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Abstract

Mutants of cellular retinoic acid-binding protein II (CRABPII), engineered to bind all-trans-retinal 

as an iminium species, demonstrate photochromism upon irradiation with light at different 

wavelengths. UV light irradiation populates the cis-imine geometry, which has a high pKa, leading 

to protonation of the imine and subsequent “turn-on” of color. Yellow light irradiation yields the 

trans-imine isomer, which has a depressed pKa, leading to loss of color because the imine is not 

protonated. The protein-bound retinylidene chromophore undergoes photoinduced reversible 

interconversion between the colored and uncolored species, with excellent fatigue resistance.
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Introduction

Photochromic proteins, although rare in the totality of the proteome, play key roles in 

essential biological processes, such as photosynthesis, phototaxis, energy production, and 

visual perception.[1] Amongst these proteins, the rhodopsins share a unique characteristic: 

the photoisomerization of the retinylidene chromophore (or one of its closely related 

analogues).[2] Principally, these carbon–carbon double-bond isomerization events are 

coupled to the ultimate function of the protein. Interestingly, the iminium species (otherwise 

known as the protonated Schiff base, PSB) formed between the retinal aldehyde 

functionality and an active site Lys residue undergoes a drastic pKa change as the 

consequence of the isomerization in most systems. A well-studied example is 

bacteriorhodopsin: a 26 kDa photosynthetic protein that functions as a light-driven proton 

pump in Halobacterium halobium.[3] The all-trans-retinal chromophore, responsible for the 

absorption of light, is bound through a PSB to Lys216.[4] Illumination with visible light 

initiates an ultrafast isomerization of the bound all-trans-retinal to the 13-cis isomer 

(Scheme 1A).[2f,5] The change in the environment of the iminium species, as a result of the 

isomerization, leads to a dramatic change in its pKa (13.3 for all-trans isomer, reduced by 4–
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5 pKa units upon isomerization[6]), with the eventual translocation of a proton across the 

membrane.[7]

Rhodopsin, the light-activated G protein-coupled receptor, the engine of vertebrate vision, 

possesses a similar mechanism. The difference, however, is that rhodopsin activation relies 

on the isomerization of the PSB of 11-cis-retinal, bound to Lys296,[8] which yields a 

strained all-trans-retinal configuration in the sub-nanosecond time regime (Scheme 1B).[5f,9] 

Subsequent thermal relaxations eventually lead to the metarhodopsin II state (which initiates 

the visual transduction pathway), in which the initial PSB, with a high estimated pKa>16, is 

deprotonated.[2e,9,10] The significant change in the pKa of the imine functionality is again 

the consequence of the isomerization that changes the environment of the imine nitrogen 

atom. As described below, our recent efforts in generating rhodopsin protein mimics[11] have 

also provided the opportunity to produce engineered proteins that recapitulate the change in 

the pKa of the iminium functionality as a function of isomerization.[12] Here we disclose a 

protein system that is capable of light-activated isomerization, with concomitant changes to 

the pKa of the PSB. Specifically, we report for the first time a rhodopsin mimic that can be 

reversibly photocycled between a protonated cis-iminium species and its deprotonated trans-

imine with >4 pKa unit change (Scheme 1C).

Our efforts began with an observation reported previously during our optimization studies 

for the design of a colorimetric proteinaceous pH sensor.[12] Cellular retinoic acid-binding 

protein II (CRABPII) was reengineered to bind all-trans-retinal as a PSB. We were not only 

able to show wavelength regulation in absorption, as a function of perturbing electrostatic 

potential across the length of the chromophore, but were also successful in modulating the 

pKa of the iminium species from 2.4 to 8.1. Unexpectedly, a series of mutants exhibited 

apparent time-dependent conversion of the PSB (λmax>450 nm) to the Schiff base (SB, 

λmax=360 nm); this was ascribed to an event that must have changed the pKa of the iminium 

species. In most cases, the observed deprotonation occurred quickly. Fortuitously, the 

retinal-bound R111K:R132L:Y134F:T54V:R59W-CRABPII penta-mutant exhibited a slow 

conversion (complete within 2 h), thus enabling pKa measurement of each state to be made 

independently (Figure 1A). The pKa of the initial species formed with the addition of retinal 

was 6.6. Gradual loss of the red-shifted PSB peak, concurrent with the rise of the SB 

absorption, led to a new species, the pKa of which was 2.5.

