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Abstract

The absorption spectra of bovine rhodopsin mutant E113Q in solutions were investigated at the
molecular level by using a hybrid quantum mechanics/molecular mechanics (QM/MM) method. The
calculations suggest the mechanism of the absorption variations of E113Q at different pH values. The
results indicate that the polarizations of the counterions in the vicinity of Schiff base under protonation and
unprotonation states of the mutant E113Q would be a crucial factor to change the energy gap of the retinal
to tune the absorption spectra. Glu-181 residue, which is close to the chromophore, cannot serve as the
counterion of the protonated Schiff base of E113Q in dark state. Moreover, the results of the absorption
maximum in mutant E113Q with the various anions (CI°, Br, I and NOs™ ) manifested that the mutant
E113Q could have the potential for use as a template of anion biosensors at visible wavelength.

KEYWORDS Spectra tuning; QM/MM; E113Q rhodopsin; Hydrogen-bond; Anion biosensor

1. Introduction

Rhodopsin from vertebrate eye is a dim-light sensitive receptor protein which belongs to the G protein-
coupled receptors (GPCR) family*®. Rhodopsin contains a chromophore (11-cis retinal) and protein moiety
opsin. Opsin is a seven helical transmembranes protein, and 11-cis retinal located in a central pocket on
transmembrane helix H7 is covalently tied to the lysine residue through a protonated Schiff base (PSB)
linkage""(Figure 1a). The retinal molecule consists of a s-ionone ring and the Schiff base linked through a
polyene chain (Figure 1b). The chromophore (protonated 11-cis retinal) absorbs at ca. 600 nm in gas-phase
10,11

89 while the absorption peaks at ca. 500 nm in the bovine rhodopsin protein environment

The absorption maximum of wild type rhodopsin is insensitive to pH value of solutions within a wide

I.l3 I.l4

range, and it can remain 500 nm from pH 3.3 to 8.8 in the solution*?. Zhukovsky et al.** and Sakmar et a

demonstrated that E113 can interact with the protonated Schiff base of the chromophore as the counterion
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through a series of site-directed mutagenesis experiments. The protonated Schiff base is quite stable with
the interaction of Glu-113 in wild type rhodopsin. Site 113, which is the only difference between the
mutant E113Q and wild type rhodopsin, is located on the third transmembrane helix near the extracellular
surface™. When glutamic acid-133 was replaced by glutamine, the E113Q mutant manifested a dramatic
pH-dependent equilibrium of protonated and unprotonated retinylidene Schiff base forms. At pH 3.3, the
absorbing species of E113Q was completely a PSB form (Amax = 490 nm), while only unprotonated Schiff
base (SB) form (An.x = 380 nm) existed when pH value was great than or equal to 7.2. Two forms
coexisted from pH 3.3 to pH 7.2"* **. This conversion between PSB and SB forms in E113Q implies that
H*/OH' in the solution could get into the opsin and interact with the chromophore. Without competition of
the negative charge of E113, other anions in solution may approach the chromophore and affect the

absorption spectra.
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Figure 1. (2) The seven transmembrane helices (H1-H7) of the opsin in the X-ray structure of bovine
rhodopsin (PDB code: 1U19"). The 11-cis retinal’s location is shown in blue box. (b) Schematic
representation of protonated 11-cis retinal.

Compared with the wild type rhodopsin, the mutant E113Q loses one negative charge which can serve as
the counterion of PSB at the 113 site. Zhukovsky et al."* and Sakmar et al." supposed the PSB of E113Q
may recruit an anion (CI") from the solution as the counterion. CI” binding with H181 can regulate the
absorption maximum in human red and green colour vision pigments mutant E181H. ' For bovine
rhodopsin mutant E113Q, the ion’s location and the ion effects on the absorption spectra in solution are
still ambiguous so far. Further, the counterion role in most investigations of solvated absorption spectra is

