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ABSTRACT: The members of the rhodopsin family of
proteins are involved in many essential light-dependent
processes in biology. Specific photoisomerization of the
protein-bound retinylidene PSB at a specified wavelength
range of light is at the heart of all of these systems.
Nonetheless, it has been difficult to reproduce in an
engineered system. We have developed rhodopsin mimics,
using intracellular lipid binding protein family members as
scaffolds, to study fundamental aspects of protein/chromo-

uv

phore interactions. Herein we describe a system that specifically isomerizes the retinylidene protonated Schiff base both thermally
and photochemically. This isomerization has been characterized at atomic resolution by quantitatively interconverting the
isomers in the crystal both thermally and photochemically. This event is accompanied by a large pK, change of the imine similar
to the pK, changes observed in bacteriorhodopsin and visual opsins during isomerization.

B INTRODUCTION

Isomerization of the retinal chromophore is the key event in a
variety of biological processes,’ particularly those that involve
visual perception,” circadian rhythm,” channeling ions across a
membrane, light-induced phototaxis and signaling.” Addition-
ally, photoisomerization of retinal, coupled to the action of
channel rhodopsin and halorhodopsin to trigger light-depend-
ent ion transport in neurons, has been exploited in the
burgeoning field of optogenetics.” Rhodopsins bind an isomer
of retinal as a protonated Schiff base (PSB, iminium) using a
nucleophilic lysine residue in their binding pocket. Though
they have a variety of biochemical activities, most share some
common themes that are critical to their function. First they are
characterized by a specific light induced cis—trans isomerization
of the retinylidene moiety; usually either an 11-cis retinylidene
isomerization in eukaryotic opsins (type II rhodopsins) or a 13-
cis retinylidene isomerization in microbial rhodopsins (type I
rhodopsins)." This specific isomerization is distinct from the
behavior of retinylidene PSBs in solution, which gives mixtures
of isomers upon irradiation. This isomerization places the
retinylidene Schiff base (SB) in two distinct, local environ-
ments, directly affecting the pK, of the imine functionality. For
example, in microbial rhodopsins the isomerization of the C13
double bond results inasmuch as a 5—6 unit change in the pK,
of the protein-bound iminium.® In the rhodopsin visual
pigment, this difference increases to 8—11 pK, units.”
Deprotonation of the PSB to a Schiff base (SB, imine) leads
to a large shift in the absorption spectrum of the polyene from
the visible region to the ultraviolet." Although, the past two
decades have witnessed a great deal of progress in under-
standing the mechanism of photoisomerization in different
rhodopsins,l’8 there are significant challenges in taming the
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isomerization process such that it is observable in real time,
with structurally informative techniques. To the best of our
knowledge, there are no reports that show complete photo-
isomerization of rhodopsin in the crystalline form,” and in
bacteriorhodopsin, there is controversy regarding the structure
of the intermediates identified spectroscopically.’’ A model
system that is able to reproduce an isomerization event in a
controlled manner would allow a much more detailed
examination of these processes. Herein, we demonstrate the
first steps toward this goal.

Our work has focused on the development of soluble, easily
manipulated rhodopsin mimics derived from the reengineering
of cellular retinoid binding proteins that belong to the
intracelluar lipid binding family of proteins (iLBP),"" namely
human cellular retinol binding protein 1T (hCRBPII)"* and
human cellular retinoic acid binding protein II (CRABPII)."
We have used these systems to unravel the mechanism of
wavelength tuning, where the protein environment alters the
absorption properties of a bound chromophore over a wide
wavelength range. This has culminated in the development of a
set of retinal-bound proteins with absorption maxima that range
from 425 to 644 nm,"**"** more than 50 nm further than any
of the natural rhodopsin systems. These studies have shed light
on the fundamental mechanisms of protein-based wavelength
tuning, with potential applications in a wide range of systems.
The reengineered iLBPs have also shown a great deal of
potential as fluorescent protein tags and also pH responsive
reporters.'>'* With respect to the latter, we have had the good
fortune of identifying mutants of CRABPII and hCRBPII that

Received: April 9, 2016
Published: June 16, 2016

DOI: 10.1021/jacs.6b03681
J. Am. Chem. Soc. 2016, 138, 8802—8808


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b03681

Journal of the American Chemical Society

can interconvert between two putatively isomeric states either
thermally or photochemically.”**'® Such a system could
provide a natural laboratory for the study of the basic
photophysics of the rhodopsins and also create a platform for
the development of novel photoswitchable proteins for use in a
variety of applications, including photoswitchable fluorescent or
fluorescence quenching proteins. In the past few years the
discovery of reversibly switchable fluorescent proteins (RSFPs)
that can be switched between fluorescent and nonfluorescent
states has enabled the development of numerous hiégh— and
super-resolution microscopy and imaging techniques.1