The previously obtained crystal structure of the matured protein complex (pKa=2.5),[12] 

shows a trans imine geometry (Figure 1B). The imine nitrogen atom is surrounded with 

aliphatic amino acid residues, presumably leading to the low observed pKa (2.5) to avoid 

buildup of charge in a hydrophobic environment. The latter observations led us to 

hypothesize that the initial complex exhibiting high pKa must be an isomeric variant (kinetic 

product), which over time yields the crystallographically observed thermodynamic product. 

This presumes that the initial isomeric geometry places the imine nitrogen in an environment 

that can support a positive charge.
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Results and Discussion

Identification of the isomeric states of retinal

We hypothesized that the conversion between the two forms stems from the cis–trans 
isomerization of the imine, as shown in Scheme 2. This was further supported by HPLC 

analysis of the chromophore. Similar retention times were obtained when all-trans-retinal 

was incubated in 0.2m citric acid buffer and when incubated with 

R111K:R132L:Y134F:T54V:R59W-CRABPII, thus indicating that the isolate was all-trans-

retinal in both cases (see below). This further supports the hypothesis of varying isomeric 

states at the imine, rather than a C=C bond isomerization, which would have led to isomeric 

retinal species with dissimilar retention times in HPLC. Figure 2 details the HPLC traces of 

all-trans-retinal incubated in the absence or presence of R111K:R132L:Y134F:T54V:R59W-

CRABPII.

Thermal isomerization of the retinylidene chromophore

The observed loss of the PSB peak for the R111K:R132L:Y134F:T54V:R59W-

CRABPII·retinal complex occurs in the absence of light. Therefore, the presumed imine 

isomerization, concurrent with the loss of a proton, is thermally activated. In fact, as 

depicted in Figure 3, the rate of isomerization, in the dark, is temperature-dependent, with 

longer t1/2 at 6.9°C and shorter t1/2 at 30.5°C (Figure S2 in the Supporting Information).

Elucidation of the thermal isomerization mechanism

Further examination of the initially observed thermal isomerization led to a potential 

mechanism for isomerization from the presumed cis-iminium species 1a-H to the trans-

imine 1b, depicted in Scheme 3. We propose the reversible addition of water to 1a-H, 

leading to the hemiaminal 2, which, upon single bond rotation to 3 and loss of water, yields 

the trans-iminium species 1b-H. This is promptly deprotonated as a result of the highly 

nonpolar nature of the new imine environment. The following lines of evidence support the 

mechanism described above.

1. As illustrated in Figure 3, rates of thermal isomerization are temperature-

dependent. The Arrhenius plot for the temperature dependence of k (pseudo-first-

order) yields the following thermodynamic parameters (see Figures S3 and S4 for 

graphs): Ea=15.4 kcalmol−1, A=9.5×109 and ΔH*=+14.8 kcalmol−1, ΔS*=+14.8 

calmol−1K−1, and ΔG*=+10.4 kcalmol−1 (at pH 5.2 and 25°C). These values are in 

good agreement with previously reported thermal isomerization parameters of 

various other synthetic imines in aqueous solvent,[13] thus suggesting that enzyme-

like catalysis is most probably not at play.

