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Human Cellular Retinaldehyde-Binding Protein Has Secondary
Thermal 9-cis-Retinal Isomerase Activity
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Pompidor5,i, Florian Dworkowski5, Martin R. Fuchs5,ii, Julien Furrer1, Marcin Golczak6,
Krzysztof Palczewski6, Michele Cascella1, and Achim Stocker1
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1Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3, 3012 Bern,
Switzerland 2Graduate School for Cellular and Biomedical Sciences, University of Bern,
Switzerland 3Diamond Light Source, Harwell Science and Innovation Campus, Didcot, OX11
0DE, United Kingdom 4Astbury Centre for Structural Molecular Biology, University of Leeds,
Leeds, LS2 9JT, United Kingdom 5Swiss Light Source, Paul Scherrer Institut, 5232 Villigen PSI,
Switzerland 6Department of Pharmacology, School of Medicine, Case Western Reserve
University, 2109 Adelbert Rd, Cleveland, OH 44106-4965, USA

Abstract
Cellular retinaldehyde-binding protein (CRALBP) chaperones 11-cis-retinal to convert opsin
receptor molecules into photosensitive retinoid pigments of the eye. We report a thermal
secondary isomerase activity of CRALBP when bound to 9-cis-retinal. UV/VIS and 1H-NMR
spectroscopy were used to characterize the product as 9,13-dicis-retinal. The X-ray structure of the
CRALBP mutant R234W:9-cis-retinal complex at 1.9 Å resolution revealed a niche in the
binding-pocket for 9-cis-aldehyde different from that reported for 11-cis-retinal. Combined
computational, kinetic, and structural data lead us to propose an isomerization mechanism
catalyzed by a network of buried waters. Our findings highlight a specific role of water molecules
in both CRALBP-assisted specificity towards 9-cis-retinal and its thermal isomerase activity
yielding 9,13-dicis-retinal. Kinetic data from two point mutants of CRALBP support an essential
role of Glu202 as the initial proton donor in this isomerization reaction.

Introduction
Retinal is the photon-absorbing partner of opsins in cone and rod cells of vertebrate eye
retina. Absorption of a photon is coupled to cis-trans photoisomerization in the retinylidene
moiety triggering conformational changes in the opsin core.1, 2 Regenerative trans-to-cis
recycling occurs in the rod and cone cells and in the neighboring retinal pigment epithelium
(RPE) and Müller cells, respectively.3, 4 The key step in the canonical visual cycle is the
trans- to cis isomerisation catalyzed by RPE65 in the RPE.5 Recently, DES1, another
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isomerase has been implicated in the alternative cone visual cycle.6 Both these enzymes can
produce substantial quantities of cis-retinoids other than 11-cis-retinal in vitro.6, 7 Their in
vivo selectivity is probably controlled by mass action through interacting retinoid-binding
proteins.8, 9

Cellular retinaldehyde-binding protein (CRALBP) chaperones 11-cis-retinoids for the
conversion of opsin receptor molecules into photosensitive visual pigments. CRALBP is a
water-soluble protein that specifically binds cis-retinoids with high affinity. Dissociation
constants for 11-cis-retinal/ol (Kd ~ 21 nM/53 nM) and 9-cis-retinal (Kd ~ 51nM) have been
reported.10, 11 By trapping these retinals, CRALBP protects the retina from side reactions of
the chemically reactive aldehyde group.12 Simultaneously, it preserves the light-sensitive
cis-chromophore from premature photoisomerization in the constantly illuminated eye.
Because 11-cis-retinal is inherently unstable, this chromophore is essentially unsuitable for
sustained replacement therapy.13 A solution to this dilemma is provided by the more
conformationally stable 9-cis-retinal which allows larger quantities of iso-rhodopsin to exist
in photoreceptors, thereby probably reducing the activity of the retinoid cycle.14 9-cis-
Retinal has been successfully administered to animal models to restore visual function.15, 16

Despite the fact that the principal components of the classical visual cycle are known, a
satisfactory explanation for cis-retinoid redundancy in retinoid-recycling has not been
established at the molecular level.17 A full structural understanding of both the CRALBP:
11-cis-retinal and CRALBP:9-cis-retinal complexes and their intermediates is therefore
crucial for improving retinoid replacement therapies of inherited human blinding diseases.
Numerous retinal pathologies are associated with mutations of the human gene encoding
CRALBP (RLBP1) including autosomal recessive retinitis pigmentosa, night blindness,
Bothnia dystrophy, retinitis punctata, Newfoundland rod-cone dystrophy, and the less severe
phenotype of delayed “dark adaptation”.18, 19

We recently reported the crystal structures of both WT CRALBP and its Bothnia disease
mutant R234W in complex with the highly abundant endogenous ligand 11-cis-retinal.20