Our efforts in developing light responsive proteins have
resulted in the design and demonstration of a robust
photoswitchable rhodopsin mimic through the reengineering
of CRABPIL Further, we have characterized the two photo-
switchable forms as the 15-cis and -trans retinylidene protein-
bound isomers by UV—vis spectroscopy and X-ray crystallog-
raphy. The well-behaved nature of these proteins has led, for
the first time, to a system capable of quantitative, reversible
photoisomerization in single crystals over several isomerization
cycles. The elucidated structures unequivocally reveal the
isomeric forms for both photostates at high resolution, making
this one of the best characterized photoswitchable protein
systems known so far.

B RESULTS AND DISCUSSION

We recently demonstrated photoinduced changes in the
protonation state of a retinylidene bound mutant of
CRABPIL'® Based on the spectroscopic changes observed
during photoirradiation, we hypothesized that the change in the
protonation state of the imine functionality (either protonated
as a colored iminium, or deprotonated as a colorless imine) was
likely due to the light-triggered isomerization of the
chromophore. Nonetheless, verification of this hypothesis,
and the precise identification of the two photoisomers, is best
obtained from high-resolution structural data. After many trials,
it became clear that a new set of mutants with appropriate
imine pK,, faster rates of chromophore binding, and improved
photochemical characteristics are required to obtain the
necessary crystallographic evidence. Even more ambitiously,
we hoped to create a system that would photochemically
isomerize reversibly in the solid state, without loss of crystalline
order. For this purpose, CRABPII was used as a template to
design a photoactive version of a rhodopsin mimic. As
previously described,"* four mutations were required to obtain
an optimal CRABPII mutant that would bind retinal and react
to form a stable PSB. The R111K mutation provides the
nucleophile for PSB formation, while the R132L, Y134F, and
T54V mutations were required to remove the original retinoid
binding site and facilitate the formation of the requisite
iminium. The resulting RI111K:R132L:Y134F:T54V tetra
mutant (KLFV) provides a starting template for further
alterations.

The design of a functioning photoswitchable mimic of
rhodopsin requires that a single photoisomerization event
results in a substantial change in the pK, of the retinal PSB.
This would lead to a simple visual readout since the PSB,
strongly colored due to the protonation of the imine, would
lose absorption in the visible spectrum upon deprotonation. To
this end, we sought to increase the iminium pK, of the
CRABPII rhodopsin mimics. This was achieved by placing two
critical Gln residues in the vicinity of the bound chromophore
to aid in increasing the binding pocket’s overall hydrophilicity.
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The sites for introduction of the Gln residues were identified
through comparison of the CRABPII sequence with hCRBPII
mutants that had previously demonstrated high pK, (Figure 1).
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Figure 1. Structures of the CRABPII mutant
R111K:R132L:Y134F:TS4V:RSOW (green, PDB ID 4I9S) and the
hCRBPII mutant Q108K:K40L (blue, PDB ID 4RUU) were overlaid,
and the region around the retinal binding site is shown. Note the three
glutamines in hCRBPII are substituted with hydrophobic residues in
CRABPI], leading to a much higher pK, for the former. Atoms, here
and throughout, are colored as follows: O is red, N is blue, and C is
green unless otherwise indicated.

In addition, mutation of ArgS9 to Tyr was instrumental in
gaining higher pK,.'** The culmination of these changes led to
the RI111K:Y134F:T54V:R132Q:P39Q:R59Y (M1) CRABPII
hexamutant. Interestingly, base titration of M1 complexed with
retinal as a PSB revealed a broad transition, ranging from pH of
4.3 to 10.5, which is inconsistent with the behavior of a weak
acid/base system with a single pK, P39Q and R132Q
mutations gave similar results (see Figure S1).

A possible explanation for this behavior came from our
previous studies of retinal-bound CRABPII mutants, where we
had observed the conversion of the PSB to the SB (loss of the
iminium proton) in a time scale ranging from minutes to hours.
We discovered that these proteins convert from a high pK, to
much lower pK, form, suggesting a change of environment in
the vicinity of the iminium nitrogen atom as the culprit."** We
had hypothesized that the change in the environment could be
attributed to an isomerization of one of the double bonds in the
chromophore, analogous to that seen in the natural rhodopsin
systems.’ Similar to the mutants described above, M1 also
converts over time from a higher to a lower pK, form, however,
the rate of interconversion between the two forms is
substantially slower than that seen in previous mutants (Figure
2a). We surmised that the reduced rate of interconversion
might allow for the trapping and unequivocal identification of
each form crystallographically. It is important to note that M1
was substantially slower in forming the initial PSB, requiring
nearly 4 h to achieve maximum levels of PSB formation.