2. Figure 4A depicts a pH/rate profile for the thermal decay of the PSB to the SB, 

measured in solutions of constant ionic strength (0.2M citric acid; note that these 

are specific acid catalysis conditions; see Figure S6 for kinetic data at different pH 

values) and temperature (25°C). The increase in rate, apparent below pH 5, 

suggests that the change in the protonation state of a nearby acidic residue (pKa≈4) 

could be responsible for accelerating the isomerization. Note that the imine is 

protonated at pH 5 and below (pKa=6.6).[12] The only acidic residue with its side 
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chain pointing into the interior of the binding cavity is Glu73. One can surmise that 

the protonation of Glu73 could reduce the barrier to the hydration of the iminium 

species. As depicted in Figure 4B, this could be the result of anionic stabilization 

originating from the glutamate–iminium interaction, which is reduced upon 

protonation of Glu73. Interestingly, all E73A mutants investigated exhibit low 

iminium pKa values.[12] Putatively, the absence of Glu73 reduces the barrier for 

isomerization such that the trans-imine is the only observable species.

3. On the basis of the suggested mechanism in Scheme 3, one would not expect a 

large deuterium isotope effect because deprotonation is not presumed to be rate-

determining. In fact, rates of thermal isomerization measured in H2O- and D2O-

based buffers showed no significant differences (Figure S5).[14]

Taken together, these observations suggest that addition of water to the imine to generate the 

tetrahedral intermediate is rate-determining. Nonetheless, the photoinduced isomerization of 

either the SB or PSB (see below) certainly is not bound by the mechanistic discussions 

above, and is currently the focus of further studies.

Photochemical isomerization of the retinylidene chromophore

We were delighted to discover that the thermal isomerization, requiring 2 h at 25°C for 

completion, could be greatly accelerated with visible light irradiation. As depicted in Figure 

5A, 15 min irradiation with yellow light fully eradicated the PSB peak at 556 nm, 

concomitantly with maximum growth of the SB peak at 362 nm. This observation illustrates 

a light-induced isomerization pathway that is specific and unique to the imine functionality.

Gratifyingly, UV light irradiation (<360 nm) of the thermally equilibrated protein complex 

(low pKa, trans-imine) led to a fast restoration of the kinetically observed high-pKa species 

(complete within 1 min), evident from the change in the absorption spectrum (loss of the SB 

peak and gain of the red-shifted PSB peak, Figure 5A). The opposite behavior was observed 

when the SB-maximized complex, obtained through UV light irradiation as described above, 

was photoisomerized with yellow light (>500 nm). These observations led us to propose the 

cycle depicted in Scheme 2. The cis isomer 1a-H, exhibiting a high pKa, and thus protonated 

with an absorption above 500 nm, is thermally unstable and converts into the trans-iminium 

species 1b-H. The trans-iminium species is not able to support the protonated state at pH 7.2 

(low-pKa isomer) and therefore reverts to the SB form 1b that absorbs at <380 nm. The 

latter thermal isomerization is photoinducible, with yellow light irradiation (>500 nm). The 

cycle is completed with UV light irradiation that restores the original cis-imine 1a, which 

now protonates to form 1a-H as a result of the change in the pKa of the system.

We next investigated the possibility of repeated cycling of the complex to operate as a 

photoinducible switch. Fatigue resistance is crucial in assessing the potential usefulness of 

photochromic material.[15] It is desirable to see a reproducible return to the original state of 

a system upon repeated cycling, without significant loss in signal, or otherwise maintaining 

a large difference in signal between the two interconverting states. Rapid and complete 

cycling with UV and yellow light was reproduced several times (as measured by the 

intensity of absorption, Figure 5B), demonstrating that little light-induced degradation 
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occurs in each cycle. The initial cycle leads to a higher percentage loss as measured by the 

absorption of the PSB peak (9.2%); however, the average loss is 3.2% per cycle thereafter. 

More importantly, as can be seen in Figure 5B, the difference in absorption between each 

state remains large, and thus could be differentiated with ease. We attribute the larger initial 

loss of intensity to singlet-oxygen-mediated bleaching due to the presence of dissolved 

molecular oxygen. The protein solutions utilized for fatigue resistance studies had been 

crudely degassed. In the absence of degassing, the initial drop in intensity was 18.9%, with 

subsequent average losses of 3.8% per cycle.

