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The functions of microbial and animal rhodopsins are triggered by
the isomerization of their all-trans and 11-cis retinal chromophores,
respectively. To lay the molecular basis driving the evolutionary
transition from the all-trans to the 11-cis chromophore, multiconfi-
gurational quantum chemistry is used to compare the isomerization
mechanisms of the sensory rhodopsin from the cyanobacterium
Anabaena PCC 7120 (ASR) and of the bovine rhodopsin (Rh). It is
found that, despite their evolutionary distance, these eubacterial
and vertebrate rhodopsins start to isomerize via distinct implemen-
tations of the same bicycle-pedal mechanism originally proposed by
Warshel [Warshel A (1976) Nature 260:678-683]. However, by fol-
lowing the electronic structure changes of ASR (featuring the all-
trans chromophore) during the isomerization, we find that ASR
enters a region of degeneracy between the first and second excited
states not found in Rh (featuring the 11-cis chromophore). We show
that such degeneracy is modulated by the preorganized structure of
the chromophore and by the position of the reactive double bond. It
is argued that the optimization of the electronic properties of the
chromophore, which affects the photoisomerization efficiency and
the thermal isomerization barrier, provided a key factor for the
emergence of the striking amino acid sequence divergence observed
between the microbial and animal rhodopsins.

rhodopsin | retinal chromophore | ultrafast isomerization | excited states |
computational photobiology

hodopsins (also called retinal or retinylidene proteins) are a
family of membrane proteins found in all life domains (1). All
members of the family bind a retinal chromophore and display
either light-sensing, light-powered ion-pumping or light-gated ion-
channeling activities. These functions are carried out by a common
protein architecture featuring seven a-helices (I-VII in Fig. 14)
forming a cavity with a chromophore-binding lysine located in the
middle of helix VIL
Despite their striking structural similarity, microbial (type I)
and animal (type II) rhodopsins display a negligible amino acid
sequence identity that is also reflected in dramatically different
chromophore cavities. Although this would indicate that type I
and type II rhodopsins have evolved in parallel from different
ancestors, Theobald and coworkers (2, 3) have recently provided
experimental evidence in favor of a single common ancestor. If
this is the case, one is left with the problem of understanding the
mechanisms that could have led to the drastic divergence in the
amino acid sequences. Here, we investigate the role played by
the transition to a different chromophore in such a process.
Type I and type II rhodopsins feature different retinal chromo-
phores. Whereas type I rhodopsins have an all-frans chromophore
(PSBAT in Fig. 1 4 and B), type II rhodopsins incorporate an 11-cis
chromophore (PSB11 in Fig. 1 A and B). PSBAT and PSBI11 are
responsible for the activation of the protein function that is trig-
gered by the photoisomerization of their C13=C14 and C11=C12
double bond, respectively. However, the fact that PSB11 is ther-
modynamically unstable with respect to PSBAT indicates that
PSB11 might have been selected to carry out an otherwise in-
accessible function. In fact, given the basic role of the chromophore
in the rhodopsin machinery, it is conceivable that the optimization
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of distinctive PSB11 functions would have led to an extreme di-
vergence. To investigate whether such functions exist, we compare
the isomerization mechanisms (see curly arrows in Fig. 1 B and C)
of PSBAT, PSB13, and PSB11 at an atomic resolution. To do so we
use computer models of microbial and vertebrate light-sensing
rhodopsins (4, 5). The simulations unveil electronic effects not
achievable by PSBAT and barely achievable in PSB13, directly re-
lated to the higher photoisomerization speed reported for type II
rhodopsins and, in turn, to the control of the isomerization quan-
tum efficiency (6-10).

