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ABSTRACT: The recently discovered Neorhodopsin (NeoR) exhibits absorption and
emission maxima in the near-infrared spectral region, which together with the high
fluorescence quantum yield makes it an attractive retinal protein for optogenetic applications.
The unique optical properties can be rationalized by a theoretical model that predicts a high
charge transfer character in the electronic ground state (S,) which is otherwise typical of the
excited state S; in canonical retinal proteins. The present study sets out to assess the electronic
structure of the NeoR chromophore by resonance Raman (RR) spectroscopy since frequencies
and relative intensities of RR bands are controlled by the ground and excited state’s properties.
The RR spectra of NeoR differ dramatically from those of canonical rhodopsins but can be
reliably reproduced by the calculations carried out within two different structural models. The
remarkable agreement between the experimental and calculated spectra confirms the
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consistency and robustness of the theoretical approach.

I n the past years, we have witnessed a renaissance of research
on microbial rhodopsin due to the discovery of new
representatives from various species and prospective bio-
medical applications.”” In this context, the discovery of red-
light-absorbing and highly fluorescent rhodopsins has raised
widespread interest as “models” for engineering of more
effective optogenetics tools. Moreover, on a fundamental level,
such a discovery provides an opportunity to shed new light on
how proteins control the properties of embedded chromo-
phores. Despite their diverse functions, microbial rhodopsins
share a similar structure and harbor a protonated retinal Schiff
base (RSBH*) chromophore that is covalently bound to a
cavity of the protein and absorbs light in the visible spectral
range between 400 and 600 nm.’ The specific absorption
maxima of the chromophore are determined by the
interactions with the surrounding protein residues.””® Mainly
carboxylates function as counterions and affect the energy
levels of the delocalized RSBH' 7-electron system and may
alter the low fluorescence quantum yield (FQY) between 107°
and 1073, and the photoisomerization quantum yield of 0.2—
0.5 of microbial rhodopsins.”' ">

The canonical properties described above have been
challenged by the discovery of neorhodopsin from Rhizoclos-
matium globosum (NeoR), which features an unprecedented
red-shifted absorption (4%, = 690 nm), a dramatically
increased FQY of 20%," and a drastically reduced photo-
isomerization efficiency of ~3 X 107* (Figure S1). These
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properties do not fit the explanatory models of canonical
retinal proteins.

Recent hybrid quantum mechanics/molecular mechanics
(QM/MM) studies have suggested that in NeoR, the
electrostatic field of the protein induces substantial changes
in both the RSBH" ground (S;) and excited (S;) electronic
states,'* corresponding to a partial inversion of the covalent
and charge-transfer character (cf. Supporting Information,
Figure S3), which prevails in the S, and S, states of canonical
rhodopsins, respectively. In canonical rhodopsins the S,
electronic structure features a positive charge almost
completely localized in the chromophore —C=N fragment
while the S, electronic structure displays a positive charge
delocalized along the chromophore backbone toward its f-
ionone ring.">™"” Such an inversion in NeoR would explain the
far-red-shifted spectrum, the FQY enhancement, and a reduced
photoisomerization efliciency that yielded isomerization
around the C7=C8 bond,'® a process that can only occur as
a marginal byproduct in canonical rhodopsins. However, these
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changes in the S, and S, electronic structures lack any
experimental assessment.

The present study focuses on resonance Raman (RR)
spectroscopy as the critical benchmark for characterizing the
unusual NeoR electronic structure. RR spectroscopy is a
powerful tool for investigating microbial rhodopsins and has
been widely used to study the RSBH' structure and
dynamics.'”~** The main observables of this technique are
frequencies and intensities depending on the details of the S,
and S, states. Thus, comparing the experimental RR with the
spectra calculated within the framework of this theoretical
approach provides an excellent test for its accuracy and
consistency and may specifically verify or reject the postulated
inversion in the electronic character of the S, and S, states.

The RR spectra of NeoR were measured at 80 K with 1064
nm excitation (Figure 1) to achieve sufficiently strong
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Figure 1. RR spectra of the parent (dark) states of NeoR in H,0 (C,
red trace) and D,0 (D, blue trace) compared with those of canonical
rhodopsin (ChR2-H134 K: A, E; black traces) from previous work.>*
Trace B shows the stimulated Raman spectrum of NeoR measured
with 800 nm excitation.

resonance enhancement, such that the spectra exclusively
display the RR bands of RSBH" without any interference from
the protein. This is also illustrated by the agreement with the
stimulated Raman spectrum, measured with a probe beam at
800 nm,”>* and thus even in closer resonance with the S, — S,
transition.

