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Bestrhodopsins constitute a class of light-regulated pentameric ion channels that
consist of one or two rhodopsins in tandem fused with bestrophin ion channel domains.
Here, we report on the isomerization dynamics in the rhodopsin tandem domains of
Phacocystis antarctica bestrhodopsin, which binds all-trans retinal Schiff-base (RSB)
absorbing at 661 nm and, upon illumination, converts to the meta-stable P540 state
with an unusual 11-cis RSB. The primary photoproduct P682 corresponds to a mixture
of highly distorted 11-cis and 13-cis RSB directly formed from the excited state in
1.4 ps. P673 evolves from P682 in 500 ps and contains highly distorted 13-cis RSB,
indicating that the 11-cis fraction in P682 converts to 13-cis. Next, P673 establishes
an equilibrium with P595 in 1.2 ps, during which RSB converts to 11-cis and then
further proceeds to P560 in 48 us and P540 in 1.0 ms while remaining 11-cis. Hence,
extensive isomeric switching occurs on the early ground state potential energy surface
(PES) on the hundreds of ps to us timescale before finally settling on a metasta-
ble 11-cis photoproduct. We propose that P682 and P673 are trapped high up on the
ground-state PES after passing through either of two closely located conical intersec-
tions that result in 11-¢is and 13-cis RSB. Co-rotation of C11=C12 and C13=C14
bonds results in a constricted conformational landscape that allows thermal switching
between 11-cis and 13-cis species of highly strained RSB chromophores. Protein
relaxation may release RSB strain, allowing it to evolve to a stable 11-cis isomeric
configuration in microseconds.

far-red absorbing rhodopsin | multiple retinal isomerization | femtosecond to millisecond
spectroscopy | femtosecond stimulated Raman spectroscopy | conical intersection

Microbial rhodopsins are photoactivatable retinal binding membrane proteins (1, 2) that
have a significant impact as modulating tools in optogenetics (2, 3) and voltage sensing
(4). In most cases, microbial rhodopsins act as standalone pumps or channels that, when
light-activated, actively or passively transport ions across the membrane through a pore
or ion transfer pathway within the 7-membrane helical structure (1). However, enzymer-
hodopsins (5, 6) and sensory rhodopsins (1) are exceptions, and their enzymatic or sign-
aling domains are instead regulated by a rhodopsin domain.

Bestrhodopsins have recently been discovered in a number of marine microalgae, includ-
ing chlorophytes, haptophytes, and dinoflagellates, all consisting of one rhodopsin or two
fused rhodopsins in tandem and a bestrophin domain (R-B and RR-B), forming gigantic
pentameric structures with 5 or 10 rhodopsin modules (7). Bestrophins are ubiquitous in
a number of kingdoms of life, where they serve as chloride-permeant anion channels in
mammals and plants, with significant permeability of carbonate anions (8, 9). The bestrho-
dopsin function is unknown, but in Chlamydomonas, bestrophin channels are involved in
CO, concentrating mechanisms into the lumen of the chloroplast envelope, transporting
carbonate anions (10, 11). The recently discovered bestrhodopsin of Karlodinium veneficum
(Kv-RRB) has been demonstrated to act as a light-modulated chloride channel when
expressed in mammalian cells (7).

Bestrhodopsins bind an all-zrans retinal Schiff base (RSB) chromophore, and most of
them are expected to have an unusually red-shifted absorption spectrum peaking near
660 nm (7). Recently, a great interest in red-shifted microbial rhodopsins has arisen, in
particular with the discoveries of fungal Neorhodopsins (12-14) and Chrimson (15, 16)
because red or near-infrared light penetrates deeper in mammalian brain tissues (17) and
potential opportunities for dual color applications (18, 19). Another unusual property of
bestrhodopsin concerns its photochemistry, which involves an all-z7ans to 11-cis RSB
isomerization (7) rather than the all-zrans to 13-cis photoreaction of canonical microbial
rhodopsins (1). In bacteriorhodopsin, all-z7ans to 13-cis isomerization was first proposed
by resonance Raman studies (20, 21) and further demonstrated by cryo-trapped and
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transient X-ray structures (22-24). Many questions have since
emerged about the nature of bestrhodopsin’s far-red absorption,
the effect on its photochemistry, and how the 77-cis products are
formed and favored over 13-cis.

Femtosecond stimulated Raman spectroscopy (FSRS) is a pow-
erful method to gain detailed molecular information on photo-
sensory protein reaction dynamics through recording of transient
vibrational spectra (25). It features a high temporal resolution of
<100 fs, high spectral resolution and a high signal-to-noise ratio.
We have developed an FSRS method involving shot-to-shot
Raman pump modulation to successfully suppress large and unpre-
dictable baseline fluctuations and increase signal quality (26-30).
Here, we study the photoreaction dynamics of bestrhodopsin from
Phaeocystis antarctica with femtosecond to sub-millisecond tran-
sient absorption (TA) (31, 32), flash photolysis, and FSRS (26,
33) spectroscopy; disentangling the highly complex bestrhodopsin
photoreaction in considerable detail.