To identify the final, SB product, crystallization of M1
commenced only after all of the PSB had disappeared (24 h).
This resulted in a clear electron density map consistent with an
all trans configuration for all the chromophore’s double bonds,
including the iminium (Figure 2b). Attempts at trapping the
high pK, form of M1, by initiating crystallization trials
immediately after PSB formation, resulted in crystals with
ambiguous electron density for the chromophore, especially in
the vicinity of the iminium region. There are two potential
problems with this approach. First and most obvious is that
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Figure 2. Thermal conversion of the M1 mutant. (a) UV—vis spectra of the M1/retinal complex 3.5 and 24 h after addition of retinal to the protein
at physiological pH. (b) Two views (the bottom rotated 180° about a vertical axis relative to the top view) of the retinal density in the crystal
structure of R111K:R134F:T54V:P39Q:R132Q:R59Y at 1.83 A contoured at 16 shows a trans-SB (PDB ID: 4YBP).
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Figure 3. Thermal isomerization of a CRABPII rhodopsin mimic. (a) PSB loss over time for the M2 mutant. M2 was incubated with retinal, and
UV—vis spectra were taken at various time points. (b) Crystal structure of M2 showing the trans-SB at 1.62 A, with the electron density contoured at
2.0 o, (green, protein was incubated with 4 equiv retinal for 24 h at room temperature before crystallization, PDB ID: 4YFQ), overlaid on the cis-PSB
of the same mutant crystallized after 20 min of retinal incubation (blue). (c) Crystal structure of the M2 mutant in cis-PSB form at 1.97 A at 1.5 ¢
(blue, the protein was incubated with 4 equiv of retinal at room temperature for 20 min, followed by immediate crystallization, PDB ID: 4YFP)

overlaid on the trans-SB of the same mutant (green).

partial conversion may occur before crystal nucleation, resulting
in an ambiguous mixture of the two isomeric forms. Second,
the comparatively long incubation time required for the PSB to
fully form (4 h) could result in a situation where the metastable
form is never the exclusive form in solution. To overcome this,
we aimed to significantly accelerate the formation of the PSB,
such that the initial high pK, species is fully formed before it
has time to significantly isomerize.

Fortuitously, our screening of position 39 led to mutants that
exhibited the necessary rate acceleration in PSB formation of
the protein complexed with retinal and yet maintained the
desired pK, difference between the two putative isomeric forms
(See Table S1 for a summary of mutants). In particular,
R111K:R134F:T54V:R132Q:P39Y:RS9Y (M2) yielded the
fully formed PSB in 20 min, followed by a slow conversion
to the SB (over 10 h, Figure 3a). Crystallization trials of retinal-
bound M2 were initiated both 20 min and 24 h after retinal
addition. Gratifyingly, the electron density produced from
crystals grown after short retinal incubation clearly showed the
presence of a cis-imine bond, while crystals grown from protein
incubated with retinal for 24 h produced electron density that
was unambiguously that of a trans-imine (Figure 3b,c). These
results suggest that crystal formation occurs rapidly, allowing
the less stable cis-imine to nucleate before significant amounts
of the trans isomer have formed.
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The M2 mutant resembles a functional rhodopsin mimic in
that it can interconvert via chromophore isomerization and
place the imine in two distinct environments that substantially
alter its pK,. Nonetheless, the key property of such a system is
that it must be photoswitchable. The M2 protein has a low pK,
(3.4) for its 15-trans SB form with absorption in the UV region
(Amax = 370 nm), while the 15-cis high pK, species (8.2) has a
strong absorption band in the visible region (4, = 571 nm).
The protein complex with its fully maximized PSB absorption
was irradiated using visible yellow light for 1 min (see SI for
details of light irradiation protocols). This led to a complete
loss of the PSB peak, with the concomitant rise of the SB
absorption at 370 nm, which we now know is the result of the
photoisomerization of the cis imine to the trans isomer. The
original cis-imine state, with the PSB absorption in the visible
region, was regenerated upon photoirradiation of the latter
solution with UV light. The photoinduced interconversion of
the two isomeric states was repeated several times, illustrating
the reversibility of the protein/chromophore complex with
excellent fatigue resistance (Figure SS).

