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Abstract

The evolution of a variety of important chromophore-dependent biological processes, including
microbial light sensing and mammalian color vision, relies on protein modifications that alter the
spectral characteristics of a bound chromophore. Three different color opsins share the same
chromophore, but have three distinct absorptions that together cover the entire visible spectrum,
giving rise to trichromatic vision. The influence of opsins on the absorbance of the chromophore
has been studied through methods such as model compounds, opsin mutagenesis, and
computational modeling. The recent development of rhodopsin mimic that uses small soluble
proteins to recapitulate the binding and wavelength tuning of the native opsins provides a new
platform for studying protein-regulated spectral tuning. The ability to achieve far-red shifted
absorption in the rhodopsin mimic system was attributed to a combination of the lack of a
counteranion proximal to the iminium, and a uniformly neutral electrostatic environment
surrounding the chromophore.

Keywords
hCRBPII; red shift; retinal; rhodopsin; rhodopsin mimic; wavelength regulation

Introduction

In order to improve food recognition and increase energy gain, living organisms have
adapted to process light for two functions: sensory perception and energy production [1-3].
Conversion of light to chemical energy is performed by the chlorophyll-based
photosynthetic machinery of plants and photosynthetic bacteria [4], and proton pumps (e.g.
bacteriorhodopsin in archaea) [5]. Light-induced sensory perception systems include the
plant photoreceptors (phytochromes, cryptochromes, and phototropin) [6], prokaryotic
photo-receptors such as the sensory rhodopsins [7] (e.g. bacteriophytochromes [8]) and the
visual opsins responsible for vision in animals [9]. The retinylidene-based opsins are the
only class of chromophoric proteins that perform both sensory perception and energy
production [10].
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The most advanced form of biological light sensor is the eye, which is capable of discerning
shapes and movement of objects [11]. These have reached various degrees of sophistication,
ranging from monochromatic light detection, through trichromatic in the case of primates
[2], to the remarkable example of 16 wavelength-specific opsins in the compound eyes of
mantis shrimps [12-14]. Understanding the mechanism of this adaptation is the subject of
this review.

This adaptation accompanied the evolution of primate visual opsin into four distinct forms,
short wavelength (S), medium wavelength (M), and long wavelength (L)-opsins in the
retinal cone cells and rhodopsin in the retinal rod cells [9, 15]. Each of the four visual
rhodopsins binds the same chromophore, 11-cis-retinal, as a protonated Schiff base.
However, the absorption maximum of this chromophore is uniquely shifted by the protein
environment and its coordinated water molecules [16, 17].

What are visual opsins and how do they lead to color vision?

Opsin is a seven-a-helix-transmembrane protein, and is a member of the G-protein coupled
receptor (GPCR) family. The 11-cisisomer of vitamin A aldehyde (also called retinal) is
covalently linked to a lysine residue inside the binding pocket of the opsin as a protonated
Schiff base (PSB)! (Fig. 1) [18]. Opsins differ from most other members of the GPCR
family in that they are activated not by binding of their ligand, but by the absorption of light
by their chromophoric ligand [19].

Humans have three distinct opsins in the retinal cone cells: short (blue), medium (green),
and long wavelength (red), absorbing maximally at 420, 530, and 560 nm, respectively [20].
Besides these cone opsins, humans also have the substantially more abundant rod opsin
(rhodopsin) in the retina rod cells. It has an absorption maximum of 500 nm and is mainly
responsible for dim light vision. Though all of these opsins bind the same 11-cis-retinal
chromophore, their absorption properties are uniquely modulated by the protein environment
and its coordinated water molecules of each of the opsins to produce the set of pigments that
enable color vision [16, 17].

Rhodopsin is highly sensitive to light, with a quantum efficiency of 67% [21], meaning that
for every three photons absorbed by rhodopsin, two of them will result in isomerization of
retinal from the 11-cisto the all-trans conformation (Fig. 1). The energy of the remaining
one is dissipated in thermal motion. The change in the shape of the chromophore from bent
(11-cis) to straight (all-trans) induces a conformational change in the protein that initiates a
typical G-protein signaling cascade. Fifty rhodopsins or 203 cone opsins have to be
activated to fire up the neurons and lead to vision [22, 23]. The entire process takes only a
few milliseconds [24]. Subsequently, all trans-retinal dissociates and converts to 11-cis-
retinal in the retinal pigment epithelium cells, which are adjacent to the photoreceptors [25].
Newly generated 11-cis-retinal binds to apoopsins and reconstitute the 11-cis-retinal bound
opsins.