Results and Discussion

Steady-State Stimulated Raman Spectroscopy. We used the
detergent-purified R1/R2 tandem of P antarctica bestrhodopsin
(PaR1R2) to follow the photoreaction dynamics. Steady-state
absorption of the dark-adapted PaR1R2 peaks at 661 nm
(D661; Fig. 1C) and can be photoconverted into a metastable
green-absorbing state P540, which remains stable in darkness
for several tens of minutes at room temperature. To assess the
RSB structure of the (metastable) static states, we performed
steady-state stimulated Raman spectroscopy in the dark and
under continuous illumination. D661 was accumulated either
by green background illumination or through extended dark
adaptation, which resulted in essentially identical Raman spectra
(SI Appendix, Fig. S1). Stimulated Raman excitation using
wavelength-modulated narrowband pulses of picosecond duration
was set at 800 nm (29, 32, 33), which implies a pre-resonance with
both the D661 and P540 states. Stimulated Raman spectroscopy

provided results comparable to those of (pre)resonance Raman
spectroscopy but features rapid data collection and is insensitive
to sample fluorescence (26, 32-35).

The Fig. 2 shows the stimulated Raman spectrum of D661 (red
line), along with the all-#7a7s RSB structure and atom numbering.
The overall band pattern is similar to other microbial thodopsins
with a major C=C ethylenic stretch vibrational band located at
1,494 cm™, which is at a lower frequency than any other native
rhodopsin, consistent with an absorption maximum in the far red
(34, 36), and in close agreement with Fourier-Transform Infrared
Spectroscopy (FTIR) results on Tara-RRB (7), a bestrhodopsin
closely related to P antarctica. D661 shows a dominant C-C stretch
mode in the fingerprint region at 1,165 cm ™! and a significant
hydrogen-out-of-plane (HOOP) mode at 952 cm ™. These signa-
tures differ significantly from the light-adapted resting state of
bacteriorhodopsin, which shows two C-C bands at 1,165 and
1,201 cm™ at equal intensities and low HOOP intensities (20).
Instead, the D661 Raman spectrum is similar to the BR O inter-
mediate (37), which features a distorted all-z7ans RSB, an absorp-
tion maximum in the red, and a protonated counterion.

The origin and character of RSB HOOP modes are briefly
described in ST Appendix, Supporting Text. The bestrhodopsin 952
cm™' band can be assigned to the C1TH=C12H A, HOOP mode
(38), which indicates that the RSB is significantly twisted specif-
ically about the C11=C12 bond. In addition, D661 features two
small bands at 1,563 and 1,587 cm ™, likely C=C modes involving
C13=C14 (38) and a C=NH" stretch around 1,635 cm™", similar
to bacteriorhodopsin. We further note the presence of the methyl
rock vibration at 1,003 cm™', which involves the coupled vibra-
tions of C19 and C20 methyl groups substituted on the polyene
backbone (38, 39). Hence, we conclude that the RSB assumes an
all-#rans configuration in D661 consistent with the cryo-EM struc-
ture and HPLC analysis of retinal in Tara-RRB. A protonated
nearest counterion (7) and a structurally distorted RSB result in
a more delocalized m-electron system, jointly contributing to a
red-shifted absorption. Indeed, increasing the pH in Tara-RRB
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Fig. 1. Bestrhodopsin from P. antarctica. (A) Homology model (based (7PL9) (7) of pentameric Bestrhodopsin (PaR1R2-B) assembly with one monomer marked:
Rhodopsin 1 (R1, red); Rhodopsin 2 (R2, orange); helix connecting R1/R2 (violet); Bestrophin (cyan). The dotted lines demarcate the units in the pentameric
structure. Box: Superimposed retinal binding pocket (R1, red; R2, orange) (B) side view (C) Absorption of purified PaR1R2 in red-state D661 (red line) and

metastable green-state P540 (blue line).
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Fig. 2. RSB structure and steady-state stimulated Raman spectra of
bestrhodopsin. (Upper) all-trans RSB structure and atom numbering. (Lower)
Stimulated Raman spectra of D661 (red line) and P540 (green line) in steady-
state upon Raman excitation at 800 nm.

bestrhodopsin leads to a significant blue shift of the absorption
to 560 nm, indicative of counterion deprotonation (7).

