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Picosecond quantum-classical dynamics reveals
that the coexistence of light-induced microbial
and animal chromophore rotary motion
modulates the isomerization quantum yield of
heliorhodopsin†

Riccardo Palombo, ab Leonardo Barneschi, a Laura Pedraza-González, c

Xuchun Yangb and Massimo Olivucci*ab

Rhodopsins are light-responsive proteins forming two vast and evolutionary distinct superfamilies whose

functions are invariably triggered by the photoisomerization of a single retinal chromophore. In 2018 a

third widespread superfamily of rhodopsins called heliorhodopsins was discovered using functional

metagenomics. Heliorhodopsins, with their markedly different structural features with respect to the

animal and microbial superfamilies, offer an opportunity to study how evolution has manipulated the

chromophore photoisomerization to achieve adaptation. One question is related to the mechanism of

such a reaction and how it differs from that of animal and microbial rhodopsins. To address this question,

we use hundreds of quantum-classical trajectories to simulate the spectroscopically documented

picosecond light-induced dynamics of a heliorhodopsin from the archaea thermoplasmatales archaeon

(TaHeR). We show that, consistently with the observations, the trajectories reveal two excited state decay

channels. However, inconsistently with previous hypotheses, only one channel is associated with the

–C13QC14– rotation of microbial rhodopsins while the second channel is characterized by the

–C11QC12– rotation typical of animal rhodopsins. The fact that such –C11QC12– rotation is aborted

upon decay and ground state relaxation, explains why illumination of TaHeR only produces the 13-cis iso-

mer with a low quantum efficiency. We argue that the documented lack of regioselectivity in double-bond

excited state twisting motion is the result of an ‘‘adaptation’’ that could be completely lost via specific

residue substitutions modulating the steric hindrance experienced along the isomerization motion.

Introduction
Rhodopsins are a class of transmembrane proteins constituted
by a seven a-helices apoprotein (opsin) hosting a retinal proto-
nated Schiff base chromophore (rPSB) covalently linked to a
lysine residue. rPSB absorbs light and transduces it into
nuclear motion leading to the breaking, isomerization and
reconstitution of a specific CQC double-bond. The resulting
rPSB isomer triggers the formation of opsin conformers
that, ultimately, drive biological functions such as vision in

vertebrates; light-sensing, phototaxis, photoprotection, ion-
pumping in eubacteria and archaea; ion-gating in algae and
catalytic activity in fungi, algae, and choanoflagellates, just to
cite a few.1–6 Such diverse functions emerge from the drastic
differences in the protein amino acid sequence. The effect of
such differences is already evident at the rPSB isomerization
level that, in fact, displays different regioselectivity, stereo-
selectivity and quantum yield (jiso) in different rhodopsins.7

The study of the diversity of the rPSB isomerization and its
efficiency is therefore an unavoidable milestone along the path
to exploit rhodopsin functions. More specifically, it has become
apparent that the investigation of the molecular-level factors con-
trolling jiso

8,9 in diverse rhodopsins would have an impact on the
design of effective optogenetic tools10,11 for neurosciences12–14 and
of novel synthetic biology circuits allowing, for instance, for
artificial CO2 fixation.15,16 Furthermore, the investigation of
such factors is needed to understand how in photic zones such
as the upper ocean,17 specific microbial rhodopsins massively
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contribute to the solar energy capture.18 Despite these facts,
only a limited number of studies have targeted the rPSB
isomerization diversity in both animal19–21 and microbial22–27

rhodopsins. For this reason, we present a computational study
of the photoisomerization mechanism and dynamics of a
member of a recently discovered rhodopsin family and com-
pare the results to those obtained for the evolutionarily distant
dim-light visual pigment of vertebrates.

The discovery of heliorhodopsins (HeRs) in Lake Tiberias
(Israel), then readily detected in eubacteria, archaea, algae and
viruses in both freshwater and saltwater environments world-
wide, dramatically expanded the known rhodopsin diversity.28

HeRs have an inverted membrane orientation topology expos-
ing the C-terminus at the extracellular side, rather than the N-
terminus as is the case for animal and microbial rhodopsin
homologues. Furthermore, they share no more than 15% of
sequence identity with both the former and the latter. Different
HeR functions have been proposed. For instance, although the
slow HeR photocycle could indicate a potential light sensory
activity,28,29 other novel metabolic functions such as light
driven transport of amphiphilic molecules30 and DNA protection
against light-induced oxidative damage have been proposed.31 In
addition, certain viral HeRs have been demonstrated to serve as
proton channels, making them possible template for the devel-
opment of optogenetic tools.32 Finally, the growing interest on
HeRs is also motivated by their possible exploitation as light-
driven redox enzymes possibly capable of carbon fixation.33

The first crystallographic structure of one representative of
HeRs family, the thermoplasmatales archaeon heliorhodopsin
(TaHeR), was released in 2019 under the PDB code 6IS6.34 Like
canonical microbial (or Type 1) rhodopsins, the TaHeR
function was shown to be initiated by the all-trans to 13-cis
photoisomerization of the rPSB chromophore occurring on a
sub-picosecond timescale.35 This event triggers an internal
proton transfer28 event (i.e. the proton is never released from
the protein) toward the counterion (Glu108) of the rPSB chro-
mophore and then, according to a recent computational
study36 based on HeR 48C12 (43% of sequence identity with
TaHeR), toward a nearby histidine pair, namely His23 and
His80. The photoisomerization quantum yield (jiso) does not
exceed 0.20.35 Strikingly, this is a small value compared to 0.64
for the canonical proton-pump bacteriorhodopsin37 as well as
0.67 for dim-light visual pigments.38 While such differences
point to a diverse photoisomerization mechanism in TaHeR
and, possibly, in HeRs in general, it provides the opportunity to
study how evolutionarily distant opsins modulate jiso and,
therefore, an ‘‘elementary’’ chemical process such as the
p-bond breaking.

