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ABSTRACT: Light-absorbing chromophores in photoreceptors contain a z-electron Twist of Retinal Chromophore

system and are intrinsically planar molecules. However, within a protein environment Detected by Raman Optical Actvity

these cofactors often become nonplanar and chiral in a manner that is widely believed to
be functionally important. When the same chromophore is out-of-plane distorted in
opposite directions in different members of a protein family, such conformers become a
set of enantiomers. In techniques using chiral optical spectroscopy such as Raman optical
activity (ROA), such proteins are expected to show opposite signs in their spectra. Here
we use two microbial rhodopsins, Gloeobacter rhodopsin and sodium ion pump rhodopsin
(NaR), to provide the first experimental and theoretical evidence that the twist direction
of the retinal chromophore indeed determines the sign of the ROA spectrum. We disrupt
the hydrogen bond responsible for the distortion of the retinal in NaR and show that the
sign of the ROA signals of this nonfunctional mutant is flipped. The reported ROA
spectra are monosignate, a property that has been seen for a variety of photoreceptors,
which we attribute to an energetically favorable gradual curvature of the chromophore.
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Many proteins contain functionally important cofactors.
Light-absorbing chromophores at the active site of a
photoreceptor protein provide classic examples that have been
used extensively to understand protein—cofactor interactions.
A protein matrix often causes a structural distortion of the
chromophore, and such altered structures are widely
considered to be important for biological function. For
instance, the out-of-plane distortion of a protein-embedded
chromophore has been identified as a crucial factor in tuning
their absorption spectra."” Furthermore, in visual rhodopsin
and related proteins, the primary intermediate formed upon
light absorption contains a chromophore that is highly out-of-
plane distorted.”® This structural distortion can store light
energy to drive subsequent protein conformational changes.’
However, experimentally detecting the small atomic displace-
ments that cause such distortions is challenging.

Raman optical activity (ROA) is an emerging spectroscopic
technique that provides chiral sensitivity.”” ' It measures the
difference in Raman scattering intensity between right (I') and
left (I") circularly polarized incident light, where the sum of I
and I" is the parent Raman spectrum. This original form is
called incident circular polarization (ICP) ROA. The ROA
spectrum can also be measured by detecting the right (I) and
left (I) components in Raman scattered lights,'" which is
called scattered circular polarization (SCP) ROA. The method
can be applied to chromophoric proteins, and recent progress
has shown that this technique is a promising approach for
detecting the distortion of a chromophore within a protein
environment.'””'® When a chromophore is out-of-plane
distorted in opposite directions, the two different structures
are enantiomers of each other. We therefore expected that
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their ROA spectra would exhibit opposite signs. In fact,
quantum chemical calculations based on density functional
theory (DFT) demonstrated that the sign of an ROA band
reports the direction of the distortion, while its amplitude is
proportional to the degree of the distortion.'® Whereas this
computational result is reasonable, its experimental verification
has not been reported. One approach is to engineer a set of
proteins containing a chromophore that is twisted in opposite
directions. Here we focus on two functionally distinct
microbial rhodopsins and experimentally demonstrate that
the distortion of their chromophore in opposite directions
indeed yields ROA signals with opposite sign. Furthermore, we
present an example showing that this technique is capable of
detecting a functionally important conformational change in
the enantiomorphic state of a chromophore caused by an
amino acid replacement.

In this study, we utilize light-driven proton pump
Gloeobacter rhodopsin (GR) from cyanobacterium Gloeobacter
violaceus'” and a sodium-ion-pumping rhodopsin'® from
Indibacter alkaliphilus (IaNaR). GR contains all-trans retinal
as a chromophore (Figure 1A), and the crystal structure
demonstrates that its protonated Schiff base NH moiety forms
a hydrogen bond with a water molecule (Figure 1B)."” NaR
also contains all-trans retinal, but the crystal structure of
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Figure 1. Structures of the all-trans retinal chromophore and the
active site of GR and NaR. (A) All-trans retinal protonated Schiff
base. (B, C) Active-site structures of GR and NaR (KR2) based on
their crystal structures.'”*° RET indicates the retinal chromophore. In
panel C, a corresponding residue for NaR from Indibacter alkaliphilus
is indicated. PDB codes: 6NWD (GR) and 3X3C (KR2). Hydrogen
bonding interactions at the Schiff base NH moiety are illustrated by
dotted lines.