Here, we investigated the molecular basis of CRALBP’s high specificity for the less
abundant natural isomer 9-cis-retinal and report evidence for the first time that, when bound
to CRALBP, 9-cis-retinal undergoes trans-cis isomerization to 9–13-dicis-retinal. The
process is thermally driven, and does not require light absorption. To understand the
mechanistic aspects of this phenomenon, we solved crystal structures of 9-cis-retinal in
complex with both CRALBP and the Bothnia mutant R234W. Analysis of these X-ray
structures revealed the presence of a binding mode for 9-cis-retinal distinct from that of the
11-cis conformer. In particular, binding of 9-cis-retinal was associated with presence of few
ordered water molecules in the binding cavity. These formed a hydrogen-bond network
connecting the aldehyde group of retinal to the side-chain of Glu202. Detection of a strong
kinetic isotope effect in the process of isomerization leads us to propose a reaction
mechanism involving catalytic proton shuttling. CRALBP’s secondary activity as a thermal
isomerase of 9-cis-retinal yielding 9,13-dicis-retinal could imply a role in metabolic
pathways not directly associated with the visual cycle.

Experimental section
Materials

11-cis-Retinal was obtained from the National Eye Institute, National Institutes of Health
(NEI/NIH) and 9-cis-retinal was purchased from Sigma-Aldrich. Retinoids were dissolved
in ethanol and kept at −20°C. D2O as well as CD3Cl were obtained from Cambridge Isotope
Laboratories. Solvents for HPLC and spectroscopic experiments were of HPLC grade or
better. Unless otherwise specified, procedures involving retinoids were performed under dim
red illumination at 4°C.
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Cloning, Expression and Purification of CRALBP
We used the pET28a(+) vector containing the RLBP1 gene as a template for introducing
point mutations of CRALBP following the Quickchange protocol (Stratagene). For this PCR
was carried out with primers 5’-
CTTGCAGGCATtcTGCTTCATCCTGGAGAAGCTGCTGGAG-3’ and 5’-
CCAGGATGAAGCAgaATGCCTGCAAGATCTCATCATCAAAGG-3’ or 5’-
GGAAACTCAAATCAATGGCTTCTGTATCATTcAGAACTTCAAGG-3’ and 5’-
GCTGCATGGTAAAGCCCTTGAAGTTCTgAATGATACAGAAGC-3’ containing the
Y180F or the E202Q mutation, respectively. Mutagenized positions are denoted in lower-
case. Resulting clones were confirmed by sequencing (Microsynth, Switzerland).

Expression and purification of recombinant CRALBP, R234W, E202Q and Y180F were
carried out as previously described.20 Briefly, the corresponding pET28a vector constructs
were transformed into E.coli Lemo21 (DE3) cells (New England Biolabs). Cells were
cultured overnight with agitation at 37°C in 100 ml of LB medium (5 g/l NaCl, 5g/l yeast
extract, 10 g/l tryptone) containing 50 µ g/ml kanamycin and 34 µg/ml chloramphenicol. For
protein production, cultures were inoculated with 2.5 l of low salt LB medium (5 g/l yeast
extract, 10 g/l tryptone) supplemented with a 50 fold dilution of 5052-stock solution (25% v/
v glycerol, 2.5% v/v glucose, 10% v/v α-lactose), and a 20- fold dilution of a NPS-stock
solution (0.5 M (NH4)2SO4, 1 M KH2PO4, 1 M Na2HPO4), 1 mM MgSO4, 50 µg/ml
kanamycin, 34 µg/ml chloramphenicol, 0.5% v/v of trace metal solution (5 M HCl
containing 36 mM FeSO4, 8 mM ZnSO4, 4 mM CuSO4, 2 mM MnSO4, 0.6 mM Na2B4O7,
14 mM CaCl2, 0.08 mM (NH4)6Mo7O24), and 2 µg/ml of both biotin and thiamine.
Expression of both recombinant proteins was carried out in an INFORS HT Minifors
bioreactor. Cells were continuously fed with a lactose solution (22% v/v α- lactose, 50% v/v
glycerol, 0.46 M urea) once the medium reached an oxygen threshold of 12.5% and a pH of
6.83. After 24 h, cells were harvested by centrifugation at 5000×g for 25 min and 50 g
batches of cells were resuspended in 400 ml of lysis buffer (20 mM Tris-HCl, pH 7.4, 100
mM NaCl, 20 mM imidazole). Cells were disrupted by homogenization and the lysate was
centrifuged at 50,000×g for 30 min. (His)6-tagged proteins were purified from the
supernatant by affinity chromatography on 20 ml of Ni-NTA SUPERFLOW (Qiagen). The
lysate was loaded onto the column, washed with 20 column volumes of lysis buffer, and
purified protein was eluted in 70 ml of elution buffer (20 mM Tris-HCl, pH 7.4, 100 mM
NaCl, 200 mM imidazole). Protein concentrations in the eluate were 3–4 mg/ml as
determined by absorbance at 280 nm using NanoDrop (ThermoScientific). For
crystallisation experiments, the (His)6-tag was cleaved by adding 20 units of thrombin
protease (GE Healthcare) to 20 ml of eluate at 4°C overnight and the digested eluate was
reloaded on Ni-NTA to remove the tag. Ligand loading of affinity purified CRALBP and the
R234W mutant was carried out by adding aliquots of a 20 mM 9-cis-retinal stock dissolved
in ethanol to the protein solutions at a 1.5 molar excess with a final ethanol concentration of
2% v/v. Mixtures were concentrated by a Vivaspin 15R Hydrosart (Sartorius) to 30–50 mg/
ml of protein with three washes in low salt buffer (20 mM Tris-HCl, pH 7.4). Desalted
samples were centrifuged at 16,000×g for 10 min and loaded onto a self-packed 8 ml
PorosHQ column (Applied Biosystems) previously equilibrated with low salt buffer.
CRALBP proteins were eluted over a 40% v/v gradient of high salt buffer (20 mM Tris-HCl,
pH 7.4, 1 M NaCl). Peak fractions representing monomeric ligand–protein complexes were
concentrated and re-equilibrated in low salt buffer to a final concentration of 15 mg/ml of
protein.