Below we use quantum-classical population dynamics to
study TaHeR. More specifically, we study the rPSB photoisome-
rization reaction by constructing, starting from the crystallo-
graphic structure, a hybrid multiconfigurational quantum
mechanics/molecular mechanics (QM/MM) model of the protein
and using it to propagate hundreds of Tully’s quantum-classical
trajectories39 forover two picoseconds. The results are then
compared with those of the rPSB photoisomerization reaction

occurring in the dim-light visual rhodopsin expressed in the
vertebrate Bos taurus (Rh) as an example of highly efficient 11-cis
to all-trans photoisomerization of a canonical animal (i.e. Type 2)
rhodopsin.

We show that, while in Rh the rPSB photoisomerization is
accomplished through a single coordinate describing the coun-
terclockwise (CCW) p-bond breaking of the C11QC12 double-
bond typical of animal rhodopsins, in TaHeR the isomerization
motion follows simultaneously two coordinates corresponding
to the clockwise (CW) and CCW p-bond breaking of the
C13QC14 and C11QC12 double-bonds, respectively. This
result has two consequences; firstly, it provides an atomistic
reinterpretation of recent transient absorption spectroscopy
(TAS) measurements,35 which pointed to the existence of two
ultrafast decay channels, but both assigned to C13QC14 iso-
merization. Secondly, it reveals a previously unreported and
effective way in which HeRs control jiso. In fact, the same
quantum-classical simulations, show that the absence of the
C11QC12 isomerization product in TaHeR is explained by a
ground state mechanism that selectively inverts the animal-like
isomerization motion initiated in the excited state and leads to
reconstitution of the original all-trans rPSB reactant.

Results and discussion
Fig. 1 introduces the isomerization channels discussed for
TaHeR and Rh in the following subsections. Light absorption
promotes the rPSB in the all-trans (in TaHeR) or 11-cis (in Rh)
configuration, from the ground electronic state (S0) to the
Franck–Condon (FC) region of the first excited (S1) state. The
S0 - S1 change in electronic character induces an ultrafast
relaxation that steers rPSB toward one or more S1/S0 conical
intersections (CoIn’s) featuring a ca. 901 twisted double-bond.
Each CoIn provides access to the S0 potential energy surface
(PES) and, ultimately, to photoproduct formation. The time-
scale of this process defines the S1 lifetime while the branching
along the isomerization coordinates associated with different
skeletal C10–C11–C12–C13 and C12–C13–C14–C15 dihedral
angles (a, a0 in Fig. 1A and B) determines the isomerization
regioselectivity. As we will discuss below, when compared to Rh
that propagates exclusively along a, TaHeR is non-regioselective
since the S1 population splits in a bifurcation region (BF in
Fig. 1C) initiating parallel a, a0 propagations reaching the
CoIn11 and CoIn13 channels, respectively. In Fig. 1B we also
define t, a function of the skeletal torsion a and substituents
wag b proportional to the p-overlap of the isomerizing double
bond. In the following, t is used to discuss the bond-breaking
and bond-making process. As schematically shown in Fig. 1C,
from each CoIn, two S0 relaxation paths can be accessed
leading either to the photoproduct or to the reactant reconsti-
tution. Thus, in TaHeR where only the C13QC14 isomerization
product has been observed, the isomerization quantum effi-
ciency (jiso,13) must be a composite quantity that depends on
both the S1 population splitting at BF and the branching at
CoIn13. The description of the ‘‘inversion mechanism’’

Paper PCCP

Pu
bl

is
he

d 
on

 1
2 

M
ar

ch
 2

02
4.

 D
ow

nl
oa

de
d 

by
 B

O
W

LI
N

G
 G

R
EE

N
 S

TA
TE

 U
N

IV
ER

SI
TY

 o
n 

11
/1

4/
20

24
 1

1:
41

:0
2 

A
M

. 
View Article Online

https://doi.org/10.1039/d4cp00193a


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 10343–10356 |  10345

selectively blocking the C11QC12 isomerization (see dashed
curly red arrow in Fig. 1C, left) and explaining its observed
negligible jiso,11, is one of the main target of the present
research.

S1 lifetime, reaction regioselectivity, jiso,13 and jiso,11 of
TaHeR and Rh are calculated by simulating their light-
induced dynamics starting from room-temperature S0 popula-
tions (details are provided in Sections S1 and S2, ESI†). Based
on a recent study by some of us, we assume that 200 trajectories
are suitable for mechanistic investigations as well as for com-
parative studies of diverse systems.9 The results are documen-
ted and discussed in Sections A–D. In A we validate the QM/MM
models of TaHeR and Rh by comparing a set of calculated and
experimentally observed spectral quantities. In B we report on
the dramatically different time progression of the two corres-
ponding photoexcited populations, showing that, in TaHeR,
two structurally adjacent isomerization channels are equally
populated. In C, we provide evidence indicating that stereo-
chemically opposite aborted bicycle-pedal isomerization
mechanisms characterize the two channels in TaHeR. Finally,
in D, we rationalize the computed jiso,13 and jiso,11 values

using the theoretical framework based on functions of t: a
parameter proportional to p-orbital overlap velocity of the
reacting p-bond at the point of S1 decay (dt/dtdecay).