seldom elucidated based on our knowledge. As the high-resolution crystal structure of bovine rhodopsin



was reported’, theoretical computations become possible to provide a deep comprehension of the
mechanism through which counterions affect the absorption spectra of bovine rhodopsin and its mutants at
the molecular level. In this work, we investigated protonation/deprotonation states of Schiff base and
counterion effects on the absorption spectra of rhodopsin mutant E113Q in the dark state by the density
functional theory (DFT)Y and a hybrid quantum mechanics/molecular mechanics (QM/MM) approach in

own N-layer integrated molecular orbital plus molecular mechanics (ONIOM) scheme.® *°

2. Methods

The calculation models of wild type rhodopsin and its mutant E113Q were based on the 2.2 A resolution
X-ray structure of bovine rhodopsin (PDB code: 1U19)’. E181 is uncharged state unless otherwise
specified. In principle, the phospholipid bilayer should be included in the rhodopsin models. Considering
the spectral measurements were performed in an aqueous environment without phospholipid bilayer (using

13,14

surfactant to stabilize the protein structure) , all computational models were set in an octahedral water

box by using TIP3P water model®

with no phospholipid bilayer for model simplification. To keep the
protein shape of rhodopsin, we added one disulphide bond between C110 and C187 and kept all salt bridge
(such as H195~E197, E232~R252, K231~E239, E247~R135, E341~H65). The protein shape basically
remained similar in the short time MD simulations. In the later calculations, the computational results of
the first vertical excitation energy of wild type rhodopsin can well reproduce the experimental results. This
approximation is proved to be available. The systems were first relaxed to remove conflicts overlaps with
atoms by energy minimization, then heated up from 0 K to 300 K in 200 ps by Langevin temperature
controls with weak restrain (10 kcal/mol) on the solute at constant volume periodic boundary conditions.
Finally, a further 6.0 ns of molecular dynamics were followed without restraints at 300 K at constant
pressure (1 atm) with AMBER parm10 force field which includes ff99SB? force field for proteins,
f99bsc0? force field for DNA, OL3% force field for RNA and default parameters for counterions. After
each system reached equilibrium, the structure with the lowest energy in the 50 random snapshots taken
from the last 1 ns equilibrated MD trajectory was used as the initial geometry of B3LYP/6-
31G(d):AMBER10 optimization according to the ONIOM scheme with electronic embedding (EE)%.
Water molecules 10.0 A away from amino acid residues were removed. The QM model part consisted of
the 11-cis retinylidene and NH,"(protonated state)/NH(unprotonated state) moiety of the side chain of
lysine 296. This setting for QM region has been proved dependable by Altun et al.*® In MM region, the
residues within 4.0 A and water within 6.0 A from the QM region were relaxed during optimization, and
other residues and water molecules were fixed to keep the shape of the protein [for more details, see SI
section I and I1]. The first vertical excitation energies (So—S;) on these structures were calculated by using

the SORCI+Q/6-31G(d):AMBER10 method.”® ?® Many high-level approaches are nowadays available, but
3




they are limited in application due to the enormous computations. It is desirable to choose one method
I. 25

which can reduce the computational effort while keep reasonable accuracy. Altun et al. = reported that

SORCI+Q method can reproduce the experimental absorption maxima of retinal very well with acceptable
time-consuming. In SORCI+Q calculations, the basis set 6-31G(d) shows better performance than the
larger basis sets, and the active space 3-root CAS(6,6) can balance the accuracy and efficiency of

calculation_compared with the active space CAS(12, 12). Further details of this methodology were given in

the Sl section 111. The MD, ONIOM optimization and vertical excitation energy calculations were carried
out with the AMBER 11%, Gaussian 09 D01% and ORCA 3.02%° program package, respectively.