1schiff base: an organic C=N derivative with three R-groups, two bound to the C and one bound to the N, the same as imine.
Protonated Schiff base is the protonated form of Schiff base, C=NH+, with a proton bound to N, forming a positive charge in N, the

same as iminium.
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Microbial rhodopsins enable microorganisms to sense light

The function of microbial rhodopsins can be generally divided into three categories: (i)
proton pumps, such as bacteriorhodopsin, that transport protons against a membrane-
separated gradient that is used for energy production [26]; (ii) ion transporters that transport
protons or ions across the membrane to maintain homeostasis, such as halorhodopsin [27];
(iii) sensory rhodopsins that can direct the micro-organisms to move toward or away from a
light source [28]. A single microorganism can have multiple rhodopsins that absorb
distinctly different wavelengths of light, similar to the visual rhodopsins. In an extreme case,
six different rhodopsins were found in one archaeon, with absorption maxima ranging from
483 to 578 nm [29].

Although microbial rhodopsins and human visual opsins have low sequence identity, they
share a similar protein structure and all are covalently bound to a retinal molecule via a
protonated Schiff base. In contrast to visual opsins, microbial rhodopsins have all-trans-
retinal bound in the dark state. Light triggers the isomerization of all-trans-retinal, usually to
13-cis-retinal, which causes the migration of an ion through the protein and across the
membrane in ion pumps [30]. But contrary to visual opsins, retinal does not dissociate from
the microbial rhodopsins after isomerization. Instead, 13-cis-retinal spontaneously converts
back to its dark state, all-trans-retinal [31].

Bacteriorhodpsin and halorhodopsin translocate protons and halides against a gradient
across the cellular membrane, directly, via the isomerization process [30, 32]. This energy
requiring process is not catalytic, meaning that one photon translocates only one proton or
one halide. The proton gradient produced by bacteriorhodopsin is subsequently used for the
production of chemical energy via an ATP synthase [33]. Sensory rhodopsins have a
transducin partner that becomes activated by the conformational change in rhodopsin caused
by isomerization [34].

A direct result of isomerization is the drastically lowered pKj, of the retinal-PSB, which
leads to its deprotonation. This is because the counteranion is moved further away from the
PSB and is no longer able to stabilize the positive charge. This is evident in the crystal
structure of meta Il (all-trans-retinal-bound) bovine rhodopsin, the active state of visual
rhodopsin [35]. Zhu et al. recently found that the pK, of the protonated Schiff base is further
a function of 3-ionone ring orientation [36].

How do opsins regulate the wavelength of their chromophore: Retinal-PSB

Though great progress has been made in understanding many aspects of the opsins, the
mechanism by which the protein environment modulates the absorption maxima of a single
chromophore, retinal-PSB, over the range from 420 to 600 nm is still debated [37—40]. This
represents the most regulated chromophore observed in nature, and provides a good platform
to study how protein-chromophore interactions affect a chromophore’s photophysics.

Retinal absorbs at 380 nm in ethanol and it blue shifts to 360 nm when it forms a Schiff base
(an imine) with n-butylamine. A large red shift to 440 nm results when the Schiff base is
protonated. Retinal bound to opsins as a PSB (an iminium) absorb at different wavelengths.
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The difference between the protein-bound PSB absorbance and 440 nm is referred to as the
“opsin shift”, and represents the protein-induced change in absorption spectrum of the
pigment as compared with that of the native protonated retinylidene Schiff base [41].

Wavelength is inversely proportional to the excitation energy of an electron promoted from
the ground state to the excited state of a chromophore. Therefore, altering the relative
energies of the ground and excited states will lead to alterations in the wavelength of
absorption. Lowering the ground state while raising the excited state will result in blue
shifted absorption, while raising the ground state and lowering the excited state will lead to
red shifted absorption.