A. Absorption spectroscopy and model validation

The QM/MM models of TaHeR and Rh were constructed using
the automatic rhodopsin modelling protocol,40–43 a-ARM (see
also Methods and Section S1, ESI†). A general overview of the
two models is provided in Fig. 2A and B. The flexible part
(in red) of the modelled chromophore cavities not only displays
very different amino acidic compositions (see also Fig. S1,
ESI†), but also a different three-dimensional shape. Notably,
the cavity of TaHeR features a lateral fenestration visible above
the b-ionone ring of the rPSB chromophore which exposes the
chromophore itself to the external environment.34 As shown in
Fig. 2C and D, the constructed TaHeR and Rh models yielded FC
vertical excitation energies (here expressed in terms of absorp-
tion maxima, la

max) only 12 nm blue shifted (530 nm) and 1 nm
red shifted (499 nm) relative to the observed values, respectively.
Furthermore, by using the wild-type QM/MM models as starting
point for constructing a set of mutant models,44 it was possible

Fig. 1 S1 isomerization channels in TaHeR and Rh. (A) Retinal chromophore in TaHeR (left) and Rh (right). The moiety at the bottom represents the
reactive part of the two chromophores. The curly arrows indicate the S1 reaction coordinates of interest and a and a0 represents the rotation (or torsional
or twisting) about C11QC12 and C13QC14 respectively. (B) Schematic representation of a, b and t. The same representations apply to a0 and b0 and the
corresponding t0 parameter. t and t0 are geometrical parameters proportional to the p-overlap (roughly, the dihedral between the axes a and a0 of the
p-orbitals forming the p-bond) of the corresponding double bond. (C) Schematic representation of the photoisomerization channels in TaHeR (left) and
Rh (right). The arrows in the FC region indicate the S1 dynamics that, in TaHeR but not in Rh, leads to an ultrafast breaking (at BF) of the photoexcited
population in two subpopulations reaching the regioselective CoIn11 and CoIn13 decay channels.
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to reproduce the trend in the observed la
max displayed by a set of

single mutants of Rh,41 and a set of single and double mutants
of TaHeR (in most cases with a blue-shifted error typical of
a-ARM models10,11,41,43–45). The glutamic-to-aspartic acid muta-
tion at the 108 counterion position of TaHeR yielded identical
la

max value with respect to the wild-type, again in line with the
observation.46 Also, it is worthwhile mentioning that in our
TaHeR model the protonation state of the two peculiar His23

and His82 residues is consistent with the proposed proton
release pathway (see Section S1.1, ESI†). The agreement between
computed and observed spectral data supports the use of the
QM/MM models for simulating the corresponding room-
temperature Boltzmann distributions and calculation of the
absorption band. The computed absorption bands (see Fig. 2E
and F) confirm the quality of the distribution represented by 200
geometries and velocities.

Fig. 2 TaHeR and Rh models validation. Overview of the QM/MM models for (A) TaHeR and (B) Rh. For each case, the protein environment fixed at the
crystallographic position is colored in gray while the flexible binding cavity is in red. The lysine linker and rPSB chromohore are colored in blue and green
respectively reflecting the QM/MM partition. Dark and light gray spheres indicate Na+ and Cl! external counterions, respectively. The intracellular side of
the protein is marked to show how the C-terminus of TaHeR is oriented oppositely with respect to Rh. (C) Comparison between computed (in orange)
and observed (in blue) absorption maxima wavelengths la

max, calculated as vertical excitation energies for a set of TaHeR mutants. (D) Same as point C for
Rh mutants reported in ref. 42. (E) Comparison between computed (in orange) and observed (in blue) absorption bands (in arbitrary units) for TaHeR.
(F) Same as point E for Rh. The experimental bands were digitalized from literature data.34,47
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B. Excited state dynamics and TAS assignment

The datasets representing the Boltzmann distribution of TaHeR
and Rh (see above) are used as initial conditions for the propaga-
tion of 200 quantum-classical trajectories (see methods and
Section S2 for details, ESI†). The room temperature geometries
reveal a pre-twisting of the rPSB chromophore that is known7 to
bias the S1 motion in the CW or CCW directions. In fact, the
average structure obtained from the initial conditions shows, in
TaHeR, an average +91 CW pre-twisting of the C13QC14 double
bond while, in Rh, an average CCW twisting of !131 of the
C11QC12 double bond (these values are also consistent with
those seen in the static a-ARM models of Fig. S3, ESI†).

The extreme difference in amino acid composition between
Rh and TaHeR cavities (see Fig. S1, ESI†) is reflected in a
qualitative, but drastic, different S1 dynamics. This appears
ballistic and substantially coherent in Rh but slower and more
complex in TaHeR. This is shown in Fig. 3A and B where the
time evolution of a and a0 is displayed for each trajectory. By
comparing the two figures, it becomes apparent that while the
S1 decay of TaHeR is not completed after 1.5 ps (only 93 out of
200 hopped to S0), Rh exhibits a full S1 depopulation in less

than 0.2 ps (see also the different population decay profiles in
Fig. S4, ESI†). This difference is already evident at o0.05 ps
timescales, when most Rh trajectories exhibit a large CCW
C11QC12 twist (ca. !701 on average) while no TaHeR double
bond displays a twist larger than "201. After this initial phase,
all 200 Rh trajectories decay to S0 at a single CoIn11 channel and
reconstitute the C11QC12 p-bond in either the CW or the CCW
directions. This does not occur in TaHeR where both CoIn11

and CoIn13 channels, featuring a distinct regiochemistry and
stereochemistry, are populated and coexist for the entire simu-
lation time. CoIn13 (see red and blue circles in Fig. 3A respec-
tively) is dominated by the CW twisting of the C13QC14 double
bond. CoIn11 (see blue squares in Fig. 3A), on the other hand, is
dominated by the CCW twisting of the C11QC12 double bond,
in full analogy with Rh. Notably, the two TaHeR competing
channels yield nearly identical decay counts (52 and 41 decays,
respectively, after 1.5 ps of simulation time).