Protein Crystalization and Data Collection
Hexagonal crystals of wild-type CRALBP in complex with 9-cis-retinal were obtained at
18°C by hanging-drop vapour-diffusion. Drops were set up by mixing either 1, 2, or 3 µl of
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CRALBP:9-cis-retinal (15 mg/ml) with 1 µ l of reservoir solution (1.2 M K/Na tartrate, 0.2
M Li2SO4, 0.1 M Tris-HCl, pH 8.5) and were equilibrated against an 80 µ l reservoir
solution. Crystals of 0.3×0.07×0.07 mm size were obtained after 3 days. These crystals
belonged to space group P6522 with a = 71.9 Å, b = 71.9 Å, c = 303.2 Å; α = 90°, β = 90°,
and γ = 120°. Before data collection, crystals were flash-cooled in a nitrogen stream at 110
K in the crystallization solution containing 15% v/v glycerol. Data were collected at the SLS
synchrotron beamline X06DA PXIII (PSI Villigen) at 100 K, with a P2M pixel detector. The
crystal- to-detector distance was 340 mm and the oscillation angle was 2° per frame.

Crystals of R234W CRALBP in complex with 9-cis-retinal were obtained by mixing 1 µL of
protein- ligand solution (20 mg/ml) with 1 µL of reservoir solution (20% w/v PEG 3000, 0.1
M Hepes, pH 7.5, 0.2 M NaCl). After 2–3 weeks, monoclinic crystals were observed. These
grew to an average size of 0.05 mm×0.05 mm×0.002 mm. These crystals belonged to space
group C2 with a = 87.9 Å, b = 57.9 Å, c = 75.2 Å; α = 90°, β = 122.8°, and γ = 90°. Before
data collection, crystals were flash-cooled in a nitrogen stream at 110 K in crystallization
solution containing 15% v/v glycerol. Data were collected at the SLS synchrotron beamline
X06DA PXIII (PSI Villigen) at 100 K with a P2M pixel detector. The crystal-to-detector
distance was 156 mm, and the oscillation angle was 1.5° per frame.

Structure Solution and Refinement
The structure of R234W:9-cis-retinal was solved by molecular replacement with the
structure of R234W:11-cis-retinal (PDB code 3HX3) used as a model. Following molecular
replacement, ligand information was obtained from the PubChem Compound Database
(http://pubchem.ncbi.nlm.nih.gov/) and 9-cis-retinal (entry CID 6436082) was added to the
structure with the LigandFit module of the PHENIX program package.21 The structure then
was refined to 1.9 Å by using the phenix.refine module of the PHENIX program package.
The final model contained residues 57–306, 9-cis-retinal, and 315 water molecules.
Procedures for solving the structure of WT CRALBP:9-cis-retinal were essentially the same
as for R234W:9-cis-retinal with the exception that molecular replacement was carried out
with the atomic model of CRALBP:11-cis-retinal (PDB code 3HY5). This structure was
refined to a final resolution of 3.4 Å. Electron density for 9-cis-retinal was clearly visible in
the R234W:9-cis-retinal complex whereas electron density for 9-cis-retinal in CRALBP was
restricted to the β-ionone ring including the tail region up to atom C9. Therefore, the
structure was finally refined with a truncated ligand model using phenix.refine and then
evaluated with the model-building program COOT.22 Data collection and refinement
statistics for both structures are given in SI Table 1.