Two general approaches to wavelength tuning can be envisioned; a conformational approach
(Fig. 2A) and an electronic approach (Fig. 2B). The conformational approach involves
controlling the planarity of the polyene by steric interaction with the protein. A more planar
polyene results in a higher degree of conjugation and w delocalization, thus a red shifted
absorption. Twisting along the single bond results in lower degree of conjugation and a
corresponding blue shifted absorption spectrum [42]. The electronic approach takes
advantage of the fact that the positive charge localized at the Schiff base becomes more
delocalized across the entire polyene upon photo-excitation from the ground state to the
excited state [43]. This causes a large difference in dipole moment between the retinal-PSB
ground and excited states. Therefore, the polarity of the surrounding environment should
exert a strong impact on the energy difference between the ground and excited state of the
bound chromophore. More negative polarity close to the Schiff base discourages positive
charge delocalization because it would stabilize the positively charged iminium.

The protein environment can have a great impact on the retinal-PSB, either through protein-
chromophore packing to change the conformation of retinal, or by tuning its binding
pocket’s polarity to affect the ground state and excited state energy and the delocalization of
the positive charge. However, accurately accounting for the effects of protein environment
on the retinal-PSB still remains a big challenge, because of the dynamics of the protein
environment and the dependency on the conformation of retinal. Furthermore, the
electrostatics of the protein-binding pocket could be changed drastically by the rotation of
side chains, and the presence of ordered water molecules within the binding cavity.

Early model compound studies and rhodopsin mutagenesis studies

Visual opsins provide a wide palette of colors for studying the opsin shift. However, opsin is
not a trivial protein to work with. As an integral membrane protein, opsin is hard to express,
purify and even more so to crystallize [44]. So far, none of the color opsins has been
crystallized, only bovine rhodopsin’s structure and squid rhodopsin have been determined
[18, 45]. Sequence homology of rhodopsin with the S-, M-, and L-opsins is ca. 40%,
although structural data and analysis indicate a high structural homology [46, 47]. M and L-
opsin are 95% identical in sequence (in the case of the human proteins) [48]. Mutagenesis
studies have suggested that seven amino acids are responsible for the 30 nm difference
between these two opsins [48, 49]. Chan et al. introduced three hydroxyl containing amino
acids to bovine rhodopsin that resulted in ~20 nm red shift [50]. The bovine rhodopsin
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crystal structure shows that all three residues are in the ionone ring region, and indicates
introduction of polar residues in the ionone region might lead to the red shift.

Structures of sensory rhodopsin 11 (500 nn), bacteriorhodopsin (560 nm), and halorhodopsin
(570 nm) have been determined [51, 26, 27]. Kloppmann et al. performed electrostatic
potential calculation on these three crystal structures [40]. The maps of electrostatic
potential projected on the van der Waals surface of the retinal for the three rhodopsins
suggests that the slightly more negative polarity in the ionone ring region contributes to the
red shift observed in bacteriorhodopsin and halorhodopsin versus sensory rhodopsin.
However, attempts to shift the wavelength of sensory rhodopsin to that of bacteriorhodopsin
by changing the amino acids in the first shell of the binding pocket resulted only in a 24 nm
red shift, versus the 60 nm difference observed between the two protein complexes [52, 53].
Based on the sensory rhodopsin 11 (SRII) crystal structure, Birge and coworkers performed
MNDO-PSDCI molecular orbital theory to calculate the spectroscopic properties of
bacteriorhodopsin (BR) and SRII [54]. They found that the remaining portion of opsin shift
of BR over SRII not accounted by the mutations made by Kamo and coworkers [52, 53]
could be explained by the altered position of Arg72 in Srll (Arg82 in BR). In SRII, this side
chain has moved away from the chromophore Schiff base nitrogen and closer to the beta-
ionylidene ring. This shift in position transfers this positively charged residue from a region
of chromophore destabilization in BR to a region of chromophore stabilization in NpSRIl,
and is considered responsible for the rest of the blue shift in SRII.

Protein-bound water molecules can affect the dielectric environment of the binding pocket,
but their role in spectral tuning of rhodopsin is not well known [42]. Recently, Katayama
and collegues applied low-temperature Fourier transform infrared (FTIR) spectroscopy to
monkey L and M cone opsins to study water vibrations inside the opsin binding pocket [42].
Consistently, the longer the absorbance wavelength of the opsin, the lower the averaged
frequencies of water. This might suggest the important role of Protein-bound water
molecules in affecting the chromophore’s absorbance. More studies are needed in order to
understand the role of water molecules in spectral tuning. High-resolution crystal structure
that can clearly show the position of the water molecules would greatly facilitate the studies.