With the purpose of further characterizing the population of
the TaHeR channels, we computed the S1 minimum energy
paths (MEPs) connecting the Franck–Condon (FC) point to the
minimum energy conical intersections associated to the CoIn11

Fig. 3 Overview of the S1 dynamics of (A) TaHeR and (B) Rh, simulated with 200 quantum-classical trajectories. Unreactive S1 trajectories are marked by
blue symbols placed at the time of the S1 - S0 decay (hopping time). Similarly, reactive trajectories are marked by red symbols. We termed as reactive the
trajectory that, after the hopping, continue to propagate on S0 in the direction of the photoproduct. In contrast, unreactive trajectories revert their
direction and propagate in the direction of the reactant (see also red and blue markers in Fig. 1C). In A, both a and a0 coordinates (see Fig. 1A) are shown in
order to illustrate the two coexisting isomerizations, however, a separate view is given in Fig. S5 (ESI†). (C) Evolution of the overlap index t0 along the
TaHeR trajectories undergoing C13QC14 isomerization (i.e. channel CoIn13) until the S1 - S0 decay point. (D) Same as C but for the index t associated to
C11QC12 isomerization (i.e. channel CoIn11).
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and CoIn13 paths (see Section S3 for details, ESI†). The results
show that the two channels are achieved through reaction
coordinates spanning very flat S1 PES regions from !1801 to
!2201 along a and from !1701 to !1301 along a0. These MEPs
are very different from the steep MEP reported for Rh48 but
consistent with the longer S1 dynamics experimentally observed
for TaHeR.35 The analysis of the overlap coordinates t and t0 in
TaHeR indicates a C13QC14 and C11QC12 bond breaking
process along a torsional or, as documented in the next section,
bicycle-pedal coordinate that, in both cases, leads initially to an
oscillatory CQC torsional motion in the !351 to +351 range then
followed by a decay event (Fig. 3C and D). In other words, all
TaHeR trajectories display a nearly planar (i.e. with a nearly 01
average torsion) p-system that, eventually, escapes such an oscil-
latory region along the two isomerization paths that are randomly

accessed during the simulation time. Such random behaviour is
further strengthened by the absence of any discernible correlation
between early (o30 fs) geometrical motions and the two isomer-
ization directions (see Fig. S7–S9, ESI†). Therefore, the S1

dynamics exhibited in the FC region (see Fig. 1C) seem to have
a null or little impact on determining the isomerization direction.

In the past, flat S1 PES have been proposed to be responsible
for longer S1 lifetimes of microbial rhodopsins with respect to
Rh.49,50 An alternative reason for the slow S1 dynamics has been
reported to be the mixing of the S1 and S2 states.9,51 Indeed,
compared to S1 which is usually associated with a charge
transfer state, S2 is associated with a diradical state featuring
a shorter and semi-locked CQC double bonds. Thus, the
mixing would be partly responsible for the increased excited
state lifetime since isomerizations along these bonds became

Fig. 4 Time evolution of the ABP photoisomerization coordinates of TaHeR and Rh. (A) A representative reactive trajectory achieving the CoIn13 channel
of TaHeR (coordinate a0 in Fig. 1), (B) a representative trajectory (unreactive) entering the CoIn11 channel of TaHeR (coordinate a in Fig. 1). (C) A reactive Rh
trajectory. The main torsional deformations (see blue and gray curly arrows) are represented in terms of rotating planes as illustrated at the top. In all
cases, the diagrams reported on the geometrical changes consistent with the bicycle-pedal motion and rotating planes. The progression of the
C13QC14–C15QN and C9QC10–C11QC12 dihedral angles is displayed as dotted lines. The vertical red lines correspond to S1 - S0 decay events.
(D) Same representation of above but including instead all the trajectories achieving the CoIn13 (left panel) or the CoIn11 (right panel) channels of TaHeR.
The trajectories were aligned at the S1 - S0 decay time (t = 0 fs). It is shown that while the CoIn13 is partially reactive, the CoIn11 is fully unreactive.
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more impaired. As documented in the ESI† (see Section S4), the
same level of S2/S1 mixing is detected in TaHeR trajectories
leading to either the CoIn13 or CoIn11 channels and also the
trajectories that do not decayed to S0 (see Fig. S10–S12, ESI†).

The computed timescales are qualitatively consistent with
the observed TAS dynamics for both TaHeR35 and Rh52 thus
providing a further validation of the constructed QM/MM
models. For TaHeR, TAS has shown that the S1 - S0 decay is
completed after several ps (48.5 ps) and exhibits a multi-
exponential decay including fast (o1 ps) and slow (41 ps)
components. More specifically, the presence of those compo-
nents has been drawn from the time evolution of the stimu-
lated emission (SE), ground state bleaching (GSB) and excited
state absorption (ESA) temporal profiles, with the latter shown
to be a valid and reliable indicator of the S1 depopulation.53