3. Results and Discussions

The computational first vertical excitation energies ( Sg—S; ) are 584 nm in gas phase, and 496 nm in
protein environment at SORCI+Q/6-31G(d): AMBER10 level for wild type bovine rhodopsin. The results
of the experiment in gas phase are 600 nm ®° and 500 nm in protein environment > **, The computations
reproduce the experimental measurements. Moreover, the calculations at present level reveal better
stability (the absorption maxima are blue-shifted at both gas phase and protein environment) than that at
other levels (one absorption maxima is blue-shifted while another is red-shifted) calculated by Altun,
Sekharan et al. ** * as shown in Supporting Information (SI) section V. Therefore, the SORCI+Q/6-31G(d):
AMBER10 level was used in the further investigation of spectral computations for E113Q. The limitations

of the model and the deficiencies of this treatment were well estimated in previous studies ** *

, and these
investigations indicated that the calculations at present level can give accurate results due to the
cancellation effects of the physical models and calculation methods. By using this level, the computed first
vertical excitation energies So—S; for both PSB and unprotonated SB states of rhodopsin mutant E113Q
(namely PSBR and SBR shown in Figure 2b-e) are 577 nm and 344 nm respectively. In wild type
rhodopsin, the hydroxyl of E113 directly forms one H-bond with the PSB. Water 355 is away from PSB
and forms a H-bond network with E113 and T94 (Figure 2a). When E113 is replaced with Q113, Q113
moves away from PSB and Water 355 forms H-bond with PSB. A new H-bond network is formed by
W355, G90 and T94 around PSB (Figure 2b). The missing of negative charge and the variation of H-bond
network red-shift the first vertical excitation energy by 81 nm from 496 nm for wild type to 577 nm for
PSBR. Meanwhile, the experimental results are 490 nm for PSBR and 380 nm for SBR™ . Obviously,
these large relative discrepancies between the calculations and experiments could not mainly come from
the computational method. Because all experimental measurements were carried out in solution which
contained counterions, the absence of counterions could be likely to cause these errors. There are two

possibilities for PSB in E113Q to capture the counterions: one is the charged E181 in the neighborhood of



site 113 although E181 is set as uncharged state by default, and the other is anion from the solution.

. PSBR-CI
® CI (478 nm)
& oomm (490 nm)* OH-
PSBR SBR
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jﬂ‘f (394 nm) m
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Figure 2. QM/MM optimized geometries of wild type rhodopsin and its mutant E113Q: (a) wild type
(WT), (b) protonated state (PSBR), (c) unprotonated state (SBR), (d) PSBR with CI" (PSBR-CI’) and (e)
SBR with Na* (SBR-Na™). (f) Schematic representation of the absorption spectra variations of rhodopsin
mutant E113Q in solutions. All distances are in A. 1. with asterisk are the experimental values.

The state of E181 in E113Q: E181 lies on the extracellular loop 2 and is close to the polyene chain
(C11=C12) of the retinal. In invertebrate rhodopsin E181 is found to be charged state®. In contrast, the
ionization state of E181 in vertebrate rhodopsin has been a controversial topic for years***°. Some
experimental studies assigned E181 as neutral state in rhodopsin through two-photon spectroscopy™ and
pre-resonance Raman spectroscopy®. Through a high-level quantum chemical investigation, Sekharan et
al.“® concluded that E181 is uncharged in the dark state of vertebrate rhodopsin. In E113Q, can E181 lose
one proton and compensate for E113? After optimizing the structures of PSBR of E113Q with charged
E181 (PSBR/chE181) (shown in Figure 3a), we found the distance between the carboxyl of E181 and the N
of PSB is about 9 A. It is too far to neutralize the positive charge of PSB, and the H-networks around the
PSB are basically invariable. The computed A, 0f PSBR/ChE181 is 549 nm. Although it blue-shifts 28 nm
compared with PSBR (577 nm) with the effect of charged E181, the A, Still cannot reproduce the
experimental value (490 nm). It implies that the charge of E181 could not be responsible for the big