Subsequent to the multiple rounds of photoisomerization, the chromophore was extracted at 

both the SB and PSB stages and analyzed by HPLC (Figure 2, blue and purple traces). The 

results show only the presence of all-trans-retinal, thus further verifying the lack of C=C 

bond isomerization and the structural resilience of the chromophore during the process.

Application to another iLBP—hCRBPII

Having shown that the photoisomerization of the retinylidene SB can be achieved 

photochemically with UV and visible light in CRABPII mutants, we sought to determine 

whether the same process could be observed in a related protein, human cellular retinol 

binding protein II (hCRBPII). Both CRABPII and hCRBPII belong to the superfamily of 

intracellular lipid-binding proteins (iLBPs). These two proteins possess similar tertiary 

structures, each consisting of a ten-stranded antiparallel β-barrel enclosing an internal 

ligand-binding pocket, with two α-helices capping the pocket. As such, we hypothesized that 

with variants engineered to bind the same chromophore retinal, the light-induced 

isomerization of the imine could occur in hCRBPII, as similarly observed in CRABPII.

Q108K:K40L:T51V:R58F hCRBPII tetra-mutant, optimized to form a PSB with all-trans-

retinal,[11k] showed remarkably similar behavior. Green light irradiation of the PSB 

populated the blue-shifted SB state, whereas UV irradiation of the SB maximized the levels 

of PSB. Nonetheless, in contrast to the behavior discussed above for CRABPII, retinal-

bound hCRBPII complex possessed a stable PSB that did not convert over time into the SB. 

Each state is thermally stable (at room temperature); the trigger for imine isomerization 

requires light. Cycling of the retinal-bound hCRBPII tetra-mutant showed good fatigue 

resistance for cycling between the trans-imine and the cis-iminium species (Figure S7).

Although there could be multiple reasons for the difference in behavior, we are tempted to 

attribute the thermally stable nature of hCRBPII mutants to the greater distance between E72 

(E73 in the CRABPII series) and the iminium nitrogen atom. The distance between E72 and 

the iminium species is 10.9 Å (in comparison with 9.3 Å in CRABPII), thus attenuating its 

electrostatic influence (see Figure S8 for an overlay of the two proteins).

Conclusions

The results disclosed here demonstrate temperature- and light-dependent isomerization of an 

iminium bond formed between all-trans-retinal and an active-site Lys residue in an 

engineered rhodopsin protein mimic. The isomerization can be cycled between each state 

repetitively. Evidence gathered thus far has not indicated any C=C bond isomerization, thus 
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suggesting selective isomerization of the imine bond. This system provides a unique 

platform to study the isomerization of an imine bond with complete control. This SB/PSB 

interconversion might also show potential as a photoswitchable protein quencher or in 

artificial proton pump designs.

Experimental Section

General

UV/Vis spectra were recorded with a Cary 100 Bio WinUV, Varian spectrophotometer. All-

trans-retinal was purchased from Sigma–Aldrich and was used as received. pET17b plasmid 

containing the previously designed R111K:R132L:Y134F:T54V:R59W-CRABPII penta-

mutant was expressed in BL21(DE3)pLysS competent cells, and the protein was purified as 

described before.[12] The absorption extinction coefficient (ε) for 

R111K:R132L:Y134F:T54V:R59W-CRABPII was reported previously 

(25038M−1cm−1).[12]

The pET-17b plasmid including the Q108K:K40L:T51V:R58F-hCRBPII tetra-mutant was 

obtained by site-directed mutagenesis of the pET-17b plasmid containing 

Q108K:K40L:T51V-hCRBPII with use of the following primers: forward primer 5′-CTAGC 