However, these observations were interpreted by assuming that
the C13QC14 rotation is the sole excited state photoisomeriza-
tion process. Therefore, the fast as well as slower components
were associated to a multi-exponential process where the sub-
picosecond formation of the 13-cis photoproduct begins ca.
0.2 ps after photoexcitation, while slower decay components
were attributed to ‘‘unreactive processes’’ generating less
or no photoproduct. Our TaHeR simulation indicates that the
observed fast and slower decay components are the result of the
coexistence of the two S1 isomerization channels described
above. More specifically, our calculations associate the
observed fast and slow decays of TaHeR with the presence of
S1 isomerizations with distinct dynamics, regioselectivity,
stereoselectivity and efficiencies. Indeed, although in our tra-
jectories (Fig. 3A) earlier decays are observed approximately
after 0.2 ps, the majority of CoIn13 decays take place within 1 ps
(only 3 out of 52 trajectories decayed after 1 ps), while along
CoIn11 the trajectories decay more sparsely on a longer time-
scale. In striking contrast, the simulated Rh dynamics that fully
complies with TAS measurements,52,54 shows that the rPSB
photoisomerization occurs, substantially, through a single
mono-exponential decay (we disregard the very inefficient for-
mation of isorhodopsin featuring a C9QC10 rotation55). Thus,
in TaHeR the low jiso,13 value would be the results of lack of
isomerization regioselectivity during S1 progression combined
with an unreactive animal-like C11QC12 decay at CoIn11. In
fact, the 41 trajectories decaying through the CoIn11 channel,
lead to reconstitution of the original all-trans rPSB exclusively
(see blue squares, Fig. 3A). Conversely, the CoIn13 channel is
highly ‘‘reactive’’, as out of the 52 trajectories evolving along
this path, 33 lead to photoproduct formation (see red circles,
Fig. 3A) with 13-cis, 15-trans (32 trajectories) or 13-cis, 15-cis
configurations (1 trajectory), as observed experimentally,34 and
the remaining 19 relax back to the all-trans rPSB configuration
(see blue circles, Fig. 3A). Based on the assumption that the
trajectories left on S1 never decay productively (see above), we
computed a 0.17 jiso,13 value (33 reactive trajectories over 200)
of TaHeR, which is close to the experimentally observed jiso

value of 0.19. Concerning Rh, all the trajectories displayed S1 -
S0 decays within ca. 0.1 ps (first 49 fs last 218 fs). The predicted
jiso value is of 0.70, again in line with the observed 0.67.38

C. Conterclockwise vs. clockwise rotation and aborted
bycicle-pedal

Fig. 4 displays the time evolution of critical dihedral angles.
In TaHeR the CW isomerization of the C13QC14 bond is strongly
coupled with the CCW rotation of the C15QN bond leading to the
CoIn13 channel (see Fig. 4A). In fact, the decay occurs when the
dihedral angle at C13QC14 and C15QN bonds are +801 and
!301, respectively. Notice that the dihedral angle associated with
the middle C14–C15 single bond is minimally changed. The same
description can be applied to the C11QC12 isomerization that is
coupled to an opposite C9QC10 motion (see Fig. 4B where, at
decay, the dihedrals associated to C9QC10 and C11QC12 feature
a twist of +551 and !731, respectively). The described motions of
the C13QC14–C15QN and C9QC10–C11QC12 moieties is con-
sistent with the bicycle pedal (BP) isomerization mechanism. The
BP mechanism has been originally proposed as ‘‘space saving’’
motion by Warshel for Rh.56 More recently, it has been predicted
that such a Rh mechanism is instead aborted48 as one of the two
adjacent double bonds of the C9QC10–C11QC12 moiety inverts
its rotation direction at decay as here replicated in Fig. 4C. This
aborted bicycle pedal (ABP) mechanism has also been found in
microbial rhodopsins such as bacteriorhodopsin49 and Anabaena
Sensory rhodopsin50 and similarly, in animal rhodopsins where
the 11-cis C11QC12 bond isomerizes.55,57,58 Recently, the exis-
tence of computationally predicted ABP has been supported via
time-resolved XFEL studies on Rh59 and bacteriorhodopsin.60

Our results support the conservation of the ABP mechanism in
the HeR family. This is clearly shown at the population level in
Fig. 4D, left diagram, where the CCW motion around C15QN
reverts its rotation at decay to S0, then producing the isomeriza-
tion at the C13QC14 exclusively. Notice, however, the presence of
one trajectory that exhibits a full BP mechanism yielding the 13-
cis, 15-cis photoproduct. The right diagram is related to the CoIn11

channel and demonstrates that, in contrast with CoIn13, both
C9QC10 and C11QC12 rotations invert directions immediately
after decay to S0 such that no net isomerization takes place.

D. Regioselectivity and quantum efficiency modulation in TaHeR

In this section we look at the mechanism responsible for the
experimentally observed C13QC14 selectivity (i.e. only the

Table 1 Summary of predicted (Pred.), computed (Comp.) and experi-
mental (Exp.) jiso. Number of reactive trajectories is also shown. Values in
parenthesis indicate the percentage of trajectories over the total number of
trajectories decaying along each decay channel. Pred. jiso is calculated
using the dt/dtdecay sign (or dt0/dtdecay) as the index for predicting if a
trajectory is reactive or unreactive (refer to main text for definition). Comp.
jiso is calculated over 200 trajectories. It is important to note that, in TaHeR,
only 93 trajectories decayed to S0 (along CoIn11 or CoIn13) and we consider
the trajectories remained in S1 as unreactive. N.D. refers to ‘‘not detected’’

Reactive
dt/dtdecay

or dt0/dtdecay a
Pred.
jiso

Comp.
jiso Exp. jiso

Rh, CoIn11 139 (70%) 148 (74%) 0.74 0.70 0.6738

TaHeR, CoIn13 33 (63%) 39 (74%) 0.75 0.17 0.1935

TaHeR, CoIn11 0 (0%) 20 (49%) 0.49 0 N.D.