Krokinobacter eikastus rhodopsin 2 (KR2) revealed that the
Schiff base NH moiety forms a hydrogen bond with an
aspartate located on the opposite side of the retinal (Asp115
for IaNaR) (Figure 1C).*>%*! This is an ionic hydrogen bond,
which is stronger than a standard hydrogen bond.*” Because of
this strong interaction, the retinal NH group points toward the
aspartate, leading to an oppositely out-of-plane distorted
chromophore in NaR compared to that of GR. We therefore
expect that the ROA spectra are also opposite in sign between
the two proteins.

To explore the idea that the signs of the ROA bands are
opposite between GR and NaR, we first performed quantum
chemical calculations to predict the signs of their ROA bands.
The initial starting geometries were taken from the crystal
structures of GR' and KR2,” and water molecules near the
surface of the protein were removed. The entire system was
partially optimized at the B3LYP/6-31+G**:Amber level of a
quantum mechanics/molecular mechanics (QM/MM) calcu-
lation. (For details, see the Supporting Information.) In the
partial optimization, only the QM part (retinal chromophore)
was optimized, and these structures are denoted as models GR
and NaR. The active-site structures for these models are
compared in Figure 2A,B, illustrating that the Schiff base NH
moiety orients in opposite directions in the two models. We
used these models to simulate the Raman and ROA spectra
using an excitation wavelength of 785 nm (Figure 2C). The
band assignments are summarized in the Supporting
Information. The computed Raman spectra (traces a and b)
are quite similar to each other. In contrast, the calculated ROA
bands for GR and NaR are opposite in sign, i.e., most of the
ROA bands for model GR are positive, while model NaR
exhibits negative ROA bands.

To experimentally test these theoretical predictions, we
measured the Raman (I + I;) and ROA (I — I;) spectra of
GR and NaR with 785 nm excitation under preresonance
conditions for the retinal. In the present study, we used a newly
developed SCP-ROA spectrometer, and its technical details are
given in the Supporting Information. The upper two traces in
Figure 3 are the observed Raman spectra of GR (trace a) and
IaNaR (trace b). Their overall spectral features are similar.
Both proteins show the ethylenic C=C stretch (vc—c) at
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Figure 2. Optimized structures and simulated Raman and ROA
spectra for GR and NaR. Optimized geometries of the active site for
(A) GR and (B) NaR. The retinal cofactor is illustrated in teal, and its
protonated Schiff base moiety is colored blue (nitrogen) and yellow
(hydrogen). In panel B, the residue number for IaNaR is used. (C)
Raman (a, b) and ROA (c, d) spectra determined for models GR and
NaR using QM/MM calculations are shown. Gaussian band shapes
with a 10 cm™ width were used except for a 20 cm™ width for the
highest bands at around 1530 cm™ (1529 cm™ for GR; 1522 and
1540 cm™ for NaR). Raman and ROA intensities for these bands
were reduced by a factor of 4 to make the other bands visible.

1531—1532 cm™! and the characteristic CH, rock (6cn,), C—C

(ve_c), and C=N (vc—y) stretches at 1009, 1168/1201, and
~1640 cm™!, respectively.23 These results are consistent with
reported resonance Raman spectra for these proteins,”**
indicating a preresonance enhancement of the spectra of the
retinal chromophore.”

The lower part of Figure 3 displays the ROA spectra of GR
and NaR. In contrast to the parent Raman spectra, their ROA
spectra are clearly different. The ROA spectrum of GR is
characterized by positive bands for vc_c, vc_c, and Scy,

whereas the corresponding bands for NaR are all negative. In
addition, both GR and NaR exhibit a positive and a negative
ROA band near 960 cm™’, respectively, although their
corresponding Raman intensities are weak. This band is
assigned to the hydrogen out-of-plane (HOOP) mode,
which acts as a spectroscopic ruler for measuring structural
deformations of a chromophore molecule in a protein active
site.'® These observations provide experimental evidence for
the proposal that the sign of the ROA spectra reflects the
direction of the out-of-plane distortion of the retinal
chromophore.

As discussed above, the unusual conformation of the retinal
chromophore in NaR is due to a strong hydrogen bond
between the positively charged Schiff base NH and a negatively
charged carboxylate group of aspartate (Aspl1S). To further
explore the role of this hydrogen bond, we attempted to
weaken it by creating the D11SN mutant, where a COO~
group is replaced with a neutral carbamoyl C=O(NH,)
group. This perturbation would be expected to reduce the
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Figure 3. Raman and ROA spectra of GR and IaNaR with 785 nm
excitation. Spectra for (a, d) GR in a 10 mM three-mixture buffer, 400
mM NaCl, and 0.05% DDM at pH 8.5, (b, e) wild-type IaNaR in SO
mM Tris-HCI, 400 mM NaCl, and 0.05% DDM at pH 8.0, and (g, f)
the D115N mutant of IaNaR in 50 mM Tris-HCI, 400 mM NacCl, and
0.05% DDM at pH 8.0. Traces a—c are Raman spectra. Traces d—e
are ROA spectra, and their intensities are magnified by a factor of
5000.