ACATT CTTCA ACTAT GATGT G-3′ and reverse primer 5′-CACAT CATAG TTGAA 
GAATG TGCTA G-3′, under PCR conditions previously reported.[11k] The tetra-mutant was 

expressed in BL21(DE3)pLysS competent cells, and the protein was purified as described 

before.[11k] The e value for Q108K:K40L:T51V:R58F-hCRBPII was found to be 

25038M−1cm−1, measured by a method previously reported by Gill and von Hippel.[16]

For light irradiation of samples, an Oriel Illuminator (Model 66142, Oriel Instruments) 

connected to a power supply [Model 668820, Oriel Instruments, 500 W Mercury (Xenon) 

lamp] was used. For all light irradiations, a combination of two filters was used. One of 

these was always a glass filter (6 mm thickness, Figure S1C) to filter UV light below ≈320 

nm, and the second was either of the following: for UV irradiations, a U-360 (UV) 2″ square 

band-pass filter [center wavelength (CWL)=360 nm, full width at half-maximum height 

(FWHM)=45 nm, purchased from Edmund Optics, Figure S1A] was used, whereas for 

visible light yellow irradiations a Y-50 2″ square long-pass filter (cut-off position=500±6 

nm, purchased from Edmund Optics, Figure S1B) was employed. The transmittance of the 

filters was verified before use.

HPLC analysis of extracted R111K:R132l:Y134F:T54V:R59W·retinal complexes

HPLC analysis was used to verify the identity of all-trans-retinal after the following 

treatments: 1) incubation of all-trans-retinal (10 μm) in citric acid buffer (pH 5.2, 0.2m) for 2 

min, 2) incubation of all-trans-retinal (10 μM) in citric acid buffer (pH 5.2, 0.2M) for 2 h, 3) 

incubation of all-trans-retinal (10 μM) with R111K:R132L:Y134F:T54V:R59W-CRABPII 

(20 μM) in citric acid buffer (pH 5.2, 0.2M) for 2 h, 4) incubation of all-trans-retinal (10 

μM) with R111K:R132L:Y134F:T54V:R59W-CRABPII (20 μM) in citric acid buffer (pH 

5.2, 0.2M) for 2 h, followed by white light irradiation with the UV band-pass filter for 1 

min, and 5) incubation of all-trans-retinal (10 μM) with R111K:R132L:Y134F:T54V:R59W-
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CRABPII (20 μM) in citric acid buffer (pH 5.2, 0.2M) for 2 h, followed by white light 

irradiation with the LP 500 nm yellow filter for 15 min.

Similar retention times in all instances indicate that all-trans-retinal was not modified during 

incubation in citric acid buffer (0.2M), either in the presence or in the absence of 

R111K:R132L:Y134F: T54V:R59W-CRABPII or after white light irradiation with either the 

UV band-pass filter or the LP 500 nm yellow filter. This further supports the hypothesis of 

imine isomerization, rather than a C=C isomerization, which would have led to isomeric 

retinal species with dissimilar retention times in HPLC.

To prepare samples for HPLC, the solution was extracted with ethyl acetate, and the organic 

layer was transferred to an Eppendorf tube (1.5 mL), dried with sodium sulfate, and then 

concentrated to dryness under a nitrogen stream. The sample was then dissolved in hexane/

ethyl acetate (90:10, 100 μL). The resulting solution was analyzed by normal-phase HPLC 

(silica column, Zorbax Rx-SIL, 9.4 mm×25 cm) after manual injection. The sample was 

eluted with hexane/ethyl acetate (90:10) at 3 mLmin−1. The products were detected at 325 

nm.

UV/Vis measurements

The CRABPII-R111K:R132L:Y134F:T54V:R59W-CRABPII·retinal PSB formation (556 

nm) in citric acid buffer (pH 5.2, 0.2M) was followed by UV/Vis. The pH was verified every 

time before the spectrum was recorded. The experiment was performed with a final protein 

concentration of 20 μm (from a stock of 1.6 mM in Tris buffer), and retinal (0.5 equiv.) was 

added (from a stock solution of 0.6 mM in ethanol). Peaks with λmax=556 nm are considered 

PSB peaks, whereas deprotonated imine peaks (SB) appear at ≈360 nm. Free retinal absorbs 

at ≈380 nm.