difference of PSBR absorption spectra between the computations and experiments. Since all measurements
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of absorption spectra for E113Q were measured in solution, it is reasonable to add the counterions in the
vicinity of the chromophore. CI" can be conducted through a light-gated ion channel in an anion-conducting
channelrhodopsin, i.e. a subfamily of rhodopsin. It is also found that the permeability sequence is NO3 > I" >
Br > CI in this anion-conducting channelrhodopsin.*’ The structure of E113Q is similar as that of anion-
conducting channelrhodopsin, so CI" could enter the protein and be captured by PSB in E113Q. We
optimized the geometries of the PSBR E113Q with CI" (namely PSBR-CI" shown in Figure 2d) and SBR
E113Q with Na* (namely SRB-Na* shown in Figure 2e) by ONIOM-EE method. At the optimized
geometries, the So— S, energies of PSBR-CI" and SBR-Na" were calculated. The computational absorptions
(Amax ) are 478 nm for PSBR-CI" and 394 nm for SBR-Na". These values agreed quite well with the
experimental results®® ** (490 nm for PSBR and 380 nm for SBR). The Ama 0f PSBR-CI" in charged E181
state (PSBR-CI'/chE181 shown in Figure 3b) is 472 nm. The effect of the E181 charge is only 6 nm and
very small in the presence of counterion CI". Thus, we considered that the charged E181 could not serve as
the counterion of PSB of E113Q in the dark state, and uncharged E181 would be adopted in further

calculations.

* W355

b K1

O \&0!4

Figure 3. QM/MM optimized geometries of PSB state E113Q with charged state E181: (a) without
CI" (PSBR/chE181) and (b) with CI' (PSBR-CI/chE181). All distances are in A.

CI effects for PSBR: CI blue-shifts the first vertical excitation energy by 99 nm from 577 nm for
PSBR to 478 nm for PSBR-CI". Generally speaking, the electronegativity of chlorine atom is not enough to
form hydrogen bond. But in this case, the full negative charge and the lone pairs of CI” make it is possible
that CI" can form one hydrogen bond with the H* which is attached to the highly electronegative N atom of
PSB. In the presence of CI', the H-bond between the O of water 355 and the PSB (Figure 2b) is broken.
Instead, the CI" forms one H-bond with the PSB and another with water 355 (Figure 2d). Obviously, CI" has
a stronger H-bond with PSB than water 355. Water 355 moves to the polyene side of retinal and H-bonds
to CI" and G90. The OH of T94 moves away from PSB and forms a new H-bond with the NH, of glutamine
113.



Deprotonation effects for PSBR: After deprotonation of PSBR, the structure of SBR remarkably
changes (Figure 2e). In SBR, the NH, of glutamine directly H-bonds to the N of Schiff base instead of
water 355. The H-bond network among PSB, water 355, G90 and T94 in PSBR crashes when water 355
moves away from the Schiff base due to the deprotonation. These structure changes induced the blue shift
of the absorption spectra from 577 nm of PSBR to 344 nm of SBR, which could be mainly attributed to the
the loss of positive charge in the Schiff base, and the weakening of the H-bond network around the Schiff
base would also affect the spectra tuning but it is not the dominating factor*°.

Na" effects for SBR: Na" red-shifts the first vertical excitation energy by 50 nm from 344 nm for SBR
to 394 nm for SBR-Na*. In SBR-Na*, Na* is 4.935 A away from the Schiff base nitrogen and far from the
Q113 site (Figure 2e). By comparing the structures of SBR (Figure 2¢) and SBR-Na* (Figure 2e), it was
found that the Na* changes the location of the amino acid residues around the Schiff base very slightly: the

H-bond networks composed by the Schiff base, Q113 and T94 are almost same.