The Fig. 2 also shows the steady-state stimulated Raman spec-
trum of P540 (green line) photoaccumulated through back-
ground illumination with red light. The P540 Raman spectrum
shows a C=C ethylenic vibrational stretch mode at 1,525 cm™,
consistent with an absorption maximum near 540 nm (36).
Strikingly, it exhibits a notable C-C stretch vibrational band at
1,218 cm™' at the same frequency as in FTIR for Tara-RRB,
where it was assigned to 11-cis RSB (7). Furthermore, the P540
Raman spectrum exhibits significant HOOP intensity at 962
cm’! assigned to the CI1H=C12H A mode (40), which is indic-
ative of a distortion around the C11=C12 cis bond. The weak
838 cm ™' band is likely due to the C10H HOOP (40), whereas
the origin of the 882 cm™' mode is unclear. Notably, the methyl
rock vibration of the 11-c¢is RSB of P540 has been split into two
bands at 1,004 and 1,024 cm™". This splitting results from degen-
eracy lifting upon 11-cis isomerization, bringing the two methyls
to opposite sides of the C11=C12 double bond (39). Hence, we
conclude that the P540 Raman signature is consistent with an
11-cis RSB isomeric conformer distorted around the C11=C12
double bond. The band at 1,655 cm™ likely corresponds to pro-
tein Amide I modes.

TA Spectroscopy. To assess the reaction dynamics of bestrhodopsin,
we performed femtosecond—submillisecond TA spectroscopy (41)
utilizing electronically synchronized Ti:sapphire laser systems (26,
31, 32). The results are presented as a global analysis (42). Fig. 34
shows the results of a sequential analysis as evolution-associated
difference spectra (EADS). In a sequential analysis, the system
evolves from state 1 — 2 — 3 —, etc. with increasing exponential
rate constants, and the EADS correspond to the spectra of these
sequential intermediates. SI Appendix, Fig. S2 shows the raw
darta and fitted kinetics. Seven components were required for an
adequate fit of the data, with time constants of 1.4 ps, 11 ps, 32 ps,
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500 ps, 1.2 ps, 48 ps, and a nondecaying component. In general,
excited-state TA difference spectra consist of a superposition of
ground-state bleach (GSB), stimulated emission (SE), and excited-
state absorption (ESA) (41). We observe a highly multiexponential
excited-state decay, with the first three EADS [1.4 ps (gray line), 11
ps (orange line), and 32 ps (cyan line)], showing GSB at 660 nm,
SE at 800 nm, and ESA at 480 nm. Here, the 1.4 ps component
shows a minor amplitude (gray to orange line evolution), while the
11 ps component carries the largest part of the decay amplitude
(orange to cyan line evolution). The bestrhodopsin excited-state
lifetimes are similar to those of the bacteriorhodopsin D85S
mutant (43, 44), which may be regarded as a model system
for the bacteriorhodopsin O intermediate (45). Similarly long
multiexponential excited-state lifetimes were reported for other
microbial rhodopsins with neutral counterions (46, 47).

After the decay of the excited state, a primary photoproduct at
low amplitude was observed with a maximum in the difference spec-
trum at 730 nm (dark green line), which evolves in 500 ps to a
secondary product with a difference spectrum maximum at 700 nm
(black line). In turn, this species evolved into a third product with
a maximum at 590 nm (red line) in 1.2 ps, which subsequently
evolved to a 4th product with a maximum at 560 nm (blue line)
in 48 ps. Note that the EADS of the product states in Fig. 34
were expanded ten times. The EADS of the early products had a
GSB at a very low amplitude, indicating that extensive compen-
sation of the GSB by product absorption occurs. Fig. 3B shows
the results of a flash photolysis experiment, which reports on the
absorbance difference of the sample upon application a nanosec-
ond flash and complements the ps—s time regime to identify late
photoproducts. Global fitting of the data using the same lifetimes
as the ultrafast experiment reproduced the spectral signature of
the 2nd, 3rd, and 4th products (black, red, and blue lines, respec-
tively). In addition, we resolved a spectral evolution in 1.0 ms to
the final state, which involved a blue-shift to the fifth product
(magenta line). The latter state coincides with the difference spec-
trum of steady-state P540 minus D661 and may be regarded as
P540.

To identify the absolute spectra of the photointermediates
devoid of the GSB component and to quantitatively estimate the
product quantum yield, we performed a target analysis (48). The
resulting species-associated spectra (SAS) are shown in Fig. 3 C
and D, and details are given in S/ Appendix, Supporting Text. In
short, we could describe the photodynamics in the photocycle
model, as depicted in Fig. 4, with products P682, P673, P595,
P560, and P540, which interconvert on the timescales of 500 ps,
1.2 ps, 48 ps, and 1 ms, respectively. P673 and P595 exist in a
1:1 equilibrium with a time constant of 1.2 ps. The SAS in Fig. 3C
were estimated using a quantum yield of 11% (as explained in
SI Appendix, Fig. S3). The P682 and P673 SAS show a spike at
680 nm, which results from an artifact of unknown origin in the
TA data, which we will not discuss further. Inspection of the
corresponding SADS (8] Appendix, Fig. S3E) reveals that the spike
is present there as well.