Having shown that light irradiation of M2 interconverts its
two isomeric states in solution, we explored the feasibility of the
same process occurring in the crystalline state. The crystals of
retinal-bound M2, grown after 24 h of incubation and soaked in
a pH 7.5 stabilizer, were essentially colorless since the trans-
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Figure 4. Photointerconversion in both solution and crystalline state. (a) UV irradiation of M2 (UV band-pass filter) after complete PSB loss (24 h
incubation, red spectrum) shows the PSB recovery in solution (blue spectrum). (b) Cycles of UV and visible light irradiation of M2 crystals (each
cycle is S min UV light and S min white light irradiation at pH 7.5). (c) The structure of M2 mutant (magenta, PDB ID: 4YFR, 1.95 A resolution)
obtained from a crystal that was UV irradiated for 30 min, overlaid with the metastable cis-PSB structure (blue, PDB ID: 4YFP, see text for
description). The electron density was contoured at 1.5 o; the structure clearly shows the bound retinal adopts a cis imine geometry; also overlaid is
the crystal structure of the trans-SB (green, PDB ID: 4YFQ) to highlight the change in structure and its inability to fit the electron density obtained
for the UV irradiated crystals. While the left view clearly shows the lysine side chain of the trans imine isomer is out of the density, the right view

shows the motion of the retinal.
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Figure 5. M2 crystal structures of both imine isomers reveal differences that correlate the changes in the pK, of the two isomeric forms of the protein
to the environment of the imine functionality. (a) An overlay of the cis- (blue carbons) and trans- (green carbons) iminium retinylidene M2
structures (PDB ID: 4YFP (blue) and 4YFQ_(green). (b) The cis-iminium retinylidene M2 structure. Note that a 7—cation interaction between
Trp109 and the PSB nitrogen of the cis-PSB contributes to the higher pK, in this form (PDB ID: 4YFP). (c) Hydrophobic residues surrounding the
trans-SB in M2 depress the pK, in this form (PDB ID: 4YFQ). Note that Leul21 has two conformations with nearly equal occupancies.

imine isomer (Figure 4a), with its low pK,, has minimal Tables S2 and S3. Of note, the overlay of the metastable cis-
absorption in the visible spectrum. Exposure of these crystals to PSB structure obtained by immediate crystallization after PSB
UV light resulted in an intense purple color within 1 min of formation and the UV irradiated crystal structure shows the two
irradiation. Visible light irradiation regenerated the colorless to be essentially identical, while the low pK, trans-SB structure
crystals. As depicted in Figure 4b, this process was repeated is distinctly different (Figure 4c). Similarly, the crystal
several times without any visible damage to the crystals. The structures from the thermally matured sample were identical
change of absorption in the solid state suggests the isomer- to those obtained from the visible light irradiation of the
ization of the cis-iminium to the trans-imine, and vice versa. The colored crystals that reveal the trans-SB isomer (Figure S$10). It
loss and gain of color is indicative of the change in the pK, of is important to note that the imine geometry dictates the
the imine nitrogen and the protonation state of the Schiff base. orientation and trajectory of the lysine side chain. As seen in
This was in fact verified by solving the structures of the crystals Figure 4c, the change in the side chain trajectory is directly
after photoisomerization with UV and also visible light to correlated to the imine isomer and thus can be used as
demonstrate that the changes in the imine geometry go along corroborating evidence for establishing the imine geometry.
with the observed changes in the pK,. The crystal structures The overlay of the two isomeric forms of M2 indicates that
from the first two steps of the irradiation cycle are depicted in the position and orientation of critical residues surrounding the
Figure 4c, while the data for cycles thereafter are tabulated in chromophore, and the chromophore itself, are unchanged,
8805 DOI: 10.1021/jacs.6b03681
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Figure 6. Thermodynamic and light-induced cis, trans-retinal iminium isomerization in CRABPII protein.

(Figure Sa). The only noticeable movement of the residues
inside the binding pocket involves Leul2l. In the trans-SB
form, this residue has enough space to adopt two different
conformations. As the lysine moves out in the cis-PSB form,
one of the conformations of Leul21 becomes disfavored due to
steric hindrance (Figure 5a). Nonetheless, the most drastic
difference is in the trajectory of Lys111, which forms the imine.
The structure of the cis-imine isomer reveals the protonated
nitrogen atom to be 3—3.5 A away from Trp109, close enough
to make a strong 7—cation interaction, presumably aiding in the
stabilization of the protonated species (Figure Sb). Conversely,
the imine in the trans isomer is surrounded by hydrophobic
residues (Val41, Ile43, Leull9, and Leul2l) that lead to a
severely depressed pK, (Figure Sc). The change in the imine
environment, and thus the acidity of the SB, mimics the process
postulated in rhodopsin and bacteriorhodopsin. One can,
therefore, propose that the change in the pK, is tunable as a
function of environmental factors. Indeed, with the few case
studies here, the trend does hold. For example, mutants that
contain the R132Q:P39Q modification exhibit a 2—3 pK, unit
change between the 15-cis and 15-trans forms. This difference
can be accentuated to S units in CRABPII/chromophore
complexes that contain the R132Q:P39Y mutation.