In comparison, Figure 1 also includes the RR spectrum of
the all-trans isomer of dark-adapted channelrhodopsin-2
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variant H134 K (ChR2-H134 K) measured under rigorous
resonance conditions.”* Most strikingly, the RR spectra of the
two rhodopsins differ drastically. The RR spectrum of ChR2-
H134 K, a type of canonical rhodopsin, is dominated by a
single band at 1554 cm™". A small number of distinctly weaker
bands between 1100 and 1300 cm™" accompanies it, and there
are low-intensity bands at 1007 cm™', which is essentially
invariant in all microbial rhodopsins and at 1661 cm™. In
contrast, the RR spectrum of NeoR displays a complex band
pattern between 900 and 1600 cm™ with a series of ~20
partially overlapping bands at strong and medium intensities.
Also, the spectral changes upon H/D exchange at the Schiff
base are strikingly different. While, for ChR2-H134 K, only
very few bands are affected, with the furthest shift from 1661 to
1632 cm™ is observed for the C=N stretching of the
protonated Schiff base. Significantly more spectral changes are
noted in NeoR throughout the region from 900 to 1600 cm™},
but no band attributable to the Schiff base (C15=N)
stretching has been detected. In addition, all canonical
rhodopsins studied so far obey a linear reciprocal relationship
between the electronic absorption maximum and the frequency
of the main band C=C stretching mode.”>*° This relation
holds for absorption wavelengths from the near-UV to the red
and even for opsin-bound retinal analogues that absorb in the
near-IR.” Clearly, NeoR does not follow this relation.

We are primarily interested in the modes dominated by the
C=C and C—C stretching coordinates of the polyene chain.
Upon excitation in resonance with a strong electronic
transition, the Franck—Condon mechanism (Albrecht’s A-
term) holds,"””” and thus these modes should be associated
with the highest RR intensities since the stretching coordinates
are expected to display the highest excited-state displacement
measurements Ad, ie., the difference between the bond
lengths in S; and Sy (Ad = dg, — dg,). Hence, we consider Ad
in more detail.

In canonical rhodopsins, the S, electronic structure of
RSBH" shows a covalent character and a positive charge
residing in the Schiff base region. Such an electronic structure
leads to the typical alternating double and single bond lengths
of polyenes with negative and positive Ad for double and
single bonds, respectively.28 Therefore, the RR spectra show
the highest intensity for the mode that involves the in-phase
stretchings of essentially all C=C and C—C coordinates of the
polyene chain (1554 cm™ in ChR2-H134 K).”**’ Additional
modes involving C=C stretching coordinates are restricted to
the region between 1500 and 1650 cm™, whereas modes with
C—C but not C=C stretching character are clustered between
1100 and 1300 cm™.

The present calculations of the RR spectra rely on a QM/
MM model (reported in ref 14, in the following referred to as
MDR) built from a homology structure predicted by
MODELLER? (see Section 1.3.2 in the Supporting
Information), that has served as the basis for the computa-
tional modeling of NeoR in multiple studies."”'* The MDR
model for NeoR reveals an unusual RSBH" structure showing
an alternating pattern of single and double bond lengths only
in the region close to the f-ionone ring (i.e,, C1=C6 to C9=
C10). Instead, upon approaching the Schiff base terminus
(C15=N), the length differences between single and double
bonds decrease as the C12—C13 and C14—C15 bond lengths
become shorter than those of the C13=C14 bond (Figure 2).

Concomitantly, in NeoR, the bond length alternation in the
S, state is damped in the same direction from the B-ionone
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Figure 2. Top, calculated bond lengths of the polyene chain of the
retinal chromophore of the MDR model. The open triangles and
circles refer to the S, ground and S, excited states, respectively.
Bottom, the bond length differences Ad = dg, — dg (green)
representing the excited state displacements of the stretching
coordinates. The red and blue colors refer to double and single
bonds, respectively.

ring to the Schiff base, and thus Ad decreases and eventually
approaches zero. Thus, the MDR model points to opsin
electrostatics (i.e, residue charge distribution), creating a
predominantly delocalized charge along the RSBH" chain that
can also be described in terms of a h'lgh percentage of charge
transfer (CT) already in the S, state.”’ Such a state refers to
the typical S, charge distribution found in canonical
rhodopsins where the positive charge, usually located on the
chromophore —C=NH— moiety, is delocalized toward the f-
ionone ring (see ref 16).

The unique electronic and structural properties of the Sy and
S, states of NeoR have distinct consequences for the RR
spectra (Figure 3).