Isomerase Activity Assay
To determine rate constants for the isomerisation reaction, CRALBP:9-cis-retinal stock
solutions were prepared with 15 mg/ml of protein. Incubations were carried out at 37°C in
low salt buffer at pH 7.4. Aliquots for HPLC analysis were removed at various time points
during the incubation. To monitor a potential isotopic effect on the reaction rate, exchange
of hydrogen to deuterium was carried out by dialysing CRALBP:9-cis-retinal against a D2O-
based low salt protein buffer yielding an estimated final D2O concentration of ~95 %.

HPLC and Spectroscopic Analysis
For HPLC analysis samples were denatured by adding equal volumes of ethanol to each
CRALBP:ligand complex. Subsequently, 80 µ l of hexane were added, vortexed for 30 s,
and samples were centrifuged at 16,000×g for 10 min at 4°C. The hexane phase was
carefully transferred into a fresh vial and used for injection. HPLC was carried out on a
Jasco PU-980 equipped with a Jasco UV-975 UV detector. Samples were separated on a
silica column (5µm, 250 mm×4.6 mm, Agilent Technology) with 98:2 (v/v) hexane/tert-
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butyl methyl ether as the mobile phase for isocratic elution.23 Peak fractions were collected
and the solvent was evaporated under a nitrogen stream. For UV/VIS spectroscopy the
residual oil film of dried peak fractions was dissolved in ethanol and analysed with an
Evolution Array UV/VIS spectrophotometer (Thermo Scientific).

Hybrid QM/MM simulations
The X-ray structure of the R234W mutant bound to 9-cis-retinal was used as the starting
configuration. Titratable groups were protonated at standard positions at pH 7.0 except for
residue Glu202, which was modeled either as glutamic acid or glutamate, according to the
chemical model for the pocket studied. The AMBER FF0324 and the GAFF25 force fields
were used to parameterize the protein and ligands, respectively. The RESP charge fitting
procedure26 was used to obtain atomic charges of the retinals from ab initio calculations at
the HF/6-31G* level of theory. The system was solvated with ~23,000 TIP3P water
molecules27 and eight/nine chloride anions were added to achieve neutrality. The system
contained ~ 62,000 atoms in a box of 90.3×93.1×103.2 Å3.

First, 5 ns of classical MD was run to relax the structure. Nose-Hoover chain of
thermostats28–30 and Langevin pistons31 were used to keep the system at constant
temperature and pressure. The Particle-Mesh Ewald (PME) method32 was employed to treat
long-range electrostatics. A time step of Δt = 1.5 fs was used in combination with the
SHAKE algorithm33 on bonds involving hydrogens. Simulations were run with the NAMD
package (http://www.ks.uiuc.edu/Research/namd). The system then was partitioned into two
regions: the QM part, comprising the retinal and the three buried water molecules present in
the binding pocket; and the MM part, consisting of the protein, counter- ions, and the other
water molecules. The QM region was treated at the DFT level of theory. The exchange-
correlation functional was described by the GGA/BLYP approximation.34, 35 Electronic
wave functions were projected on a plane-wave basis of functions with a kinetic energy
cutoff of 70 Ry. Core-electrons were integrated out by the use of norm-conserving Martins-
Troullier pseudopotentials.36 Dispersion interactions were included by using dispersion-
corrected atomic-centered potentials (DCACP).37 The classical part was described by the
AMBER force–field.24 Interactions between the two regions were treated with the full-
Hamiltonian scheme38, 39 implemented in the CPMD code (http://www.cpmd.org).

Three systems were investigated: i) the neutral, closed shell molecule; ii) the carbocation
obtained by attachment of H+ at C12; and iii) the radical molecule obtained by attachment of
an H atom at C12. In the last case, spin polarized DFT was used to solve the electronic
problem. Self- interaction corrections were applied, following ref.40. Car-Parrinello MD
simulations41 of each system using a fictitious electron mass of 600 a.u., and a time-step of
0.01 fs were performed. Systems were brought to 300 K by using a velocity-rescaling
algorithm, and then cooled down by a simulated annealing procedure with a scaling factor of
0.999. Simulations were repeated multiple times to ensure that the annealed structures
corresponded to the global minimum of the energy.

NMR analyses
For NMR analyses all HPLC purified retinoids were dissolved in CDCl3. All NMR data
were acquired at a regulated temperature of 298 K with a Bruker AvanceII 500 MHz NMR
spectrometer equipped with an inverse 1.7 mm triple channel (1H, 13C, 31P) microprobe
head.