To check whether the complexity of the bestrhodopsin photo-
cycle might be related to the presence of two RSBs in the tandem
construct, we constructed a mutant (PaR1(K332A)R2) where the
conserved lysine of rhodopsin domain R1 was replaced by alanine,
resulting in a construct that binds only a single RSB at rhodopsin
domain R2. We performed TA spectroscopy on the PaR1(K332A)
R2 mutant, and the EADS that follow from a sequential analysis
are shown in ST Appendix, Fig. S4A. The excited state decayed with
1.0 ps, 9 ps, and 35 ps, while the products evolved with time
constants of 380 ps, 1.3 ps, and 38 ps, similar to those of wild
type. We then analyzed the data in a scheme and with rate
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Fig. 3. Time-resolved spectroscopy of bestrhodopsin. (A) fs - sub-ms TA spectroscopy, EADS resulting from a sequential analysis with time constants indicated.
The last four EADS were expanded 10 times. (B) flash photolysis spectroscopy, EADS with time constants indicated. (C) species-associated spectra (SAS) from the
TA experiments assuming the equilibrium model between P673 and P595 of S/ Appendix, Fig. S3A and Fig. 4, with the species indicated in the panel. The spike
feature at 680 nm in P673 results from an artifact. (D) SAS of the flash photolysis data.

constants identical to that of the wild type (Fig. 4 and ST Appendix,
Fig. S3D). The resulting SAS are shown in S/ Appendix, Fig. S4B.
SI Appendix, Fig. S4C shows the flash photolysis results, while

\D661
0.5 hy Q
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1.0 ms (

P560

Excited state

) 1.4 ps

P682 (O =11%)

/‘500 ps

<~ P673
e
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48 ps
P595

Fig. 4. Bestrhodopsin photocycle upon excitation of the D661 state.
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SI Appendix, Fig. S4D shows the TA kinetics and the result of the
global fit. The SAS were very similar to those of the wild type,
indicating that the photocycle dynamics in the PaR1(K332A)R2
mutant are essentially identical to those of the wild type, indicating
that the complexity in the dynamics does not result from hetero-
geneity in the tandem domain.

FSRS. To assess the transient structures, in particular the transient
isomeric states of the protonated RSB of bestrhodopsin, we studied
the D661 reaction dynamics with FSRS on a timescale from fs to
sub-ms (26, 33). In the following, we will not consider the FSRS
signals of the excited state because they are less informative on
the reaction mechanism and because of the full resonance of the
Raman pump with the SE (Fig. 3A4), which may cause artifacts
(49). We obtained two datasets for the wild type upon actinic
excitation at 650 nm, referred to as dataset I and dataset II, which
are characterized by a higher and lower actinic excitation density,
respectively. We applied a sequential analysis scheme of which the
EADS for dataset I1 are shown in S/ Appendix, Fig. S5B in the same
color coding as for Fig. 34 and using the same time constants as
for the TA data: 500 ps, 1.2 ps, 48 ps, and an infinite component.
SI Appendix, Fig. S5A shows the FSRS EADS for dataset I using

the same time constants and showing very similar spectra but

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2318996121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318996121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318996121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318996121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318996121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318996121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318996121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2318996121#supplementary-materials

Downloaded from https://www.pnas.org by "VRIJE UNIVERSITEIT, MEDISCHE BIBLIOTHEEK" on June 4, 2024 from |P address 145.108.174.246.

with a somewhat higher relative amplitude for the last two EADS.
Raman difference spectra of product state-minus-dark state are
shown, as in our earlier work (26, 29, 33). SI Appendix, Fig. S6
shows the raw FSRS kinetics of dataset II at selected wavenumbers,
which emphasize the FSRS signals of the photoproducts and the
quality of the fit. ST Appendix, Fig. S5C shows the FSRS data for
the Lys mutant using the time constants derived from the TA data.
The EADS are very similar to those of the wild type, which again
shows that the complexity in the dynamics does not result from
heterogeneity in the tandem domain.

Fig. 5 shows the SADS derived from dataset II with the same
kinetic model applied to the TA data assuming an equilibrium
between P673 and P595. The FSRS signals are dominated by
negative contributions due to GSB of the reactant D661 state,
with main bands at 952, 1,003, 1,165, and 1,494 cm™". This
observation implies that the combination of Raman cross-section
and preresonant enhancement of D661 is larger than that of any
of the transient products. To check for consistency between the

transient photocycle intermediate P560 that exists on the sub-ms
timescale and the Raman spectrum of the photoaccumulated P540
state, in Fig. 5B, we first compared the P560 transient FSRS spec-
trum from dataset I (blue line) and from dataset II (gray line) with
the steady-state P540-minus-D661 difference spectrum (red line)
that was reconstructed from the data of Fig. 2. Apart from a base-
line slowly varying with wavenumber, the spectra are essentially
identical with an accurate one-to-one correspondence for each
single positive and negative band. The P560 SADS from dataset
IT (gray line) shows a larger baseline deviation, but the overall
bands are at identical posmons This correspondence 1ncludes a
positive band at 1,218 cm” ! that represents the 1,218 cm” " band
in the Raman spectrum of the green-absorbing P540 state of Fig. 2
and is indicative of 11-cis RSB. We conclude that P560 observed
in the transient experiments represents an RSB structure that is
essentially identical to that of the P540 state photoaccumulated
with red background light and involves RSB in the 11-cis isomeric
configuration.