The properties of the retinal chromophore are modulated by
its interaction with the protein environment (11-16). For this
reason, we simulate the chromophore isomerization in complete
models of the sensory rhodopsin from the cyanobacterium Ana-
baena PCC 7120 (ASR) and of the visual pigment of the bovine
retina (Rh), type I and a type II rhodopsins, respectively. ASR
exists in two thermostable forms, ASRat and ASR;3¢, featuring
the 15-anti-PSBAT and 15-syn-PSB13 chromophores (Fig. 1B),
respectively. Upon light irradiation, the chromophores isomerize
about the C13=C14 double bond to generate the corresponding K
intermediate (see Fig. 1C for ASR;3c). Because ASRaT-K and
ASR 3K convert thermally to ASR;3c and ASRaT, respectively,
ASR displays a photochromic cycle (17). Such a photochromism
is not observed in Rh, where irradiation causes the photo-
isomerization of PSB11 to PSBAT with formation of bathoRh.
This is then thermally converted to states that interact with a
transducer and hydrolyze the chromophore-lysine linkage (18).

The photoisomerization of Rh has been extensively in-
vestigated. Spectroscopic studies have shown that it occurs on a
subpicosecond timescale with an S; decay occurring in less than
100 fs (7, 19, 20). Furthermore, the observation of ground-state
(So) vibrational coherence (21) points to a direct transfer of the
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Fig. 1. Rhodopsin structure. (A) Chromophore cavities of a type | (Upper,
Anabaena PCC 7120) and a type Il (Lower, Bos taurus) sensory rhodopsin. The
cavity amino acids are given in one-letter code according to their a-helix lo-
cation. Asterisk indicates the loop connecting helices IV and V. The chromo-
phore-binding lysins are in bold. (B) Structures of the chromophores of ASRar
(Upper), ASR13¢ (Middle), and Rh (Lower). The curly arrows indicate the reactive
double bond. (C) ASR13c—ASR13c-K chromophore isomerization reaction.

first excited state (S;) population to the photoproduct passing
through a S,/Sy conical intersection (CI) without involving higher
excited states (e.g., S;). Such a mechanism has been computation-
ally documented (22-24) and experimentally tracked by infrared
probing (24). ASRat and ASR;;¢ have been spectroscopically
investigated by Ruhman and coworkers (25) and Haacke and
coworkers (26, 27). The results indicate that in ASR;;c the
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chromophore accesses the CI more quickly (0.10-0.15 ps) than
in ASRat (0.50-0.75 ps), showing a dynamics closer to that of
Rh (0.08 ps). Such timescales have been found to be consistent
with potential energy surface mapping and trajectory compu-
tations (23, 24, 28, 29).

The results revised above provide the basis for investigating the
photoisomerization of type I and type II rhodopsins. Accordingly,
we use multiconfigurational quantum chemistry (MCQC)-based
quantum-mechanics/molecular-mechanics (QM/MM) models (30)
of ASRAT, ASRy3¢c and Rh to simulate their electronic and geo-
metrical changes up to 200 fs after the electronic excitation. We
show that the magnitude of the observed timescales correlate with
the mixing of the S; and S; states and that such mixing does not
occur in the PSB11 containing Rh. It is argued that this fact
connects the optimization of the chromophore electronic prop-
erties to a higher light sensitivity of animal rhodopsins.