1D 1H NMR data were acquired with 512 or 1024 transients into 32k data points over a
width of 14 ppm in a classical one-pulse experiment (acquisition time = 2.34 s). A relaxation
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delay of 6 s was applied between transients. Data sets were zero- filled to 64k points and
multiplied by a 0.3 Hz line broadening factor before Fourier transformation.

2D 1H-1H NMR COSY data were acquired over a frequency width of 14 ppm in both F2 and
F1 into 2k complex data points in F2 (acquisition time = 147 ms) by using 128 t1 increments.
A relaxation delay of 1 s between transients was used for all experiments. The data were
recorded using 64 or 128 transients. Spectra were zero filled to 2048×1024 points and
processed with a sine-bell function in F2 and in F1. All data are displayed in the absolute
value mode.

Results
Discovery of thermal isomerase activity in CRALBP:9-cis-retinal complex

When extracts of freshly prepared complexes of CRALBP:9-cis-retinal were routinely
checked for their isomeric purity by HPLC, a contaminating peak other than 9-cis-retinal
consistently appeared. This peak eluted slightly earlier than 9-cis-retinal and had a very
similar absorption spectrum indicative of a geometric retinal isomer (Figure 1A).

Accounting for 14–15% of total retinal, this peak appeared in the absence of light and
oxygen thereby excluding any possible light-driven isomerization or oxidation of 9-cis-
retinal. Incubation of freshly prepared CRALBP:9-cis-retinal at 37°C for 9 h revealed a
virtual 1:1 ratio of the geometric isomer and 9-cis-retinal whereas prolongation of the
incubation time to 38 h at 37°C yielded almost complete conversion of 9-cis-retinal to this
isomer. When repeating the experiment using the corresponding complex of R234W with 9-
cis-retinal, we observed a rapid equilibration to a 2:3 ratio for 9-cis/9,13-dicis-retinal, that
remained virtually unchanged after 48h of incubation at physiological temperature (Figure
S1, Supplementary information).

When the progress of the CRALBP:9-cis-retinal reaction was monitored by HPLC at various
time points, the reaction was found to be (pseudo) first order with a rate constant of k =
1.1×10−5 s−1 and a half- life for CRALBP:9-cis-retinal of t½ = 17.5 h. When the reaction
was carried out in D2O buffer under otherwise identical conditions, a kinetic rate constant of
k = 0.23×10−5 s−1 was obtained. In both cases these measurements were repeated on two
independent data sets, yielding a systematic correlation coefficient for the linear fitting of ≈
0.95. The kinetic isotope effect of 4.8 suggested an isotopic substitution in a chemical bond
of 9-cis-retinal within CRALBP that is directly involved in the rate-limiting step of this
reaction (Figure 1B).

The identity of the geometric retinal isomer formed by the thermal process within the cavity
of CRALBP was confirmed initially by UV/VIS spectroscopy of the complex and verified in
organic solvent extracts (Figure S2). Freshly prepared CRALBP:9-cis-retinal complex had
an absorption maximum at 415 nm. After incubation of the complex for 38 h at 37°C its
absorption maximum revealed a blue-shift towards 400 nm. Extraction and HPLC
purification of the corresponding free retinal isomers before and after incubation revealed
absorption maxima of 373 nm and 368 nm, respectively. These values were identical to the
ones previously reported for 9-cis-retinal and for 9,13-dicis-retinal.42 Control experiments
were carried out to rule out the possibility of spontaneous isomerization of 9-cis-retinal in
the absence of protein (Figure S3). Thus, when HPLC-purified 9-cis-retinal was dissolved in
low salt buffer containing 2% ethanol at pH 7.4 and incubated for 24 h at 37°C in the dark
without oxygen, no spontaneous formation of geometric isomers of 9-cis-retinal was
detected by HPLC. Moreover, when CRALBP:11-cis-retinal was incubated under similar
conditions but for 48h, no thermal isomers of 11-cis-retinal were observed.
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Analyses of the 1H-NMR (Figure 1C and Figure S4) and 2D 1H-1H NMR COSY spectra
(Figures S5-S8) recorded with HPLC purified samples of extracts from CRALBP containing
11-cis-retinal, 9-cis-retinal or the putative 9,13-dicis-retinal permitted an unambiguous
attribution for the 1H-NMR resonances of the vinyl protons 7, 8, 10, 11, 12, 14, and of the
aldehyde proton 15. In addition, differentiation between 9-cis-retinal, 11-cis-retinal and
9,13-dicis-retinal was enabled by use of simulated 1H-NMR spectra (Figures S9-S11). The
structure of 9,13-dicis-retinal formed through thermal isomerization of 9-cis-retinal bound to
CRALBP could thus be unambiguously confirmed. For example, according to the 1H-NMR
simulations, proton 12 should be strongly low- field shifted in 9,13-dicis-retinal compared to
9-cis- and 11-cis-retinal. This strong low- field shift was experimentally confirmed: proton
12 resonated at 5.93 and 6.10 ppm in 9-cis-retinal and 11-cis-retinal, respectively, whereas it
was low-field shifted by about 1 ppm in the 1H-NMR spectrum of 9,13-dicis-retinal where
its resonance appeared at 7.21 ppm. Likewise, the 1H-NMR spectra, as well as the
simulations, clearly revealed a trans conformation for the C12-C13 bond, thus ruling out the
formation of 11-cis-retinal or 11,13-dicis-retinal.