Al ' ' ' ' C ' '

A/\I\/\M

1190

1218 I|:)682

s

excited
. state

A

190

V

/1 P673 »
il I\A (\\4 Ao /\P673 /\\A |

M P682
/ N

\ °
B i \ﬂ - P673
I 1218 P595 o e
o \ﬁ/
o P595 12 “SI l ©
VAV A /\’\vvrvr\ I\ DA
W \/ 1218 P560 PN -
P560 \\
e
VA \A ~ Apl oo
\/\) \/ agps |
|20 10D | 20 10D NN P560
7 7 X
N
800 1000 1200 1400 1600 1050 1100 1150 1200 1250 1300
. wavenumber (cm‘1 ) wavenumber (cm'1 )
S T T T T T L T T T T
2 — P682
B T_“’ E — P673 1186 1504
S
2 a y 881 1022 1548
] —_ 344 1218 1578
£ 3
4 s
3 s
© o
= 7]
£ @
®
< | 2
E
5 —— P560 |
U‘g green minus red
4 — P560 Il
@t T
800 1000 1200 1400 1600 800 1000 1200 1400 1600

wavenumber (cm™)

wavenumber (cm™)

Fig.5. FSRS of bestrhodopsin. (A) FSRS SADS of transient product states; (B) transient P560 SADS of dataset | (blue line) and of dataset Il (gray line), steady-state
green-minus-red stimulated Raman difference spectrum (red line). (C) Same as A but zoomed in on the fingerprint region. (D) RSB isomeric states corresponding
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The SADS of the primary photoproduct P682 (Fig. 5 A and C,
green line) has a shape that differs significantly from that of P560,
indicating a different RSB structure. It shows the characteristic 1,218
em™" band like P560, indicative of 11-cis RSB. Strikingly, it features
a slightly more prominent band at 1,190 cm™, which is conspicu-
ously absent in the P560 SADS. The 1,190 cm™ C-C fingerprint
stretch band corresponds to 13-¢is retinal (50), as demonstrated for
K and K-like intermediates of every microbial rhodopsin studied to
date (33, 51-56). Hence, we conclude that P682 likely represents a
heterogeneous mixture of 11-¢is and 13-cis RSB. We conclude that
from the excited state, all-z7ans RSB may isomerize to both 11-cis
and 13-cis with approximately equal probability, as schematically
indicated in Fig. 5D. We note that the electronic absorption spec-
trum of P682 appears to have a sub-structure (Fig. 3C, green line),
with a pronounced shoulder near 720 nm along with its absorption
maximum at 682 nm, which could be the consequence of consisting
of two isomeric states.

Next, P682 evolves into P673 in 500 ps. Markedly, the P673
SADS (Fig. 5 A and C, black line) shows a significantly diminished
band at 1,218 cm™" and an increased amplitude at 1,190 cm™
compared to the P682 SADS. This observation strongly suggests
that the fraction of 11-cis RSB initially formed from the excited
state largely converts to 13-¢is RSB in 500 ps. Hence, P673 likely
represents mainly 13-cis RSB (Fig. 5D), with a possible minor
contribution by 11-cis RSB.

As demonstrated with TA spectroscopy, in 1.2 ps, the next
intermediate P595 (Fig. 5 A and B, red line) is formed in equilib-
rium with P673. The P595 FSRS SADS is very similar to that of
P560, with a main band at 1,218 cm™" and the absence of a
prominent 13-¢is band at 1,190 cm™!. Hence, we conclude that
P595 most likely corresponds to 11-cis RSB, and the 1.2 ps equi-
libration process involves the full conversion of the 13-¢is RSB to
11-cis. Finally, in 48 ps, P595 converts to P560 (Fig. 5 A and B,
blue line), which may be regarded as the stabilized 11-cis RSB
conformer. S Appendix, Fig. S7 shows the SADS from the equi-
librium model for dataset I: overall, the results are similar to those
of dataset II, with the exception that the equilibrium model did
not result in a perfect separation of P595 and P673 spectral fea-
tures. The reason for this discrepancy is unclear.