a Number of Rh and TaHeR CoIn11 trajectories with dt/dtdecay o 0 and,
for TaHeR CoIn13, with dt0/dtdecay 4 0.
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C13QC14 isomerization is detected) and low jiso,13 value of
TaHeR in the presence of a non-regioselective S1 isomerization
dynamics. Past and recent studies on Rh8,9 have demonstrated
the pivotal role of the geometrical parameter t for the

mechanistic interpretation of reaction quantum efficiencies
in Rh. More specifically, at decay one looks at the sign of the
t velocity (dt/dtdecay). Indeed, it has been established that in the
CCW isomerization the dt/dtdecay o 0 provides a statistically

Fig. 5 Reactivity analysis of TaHeR trajectory sets. (A) Time evolution of the overlap index dt0/dt towards the CoIn13 channel. The top panel shows the
correlation between the distribution of reactive decays (red circles) and the dt0/dt sign. The bottom panel displays the same data but with trajectories
aligned at the S1 - S0 decay time (t = 0 fs) and starting 40 fs before the decay. Gray data refers to the S1 while red and blue data refers to S0 depending on
whether the trajectory is reactive (red) or unreactive (blue). The yellow curve represents the average value before the S1 - S0 decay. The displayed
numerical value refers to the percentage of trajectories decaying with dt0/dt 4 0 (predicted quantum efficiency, see Table 1). To notice the behaviour of a
few reactive and unreactive trajectories that do not correlate with, respectively, the dt0/dt 4 0 and dt0/dt o 0 sign at the decay time. In these cases, dt0/dt
inverts the sign after the decay point. These trajectories can be seen as those that deviate from the average behaviour but still falling in the expected
statistics provided by the t velocity (see main text). (B) Same as A for the CCW motion leading to the CoIn11 channel. Notice that now the displayed
numerical value refers to dt/dt o 0. (C) Pictorial illustration of the t0 velocity in terms of decreasing overlap along the CW progression towards the CoIn13

channel. The curly arrow represents the rotational velocity of the orbital axes. (D) Same as C for the CoIn11 channel where, in contrast, the velocity of the
CCW overlap decrease is decelerating during the progression towards the decay channel.
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valid prediction of the corresponding computed jiso,11 value.
When considering the stereochemical change in rotation direc-
tion, in a CW isomerization such a prediction would be based
in the fraction of trajectories decaying with dt/dtdecay 4 0.
These ‘‘rules’’ are connected and justified by the canonical
Landau–Zener (LZ) model for a reactive non-adiabatic
transition.61 In fact, the LZ model relates the probability of
non-adiabatic transitions leading to the product (i.e. the prob-
ability that after S1 decay the system would generate a product)
to the nuclear velocity along the ‘‘local’’ reaction coordinate. A
comparison of Fig. 5A and B demonstrates that such sign rule is
valid for the C13QC14 isomerization (i.e. for decay through the
CoIn13 channel) of TaHeR but it is not valid for the C11QC12
isomerization (i.e. for decay through the CoIn11 channel) in
deep contrast with the reported validity in the case of the
CoIn11 channel of Rh. More specifically, in the top panel of
Fig. 5A it can be seen that the vast majority of reactive
trajectories (red circles) decay with dt0/dtdecay 4 0 (upper half
of the panel). In deep contrast, Fig. 5B shows that irrespective
of the sign of dt/dtdecay the trajectories are all unreactive.

The lower panels of Fig. 5A and B report an analysis of the
dt/dt in the vicinity of the TaHeR decay regions. By focusing on
a time window of 40 fs centered on the decay event, it is shown

that t velocities behave differently along the paths leading to
the two distinct channels. In the case of trajectories pointing to
the CoIn13 channel, the population displays a positive average
velocity that appears to remain constant until the decay region
is reached. This would translate into a constant velocity for the
breaking of the p-bond as pictorially illustrated in Fig. 5C. In
contrast, consistently with the illustration of Fig. 5D, the
corresponding motion towards CoIn11 displays decreasing t
velocities suggesting formation of the 11-cis product. However,
about 10 fs before decay, a deceleration occurs, and the
trajectories reach the decay region with rapidly decreasing
velocities and yielding only small negative values at decay.

Fig. 5A and B also provide information on the TaHeR p-bond
making dynamics immediately after the decay. It can be seen
that, at CoIn13, the percentage of reactive trajectories generated
at decay (63%) is relatively close to that of dt0/dtdecay 4 0 (74%).
This does not happen in the case of the unreactive CoIn11

channel (0%) where, despite a still large (49%) fraction of dt/
dtdecay o 0, dt/dt displays, immediately after the decay, large
and positive values consistent with the resulting reactant
reconstitution. This behavior suggests that in correspondence
of the dt/dt decrease seen about 10 fs before the hopping
points, the C11QC12 rotation or, better, the bicycle pedal

Fig. 6 Quantum efficiency quenching mechanism in TaHeR. (A) Population time evolution (trajectories aligned at the S1 - S0 decay time) of the shortest
distances between the rPSB chromophore atoms characterizing the CW rotation of the bicycle-pedal plane of the CoIn11 channel with neighboring
amino acids indicated below. The vertical set of black dots indicate the distribution of distances at the hopping points. Below, the definition and color
coding of the distances monitored in the top. The rotating bicycle pedal plane is also defined pictorially and within a snapshot of the reacting rPSB region
at the S1 - S0 decay time (t = 0 fs). (B) Same as A for the CoIn13 channel.
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nuclear motion encounters a restraining force effectively invert-
ing the motion from CCW to CW.