1H NMR spectra of 9,13-dicis-retinal extracts from CRALBP samples incubated in H2O and
in D2O buffer were recorded to gain further information about the reaction mechanism
(Figure S12). Comparison of these spectra clearly indicated that substitution of a proton by a
deuterium at position 14 could not be validated. Indeed, both spectra were identical,
especially the resonances of both protons 14 and 15. If a deuterium substitution had
occurred, the resonance of proton 14 would have vanished and that of proton 15 would have
appeared as a singlet.

Structures of CRALBP and its Bothnia mutant R234W with 9-cis-retinal
We solved the crystal structures of CRALBP and its Bothnia disease mutant R234W, both in
complex with the less abundant natural isomer 9-cis-retinal. Details about data collection,
refinement, and validation statistics are reported in Supporting Information (Table S1).
Excellent resolution of the R234W:9-cis-retinal complex provided a detailed picture of the
retinoid conformation and allowed a direct comparison with the known binding-site of
R234W:11-cis-retinal. Electron densities of all ligand carbons from the β-ionone ring to the
terminal aldehyde (C1–C15) were well defined in both complexes. In the R234W:11-cis-
retinal complex the ligand was bound in a bent conformation (Figure 2A) with the terminal
aldehyde occupying a hydrophilic pocket formed by Glu202 and Tyr180. In contrast, 9-cis-
retinal adopted an elongated conformation within R234W (Figure 2B).

The β-ionone ring conserved its position whereas the aldehyde-tail pointed towards an
alternative niche within the binding-pocket formed by Trp166, F161, and F173.
Interestingly, in this 9-cis-retinal complex the expected 11-trans bond was severely strained
with a 90° twist suggesting at least partial loss of conjugation. But the most distinctive
feature of the R234W:9-cis-retinal complex was a hydrogen-bonding network that included
three ordered water molecules that connect Tyr180 and Glu202 to the aldehyde oxygen of 9-
cis-retinal. In fact with 11-cis-retinal, the resulting binding pocket of R234W is completely
dehydrated.20 Glu202 and Tyr180 trap a single water molecule through hydrogen bonding
interactions precisely at the position occupied by the aldehyde oxygen in the R234W:11-cis-
complex. The two other water molecules line up in a string along the retinoid-backbone
stabilizing the aldehyde oxygen of 9-cis-retinal through coupled hydrogen-bonding
interactions. This water network provides a means to compensate for ligand- induced
rearrangements throughout the binding-pocket and provides the structural basis for the
alternate 9-cis-/11-cis-retinal binding in the R234W mutant.

Recent studies have reported a high stereospecific preference for 11-cis-retinal and 9-cis-
retinal by CRALBP and its mutant R234W as well as a lack of binding to either 13-cis-
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retinal or all-trans-retinal.43 Based on previously determined X-ray structures of CRALBP
complexes, this geometric specificity for cis-retinoids was primarily assigned to shape
complementarities between the binding pocket and ligand.20 However, complexes of
CRALBP bound to either 11-cis-retinal or 9-cis-retinal have thus far yielded very poorly
defined electron density maps of the retinal tail region (C11–C15) (Figure S13). These X-
ray structural models of CRALBP implicated the presence of multiple conformations for the
polyene tail region that did not allow its precise assignment within the cavity.

The above lack of information has been a major obstacle to a detailed molecular
understanding of the alternate retinoid-binding modes manifested by CRALBP. However,
computational studies based on classical MD simulations allowed us to confirm both the
above described alternate binding mode of CRALBP to either 11-cis-retinal or 9-cis-retinal,
and a not fully dehydrated cavity for the CRALBP:9-cis-retinal complex.44

Hybrid QM/MM simulations
The X-ray structure of R234W:9-cis-retinal showed a strong geometrical distortion of the
retinal at the C12 position suggesting a change in its hybridization. We tested three possible
explanations for this finding by hybrid QM/MM simulations: i) a neutral, closed shell
structure, ii) attachment of a H+ ion at C11/C12, or iii) trapping of an H• atom at the same
position. Optimized geometries obtained from repeated simulated annealing cycles are
shown in Figure 3, and compared with the atomic positions predicted by the experimental
electron density.