Both C=C and C—C stretchings contribute notably to a
much greater number of normal modes in a large spectral
region, from 1100 to 1650 cm™!. Furthermore, the prominent
RR bands are due to modes with significant contributions of
two stretching coordinates on average. Among them is the
C7=C8 stretching, which is involved in most of the modes
with high RR intensity. Therefore, the intense band at 1586
cm™" observed in NeoR appears to be a consequence of the
CT character of S; RSBH'. Notably, a mode with
contributions of the C15=N stretching is calculated at 1646
cm™' (see Table S3) and thus at a frequency similar to that of
canonical rhodopsins. However, consistent with the exper-
imental observation, essentially no RR intensity is predicted for
this mode, probably because the two main stretching
coordinates involved (i.e, C15=N and C14—C15S) have Ad
values of nearly zero. In conclusion, the calculations reproduce
the experimental RR spectra in both H,0 and D,O solutions
(Figure 3, Figure S7).

We carried out our calculations of NeoR using the
previously reported MDR model,"* which was based on
homology modeling (see Section 1.3.1 in the Supporting
Information). To reduce any model-linked bias, we con-
structed a second QM/MM model (AP2) from a structure
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Figure 3. Calculated and experimental RR spectrum of NeoR in H,O.
The calculated spectrum was generated by Gaussian band shapes of
the vibrational transition derived from the QM partition of the MDR
model (green trace). The spectrum also includes the line presentation
of the vibrational transitions. Frequencies were scaled by a factor of
0.9. Modes with major C=C and C—C stretching characters
(factoring to >50% of the contribution of a coordinate) are indicated
by black and gray letters, respectively. The notation follows the
numbering of the structural formula on top of the figure. Details of the
calculated RSBH' modes are listed in Table S3 (Supporting
Information, Section 3.2).

predicted by AlphaFold2.>" The main differences between the
two models refer to residues E141 and W234. In the MDR
model, E141 is deprotonated (anionic), hydrogen bonded to
W234, and points away from RSBH". In the AP2 model, E141
is neutral and approaches closer to the RSBH* (Figure 4;
Figure S2). This different charge distribution leads to increased
localization of the positive charge on the Schiff base unit in
MDR concerning AP2, likely causing the slightly different
bond length pattern in the Schiff base region (Figure 2, Figure
S3; a comprehensive comparison of both models is given in the
Supporting Information). The different bond length pattern
specifically refers to the C14—C15 and C15=N bonds for
which the MDR model yields Ad & 0 in contrast to the
appreciable Ad value derived from the AP2 model (Figure S4).
As a result, only the MDR model correctly predicts the lack of
RR intensity for the Schiff base stretching mode at 1648 cm™
(vide supra). However, besides this mode, the AP2 model also
provides a satisfactory simulation of the experimental RR
spectra (Figures S8 and S9).

In both models, the S; potential energy surface (PES)
mapping shows high energy barriers (Ef5;) along both the
canonical C13=C14 and C11=Cl12 photoisomerization
paths (reported in Figure S6). This promptly explains the
dramatic increase in FQY assigned to a hindered S,
isomerization motion. A high E's; also points to the opening
of alternative C7=C8 and C9=C10 isomerization routes
present in the MDR and AP2 models associated with the
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Figure 4. NeoR retinal binding cavities of the MDR and the AP2
model, with E136, D140, and E262 protonated in both models. In the
MDR, deprotonated E141 forms a hydrogen bond with W234. This
interaction is missing in AP2 with protonated (neutral) E141 (for
more details, see Figure S2).

lowest barriers, even though they still amount to ~15 kcal/mol
Ef, (Table S1). This prediction is in line with the
photoisomerization from all-trans to 7-cis upon irradiation of
NeoR with red light (Figure S10), whereas no isomerization
around the C13=C14 double bond could be detected.'®

In conclusion, this study provides experimental support for
the unusual RSBH" electronic structure of NeoR predicted by
two different QM/MM models. The fact that the models
reproduce the observed RR spectrum implies that the
chromophore S, and S, electronic structures are well
described. Thus, unlike canonical microbial rhodopsins,
RgNeoR (R. globosum) and probably all related NeoRs exhibit
an S, state with strong CT character, limiting a clear bond
length alternation pattern to the segment close to the -ionone
ring. Conversely, the same theoretical methodology allows to
reproduce the experimental RR spectra and excited state
properties of canonical rhodopsins'® with their “classical”
charge distribution in the ground and excited states.'®'” The
charge distribution in NeoR significantly impacts the S,
geometrical displacement, progression, and, ultimately, its
reactivity. The present results provide strong support for the
“chromophore charge delocalization and confinement” mech-
anism underlying the origin of the NeoR high energy barrier
along the C13=C14 photoisomerization path and explaining
the observed unprecedented FQY value of this microbial
rhodopsin.'”'*
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