In order to provide a molecular-level understanding of the
lack of reactivity of the CoIn11 channel of TaHeR, we hypothe-
size that the restraining force mentioned above originate from
steric and/or electrostatic interactions. Here the target is to
provide a guidance to experimentalists that could eventually
search for mutants capable of producing the 11-cis rPSB isomer.
We start with the observation that the TaHeR cavity (see Fig. 6)
accommodates the reactive C9QC10–C11QC12 moiety in the
close vicinity of the Phe203, Phe206 and Tyr109 residues as well
as of the polar Gln143 residue (Gln143 is absent in the cavities
of most known microbial rhodopsins).34 Inspection of the
TaHeR trajectories reveals that the C11QC12 rotation leads
to strongly decreased distances between the plane associated
with the BP coordinate and the listed residue sidechains (see
Fig. 6A). This effect appears to lead to the ‘‘collision’’ of the
rotation of the substituents at C10 and C11 with the p-system of
Phe206 and the –NH2 aminic group of Gln143 causing compe-
netration of VdW radii62 and, thus, strong repulsion. The same
distance decrease may lead to electrostatic repulsion between
the positive charged nitrogen of Gln143 amidic group and the
chromophore positive charge that becomes increasingly loca-
lized on the –C9–C10–C11– moiety along the S1 isomerization
path (see last 50 fs of charge evolution in Fig. S10, ESI†). As
anticipated above, these steric and electrostiatic effects may
systematically invert the negative sign of dt/dt before and after
the decay pointing to p-bond reconstitution via CW, rather than
CCW, rotation. On the other hand, the rotation of the
C13QC14-C15=N BP plane is less impaired (compare Fig. 6A
with B), as demonstrated by the 42.5 Å distance kept by the
C14 and C15 substituents with the closest residue sidechains
during the progression toward the CoIn13 channel.

Finally, as shown in Fig. S14 (ESI†), further analysis has
been carried out to disentangle the importance of the steric vs.
electrostatic repulsive effects. The figure shows that after
switching the charges of the protein cavity to zero values, the
‘‘repulsive’’ effect documented above is conserved suggesting a
steric origin of the repulsion.

Conclusion
Above we have reported on the first atomistic description of the
primary event in the photocycle of a member of the recently
discovered HeR family. Since our TaHeR QM/MM model repro-
duces the observed spectroscopic parameters and measured
jiso, we have use it to simulate the photoinduced dynamics and
reinterpret the previously proposed mechanistic hypothesis.35

The simulation reveals that TaHeR light absorption leads to an
equal population of two regiochemically and stereochemically
distinct S1 isomerization channels. The first C13QC14 channel
is found in substantially all microbial rhodopsins, while the
second C11QC12 channel is related to the photoisomerization
of animal rhodopsins but in the reversed all-trans to 11-cis
direction. The coexistence of these two channels appears

connected with similar S1 energy paths, which were found flat
and substantially barrierless in both cases. These data may call
TaHeR as promising candidate for isomerization selectivity
control experiments. In fact, future studies may focus on the
identification of variants that exhibit enhanced S1 isomeriza-
tion energy barriers along one of the two channels. This could
ultimately lead to a different branching ratio compared to the
original (wild-type) system. Since TaHeR is phylogenetically
distant from both animal and microbial rhodopsins, the resulting
promiscuous photoisomerization provides and an example of a
high isomerization diversity induced by diverse opsin cavity
compositions. A second result is the finding of a new jiso,13

modulation mechanism in TaHeR, not based on a low jiso,13

but, rather, to the lack of S1 regioselectivity with respect to an
equally populated fully inefficient C11QC12 S1 isomerization
channel. The suppression of the C11QC12 channel would allow,
in principle, an increase of jiso from 0.17 to 0.63. A third result is
the confirmation of the universality, i.e. its validity also for a HeRs
member, of the space-saving ABP mechanism initially documen-
ted for Rh,48 as well as of the validity of the theory based on t
velocity at the point of S1 - S0 decay.8,9

Isomerization mechanisms featuring coexisting isomeriza-
tion channels may operate in certain microbial rhodopsins. For
instance, although the extreme distance between HeRs and
microbial rhodopsins make any comparisons difficult, past and
recent studies on chloride pump halorhodopsin,63,64

proteorhodopsin,23,65,66 sensory rhodopsin I (SRI),67 channel-
rhodopsin chimera C1C2,68 sodium ion pump rhodopsin KR269

as well as bacteriorhodopsin under acidic conditions,23 have
investigated the factors that govern their observed multicom-
ponent excited state decay. Similarly to TaHeR, these microbial
rhodopsins display an S1 dynamics well described by fast
(subpicosecond) and reactive, and slow and unreactive decay
components. Two types of mechanisms were proposed to
rationalize the findings: (a) the potential heterogeneity of
ground state species arising either from the acid–base equili-
brium of the rPSB chromophore counterion or the presence of a
mixture of chromophore isomers and (b) the possibility of
reaction branching on S1. Our results support the latter mecha-
nism in the case of TaHeR. In fact, for TaHeR, the presence of
different chromophore isomers in the dark-adapted state can
be excluded on the basis of HPLC measurements that docu-
ment a dominant presence of all-trans rPSB. Furthermore, the
TAS measurements are carried out at neutral pH that should
ensure the deprotonation of the rPSB counterion (Glu108).35