In addition to providing information on the transient isomeric
state, the FSRS SADS inform the location and extent of structural
deformation of the polyene backbone through the HOOP band
frequencies and intensities. P682 and P673 (Fig. 54, green and
black lines, respectively) show high intensities of HOOP bands
in the 800 to 970 cm™' region, indicative of strong distortions
about specific single and double bonds. In contrast, P595 and
P560 (Fig. 54, red and blue lines, respectively) show a low HOOP
intensity. We conclude that P682 and P673 represent highly dis-
torted 11-cis and 13-cis RSB conformers, while P595 and P560
are more relaxed 11-cis conformers. In Fig. 5E, we have recon-
structed the absolute FSRS spectra of P682 and P673 by adding
appropriate amplitudes of the D661 ground state stimulated
Raman spectra. P682 (green line) and P673 (black line) show
HOQOP amplitudes that are significantly higher than observed in
any retinal protein Raman spectrum, including the Kand O inter-
mediates of bacteriorhodopsin (37, 57). Assignments of the
HOOP modes and other salient modes are given in S7 Appendix,
Supporting Text.

We attempted to decompose the P682 SADS into a superpo-
sition of P673 and a separate 11-cis fraction. However, this
approach was not successful, which implies that the 13-¢is fraction
in P682 undergoes some structural and spectral evolution when
converting to P673, the nature of which cannot be determined.
We did not succeed in reconstructing the absolute spectra of P595
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and P560 due to baseline issues and the lower amplitude of the
positive signals with respect to P682 and P673.

The Origin of Multiple Isomerizations in the Early Stages of the
Bestrhodopsin Photoreaction. We have demonstrated here that
the bestrhodopsin photoreaction involves a multi-step photo-
induced isomerization mechanism, where initially a mixture of 11-
cisand 13-cis RSB is formed (together constituting P682) from the
all-rans excited RSB on the picosecond timescale. Subsequently,
the 11-cis RSB conformers convert to 13-¢is in 500 ps to form
P673, which, in turn, converts in 1.2 ps to 11-css to form P595 in
equilibrium with P673. Hence, extensive isomeric switching occurs
on the ground state potential energy surface (PES) after the initial
photochemical event that produces P682. The formation of mixed
isomeric species with approximately equal occupancy through
ultrafast photochemistry and ensuing isomeric switching on the
ground state PES observed here is highly unusual, and to the best
of our knowledge, has not been observed in any other rhodopsin.
In bovine rhodopsin, there is a slight probability of forming 9-cis
RSB alongside all-trans RSB from the 11-¢is ground state (1).
Photo-induced double isomerizations do occur in other microbial
rhodopsins but they were confined to C13=C14, C15=N and are
responsible for the light-adaptation of channelrhodopsin (ChR)
(58), whereas thermal double isomerization around C13=C14,
C15=N occurs during dark adaptation of both bacteriorhodopsin
(59) and ChR (58). An ultrafast dual 13 cis-zrans and 15 anti-syn
isomerization was proposed for an ultraviolet-absorbing rhodopsin
(26), but these occur in parallel and not sequentially as we have
observed here.

In bacteriorhodopsin, the all-trans to 13-cis isomerization
involves an aborted bicycle-pedal isomerization of (mainly) the
C11=Cl12 — C13=Cl14 bonds (23, 24, 60, 61). The bicycle
pedal mechanism implies that the C11=C12 and C13=Cl4
double bonds co-rotate in opposite directions in the excited state
so as to conserve volume (62), as indicated in Fig. 64: in bacte-
riorhodopsin, the C11=C12 rotation is aborted while the system
proceeds through the conical intersection at the C13=C14 reac-
tion coordinate, resulting in 13-cis RSB. The energy content of
the bacteriorhodopsin K intermediate is about 10 kCal/mole
(63, 64), which corresponds to about 20% of the initial photon
energy. The conical intersection was estimated to lie at 30 kCal/
mole (60), implying that the system energetically relaxes by 20
kCal/mole after passing through the CI. This energy difference
is >30 times the thermal energy at ambient temperature, which
explains why K is stable at 13-¢is in bacteriorhodopsin. The relax-
ation is due to the release of structural strain in the RSB: after
passing through the CI, the RSB is highly twisted about many
bonds (which is a feature of the aborted bicycle-pedal isomeri-
zation), and after relaxation to K, the C13=C14 bond attains a
dihedral angle of 160°, which is close to planarity at 180°. From
such a state, the RSB could never change its isomeric state on
fast timescales.

In bestrhodopsin, the situation is quite different from bacte-
riorhodopsin but may be understood by considering the funda-
mental properties of the bacteriorhodopsin isomerization
mechanism and the current FSRS results. A key feature of the
bestrhodopsin photoreaction is that 11-cis and 13-cis RSB are
initially formed, and these two species are subsequently kineti-
cally connected (i.e., they interconvert) on the 500 ps to pis times-
cales. Our results on the Lys mutant demonstrate that these
features are inherent to single rhodopsin domains and do not
follow from heterogeneity in the tandem domain. These obser-
vations demonstrate that two conical intersections must be pres-
ent on the excited-state PES, with one that leads to 11-cis RSB
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Fig. 6. Isomerization pathways and PESs of bestrhodopsin. (A) rotations about the C11=C12 and C13=C14 double bonds in the bicycle-pedal isomerization
mechanism; (B) schematic PES for bestrhodopsin, branching of excited states into the conical intersection to 11-cis (red pathway) and 13-cis (green pathway)
via aborted bicycle pedal mechanisms to form P682, which consists of a mixture of 11-cis and 13-cis conformers. After passing through either CI, RSB becomes
structurally trapped close to the conical intersections high up on the ground state PES. (C) same as B, with the 11-cis RSB fraction of P682 converting to 13-cis
RSB on the ground state PES within 500 ps to form P673 (blue pathway). (D) same as B and C, with an energetic lowering of the initially populated 11-cis potential
energy well. As a result, the 13-cis population of P673 converts to 11-cis of P595 in 1.2 ps in equilibrium (red pathway). Subsequently, P595 evolves to P560 in
48 ps (green pathway). The C11=C12 and C13=C14 angles are indicative and by no means quantitative.