BLA )'mu\‘
ot 1.5 A
£ ~ 1 PSBR 0.103 577 nm
51.45 / \
k| 7/ \ /\ 2 SBR 0041 344 nm
§ 14 , = : 5
= g \/ \/ v \v \\ 3 SBR-Na 0.095 394 nm
135 \ 4PSBR-CI' | 0067 478 nm
1.3 \ 5 PSBR-Br 0.066 485 nm
1.25 6 PSBR-I" 0.061 498 nm
[ RN < I I o > K
S S I sl A 7 PSBR-NOs™ | 0.068 470 nm

All atoms of the 11-cis retinal polyene chain

Figure 4. Bond lengths (left) along the 11-cis retinal chromophore in optimized QM/MM models of
rhodopsin mutant E113Q. The BLA (in A) and the calculated Amay Values (right) of each model.

Pal et al.” proposed the rule that “an increase in BLA is usually correlated with a decrease in Amay” by
analyzing a set of BLA and the corresponding Amax Of the retinal chromophore in wild type halorhodopsin
and its various mutants. The value BLA, i. e. bond length alternation, is defined by the average bond length
of single bonds minus the average bond length of double bonds in the C5-Ngg* segment of the retinal
chromophore. The similar conclusion were drawn in linear conjugated chromophores in other models such

as rhodopsin *2°®

and peridinin . First, we would verify the relationship between the BLA of the retinal
chromophore and the A, for seven E113Q models listed in Figure 4. In PSBR, the BLA value is 0.103 A
and the corresponding Amax is 577 nm. In PSBR-CI’, with the strong polarization of CI’, the BLA decreases

to 0.067 A but the corresponding Amax blue-shifts to 478 nm. Accordingly, with the polarization of Na*, the
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BLA value in SBR-Na* increases to 0.095 A from 0.041 A in SBR, but the A, of SBR-Na* red-shifts to
394 nm from 344 nm of SBR. For PSBR and SBR-Na", although both BLA values are similar, their Amax
values differ greatly by 50 nm. That is, in the case of the retinal chromophore of E113Q without
counterions or in deprotonation state, the rule is not valid. For PSBR-I", PSBR-Br’, PSBR-CI" and PSBR-
NOj3, the BLA values are 0.061 A, 0.066 A, 0.067 A, 0.068 A and the corresponding /. values are 498
nm, 485 nm, 478 nm, 470 nm respectively. It implies the rule can be verified in this study only when the
PSB state retinal chromophore of E113Q interacted with counterions such as CI°, Br’, I’ and NO3". It seems
that the BLA value of the retinal chromophore which reflects its configuration correlates with the Ay Of
E1130Q to a limited extent, that rule cannot be valid when the environment electrostatics of the
chromophore change.

The environment of the retinal chromophore including protein with water and counterions could be
responsible for the spectral tuning of E113Q. So far there are some questions that we are still in the dark
about, like which part would be primarily responsible, and how to tune the spectra. To answer these
questions, we evaluated the protein and counterions contributions for four E113Q models at their
respective B3LYP/6-31G(d):AMBER10 optimized ground state geometries (shown in table 1).

Table 1. The First Vertical Excitation Energy (in nm) at SORCI+Q/6-31G(d):AMBER10 level of
bovine rhodopsin mutant E113Q with/without counterion at B3LYP/6-31G(d):AMBER10 Optimized
Ground State Geometries.

1 PSBR? 609 577 n/a .
2 PSBR-CI" 601 607 478 490
3 SBR © 330 344 n/a .
4 SBR-Na*¢ 339 353 394 380

Optimized geometry of ® protonated state rhodopsin mutant E113Q, ° protonated state rhodopsin mutant
E113Q with CI, ® unprotonated state rhodopsin mutant E113Q and ¢ unprotonated state rhodopsin
mutant E113Q with Na®. °Reference 13 and 14.