A branched isomerization mechanism has been experimen-
tally established for a microbial rhodopsin from Haloquadra-
tum walsbyi called middle rhodopsin (MR)70 where a mixture of
13-cis and 11-cis configurations is produced upon illumination
starting from all-trans rPSB. It is possible that the isomerization
mechanism of MR is essentially the same described above for
TaHeR but having the all-trans to 11-cis isomerization channel
corresponding to CoIn11, at least partially reactive. The authors
of such research propose that MR might represent ‘‘a missing
link’’ in the evolution from microbial to animal rhodopsins.
It is apparent that the presented TaHeR investigation indicates
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that such hypothesis could also apply to HeRs. More specifi-
cally, we envision that a mutation of the Gln143 causing a
reduction in steric hindrance and/or reverting the dipole
moment of this residue (i.e. pointing the positive –NH side of
the dipole away from the isomerizing moiety) could make the
two CoIn channels reactive providing a first example of HeRs
variant capable of producing the 11-cis chromophore isomer
typical of animal rhodopsins. Even more recently, the coexis-
tence and interplay of C11QC12 and C13QC14 photoisome-
rizations was experimentally shown to be active in the
rhodopsin tandem domains of the marine algae Phaeocystis
antarctica bestrhodopsin.71

Methods
The computational models employed for bovine rhodopsin and
thermoplasmatales archaeon rhodopsin were constructed with
the a-ARM QM/MM model building protocol,40,41 implemented in
the PyARM software package,11,42 starting from their crystallo-
graphic structures resolved at 2.4 Å (Protein Data Bank code:
1U19)72 and 2.2 Å (Protein Data Bank code: 6IS6),34 respectively.
Such models were used to simulate two room temperature
Boltzmann-like distributions and extract 200 initial conditions
for each rhodopsin at room temperature following a previously
reported protocol.9 Finally, non-adiabatic population dynamics
were computed at 2 root (S0 and S1) state average CASSCF(12,12)/6-
31G*/Amber94 level of theory using the stochastic Tully surface-
hop method.39,73 While the CASSCF method does not inherently
incorporate dynamic correlation energy, benchmark studies74–77

have demonstrated that the impact of the CASPT2 correction on
these systems primarily affects the timescale rather than the
geometrical propagation described by the trajectory itself. There-
fore, we are confident that the mechanistic theory presented in
this work would be replicated, at least qualitatively, in a study
based on trajectories computed at the CASPT2 level. All the
calculation were run using the Molcas version 8.178/Tinker79

interface. Further details of the a-ARM and initial condition
protocols are provided in ESI† (Sections S1 and S2).
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11 L. Pedraza-González, L. Barneschi, M. Marszałek, D. Padula,
L. De Vico and M. Olivucci, Automated QM/MM Screening
of Rhodopsin Variants with Enhanced Fluorescence,
J. Chem. Theory Comput., 2023, 19(1), 293–310, DOI:
10.1021/acs.jctc.2c00928.

12 E. S. Boyden, F. Zhang, E. Bamberg, G. Nagel and
K. Deisseroth, Millisecond-Timescale, Genetically Targeted
Optical Control of Neural Activity, Nat. Neurosci., 2005, 8(9),
1263–1268, DOI: 10.1038/nn1525.

13 F. Zhang, L.-P. Wang, M. Brauner, J. F. Liewald, K. Kay,
N. Watzke, P. G. Wood, E. Bamberg, G. Nagel, A. Gottschalk
and K. Deisseroth, Multimodal Fast Optical Interrogation of
Neural Circuitry, Nature, 2007, 446(7136), 633–639, DOI:
10.1038/nature05744.

PCCP Paper

Pu
bl

is
he

d 
on

 1
2 

M
ar

ch
 2

02
4.

 D
ow

nl
oa

de
d 

by
 B

O
W

LI
N

G
 G

R
EE

N
 S

TA
TE

 U
N

IV
ER

SI
TY

 o
n 

11
/1

4/
20

24
 1

1:
41

:0
2 

A
M

. 
View Article Online

https://doi.org/10.1021/cr4003769
https://doi.org/10.1021/cr4003769
https://doi.org/10.1246/bcsj.20190292
https://doi.org/10.1046/j.1365-2958.2003.03395.x
https://doi.org/10.1073/pnas.1936192100
https://doi.org/10.1146/annurev-biochem-101910-144233
https://doi.org/10.1146/annurev-micro-031721-020452
https://doi.org/10.1021/acs.chemrev.7b00177
https://doi.org/10.1038/s41557-018-0014-y
https://doi.org/10.1038/s41557-022-00892-6
https://doi.org/10.1038/s41467-022-33993-4
https://doi.org/10.1038/s41467-022-33993-4
https://doi.org/10.1021/acs.jctc.2c00928
https://doi.org/10.1038/nn1525
https://doi.org/10.1038/nature05744
https://doi.org/10.1039/d4cp00193a


10354 |  Phys. Chem. Chem. Phys., 2024, 26, 10343–10356 This journal is © the Owner Societies 2024

14 K. Deisseroth and P. Hegemann, The Form and Function of
Channelrhodopsin, Science, 2017, 357(6356), eaan5544,
DOI: 10.1126/science.aan5544.

15 P. A. Davison, W. Tu, J. Xu, S. Della Valle, I. P. Thompson,
C. N. Hunter and W. E. Huang, Engineering a Rhodopsin-
Based Photo-Electrosynthetic System in Bacteria for CO2

Fixation, ACS Synth. Biol., 2022, 11(11), 3805–3816, DOI:
10.1021/acssynbio.2c00397.

16 W. Tu, J. Xu, I. P. Thompson and W. E. Huang, Engineering
Artificial Photosynthesis Based on Rhodopsin for CO2 Fixa-
tion, Nat. Commun., 2023, 14(1), 8012, DOI: 10.1038/s41467-
023-43524-4.
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