Results and Discussion

Absorption Maxima. As documented in the SI Appendix [see SI
Appendix, section 1 for the testing of alternative protocols ranked
for their ability to yield ASR models of comparable quality to the
Rh model (31)], the Sy models of ASRat and ASR ;3¢ reproduce
the vertical excitation energies (AEg;.so) associated with the ob-
served absorption maximum (A3, ) value within a few kilocalories
per mole (+1.5 and +1.0 kcalmol™! for ASRat and ASR;5c, re-
spectively; see SI Appendix, section 2.1 for all computed and ob-
served excitation energy values). The origin of the A} values is
investigated by isolating the chromophores from their protein
environment and recomputing their AEg; g0 without geometrical
relaxation (this quantity is, usually, red-shifted compared with that
of the protein due to the lack of effects stabilizing Sjp). We also
looked at the vertical S;-S, energy gap (AEss;) that will be dis-
cussed in the next sections. It is found that, for all models, the
electrostatic effect of the protein is responsible for 7-8 kcal-mol ™
increase and 3—4 kcal-mol™ decrease in AEg; gy and AEg, g,
respectively. Since the protein has a systematic effect, the changes
are due to the chromophore geometries that display excitation
energy differences replicating those computed for the corresponding
proteins. For instance, the isolated Rh chromophore has AEg; g
and AEg;. g; values ~5 and ~3 kcal-mol™ larger than the cor-
responding ASRat chromophore values. These data parallel the
~4 and ~3 keal-mol™! differences obtained for the chromophore
in Rh and ASRj;3c. These AEg;so and AEg,s; changes are
assigned to the out-of-plane twisting of the B-ionone ring (the
C5-C6-C7-C8 dihedral angle is —56°) in Rh (32, 33), which
decreases the conjugation with respect to the more planar
ASR chromophores (see top structures in Fig. 2 A-C). Note
that both the AEg;.g9 and AEg,.q; values decrease when in-
creasing the chromophore conjugation (SI Appendix, section 2.2).

Trajectory Calculations. The photoisomerization dynamics of ASRat
and ASR;;c are investigated by running single S, trajectories
starting from the corresponding S, equilibrium structures with
zero initial velocities (Franck—-Condon trajectories) (34). The
computations are carried on until the trajectories enter the region
of a S1/Sy CI or reach 200 fs. We assume that during such an ul-
trashort time the trajectory describes the average evolution of the
corresponding S; population. This has been assessed for both Rh
(23, 24, 31) and ASR models (SI Appendix, section 3). As shown in
Fig. 24 and B, ASR At remains on S; for the entire duration of the
trajectory whereas ASR; 3¢ reaches the CI after ca. 150 fs. The
estimated S, lifetimes are consistent with the available transient
spectroscopy measurements and computations (25, 29) showing
that the ASRat photoisomerizes at least five times more slowly
than ASR;3c. However, ASR 3¢ seems to react in a timescale only
slightly slower than that computed for Rh (31) (Fig. 2C), consis-
tently with the observations (25, 26).
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Fig. 2. QM/MM trajectories of ASRat, ASRi3¢, and Rh computed at the two root state average scaled-CASSCF/Amber (black lines) level of theory and cor-

rected at the CASPT2 (23) and XMCQDPT2 levels (35). (A) S, (filled diamonds),

S, (filled triangles), and S, (filled circles) CASPT2//CASSCF/Amber energy profiles

along the ASRat trajectory. The main out-of-plane (deviation larger than +5°) dihedral angles of the chromophore S, equilibrium structure are given at the
top. The vertical dashed arrow represents weak fluorescence. (B) Same data for ASRq3c with representation (at Top) of the bicycle pedal motion driving the
isomerization on Sy in which the bond order is reversed. The vertical dashed arrow represents weak fluorescence. (C) Same data for the Rh trajectory. (D) View
of the XMCQDPT2 (solid line) and CASPT2 (dotted line) S; and S, energy profiles (Upper) and oscillator strengths (Lower) along the ASRat trajectory. (E) Same
data for the ASR43c trajectory. (F) Geometrical progression of the reactive bond (C13=C14 for ASR and C11=C12 for Rh) and an adjacent coupled double bond

(C15=N for ASR and C9=C10 for Rh) relative to the Sy equilibrium values.

The slower photoisomerization of ASRat is also consistent
with its observed larger fluorescence quantum yield (26). Fur-
thermore, the ASRar model predicts a fluorescence maximum
(AL ) value consistent with the observations. In fact, starting
25 fs after excitation, we compute an average oscillator strength
in the 0.8-1.6 range. Taking the average AEg;_go values over the
same 175-fs interval, we predict a fluorescence A, of 669 nm. A
similar analysis can be carried out for ASR 3¢, yielding oscillator
strength and fluorescence AL values of 1.1-1.5 and 665 nm,
respectively. Both computed AL, values are comparable with
the observed values (i.e., a AL of 700-710 nm with a shoulder
around 650 nm) (26). Also the ASRat trajectory does not decay
within the simulation time, consistent with the observed longer
fluorescence lifetime with respect to ASRy3c (26).