Model analogs of retinal have also suggested aspects of the fundamental mechanism of
wavelength regulation. Retinal analogs with ring-locked structures were used to study the
contribution of conformational change to the absorption maximum of the retinal-PSB [55].
Molecules that are more planar lead to red shifted absorption spectra. To study the electronic
effects on the chromophores’ absorption maxima, Sheves’ group used retinal-PSB analogs
with a point charge positioned at different locations along the polyene [56]. Not surprisingly,
a positive charge that can promote charge delocalization along the polyene gives the most
red shifted species, while a positive charge along the polyene that inhibits delocalization of
the iminium along the polyene results in absorption spectra (Fig. 3). Similarly, the
counteranion placed at a further distance to the protonated Schiff base led to a red shift (Fig.
3) [57]. This leads to reduced stabilization of the positive charge on the iminium, which
promotes positive charge delocalization along the polyene.
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Prediction of the upper limit of red shift and computational studies of the
retinal-PSB

It is generally believed that isolation of retinal-PSB from its counteranion results in red
shifted spectra [58]. The counteranion is critical in stabilizing the positively charged retinal-
PSB in a hydrophobic protein pocket through charge compensation. The distance between
the counteranion and the iminium plays a crucial role in the absorbance of retinal-PSB [57],
as a counteranion perturbs the delocalization of the positive charge along the polyene.

It was predicted from computational studies that counteranion removal will result in
maximal positive charge delocalization and cause the retinal-PSB to red shift dramatically to
~600 nm [59]. Anderson et al. developed an electrostatic ion storage ring in Aarhus
technique to record the electronic absorption spectrum of all-trans-retinal PSB in the gas
phase [60]. It was found that retinal-PSB in the gas phase and thus isolated from a
counteranion, has an absorption maximum at ~610 nm. More recently Rajput et al. improved
the latter technique and were able to detect an absorption peak with a plateau extending from
530 to 610 nm [38]. The observation above was attributed to the chromophore adopting both
6-s-cisand 6-s-trans rotameric configurations in the gas phase (Fig. 2C). This was further
verified by gas phase spectra of retinal analogs that would resemble the structure of the 6-s-
cisand 6-s-transretinal-PSB. Since the 6-s-cis rotamer is highly twisted because of steric
repulsion between the gem-dimethyl group and C8-H, the first double bond is significantly
less conjugated with the polyene. This results in a large blue shift (absorbing at 530 nm)
compared to the 6-s-trans rotomer, which absorbs at 610 nm. These gas-phase studies
provide a new perspective for wavelength regulation observed in rhodopsins, suggesting the
possibility that the most red shifted rhodopsin pigments are due to better masking of the
counteranion by the protein binding pocket.

The development of better computational tools, especially quantum mechanical/molecular
mechanics hybrid platforms (QM/MM), have made the rhodopsin system amenable to such
studies [61]. Crystal structure and mutagenesis studies on microbial rhodopsin provide a
platform to test these computational models. High level theoretical methods are necessary to
obtain more accurate calculation of the ground state and excited state energy, in order to
obtain the absorption spectra [62, 63]. These calculations have shown that both electrostatic
interactions and dispersive interactions due to polarizable aromatic residues play a crucial
role in the red shift [64, 65, 53].

The central importance of the retinal-PSB for wavelength tuning suggested by the gas phase
studies was tested computationally in the bovine rhodopsin. Indeed, introduction of the
counteranion contributed the most blue shift from 610 nm in the gas phase to 486 nm in the
protein environment, and other protein interactions counterbalance the counteranion effect
and lead to the opsin shift [39].

Rhodopsin mimic engineering: Initial efforts

To avoid the pitfalls of working with either the natural integral membrane rhodopsin
proteins, or the isolated chromophores devoid of the protein/chromophore interactions that
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must be the root of the phenomenon, Wang et al. studied spectral tuning using a novel
strategy that is orthogonal to previous efforts [66]. They have developed small cellular
proteins to be surrogates of the rhodopsins to study a protein’s effect on retinal-PSB’s
absorption. The small cellular proteins they have used, cellular retinoic acid binding protein
I1 and cellular retinol binding protein 11, naturally bind ligands similar to the retinal PSB
(retinoic acid and retinol or retinal, respectively) and have many significant advantages over
the natural systems. They are expressed and purified with a high yield, unusually receptive
to mutation, and readily produce crystals that diffract to high resolution (between 1.1 and 1.7
A typically) [67, 68]. These characteristics allow for exhaustive, systematic analysis both
spectroscopically and structurally.