The photocycle depicted in Figure 6 was suggested
previously to explain the UV—vis spectra for several other
photoirradiated CRABPII mutants.'” At this juncture, the
spectroscopic and crystallographic data provide a solid
foundation for this proposal. Starting with a cis-PSB as the
initial kinetic form of the protein/chromophore complex, a
thermal isomerization to the trans-SB form reduces the pK, of
the imine below physiological pH, resulting in the observed
blue shift that yields a colorless system. The same thermal
process can be greatly accelerated by green light irradiation.
Regeneration of the initial isomeric form (cis-imine) is only
possible photochemically through UV irradiation of the
thermodynamic trans-imine complex. This cycle can be
repeated without significant loss of intensity, both in solution
and in the crystal form of the complex.

As compared to all the natural rhodopsins, our engineered
system seems most similar to the Anabaena sensory rhodopsin
(ASR).17 Both systems involve iminium photoisomerization,
though in ASR, both the 13 and 15 double bonds isomerize,
while in our system only the iminium isomerizes. In addition,
both systems are photochromic, meaning that there are two
stable forms of the chromophore and both undergo photo-
isomerization. Understanding in detail the photocycle of our
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engineered system awaits time-resolved spectroscopic inves-
tigation.

In a final demonstration of environmental factors affecting
isomeric distribution and imine acidity, we looked to engineer
an analogous protein/chromophore complex that would
thermodynamically favor the cis-PSB form as opposed to the
systems discussed thus far that favor the trans-SB isomer.
Extrapolating from over 50 crystal structures of CRABPII and
hCRBPII mutants investigated during the course of wavelength
regulation studies, we noted a common occurrence; namely, the
presence of a Gln residue at position 3 (residue 4 for hCRBPII)
yields crystal structures with a cis-imine configuration, while
other mutations of this residue most often provide the trans-
SB."* Analogously, the RI111K:Y134F:T54V:R132Q:P39Q:-
RS9Y:A32W:F3Q mutant (M3) was prepared, yielding a
protein/chromophore complex that exhibited high PSB stability
(50% of the PSB present after 24 h). Predictably, photo-
irradiation of M3 with visible light results in the loss of the PSB
absorbance with a concomitant increase in the intensity of the
SB peak. In contrast to other systems discussed here, the color
of the complex recovers in darkness, indicating thermal
isomerization to the higher pK,, presumably cis-PSB form
(Figures SS and S6). Crystals of M3 do indeed corroborate the
latter statement, consistent with the extensive stabilization of
the cis form conferred by the F3Q mutation (Figure 7).
Attempts to photoisomerize M3 crystals in the solid state were
not fruitful.

Trp109

R111K

Phe3 F3Q

Figure 7. Structures of retinal-bound M3 (green) (PDB ID: 4YKM)
and cis-PSB retinal-bound M2 (blue) (PDB ID: 4YFP) are overlaid,
showing the effect of F3Q on the environment near the cis-PSB,
increasing the pK, by 1 unit and altering the nature of the
thermodynamic product.

DOI: 10.1021/jacs.6b03681
J. Am. Chem. Soc. 2016, 138, 8802—-8808


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03681/suppl_file/ja6b03681_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b03681

Journal of the American Chemical Society

B CONCLUSION

Using a rational design strategy based on the CRABPII scaffold,
we have created a series of rhodopsin mimics that reproduce
the basic chemistry in these systems, in that photoisomerization
switches the retinal iminium between two distinct pK, regimes.
We have further demonstrated the ability to independently
control both pK,s and alter the thermal product from the low
to the high pK, moiety. Both forms have been unambiguously
identified from high-resolution crystal structures, and photo-
isomerization in the crystalline state was also demonstrated,
with quantitative conversion between each form shown at
atomic resolution. This represents a fully engineered retinal-
based photoswitchable protein that has a variety of potential
applications. The quantitative photoisomerization in the crystal
makes this a potentially ideal system for time-resolved
crystallographic experiments. Modification of the retinal
chromophore to a fluorescent derivative could yield photo-
switchable fluorescent proteins, useful in a variety of
applications.
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