(Fig. 64, red trajectory) and one that leads to 13-¢is RSB (Fig. 64,
green trajectory), branching off from the inidally populated
Franck—Condon region. We propose that an aborted bicycle pedal
motion occurs in both cases with co-rotation of C11=C12 and
C13=C14 in opposing directions, similar to bacteriorhodopsin.
However, in a fraction of the reactive RSBs in bestrhodopsin,
C11=C12 rotation is not aborted. Instead, the C13=C14 rota-
tion is aborted to result in passing through the C11=C12 conical
intersection, forming 11-¢is RSB. This pathway may be promoted
by the significant initial twist of RSB at the C11=C12 z7ans bond
in the D661 dark state. Judging from the notably high amplitude
HOOP mode at 952 cm™ (Fig. 2, red line), this HOOP has a
significantly higher amplitude than those found for light-adapted
bacteriorhodopsin (38), indicating a significant initial twist angle.
In parallel, in the other reactive RSB fraction, a reaction similar
to bacteriorhodopsin takes place with an abortion of the
C11=C12 rotation but not of the C13=C14 rotation, and the
system passes through the C13=C14 conical intersection to form
a fraction of 13-cis RSB. Fig. 64 schematically sketches this sit-
uation. The RSB binding pocket may be structurally attuned to
(transiently) accommodate 11-cis as well as 13-cis RSB, in con-
trast to other microbial rhodopsins.

For simplicity, the trajectories to the two different Cls in Fig. 64
are drawn as barrierless, yet the system very likely needs to cross
a barrier on the excited state PES before reaching the Cls given
the relatively long excited-state lifetime of 1.4 ps. Hence, we pro-
pose that the system dwells on the excited-state PES for 1.4 ps
facing a barrier, and once crossing the barrier from that point
evolves to the two different Cls, which occurs on a much faster
timescale. The latter process cannot be resolved with time-resolved
spectroscopy methods because these intermediates do not tran-
siently accumulate. Our results furthermore indicate that the
concomitant formation 11-cis and 13-cis RSB in P682 does not
result from a ground-state heterogeneity in the R2 rhodopsin
domain: the 11-¢is and 13-cis potential energy wells must be

PNAS 2024 Vol.121 No.12 2318996121

connected on the same PES and hence must feature two Cls,
otherwise isomeric switching in 500 ps and 1.2 ps on the ground
state PES could never take place. We note that the ] intermediate
of bacteriorhodopsin, which precedes K on the ps timescale, does
not resemble P673, where ] is a vibrationally excited, structurally
similar form of K that highly evolved along the C13=C14 reaction
coordinate and not anywhere close to the CI (57).