degree of twist around the NH group, leading to a more planar
retinal chromophore and thus reduced intensities in its ROA
spectrum. In fact, recent X-ray crystallographic data for this
mutant of KR2 were interpreted in terms of the coexistence of
two alternative orientations of the retinal Schiff base: in one of
them, the NH group is pointed toward Asp115, while the NH
moiety flips and orients toward Asp250 in the second
conformation.”” To verify the effect of this mutation on the
structure of the retinal chromophore, we measured the Raman
and ROA spectra of the mutant. Traces b and ¢ in Figure 3
demonstrate that the overall spectral features in the Raman
spectra are similar between wild type (WT) and the D11SN
mutant, indicating that the mutant maintains the retinal
configuration in an all-trans form. There are, however, two
noticeable effects of the mutation on the spectrum. First, the
intensities of the HOOP bands below 1000 cm™" are reduced
in the D115SN mutant. Their lower intensities suggest that the
deformation of the chromophore is reduced by the mutation.
Second, a Uc_y band at 1644 cm™ is downshifted by 4 cm™
upon the D115 mutation. This small downshift of vc_y can be
interpreted in terms of a weakened hydrogen bond at the Schiff
base NH moiety.”®

In contrast to the Raman spectrum, the D115N mutation
has a dramatic impact on the ROA spectrum and causes a flip
in sign from negative to positive with reduced intensities
(Figure 3, trace e — f). The reversed sign demonstrates that
the weakening of the hydrogen bond at the Schiff base NH in
the NaR mutant converts the retinal chromophore into a GR-
like conformation. The reduced intensities can be correlated
with the presence of two alternative conformations that show
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opposite signs in their ROA spectra since the positive and
negative bands can be cancelled to yield net small positive
bands. These observations are fully consistent both with the
anticipated results of the mutation and with the crystallo-
graphic analysis of the mutant.”” The net positive ROA bands
imply that the GR-like retinal structure, where the Schiff base
NH faces Asp250, is a main conformation in the mutant. Here
we discuss the functional relevance of these findings for
D115N. First, this mutation causes a red shift in the absorption
maximum (Figure S3 in the Supporting Information),"®
indicating the significance of AspllS for the color-tuning
mechanism in NaR. Importantly, Inoue et al. reported that
both sodium ion and proton-pumping activities are completely
lost in this mutant.'® The latter observation indicates that the
hydrogen bonding interaction between AspllS and the
protonated Schiff base is crucial to the function of NaR. We
conclude that the ROA spectroscopy successfully showed the
detection of a conformational twist of the retinal chromophore
that is related to the function of NaR.

Next, we discuss a general feature of the ROA spectra of
photoreceptor proteins. Although “normal” ROA spectra are
bisignate, having both positive and negative signs, the spectra
for GR and NaR are monosignate (Figure 3). Similar
monosignate spectra have been reported for a diverse group
of other photoreceptor proteins, including photoactive yellow
protein (PYP) containing a p-coumaric acid chromo-
phore'*'®*® and orange carotenoid protein (OCP) using a
carotenoid as a cofactor.”” A monosignate spectrum is a
characteristic feature for the ROA spectra under resonance
conditions in the single electronic state (SES) limit. A
theoretical study by Nafie predicted that the resonance ROA
(RROA) spectra in the SES limit are monosignate and have
bands with the same relative intensities as those in the
corresponding resonance Raman spectra.”” In addition, the
RROA spectrum is opposite in sign to the electronic circular
dichroism (ECD) spectrum of the resonant electronic
transition, and the ratio of the RROA to the resonance
Raman spectrum is proportional to that of the ECD and parent
absorption spectra. These predictions were experimentally
proven.”® In the cases of GR and NaR, although all ROA bands
have the same sign, their relative intensities are not identical to
those of the corresponding Raman bands. As displayed in
Figure 3 and Figure S4 in the Supporting Information, the
HOOP bands near 960 cm™" in their ROA spectra are more
intense compared to the other in-plane vibrational modes. The
larger ROA intensities of the HOOP modes were also reported
for PYP and OCP. On the basis of these observations, the
monosignate spectra are not simple RROA spectra under the
SES condition.