Structure effect of bare retinal chromophore (gas phase): Through the above BLA analysis (shown
in Figure 4), it is found that the structures of the retinal change significantly in PSBR and PSBR-CI" due to
the polarization of CI". Surprisingly, the calculated Ay, Of the bare retinal chromophore (gas phase) of
PSBR (609 nm) is very close to that of PSBR-CI" (601 nm) (shown in Table 1). The similar phenomena
could be observed in models SBR and SBR-Na®. That is, the effect of the structure variation of the bare
retinal caused by counterion polarization is very small on the spectral tuning for the dark state E113Q.

Protein effects: When the environment only contain the protein with water, A, are 607 nm for PSBR-
CI', 344 nm for SBR, and 353 nm for SBR-Na" respectively. Comparing with the 1., in gas phase, the



proteins with water red-shift the first vertical excitation energy 6 nm, 14 nm and 14 nm respectively. In
contrast, Amax OF PSBR is 577 nm and the protein with water blue-shifts the first vertical excitation energy
by 32 nm. By observing the structures in Figure 2, it could be found that the PSB forms a strong H-bond
with water 355 in PSBR while the protein has no H-bond with the PSB in PSBR-CI". It is obvious that the
polarization of water 355 is important and would affect the first vertical excitation energy of the retinal
chromophore. The H-bond formed by PSB (H-bond donor) and water 355 (H-bond acceptor) would be
responsible for the blue-shift in PSBR. The polar molecule water 355 would try to play the role of
counterion through the H-bond, but it still could not compensate for E113 due to the lack of negative
charge. In SBR and SBR-Na*, Na* has almost no influence on the structure of the amino acid residues
around the Schiff base, and both NH, groups of Q113 similarly H-bond to the Schiff base. It means the H-
bond between the Schiff base (H-bond acceptor) and Q113 (H-bond donor) would red-shift the first
vertical excitation energy of the retinal chromophore. In general, the protein environment only gives a

small contribution to the first vertical excitation energies of the E113Q retinal chromophore. This finding is

|.40 |.55

coincidence with the conclusions proposed by Andruniow et al.”” and Coto et al.””: the protein without
counterion induces a red-shift of the chromophore absorption spectra maxima, but the interaction between
the chromophore and the protein cavity is very weak.

Counterion effects: In PSBR-CI’, the CI’ plays the role of counterion for PSB, and the interactions of its
negative charge and the H-bond with PSB create a strong polar environment for the retinal chromophore.
To examine how counterions affect the first vertical excitation energy of the chromophore, we analyzed the
frontier molecular orbitals (HOMO-1 ~ LUMO+1) of the retinal chromophores in PSBR and PSBR-CI’
(shown in Figure S2a~b shown in SI). Although the orbital shapes substantially do not change, the energy
gap (ELumo - Enomo) increases from 3.89 eV of PSBR to 4.16 eV of PSBR-CI'. Ultimately, the counterion
CI' blue-shifts the first vertical excitation energy of the retinal chromophore by 129 nm. By contrast, the
Na* further red-shifts the first vertical excitation energy by 41 nm. The Na™ has little influence on the
structure of residues around the Schiff base, but its positive charge would affect the frontier molecular
orbitals of the retinal chromophore. It is found that the orbital shapes of SBR and SBR-Na" (Figure S2c
and S5d shown in SI) are similar, but the energy gap decreases from 4.71 eV (SBR) to 4.52 eV (SBR-Na").

Taken together, the Schiff base segment of the retinal chromophore is the key region to control the
spectral tuning in E113Q. The opsin of E113Q would help the retinal chromophore maintain the twisted
shape and slightly red-shift the first vertical excitation energy of the retinal chromophore, and the charge
polarization of the counterion which surrounds the retinal chromophore would be mainly responsible for
the spectral tuning in E113Q.