Our calculations clearly show that the structure characterized by hydrogen attachment at
C12 fits the experimental data significantly better than the two other hypotheses (Figure 3).
Specifically, the RMSD between the retinal structure obtained by fitting the crystallographic
electron density map and those of the different models was 0.66 Å for the H+ attached
system, 0.33 Å for the neutral closed-shell molecule, but only 0.11 Å for the H• attached
model. This last model fits the distorted C10-C11-C12-C13 dihedral angle especially well,
featuring a calculated value of −76.9° compared to −71.8° in the X-ray structure. In contrast,
the neutral closed-shell and cation species provided values of +4.8° and −10.0°, respectively
for the same angle. A possible source of hydrogen radicals in the binding pocket is the
hydroxyl group of Tyr180. However, Tyr180 sits relatively far from the retinal C12, thus
making a direct hydrogen transfer improbable. Most likely the process is associated with X-
ray- induced formation of solvated electrons in the protein crystal at 100K, which are
captured by retinal. This possibility is supported by the pronounced color change from
bright yellow to deep red observed in all our CRALBP:retinal crystals during X-ray
exposure. The resulting radical anion is likely to be rapidly protonated to form the neutral
radical species predicted by our QM/MM calculations. An analogous coupled electron-
proton transfer mechanism was previously described for the pulse radiolysis-induced
characteristics of free retinyl polyenes, which display pronounced red shifts and a major
decay pathway through protonation in acidic solvents.45 In our case, migration of the proton
is possibly mediated by the water network present in the binding pocket, and we suggest
Glu202 as its primary acidic source.

Discussion
CRALBP is the major chaperone of freshly synthesized 11-cis-retinol/al in the RPE and
Müller cells. It binds 11-cis-retinol/al with nanomolar affinity in the regenerative branch of
the visual cycle and thus provides selectivity to the eye for the major visual
chromophore.8–11 The geometric specificity of CRALBP is complemented by a steep
concentration gradient towards the photoreceptors generated by the essentially irreversible
binding of opsin to 11-cis-retinal. Surprisingly, CRALBP also binds with nanomolar affinity
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to the low abundance chromophore 9-cis-retinol/al.10 Here we provide compelling structural
and functional evidence that CRALBP exhibits multiple functions including its catalytic
isomerization activity. We have observed that 9-cis-retinal in complex with CRALBP upon
incubation at 37°C slowly changes into a new chemical species identified by both UV/Vis
and 1H-NMR spectroscopy as 9,13-dicis-retinal (Figure 1). This previously undetected
isomerase function occurs in the dark, thus no photo-physics can be involved. The isomerase
function was specific to 9-cis-retinal in that 11-cis-retinal was not affected. In addition,
repetition of the experiment in deuterated water showed a kinetic isotope effect of 4.8. In the
case of 11-cis-retinal, ordered water is completely excluded from the binding pocket of
R234W.20 The X-ray structural model of the R234W:9-cis-retinal complex unexpectedly
revealed a string of three buried waters in the binding pocket that hydrogen-bonded Glu202
to the aldehyde oxygen of the polyene. Intriguingly, the detected water structure strongly
resembles the classic proton-wire observed in catalytically active proteins46–48 and also in
nanotubes.49, 50 MD simulations based on the X-ray structures presented helped us
determine the CRALBP:9-cis-retinal complex conformation (Figure 4B).44 In contrast to the
string of three water molecules visible in the experimental binding-pocket of R234W:9-cis-
retinal, the MD complex of CRALBP displayed two uncoordinated water molecules
connecting Glu202 to the aldehyde. From this data, we propose a mechanism of reversible
acid-catalyzed protonation of the aldehyde moiety by proton transfer via two water
molecules leading to formation of a carbocation at C13 prior to isomerization (Figure 4A).

The strong isotope effect in the reaction kinetics confirms that the rate- limiting step must be
a proton transfer event. The 1H-NMR isotope labeling experiment did not evidence
accumulation of deuterated species in the product, strongly suggesting an enol cation as the
intermediate protonated species. In this case, the same catalytic proton is transferred back
after rotation of the C13-C14 bond.

Active protonation of the 9-cis-retinal polyene chain depends on the presence of a suitable
proton donor in the protein system. Solving the linearized Poisson Boltzmann equation,51

we calculated a pKa of 7.64 for Glu202. This value would allow efficient proton shuttling
onto the aldehyde oxygen via a water-mediated hydrogen bond pathway. Proton transfer
could then occur either by a direct Grotthus- like mechanism, or by formation of a transient
(H5O2)+ Zundel cation involving the two buried waters.52, 53 Protonation of the aldehyde
moiety would complete the charge separation of the intermediate and stabilize the
carbocation at the most substituted C13 atom. This would allow isomerization to proceed
around the C13-C14 bond, followed by back-deprotonation of the retinal cation, thereby
establishing the polyene configuration as 9,13-dicis-retinal.