Time-dependent changes in pKa

Time-dependent PSB deprotonation of the CRABPII-R111K:R132L:Y134F:T54V:R59W 

penta-mutant was monitored over time by UV/Vis at varying temperatures. To ensure that 

only the PSB deprotonation to the SB event was being kinetically analyzed, the 

CRABPII·retinal complex was allowed to convert into the SB thermally over time, and then 

the PSB was restored upon irradiation with a UV band-pass filter, at which point the sample 

was continuously scanned over time until the sample had again reverted to the SB.

For each experiment, a solution of the protein (20 μM) and retinal (0.5 equiv, 10 μM) was 

incubated at room temperature for three hours. The sample was then scanned by UV/Vis to 

ensure complete conversion into the SB. The solution was then irradiated with white light 

and with use of a UV band-pass filter for 1 min (cuvette cooled with a circulating solution of 

saturated NaCl in water for the sample cooled to 6.9°C and ice-water for the samples cooled 

to 16.4 and 24.9°C), followed by UV/Vis monitoring in two-minute intervals at the desired 

temperature. The UV/Vis chamber was purged with N2 during the course of measurements 

to avoid condensation buildup on the sides of the cuvette. Note that the temperature of the 

protein solution was in each case verified by use of a calibrated thermo probe immersed in 

the cuvette (6.9, 16.4, 24.9, and 30.5°C). The actual temperature settings of the Cary 

temperature controller were set to 4, 15, 25, and 32°C, respectively.
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The absorption of the PSB at 556 nm was plotted as a function of time, and fit to an 

exponential decay (pseudo first order) in KaleidaGraph to the following Equation (1).

(1)

where A is the absorbance at each recorded time point, A0 is the final absorbance value after 

complex formation, k is the rate constant, t is the time after addition, and c is a free constant. 

The equation was rewritten in KaleidaGraph as Equation (2).

(2)

where m2 is the rate constant. For kinetic plots, see Figure S2.

Time-dependent changes in pKa in D2O versus H2O

Citric acid (0.84 g) was dissolved in D2O (20 mL) to give a 0.2M solution. The pH was then 

adjusted to 5.2 by addition of the required amount of a NaOH (10M) in D2O solution. Note 

that the measured pH of a D2O solution with a pH probe requires the following adjustment, 

as previously reported.[14b]

(3)

where pH* is the pH of the solution measured in D2O with a pH probe calibrated in H2O. 

pH is the calculated pH value in H2O after application of Equation (3).

A solution of the protein (20 μM) and retinal (10 μM, 0.5 equiv) was incubated at room 

temperature for three hours. The sample was then scanned by UV/Vis to ensure complete 

conversion into the SB. The solution was irradiated with white light and with use of a UV 

band-pass filter for 1 min, followed by UV/Vis monitoring at two-minute intervals at 25°C. 

The absorption of the PSB at 556 nm was plotted as a function of time and fit to an 

exponential decay (pseudo first order) in KaleidaGraph according to Equation (2). For 

kinetic plots, see Figure S5.

Time-dependent changes in pKa at various pH values

Samples of the protein (20 μM) and retinal (10 μM, 0.5 equiv) were incubated at room 

temperature in citric acid buffer (pH 5.2, 0.2M) for three hours. The sample was then 

scanned by UV/Vis to ensure complete conversion into the SB. The solution was then 

adjusted to the desired pH by addition of HCl or NaOH. The solution was then irradiated 

with white light and with use of a UV band-pass filter for 1 min, followed by UV/Vis 

monitoring at two-minute intervals at 25°C. The absorption of the PSB at 556 nm was 

plotted as a function of time and fit to an exponential decay (pseudo first order) in 

KaleidaGraph according to Equation (2). For kinetic plots, see Figure S6.