They first started with cellular retinoic acid binding protein Il (CRABPII), which naturally
binds all-trans-retinoic acid (Fig. 4A). To mimic rhodopsin, the small cellular protein must
be re-engineered to bind and form a PSB with retinal. Modeling of the binding pocket led to
the introduction of a lysine residue to form a PSB with retinal [69]. In the initial design,
hydrophaobic residues were introduced to lower the pK, of the newly introduced lysine
residue such that the lysine would be more prone for nucleophilic attack to form a Schiff
base with retinal. It was later realized that an optimal Burgi—Dunitz trajectory is more
critical for Schiff base formation than the hydrophobicity of the pocket [70, 71]. A triple
mutant, R132K:R111L:L121E, was designed to be optimal for formation of a retinal-PSB
with high binding affinity to retinal and reasonable pK, of 8.7 in the presence of a
counteranion, L121E (Fig. 4B).

Full encapsulation of chromophore is crucial

Mutations of the latter triple mutant with the aim of altering electrostatic interactions along
the polyene did not result in wavelength regulation. In search of an explanation for the
protein’s relative inertness to spectral tuning, it was noticed that the ionone ring of CRABPII
was not fully buried in the binding cavity, leaving it exposed to bulk solvent. The aqueous
solvent has a much higher dielectric constant (D =78) than the hydrophobic binding pocket
of a protein (estimated to be between 2 and 4) [72]; exposure to this higher dielectric
constant would buffer the relatively small changes in electrostatics caused by mutations of
the binding pocket, resulting in a system that is insensitive to electrostatic changes in the
binding cavity. This idea was first tested by using a shorter retinal analog (C15-retinal) by
removing two double bonds. Compared to retinal, C15-retinal was fully embedded within
the binding pocket (Fig. 5). As a result, introduction of negative polarity near the ionone
ring region resulted in a red shift for C15-retinal, while it had no effect on retinal [73].

The second generation rhodopsin mimic surpassed the theoretical limit

Encouraged by the latter result, the search was on for another protein in the family that
would bind retinal more deeply in the binding pocket, while maintaining the attractive
features of CRABPII. This led to human cellular retinol binding protein 1l (hCRBPII).
hCRBPII binds retinal fully within the binding pocket and more completely isolates the
ligand from the bulk solvent (Fig. 6A) [66]. In contrast to both rhodopsin and the CRABPII-
based rhodopsin mimic, a counteranion proximal to the imine was not required for PSB
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formation. As there is no need to counter balance the counteranion effect, which serves to
localize the positive charge at the imine nitrogen, the positive charge on the iminium is more
prone to be delocalized along the polyene.

The hCRBPII rhodopsin mimic proved to be spectacularly successful (Fig. 6B). It was
shown that the wavelength of the retinal PSB could be modulated from 425 nm, when
negatively charged residues close to the PSB iminium were introduced, to 644 nm,
representing a red shift almost 30 nm further than was thought to be theoretically possible
[38]. A number of conclusions were drawn from this study of over 300 hCRBPII rhodopsin
mimic mutants. First it was clear that electrostatics, particularly in the vicinity of the PSB,
played an important role in the mechanism of wavelength tuning. Changes that enhanced
localization of positive charge at the iminium invariably lead to blue shifted absorption
spectra, while mutations that discouraged positive charge localized at the PSB lead to red
shifted spectra. Nonetheless, changes in electrostatics (mutation of a Thr for a Val as in the
T51V mutation) were found to be important. On the other hand, the most important changes
at the ionone ring end of the chromophore involved better encapsulation of the
chromophore, not large electrostatic perturbations. For example, introduction of negatively
charged residues in this region did not lead to the expected red shift, presumably because it
would lead to localization of the cationic charge and defeat the goal of maximally
distributing the cation along the polyene. Mutation of Arg 58 and Ala 33 to Trp led to better
sequestration of the binding pocket from bulk solvent, and not only red shifted the spectrum,
but also enhanced the electrostatic perturbations caused by other mutations, leading to a
much larger redshift overall.