Based on the above results, the pH dependence of E113Q absorption spectra variations could be

considered as shown in Figure 2f. Firstly, in the acid or neutral solution the Schiff base in E113Q could



capture one proton from the solution to form PSBR. Due to the electrostatic interaction, the PSB with the
positive charge could attract one CI” from solution to form PSBR-CI". The A 0f PSBR (577 nm) blue-
shifts to 478 nm under the influence of CI". As the pH value of solution increases, OH™ has more
opportunity to approach the PSB to neutralize the proton and form water. CI” is released without the
bondage of the positive charge of PSB. The Ay, of SBR further blue-shifts to 344 nm. Actually, the Na™ in
solution could move to the vicinity of the retinal chromophore of E113Q without the repulsion of the
proton. Then, the positive charge of Na* red-shifts the /., to 394 nm in SBR-Na®. Lastly, the Schiff base
would be protonated again as the pH value of solution decreases.

Meanwhile we noticed that the H-bond between the Schiff base and the counterion also affects the
spectral tuning in E113Q. It implies that the absorption spectra of the mutant E113Q would be modulated
by regulating the H-bond length between the Schiff base and various counterions, and it becomes possible
for E113Q to use as a anion biosensor template.

Since CI” could get into the opsin as the counterion of PSB in E113Q, we speculated that other anions
with one negative charge could have same effect although they may differ in size and shape. Therefore, we
substituted CI" with Br’, I', and NO; to analyze both electrostatic and steric effects on 4. of E113Q
rhodopsin. This substitutions of anions do not significantly change the locations of amino acid residues and
water molecule around PSB. The architecture of the H-bond network in this region basically remains
conserved except that the H-bond lengths between the anion and PSB vary from 1.795 A to 2.580 A
(Figure 5). The Ay Values computed in these models are listed in the order of: PSBR-I" (498 nm) >
PSBR-Br (485 nm) > PSBR-CI " (478 nm) > PSBR-NO3 (470 nm). It is proportional to H-bond length,
PSB-I" (2.580 A) > PSB-Br (2.388 A) > PSB-CI (2.114 A) > PSB-NO5 (1.795 A). The relationship
between the H-bond lengths and the 1.« values are shown in Figure 5d. Generally, the direct H-bond
between PSB and the counterion would blue-shift the .., and the A,.x value would vary inversely with the
strength of the H-bond at the visible light region.
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485 o PSBR-Br

* PSBR-CI
475 | PSBR-NO,

First vertical excitation
energie (nm)

470 .

465 T
17 1.9 2.1 2.3 2.5 2.7 .
(d) H-bond length between the counterion and PSB (A)

Figure 5. QM/MM optimized geometries of (a) PSBR-Br’, (b) PSBR-1"and (¢) PSBR-NOj". (d) The
relationship between the H-bond lengths and the first vertical excitation energy values. All distances are in

A

4. Conclusions

In summary, we have investigated structures and the first excitation energies of bovine rhodopsin mutant
E113Q in solutions under different acidities by QM/MM calculations. The computations provide a
fundamental insight into the origin of the absorption variations of E113Q at different pH values. The
contributions of the structure of bare retinal chromophore, opsin and counterion to the spectral tuning were
analyzed in detail respectively. It is clear that the absorption spectra would be mainly tuned by the
counterions. Anion could blue-shift the absorption peak through increasing the energy gap of the retinal
chromophore while cation could red-shift the absorption peak through decreasing the energy gap of the
retinal chromophore. The computational absorption spectra with the protein and counterions are in good
agreement with the experiments. E181 cannot act as the counterion of PSB in the dark state. The
relationship between the 4.« and anions which directly H-bonds to the PSB of E113Q also implies that
E113Q rhodopsin could be a good candidate to produce protein-based chromophoric anion biosensors at

visible wavelength.
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Graphical abstract
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Highlights
e The absorption spectral tuning mechanism of E113Q rhodopsin in dark state at
different pH values is elaborated.
e The counterions in the vicinity of Schiff base are more crucial than the protein
environments to affect the absorption spectra of E113Q rhodopsin.
e E113Q rhodopsin has the potential for use as a template of anion biosensors at

visible wavelength.
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