Iterative UV and visible light irradiations

For the R111K:R132L: Y134F:T54V:R59W-CRABPII·retinal complex, samples were 

incubated in citric acid buffer (pH 5.2, 0.2M) until full SB formation was observed by 
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UV/Vis spectroscopy. The sample was then irradiated with white light with use of a UV 

band-pass filter for 1 min, followed by UV/Vis scanning of the sample. The sample was then 

irradiated with white light through a LP 500 nm yellow filter (while the cuvette was 

circulated with water) for 15 min. Cycling of UV and yellow irradiations was repeated 20 

times. For degassed samples, argon was bubbled through the citric acid buffer for 1 h before 

incubation of the CRABPII mutant and retinal.

For the Q108K:K40L:T51V:R58F-hCRBPII·retinal complex, a sample of 

Q108K:K40L:T51V:R58F-hCRBPII (20 μM) and retinal (0.5 equiv) in PBS buffer (pH 7.3) 

was scanned by UV/Vis spectroscopy until complete formation of the PSB was observed. 

The sample was then irradiated with white light and with use of a VG-9 (VIS) 2″ square 

colored glass band-pass filter (CWL=526 nm, FWHM=53 nm, purchased from Edmund 

Optics) for 12 min. Upon conversion into the SB, the sample was irradiated with white light 

and with use of a UV band-pass filter for 1 min. Successive cycling was repeated 15 times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Rates of SB and PSB formation, highlighting the initial buildup in PSB followed by its 

time-dependent conversion into the SB. B) Truncated crystal structure of 

R111K:R132L:Y134F:T54V:R59W-CRABPII (PDB ID: 4I9S), illustrating the trans-imine 

surrounded by hydrophobic residues.
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Figure 2. 
HPLC traces of: extracted all-trans-retinal incubated for 2 min in 0.2M citric acid buffer 

(red), all-trans-retinal incubated for 2 h in 0.2M citric acid buffer (orange), all-trans-retinal 

incubated with R111K:R132L:Y134F: T54V:R59W-CRABPII for 2 h (green), all-trans-

retinal incubated with R111K: R132L:Y134F:T54V:R59W-CRABPII for 2 h and then UV 

irradiated for 1 min (blue), and all-trans-retinal incubated with 

R111K:R132L:Y134F:T54V:R59W-CRABPII for 2 h and then irradiated with yellow light 

for 15 min (purple).
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Figure 3. 
PSB conversion into the SB is temperature-dependent for the 

R111K:R132L:Y134F:T54V:R59W-CRABPII·retinal complex. The different rates yield the 

Arrhenius plot as shown.
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Figure 4. 
A) The rate of PSB decay to the SB is pH-dependent. Glu73, highlighted in the truncated 

structure, is the only amino acid in the vicinity of the imine with the appropriate pKa for the 

change in protonation state in the pH regime that alters the rate of the reaction. B) Possible 

scenario for the less active iminium species at high pH (ionic interaction resulting in a more 

stabilized iminium species). The protonation of Glu73 reduces the anionic charge 

stabilization, thus activating the iminium species towards addition of water.
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Figure 5. 
A) UV/Vis traces after iterative UV and visible light (>500 nm) irradiation of the 

R111K:R132L:Y134F:T54V:R59W-CRABPII·retinal complex. B) Absorbance at 556 nm 

measured after 20 cycles of alternating UV and visible light irradiation.
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Scheme 1. 
Isomerizations of retinal isomers in A) bacteriorhodopsin, B) rhodopsin, and C) rhodopsin 

mimics in this study.
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Scheme 2. 
Proposed cycle for imine isomerization.
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Scheme 3. 
Proposed mechanism for the thermal isomerization of the iminium species from the putative 

cis geometry and subsequent deprotonation to afford the crystallographically observed trans-

imine.
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