The overall take-home messages of the study were that while blue shifted absorption spectra
were often the result of localizing positive charge on the iminium by directing negative
electrostatic potential in this region, maximally red shifted absorption spectra are the result
of first the removal of a counteranion in the vicinity of the PSB, and second the creation of a
uniformly neutral electrostatic environment across the entire polyene. This uniformity
necessarily requires the chromophore to be as isolated from the high dielectric constant of
the bulk solvent as possible. Only when this is accomplished can other, more subtle
variations in electrostatic potential realize their full effect on the spectroscopy of the
chromophore. This allows for maximal delocalization of the positive charge, which
invariably leads to the most red shifted absorption spectra observed for a retinylidene
complex. This is in contrast to the idea that a charge reversal, where negative electrostatics
at the ionone ring combined with more positive electrostatic potential at the PSB would lead
to the most red shifted absorption spectra [74].

Rhodopsin mimics provide a simpler platform for theoreticians

The rhodopsin mimics derived from hCRBPII cover the entire visible spectrum. The
structures of representatives that span the spectrum have been determined, many to high
resolution (1.1 A in some cases) [66] providing a powerful platform for theoreticians to
develop methodology, especially with the exact positions of the protein bound water
molecules defined. This will allow accurate examination of the effect of the bound water
molecules in spectral tuning of retinal-PSB, which is currently unknown. Although the
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localization of structural waters could have different locations compared to opsins and
therefore different influences on spectral tuning, the underlying principle for spectral tuning
of the structural water molecules should be similar in both systems. Wavelength tuning in
rhodopsin mimic system is not equivalent to opsins in that: all-trans-retinal is used as the
chromophore, same as that in microbial rhodopsins, but different from that in visual opsins,
where 11-cis-retinal is bound as the chromophore; besides, there is no direct counteranion
interaction or water-mediated counteranion interaction in the bathochromically shifted
rhodopsin mimic. However, this is a simpler problem than rhodopsin, as the protein is much
smaller, more rigid and has only one shell of residues in the binding pocket. Besides,
calculations can be directly compared among the different variants with only nine total
mutations. The development of robust theoretical models of protein-chromophore
interactions will eventually yield theoretical calculations that will closely predict the
experimental data. This in turn may result in the engineering of natural rhodopsins for a
wide range of applications.

Possibility of spectral tuning of opsins?

The idea of a balanced distribution of the iminium positive charge by fine tuning the
electrostatic environment of the binding pocket may also apply to the opsin systems [75].
Assuming that removal of the counteranion would not abolish the function of the opsin, one
could start by replacing the counteranion with a neutral polar residue or aromatic residue,
similar to that which stabilizes the PSB in the hCRBPII system. Once a stable PSB in the
absence of a counteranion is achieved, the iminium positive charge would be delocalized by
tuning the electrostatics in the binding pocket.

Optogenetics is a newly developed technique that can spatially and temporally apply light to
genetically modified animals to control the activity of neurons in live animals [76].
Channelrhodopsin has been engineered to induce cation influx upon blue light illumination,
causing depolarization and subsequent firing of the neuron [77]. Halorhodopsin was used to
uptake halide ions across the membrane in neurons to end depolarization, because
halorhodopsin absorbs at 570 nm maximally and has little overlap with the absorption of
channelrhodopsin [78]. These two microbial rhodopsins could be introduced together to turn
on or shut off neuronal activity. Although optical fibers have been introduced to deliver light
deep in the tissue to solve the problem of low tissue penetration of short-wavelength light,
rhodopsins with longer absorption wavelength are favored for better tissue penetration and
orthogonal usage of multiple rhodopsins to control neuronal activities. With the
channelrhodopsin crystal structure now available [79], it will be easier to engineer
channelrhodopsin for wavelength tuning. One could apply the principles learned from the
rhodopsin mimic system by creating a uniform electrostatic environment surrounding the
chromophore.

Conclusions and outlook

The mechanisms that allow a protein to modulate the absorption properties of an embedded
chromophore has been a topic of interest for a number of years; the retinal-bound rhodopsin
system representing a system of particular interest. Both model compound studies, where
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variants of the chromophore are studied in isolation, and studies of the retinylidene-bound
rhodopsin system itself have been pursued. The recently developed soluble rhodopsin mimic
based on hCRBPII, using a rational protein engineering strategy, represents a new tool for
the study of this phenomenon. Using this system, Wang et al. have demonstrated wavelength
tuning over the entire visible range (from 425 to 644 nm) by modifying the protein in only
nine positions [66]. They were able to make, purify and study more than 300 mutants and
obtain high resolution structures for many of these variants. Drastic wavelength tuning can
be obtained by a combination of complete sequestration of the chromophore from solvent,
electrostatic tuning, particularly in the vicinity of the PSB, and a uniformly neutral
electrostatic potential across the polyene for maximal red shift. The application of these
principles in the natural systems may lead to physiologically relevant variants with altered
and enhanced spectroscopic properties. For example, super red shifted visual opsins that are
sensitive to near IR light might be engineered; more red shifted microbial rhodopsins
engineering could lead to near IR sensitive phototaxis and ion channels.