To examine the origin of the monosignate ROA spectra, we
performed further DFT calculations. We used N-1,3-
butadienyl-formiminium as a simple chromophore model
(Figure 4, inset) and considered this molecule in three distinct
conformations (Table S2 in the Supporting Information). A
full geometry optimization resulted in a planar structure, which
is denoted as model 1. The calculated Raman spectrum at the
B3LYP/6-31+G** level is illustrated in Figure 4 (trace a,
black). Since model 1 is achiral, the calculated ROA intensities
were all zero. We also consider model 2, where the central
C3=C4 bond is twisted by 30° (z(N2—C3—-C4—CS) =
150°), resulting in a molecule with a sharp kink in the middle.
Its calculated Raman and ROA spectra are shown in Figure 4
(traces a and b, cyan). Model 2 is chiral, and its simulated
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Figure 4. Simulated Raman and ROA spectra of models 1—3 in vacuo
with 785 nm excitation. Gaussian band shapes with a 10 cm™ width
are used. (a) Raman spectra for models 1 (black), 2 (cyan), and 3
(magenta). (b, c) ROA spectra for models 2 and 3. The ROA spectra
are magnified by a factor of 5000. Inset in (a): chemical structure of
N-1,3-butadienyl-formiminium and (b, c) stick representations of
models 2 and 3.

spectrum exhibits a typical spectral feature for ROA, having
both positive and negative bands. In model 3, three dihedral
angles, 7(C1-N2—C3—C4) = —165°, 7(N2—C3—C4—CS) =
165°, and 7(C3—C4—C5—C6) = —165°, were fixed, yielding a
molecule with a gradual overall curvature (Figure 4, inset). In
contrast to model 2, the ROA bands for model 3 are mostly
positive, and the spectral feature showing the same sign in
ROA spectra is analogous to that for GR and NaR.

The above results indicate that a bent molecule with a
significant twist along a specific C=C bond (model 2) exhibits
a “normal” bisignate ROA spectrum, while a monosignate
spectrum is achieved for a curved molecule that exhibits an
overall curvature caused by twists over multiple bonds (model
3). As illustrated in Figure SS in the Supporting Information,
the atomic positions in models 2 and 3 are quite similar.
However, their energies are different: model 3 is more stable
compared to model 2 by ~13 kJ mol™" (Table S2), which
corresponds to approximately one classic hydrogen bond.
Figure S6 in the Supporting Information displays the relative
energies AE compared with the planar geometry of model 1.
This analysis reveals that the distortion energy for the central
C3=C4 double bond shows a parabolic dependency. This
parabolic dependence accounts for the fact that the curved
geometry having multiple twists is energetically more favorable.
We propose that the monosignate ROA spectra observed for
photoreceptor proteins are caused by the phenomenon that
asymmetrically distorted cofactors which are gradually curved
(as opposed to sharply kinked) are energetically preferred.

Finally, we further examine the origin of a monosignate
ROA spectrum in a gradually curved molecule such as model 3.
Figure S7 in the Supporting Information displays the simulated

electronic absorption and ECD spectra of models 1-3.
Although the out-of-plane distortions of the molecule exhibit
a minor effect on the absorption spectrum, the calculated ECD
spectra are significantly changed. Models 2 and 3 have negative
ECD signals for the first (S, — S; at 330 nm) and second (S,
— S, at ~225 nm) lowest zz* transitions, while the third S, —
S; transition at ~215 nm shows a positive sign. Notably, model
3 shows large negative signals for the lower-energy Sy — S, and
So — S, transitions. We also examined the effect of the
excitation wavelength on the Raman and ROA spectra of
models 2 and 3, and the results are summarized in Figures S8
and S9 in the Supporting Information. In model 2, its ROA
spectra have both positive and negative bands in the wide
range of excitation wavelengths. The small negative ECD
signals for S, — S; and S; — S, lead to a relatively large
contribution of S; — S; that has a positive ECD band. These
situations account for the bisignate nature of the ROA spectra.
On the other hand, the calculated ROA spectra for model 3 are
mostly positive, which can be interpreted in terms of major
contributions of the S; — S; and S; — S, transitions that have
large negative ECD signals. These results indicate that a
gradually curved molecule exhibits a large ECD signal for its
zm* transition. In this case, the lowest-energy nz* transition
mainly contributes to the ROA intensities; therefore, a
monsignate spectrum that is characteristic of the RROA
spectrum under the SES limit is achieved.

In summary, the present study demonstrated that ROA
spectroscopy can “watch” the twist of a cofactor molecule in a
protein with the sign of the ROA signal. The method provides
a powerful approach to detecting functionally important
conformational details in a protein active site.
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