It is apparent from inspection of the energy profiles in Fig. 24-C
and from the enlarged views in Fig. 2 D and E that both S; and S,
are involved in the isomerizations of ASRt and, partially, of
ASRy3c. Indeed, the corresponding energies become nearly de-
generate ca. 25 fs after photoexcitation. It is observed that whereas
ASR, travels along the degeneracy for the full duration of the
trajectory, ASR;3c abandons the degeneracy region ca. 50 fs
after entering it and then evolves toward the CI. In contrast, no
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degeneracy is found for Rh, which evolves toward the CI directly
after photoexcitation. These data support a relationship between
the magnitude of the estimated excited state lifetime (defined as
the time it takes to reach the CI, t) and the extent of the S,/S;
mixing. Inclusion of more excited states in the calculations does
not change this conclusion (S Appendix, section 8).

The geometrical progression of PSBAT, PSB13, and PSB11
chromophores in the protein are reported in Fig. 2F. The C12-C13-
C14-C15 dihedral of ASR; 3¢, which describes the isomerization of
the C13=C14 bond, changes from 11° to 86°. This motion is coupled
with a 13° to —32° change in the C14-C15-N—Ce dihedral describing
the torsional deformation of the adjacent C15=N double bond.
These results point to a ASRj;c space-saving S; bicycle-pedal
isomerization mechanism (36, 37) shared by ASRr in its initial
attempt to isomerize (see first 50 fs in Fig. 2F) but distinct from
the one reported for Rh (23) and other PSB11-hosting rhodopsins
(31) involving the C11=C12 (7) and C9=C10 double bond pair
(23, 24, 31). Notice that, in all cases, the bicycle-pedal motion is
aborted upon S; decay and only one double bond is accomplishing
the isomerization (SI Appendix, Fig. STC) (23, 28). The ASR and
Rh isomerization mechanisms are also stereochemically distinct.
In fact, whereas in ASR;3c and ASRt the reactive bond
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isomerizes in the counterclockwise direction (with respect to the
Lys;j0 side chain), in Rh the isomerization occurs in the clockwise
direction (with respect to the Lys,gs side chain).

Origin of the S,/S; Near Degeneracy. During the first 25 fs after
photoexcitation, the rhodopsin chromophore undergoes an in-
version in the bond length alternation (BLA) along the backbone
(BLA is the difference between the average single bond and the
average double bond lengths). For instaance, in ASRaT, the
C13=C14 bond expands from 1.37 to 1.51 A whereas the C14-C15
bond contracts from 1.42 to 1.32 A. Such a change is accompanied
by changes in AEg; gy and AEg; s, which appear as oscillations in
the corresponding Sy, S;, and S, energy profiles. We find that,
upon BLA relaxation, both ASRat and ASRy3c enter the Sy/S;
near degeneracy region (see Fig. 2 D and E, Upper). Because in
the vertical excitation region S; has a charge transfer character
and S, has a diradical character (Fig. 34), the S; electronic
structure is perturbed along the trajectory and, for ASRaT, it
mixes and even switches from a charge transfer to a diradical
charge distribution. This is confirmed by the Sy—S; oscillator
strength progression, which shows fast recursive variations (Fig.
2D, Lower) of a lower magnitude in ASRy3c. The change in
electronic character would modify the force field experienced by
the S; chromophore, resulting in a slower progression toward the
CI (because the double bond character of C13=Cl14 is not com-
pletely lost in a diradical state and restrains the isomerization).
Notice that, due to potential problems in using the complete
active space second-order perturbation theory (CASPT2) method
in near degeneracy regions, the S,/S; mixings have been reexamined
with a level of theory that does not have such issues (35, 38, 39). We
have carried out, for each snapshot of the ASR trajectories, ex-
tended multiconfigurational quasi-degenerate second-order per-
turbation theory (XMCQDPT?2) calculations (SI Appendix, section
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Fig. 3. BLA changes in ASR and Rh. (A) Schematic representation of the
electronic structure of the S; and S, states. (B) BLA changes for the ASRar
chromophore along the full conjugated chain (solid line), along the C5=C6-
C7=C8-C9=C10-C11=C12-C13=C14 fragment (dotted line), and along the
—-C13=C14-C15=N fragment (dashed line). (C) Same data for the ASRy3c chro-
mophore. (D) The BLA along the full conjugated chain for the Rh chromophore
(solid line), along the C5=C6-C7=C8-C9=C10-C11=C12 fragment (dotted line),
and along the -C11=C12-C13=C14-C15=N fragment (dashed line).
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4) on a model comprising the chromophore surrounded by the
point charges of the entire apoprotein. As apparent from in-
spection of Fig. 24 and B and Fig. 2 D and E, the XMCQDPT2
energy displays mostly recurrent avoided crossings rather than
CASPT?2 crossings.