With regards to the application of these rhodopsin mimics, the next reasonable step is to
engineer functions into these rhodopsin mimics. Is it possible to induce light dependent
isomerization of the retinal-PSB that could result in a protein conformational change of the
rhodopsin mimic? This way, a light induced protein-protein interaction could be achieved by
evolving a peptide or protein to bind specifically with the rhodopsin mimic after
isomerization. It might also be feasible to engineer these widely regulated rhodopsin mimics
into chromophoric tags or fluorescent tags if appropriate retinal analogs are used.

Acknowledgments

We thank the Editor and two reviewers for their helpful comments that considerably improved the paper.

Abbreviations

CRABPII cellular retinoic acid binding protein Il
GPCR G-protein coupled receptor
hCRBPII human cellular retinol binding protein I
PSB protonated Schiff base
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Figure 1.
A: Rhodopsin crystal structure with 11-cis-retinal bound to a lysine residue in the binding

pocket as protonated Schiff base. PDB code: 1F88. B: Isomerization of 11-cis-retinal to all-
trans-retinal upon light absorption.
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Figure 2.
Wavelength regulation mechanisms. A: Rotation along the single bond C6-C7 or twisting

along double bond C11-C12 could alter the degree of conjugation for 11-cis-retinal. The
whole retinal could be divided into three planes: one composed of the first double bond
C5=C6 in the ionone ring; one composed of C7=C8-C9=C10-C11; one composed of C12-
C13=C14-C15=N. The three planes are not planar due to steric hindrance of C5-CH3 and
C8-H, and C10-H and C13-CHs;. B: Resonance of the positive charge along the polyene
provides the opportunity for interactions at different locations to stabilize and/or extend the
delocalization of the positive charge. It has been hypothesized that different opsins could
alter the wavelength of absorption through electrostatic interactions with the polyene at
different locations. C: The two different C6/C7 rotomeric configurations for all-trans-retinal
PSB.
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Figure 3.
Absorption maxima of retinal analogs in ethanol (top four molecules) and dichloromethane

(bottom two molecules), demonstrating wavelength modulations as a result of charge
interactions.
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Figure4.

Rhodopsin mimic based on CRABPII. A: Cartoon of the crystal structure of WT CRABPII
bound with all-trans-retinoic acid. PDB code: 1CBS. B: Distinct residues in the binding

pocket and retinal-PSB in the crystal structure of engineered CRABPII mutant,
R132K:R111L:L121E. PDB code: 2G7B.

Bioessays. Author manuscript; available in PMC 2014 July 21.



1duasnuely Joyiny vd-HIN duasnuey Joyiny vVd-HIN

1duasnuely Joyiny vd-HIN

Wang et al. Page 19

A) B)
N Ve Y N o
all-trans-retinal
X
Ej\A/LAO
y

C15-retinal

Figure5.
Comparison of CRABPII bound with retinal and C15-retinal. A: Crystal structure of

CRABPII bound with retinal, with retinal highlighted in magenta. PDB code: 2G7B. B:
Chemical structures of all-trans-retinal and all-trans-C15-retinal. C: Crystal structure of
CRABPII bound with C15-retinal, with C15-retinal highlighted in yellow, PDB code: 3F8A.
D: Overlaid structure of CRABPII bound with retinal and C15-retinal, showing that C15-
retinal is fully embedded within the protein binding pocket, while retinal (magenta) is
exposed.
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Figure6.
Rhodopsin mimic based on hCRBPII. A: Overlaid crystal structures of R132K:R111L:

L121E-CRABPII (pink, 2G7B) bound with all-trans-retinal (red) and WT hCRBPII (cyan,
2RCT) bound with all-trans-retinol (blue). B: UV spectra of hCRBPII mutants bound to
retinal, spanning from 425 to 644 nm and a spectrum of hCRBPII mutant protein solution
incubated with retinal in cuvettes.
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