay routes.
These distinct channels eventually lead to two very different
CI funnels, named here CL(++) and CI,(——). They are
accessed by bicycle pedal motions along the two double bonds
in reverse or forward directions (Figure 2a). The different
steric interactions with the protein environment lead to
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Figure 2. a) Overlay of the 81 computed isoRh trajectories from FC to
the different molecular outcomes as a function of the C;—C,, and the
C,,=C,, dihedral twist with average reaction times and final configu-
rations. The paths turn from green to red with the excited to ground
state surface hop at one of the two Cls. b) Distribution of S, lifetimes
with channels and average hop times.

different average access times, namely about 160 fs for
CI,(++) and about 280 fs for CL,(——) (Figure 2b). Access
to CI(——) is delayed mainly due to interactions between H—
C11 and TYR268 in the forward path, thus featuring an
extended energy plateau, while counterclockwise motion of
the H-C10—C11-H fragment can proceed without major
hindrance and is thus faster (Figure 3a). The shapes of the
reaction paths for the two channels are responsible for the
experimentally observed non-exponential two-component
decay of the SE signal (see the simulated A7/T dynamics as
a dashed line in Figure 1b). Note that the simulation yields
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Figure 3. a) Model of isoRh S, potential energy surface along bicycle
pedal motion and bond inversion coordinates. b, c) Averaged struc-
tures of the chromophore at the Cl, and Cl, configurations respectively
(gray) compared with the FC configuration (yellow). The red arrows
indicate the reverse/forward bicycle pedal motions.
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a small PA signal after about 250 fs, which is not observed in
the experiment. This discrepancy is a result of the limitations
in simulation method and statistics and of the delicate balance
between the contribution of different deactivation pathways
in the AT/T signal of isoRh. Qualitatively similar results have
been obtained in recent calculations on isoRh"?” performed at
lower computational level (CAS(6,6)/6-31G), and neglecting
electrostatic wavefunction polarization effects. The latter are
important to account for the influence of the environment on
the photochemically relevant S, charge transfer state and for
the calculation of experimentally compatible transient spec-
troscopic data and energies. However, the existence of both
decay channels in mechanical embedding calculations dem-
onstrates that wavepacket splitting and population of the two
competitive decay routes are caused by steric effects.

The two deactivation pathways can be further character-
ized by the direction of the bicycle pedal motion. Motion
toward CI;(4++) involves a positive twist along C9=C10
together with strong negative twist along C11=C12 (Fig-
ure 3b). This “reverse” pedal motion in the excited state is the
same responsible for the rapid generation of photoRh!"*?! in
Rh. In our calculations, isoRh molecules entering CI,(++)
either revert back to the ground state of the reactant or
undergo a strong twist along the C11=C12 dihedral, thus
forming a di-cis photoproduct (9,11-di-cis; Figure 2a). Note
that in both cases the C9=C10 photoisomerization is aborted.
Only the slower channel involving decay through CL(—-)
and forward pedal rotation (Figure 3c), that is, strong
negative C9=C10 rotation and positive torsion at C11=C12,
can generate the all-trans photoproduct with a quantum yield
of 16% (£4%; see also the Supporting Information). This
value is in good agreement with experimental observation
(22 %) and the slower 600 fs all-trans photoproduct formation
observed in isoRh compared to Rh.'?! Furthermore, we also
observe three trajectories leading to a full bicycle pedal Rh-
like photoproduct (9-trans-11-cis, Figure 2 a).

The double-channel decay mechanism with population
splitting has been also confirmed through both simulations
without initial velocities, and more accurate but much more
expensive full active space CAS(12,12)/MM computations on
a subset of trajectories (see the Supporting Information). In
the former set, the trajectories more closely follow the surface
topology with less thermal fluctuations, providing an even
better agreement with the experimental spectroscopic signal
and a similar quantum yield (19+4 %, see also Supporting
Information). The CAS(12,12) calculations, although pre-
venting a full statistical and spectroscopic analysis owing to
their cost, suggest a smaller QY (<5%) for the 9,11-di-cis
photoproduct, thus explaining the lack of experimental
evidence to date for this product.

Despite sharing the same apoprotein environment, Rh
and isoRh display a remarkably different photochemistry,
which is caused by the different configuration of the retinal
chromophore and its steric interactions. The photoreactions
in both proteins are nevertheless triggered by a unique
reaction coordinate, that is bicycle pedal motion along the
C9=C10 and C11=C12 double bonds. In the protein pocket, 9-
cis retinal operates in both forward and reverse bicycle pedal
directions, while the forward path is blocked for 11-cis retinal.
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In both compounds, the fast decay channel is associated with
reverse bicycle pedal motion. In isoRh this deactivation path
is non-productive; reaction toward photoRh proceeds only in
the forward direction, featuring extended steric interactions
with the protein environment and thus significantly slower
reaction time (Figure 3). These results agree with the findings
of Strambi etal.,” stating that Rh and isoRh share
a common valley on the excited state potential energy
surface, just starting from opposite ends (Figure 2a). The
branching of the excited-state population into slower produc-
tive and faster unproductive channels explains the reduced
activity and quantum yield in isoRh as compared to Rh,
where only the fast and productive path is populated and
a higher QY obtained. Thus the photoisomerisation in isoRh
proceeds by a two-channel decay mechanism, while the
direction of torsion in Rh is unique. These data call for isoRh
as an ideal candidate for coherent control experiments,po] as
suppressing one or the other of the two decay channels would
result in a drastically different photophysics and photochem-
istry than for the uncontrolled compound.
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