To explain why a S,/S; near degeneracy region is reached in
ASR but not in Rh, we considered the effect of BLA on the dif-
ferent S, and S, electronic structures (see details in ST Appendix,
section 5). Thus, we have investigated the BLA oscillations of
specific fragments of the ASRaT, ASR; 3¢ chromophores. In Fig. 3
we compare the BLA values of the C5=C6-C7=C8-C9=C10-
C11=C12-C13=C14 fragment of ASR (Fig. 3 B and C) with the
corresponding C5=C6-C7=C8-C9=C10-C11=C12 fragment of
Rh (Fig. 3D). These fragments show marked differences already
starting 20 fs after photoexcitation. In particular, the ASR frag-
ments have an average BLA value close to 0.0, indicating similar
double and single bond lengths, whereas in Rh the corresponding
fragment has negative BLA values consistent with a BLA in-
version with respect to its positive Sy equilibrium value. Notice
that ASR;;¢ represents a “transition” between the ASRat and Rh
regimes and its BLA becomes similar to the one of Rh after
exiting the S,/S; near degeneracy.

The above observations support the hypothesis that the chro-
mophore type, with its protein-imposed deformation, would con-
trol the S; relaxations. In fact, the ASR,t relaxation leads to a
fragment with four conjugated double bonds (C5=C6-C7=C8-
C9=C10-C11=C12-) and an average BLA value consistent with
effective delocalization (Fig. 3B). Such a pattern accommodates
the diradical electronic structure better than the fragment gener-
ated during Rh relaxation (S Appendix, section 2.2) which, due to
the pretwisted p-ionone ring on one side and rapidly twisting
C11=C12 (Fig. 2F) on the other, offers a shorter fragment with
two conjugated double bonds (C7=C8-C9=C10-C11) with a
negative (inverted) average BLA value (32). As a consequence,
AEg, g1 will rapidly decrease along the photoisomerization co-
ordinate in ASRat and ASR;;¢ but not in Rh.