After having passed through either of the conical intersections
and residing on the ground state PES in either 13-cis or 11-cis
RSB, these two states must be energetically and conformationally
close in order to allow the 11-cis to 13-¢is conversion to happen
in 500 ps (P682 to P673 evolution) and the ensuing 13-cis to
11-cis conversion in 1.2 ps (P673 to P595 evolution). We now
recall that the HOOP intensities of P682 and P673 are signifi-
cantly larger than in canonical primary intermediates, such as K
in bacteriorhodopsin (57), which indicates that a large amount of
free energy is stored as RSB strain in bestrhodopsin. The RSB does
not structurally relax but stays energetically close to either of the
Cls after passing through it, with the dihedral angles that consti-
tute the aborted bicycle pedal motion progressing not far beyond
the points defined by the Cls. We presume that a structural con-
flict of isomerized RSB with amino acid side chains in the RSB
binding pocket may be responsible for such arrested motions.
Because of the similar volume-conserving bicycle pedal motions
resulting in 11-cis and 13-cis in P682, the condition stated at the
top of this paragraph will be met, i.e., these two states will indeed
lie energetically and conformationally close together on the ground
state PES, as indicated in Fig. 6B. This allows the thermal conver-
sion of P682 to P673 in 500 ps, involving conversion of the 11-¢is
fraction of P682 to 13-cis RSB, where the latter is apparently lower
in energy than the former (Fig. 6C). For this structural conversion
from 11-cis to 13-cis to occur, the C11=C12 and C13=C14 dihe-
dral angles need to rotate in concert only by possibly a few tens
of degrees, passing over a relatively low energy barrier on the
ground state PES (Fig. 6C, blue trajectory). In addition, a minor
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spectral and structural relaxation of the 13-cis fraction of P682
likely takes place, which has not been indicated in the figure.
After converting from 11-cis to 13-cis in 500 ps (the P682 to
P673 conversion), RSB fully converts to 11-cis in 1.2 ps (P682 to
P595 conversion, in equilibrium), as schematically indicated in
Fig. 6D. While 11-cis RSB in P682 must be energetically higher
than 13-¢is RSB in P673, given the unidirectional population trans-
fer in 500 ps, 11-cis RSB in P595 must be energetically similar to
P673 in order to establish a thermal equilibrium. Hence, the 11-¢is
potential energy well has lowered. Indeed, the HOOP intensity of
P595 is much lower than that of P673 and P682, indicating that
the RSB strain has been significantly released, lowering its free
energy. We presume that in P595 a protein structural change has
occurred in the RSB binding pocket that is more accommodating
to 11-cis RSB, allowing it to structurally relax. A part of the free
energy may have been transferred to the protein as structural strain,
which may explain why P595 is energetically similar to P673 (which
has a highly strained RSB chromophore). Fig. 6D sketches the con-
version from 13-¢is RSB to 11-¢is RSB in 1.2 ps over a low energy
barrier on the ground state PES (red curve). Finally, the strain in
the RSB and protein is relaxed in 48 ps (Fig. 6D, green curve),
reaching the nearly meta-stable state P560, which then undergoes
a minor relaxation to the meta-stable state P540 (not indicated in

Fig. 6D).

Concluding Remarks

Bestrhodopsin shows previously unobserved isomerization dynam-
ics that involve a surprisingly complex sequence of events that
comprise back-and-forth switching between 11-cis and 13-cis RSB
on multiple timescales. We find that the RSB binding pocket is
conducive for all-zrans to 13-cis photoisomerization as well as all-
trans to 11-cis photoisomerization, which we described as excited
RSB branching off from the Franck—Condon region to follow two
separate paths through two distinct Cls. It is unclear which factors
cause the isomerization pathway to 11-cis RSB to exist alongside
the canonical reaction path to 13-cis RSB. First, the RSB binding
pocket is likely structurally different from canonical microbial
rhodopsins and (transiently) accommodating for 11-¢is as well as
13-cis RSB. Second, the significant pre-twist of the C11=C12
double bond in the D661 state may constitute an important deter-
minant. Third, static or dynamic heterogeneity may undetlie this
phenomenology: Dynamically interconverting conformational
microstates (48) may feature particular shapes of the excited-state
PES and determine whether the initial isomerization trajectory
results in 11-cis or 13-cis RSB. Fourth, a red-shifted absorption
spectrum may result in destabilization of the 13-¢is isomerization
reaction coordinate (13, 65), rendering the 11-cis pathway more
favorable in relative terms. Regardless, any initially formed 11-¢is
RSB is forced to convert to 13-cis on the 500 ps timescale, likely
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as a result of possibly dynamic steric constraints imposed by the
RSB binding pocket, irrespective of the protein conformational
microstate at hand.

In protonated all-zrans RSB in an organic solution, a mixture
of 9-cis, 11-cis, and 13-cis isomers were observed upon irradiation
(66) which is reminiscent of the situation in bestrhodopsin.
However, different from the situation in organic solvent that pro-
vides a high degree of conformational flexibility, the 11-cis and
13-cis RSB in the P682 and P673 intermediates of bestrhodopsin
are highly strained, implying that the RSB binding pocket causes
significant steric conflicts upon isomerization that ultimately
define the photochemical outcome. Indeed, molecular dynamics
simulations on bacteriorhodopsin suggested that steric conflicts
in the RSB binding pocket prevent photoisomerization paths other
than toward 13-¢is (67).

ESRS studies on bestrhodopsin open a unique window in our
understanding of rhodopsin photodynamics by revealing struc-
tural intermediates that exist immediately after passing through
the CI. These structurally sensitive experiments provide a rare
opportunity to study highly distorted and reactive intermediates
in great detail in the solution phase at physiological temperature.
In canonical microbial rhodopsins such as bacteriorhodopsin, such
states do not transiently accumulate and instead rapidly evolve to
structurally relaxed ] and K-like intermediates, in the solution
phase as well as in crystals (56, 57, 68). Overall, the complex
chromophore isomerization dynamics on the ground state PES in
bestrhodopsin are likely due to a changing potential energy land-
scape that certainly must be associated with structural changes in
the protein, as the timescale, specificity, and directionality indicate
that this is not a stochastic switching between conformations.
Here, computational modeling and molecular dynamics simula-
tions of the entire pigment- protein system on extended timescales
may provide valuable insights (69).

Methods
Methods are described in S/ Appendix.
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