Rhodopsin Isomerization in Different Organisms. As discussed in a
previous report (31), photoisomerization quantum yields and
thermal isomerization rates are factors determining the level of
light sensitivity of rhodopsins. To enhance sensitivity, quantum
yields must be maximized whereas thermal rates, which create the
“background noise” in the signal, must be minimized. According
to a correlation proposed by Weiss and Warshel (6) and Mathies
and coworkers (7, 8), for fast impulsive (rather than diffusive)
dynamics, the larger the velocity of the S; population moving to-
ward the CI the higher the reaction quantum yield. Although the
exact nature of such relationship is still under investigation (9, 27),
it is apparent that a decrease in the time 7 required to reach the CI
enforces a coherent S; dynamics/decay, which, in turn, allows
controlling (40) the quantum yield. However, the trend in thermal
isomerization rates may be estimated by computing the S isom-
erization barrier EI. Thus, the = and E_ values of ASR together
with those previously reported for Rh, squid rhodopsin (sqRh),
and human melanopsin (hMeOp) (31) can be used to model
trends of light sensitivity. Indeed, the ASR;3¢, Rh, sqRh, and
hMeOp 7 values in Fig. 44 suggest a somehow exponential in-
crease of t when A}, increases. However, the long S; lifetime
observed for ASR o1 does not fit in. Thus, whereas an increase of t
may be associated with a decrease in slope of the S; potential
energy surface accelerating progression toward the CI (Fig. 4B), in
ASRAt1 and other PSBAT-hosting rhodopsins the occurrence of
the S,/S; degeneracy changes the dynamics (Fig. 4C), which
becomes slower and complex with an increased fluorescence
lifetime. The S; relaxation would thus be more diffusive with the
chromophore exploring the rugged potential energy surface sha-
ped by several S,/S; avoided crossings (Fig. 3D, Lower) and, as a
consequence, the velocity-quantum yield relationship loses its

Luk et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1510262112/-/DCSupplemental/pnas.1510262112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1510262112/-/DCSupplemental/pnas.1510262112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1510262112/-/DCSupplemental/pnas.1510262112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1510262112/-/DCSupplemental/pnas.1510262112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1510262112/-/DCSupplemental/pnas.1510262112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1510262112

A ® 500-750 fs B

PSB11 based (e.g. Rh)

PSBAT based (e.g ASRar)

So
NN
SZ S&"./
) 1 N\
Ttrans—cis cl
& o1 A
@
c
w
hv

o €

E.T bathoRh )
a Sok--

55 —*% 6
. S2
50 1 \ 156 fs £
ﬁ/ 95 fs -5
—~45- 150fs g 80fs S1
S » 555 fs =
E 40- 80fs 65fs 0 4 5
© - c
§ w
32 = hMeé)p hv
30 ~_ Rh sqRh
) kASRAT ASR ;¢
18 449 0o G4 @3 S0 g
1/32,,, (103 nm?)

Reaction Coordinate

Reaction Coordinate

Fig. 4. PSBAT and PSB11 isomerization mechanism in distant rhodopsins. (A) CASPT2//CASSCF/Amber values of El (triangles, left axis) and In 7 (circles, right axis)
plotted as a function of the inverse of the A7, value. Full circles indicate observed quantities [fluorescence lifetimes for ASR (26) and kinetic constants for Rh (24)
and octopus rhodopsin (41) where octopus shares the same subclass (Coleoidea) with squid]. Open circles refer to computed quantities. (B) Schematic representation
of the photochemical (solid arrows) and thermal (dashed arrows) isomerization paths for PSB11 in Rh. The Cl, which is located energetically above the TS, features a
different geometrical structure. Tgs_ans and EJ are quantities computed in the present work. (C) The same representation for PSBAT in ASRar. The vertical dashed
arrow indicates weak fluorescence. Inset shows the previously reported three-state model for the PSBAT-hosting Archaeal bacteriorhodopsins (bR) (41).

validity (which would indicate a different way of controlling the
quantum yield). In other words, whereas a two-state isomerization
model (Fig. 4B) applies to fast (<150 fs)-reacting systems in-
corporating the PSB11 or even PSB13 chromophores, a three-state
model (Fig. 4C) would apply to slower rhodopsins hosting PSBAT.

A three-state model has been previously reported (42) for the
PSBAT-hosting Archaeal bacteriorhodopsins (bR), which dis-
plays a slow and complex excited state dynamics (42). However,
in such model, the S, diradical state ultimately drives the pro-
gression toward the CI (Fig. 4C, Inset). Although this seems to be
the case in polyenes (43), it is inconsistent with the structure of
protonated Schiff base Cls (44). Therefore, we propose that our
ASR three-state model also applies to bR. This is not only con-
sistent with the reported bR (37) and, recently, Channelrhodopsin
(45) reaction paths, but also with the similar dynamics observed for
ASRt and light-adapted bR (hosting exclusively PSBAT) (25, 46)
as well as for ASR;3¢ and the corresponding PSB13-containing bR.
The same three-state model may control the excited state dynamics
of unsubstituted and certain substituted PSBAT in solution dis-
playing S; picosecond lifetimes (47). The presence of an S,/S;
degeneracy in solvated PSBAT models has been proposed (48) and
held responsible for the observed solution dynamics of PSBAT
(49). Similar data have been reported for PSB11 (50, 51), sug-
gesting that the Rh cavity has important effects on the electronic
structure of its chromophore.

The E values in Fig. 44 (see SI Appendix for the E} compu-
tations) show a trend consistent with the Barlow correlation (52),
an inverse proportionality between thermal activation rates and
1/2% .. values proposed (52, 53) and computationally probed (54)
for visual pigments. When taken together, the E] and t trends lead
to the hypothesis that PSB11 has been selected for achieving lower
noise (higher E! values) and higher photoisomerization speed
(lower 7 values) with an impact on quantum efficiencies (6-10, 40).

During rhodopsin evolution, a PSBAT bearing ancestor may
have acquired the PSB11 chromophore, possibly through a sec-
ondary photoisomerization. Our computations suggest that such
putative ancestor of type I and type II rhodopsins may have then
started to diverge rapidly to optimize features such as the fitting of
a bent rather than straight molecular framework, the increasing of
the degree of twisting of the p-ionone ring to avoid S,/S; de-
generacy and the pretwisting the C11=C12 bond to ensure a se-
lective isomerization and, again, avoid the S,/S; degeneracy by
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shortening the moiety available for radical/charge delocalization.
The large twisting of the p-ionone ring and the selective C11=C12
isomerization would thus have consequences beyond contributing
to the color modulation (33). The evolutionary process outlined
above requires microbial rhodopsins capable of hosting both the
all-trans and the 11-cis chromophores. A rhodopsin of this type has
been recently found in the archaeal Haloquadratum walsbyi (55).
In conclusion, MCQC models have been used to compare the
isomerization of ASR and Rh. It is found that the bicycle-pedal
photoisomerization mechanism is a general feature of the S;
dynamics, although its regiochemistry and stereochemistry are
different in microbial (ASR) and vertebrate (Rh) rhodopsins.
The twisting of the f-ionone ring seems critical for differentiat-
ing the properties of the PSB11- and PSB13/PSBAT-hosting
rhodopsins. It blue-shifts the A3, by increasing the AEg; g value
and increases the reaction speed (decreasing t) by removing the
S2/S; mixing. The same effect also increases E! (via the Barlow
correlation confirmed for the examined set). All these may create
evolutionary advantages for improving light sensitivity.

Methods

The So equilibrium QM/MM models of ASRar ad ASRq3c were constructed
starting from the crystallographic structure of ASR (56) available in the
Protein Data Bank (PDB ID code 1XIO) by optimizing preprocessed structures
(e.g., incorporating all hydrogens and counter ions) with the Molcas/Tinker
code (57, 58). In all models the retinal chromophore was treated quantum
mechanically using the complete-active-space self-consistent field (CASSCF)
method (59) and embedded in a protein environment described by the
AMBER force field. To account for the dynamic electron correlation, the
optimized CASSCF geometries and wavefunctions were used for subsequent
CASPT2 calculations (60). The XMCQDPT2 energy and oscillator strength
calculations were performed using Firefly version 8.0.0 (61) based on the
geometries of chromophore with full aproprotein residues treated as point
charges. Further details of the QM/MM model building, related stability
testing, and trajectory computations are documented in S/ Appendix, section
1, and transition state computations are detailed in S/ Appendix, section 6.
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