The retinal-binding site of CRALBP appears to be a tight cavity that permits only limited
retinoid motion primarily by restricting the longitudinal space for binding. This can be
inferred by the geometric retinoid specificity of CRALBP that precludes binding of either
all-trans- or 13-cis-retinal.54 Nevertheless, from the evidence of alternate binding modes
reported here for 11-cis-retinal and for 9-cis-retinal or 9,13-dicis-retinal respectively, we
infer that rotations of the polyene tail around the four terminal bonds must be sterically
allowed. Data concerning I2-catalyzed reversible isomerization of free retinals show a 2:1
ratio for 9-cis/9,13-dicis-retinal,55 implying that free 9,13-dicis-retinal is higher in free
energy than the 9-cis isomer. Nonetheless, we observed a constant accumulation of 9,13-
dicis-retinal leading to an essentially quantitative conversion of 9-cis-retinal. Thus,
CRALBP induced an irreversible transformation of this retinoid. In contrast, in the
corresponding complex of R234W with 9-cis-retinal we found a rapid equilibration to a 2:3
ratio for 9-cis/9,13-dicis-retinal, that remained virtually unchanged after 48 h of incubation
at physiological temperature (Figure S1). This means that the isomerization kinetics of the
mutant protein is both faster and reversible. The fact that the ratio of the two isomers in
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R234W is qualitatively different from that of the free species could imply that the tighter
cavity of the mutant protein favors the more compact dicis-retinal.

The appearance of ordered water molecules in the very hydrophobic cavity of CRALBP
implies a general stochastic exchange mechanism from bulk solvent associated with ligand
recognition and subsequent relaxation of the ligand-binding pocket. Both X-ray and MD
models show subtle differences in the hydration pattern of various CRALBP:retinal
complexes.44 This suggests that modulation of the hydrogen-bonding network in the binding
cavity may have pronounced effects on the kinetics of isomerization, similar to what has
been reported in several other systems of chemical and biochemical relevance.56–60

The absence of isomerization in 11-cis-retinal can be explained by an already optimal
complementarity between the shape of the pocket and conformation of the ligand. The
complex is also stabilized by the hydrogen-bond between Glu202 and the retinal carbonyl.
This interaction would be disrupted by the isomerization of the 13-trans bond.

To assess both the mechanism and the relevance of disorder within the binding cavity on the
reaction kinetics, we expressed two mutants of CRALBP, namely E202Q and Y180F. The
first mutation should eliminate the primary source of catalytic protons from the binding
cavity and thus block the isomerase activity. Previous MD simulations showed that Tyr180
helps to structure the H-bond network formed by Glu202 and the catalytic waters.44

Therefore, the Y180F mutation should increase disorder within the binding cavity, resulting
in less efficient, albeit still present, catalysis. Figure 5 reports the rate of isomerization for
these two mutants compared to that of CRALBP. As expected, E202Q practically lost all
catalytic activity, apart from a very weak basal signal (9% of the original rate), probably
attributable to the weakly acidic side-chain of Tyr180. Y180F had intermediate isomerase
activity, but with a significant decrease in reaction rate (52%) as compared to CRALBP
(Figure 5).

General features of thermal trans/cis retinoid isomerization have been characterized in a
number of protein systems. Retinal is a typical polyene with an isomerization barrier of ~48
kcal/mol making a spontaneous conversion improbable. Upon protonation, however, the
retinal cation exhibits a lowered isomerization barrier in the range of 11.5 kcal/mol due to
weakening of bond alternations.61 Indeed, thermal isomerization of all-trans-retinal to 13-
cis-retinal has been reported to occur within bacteriorhodopsin during dark adaptation.62 In
this well-studied protein system, a strong interdependence of retinal Schiff base protonation
and lowering of the isomerization barrier was reported.63 The rate constant for dark
adaptation in this protein was also shown to correlate positively with the fraction of the
Asp85 protonated side chain64

Specifically, the mechanism of thermal all-trans to 13-cis isomerization of the chromophore
in bacteriorhodopsin requires transient formation of an unprotonated Schiff base, which
constitutes the reactive isomerizing species.64–66 We noted that this unprotonated Schiff
base is isoelectric to the protonated cationic retinal that we observed as the isomerizing
species in CRALBP. The crucial difference between bacteriorhodopsin and CRALBP is due
to the chemical nature of the bound chromophore, the covalently-bound protonated Schiff
base and free retinaldehyde, respectively. Therefore, in the acid/base reaction initiating
isomerization in the two systems, the chromophore has to play opposite roles as either an
acid or base. In the case of bacteriorhodopsin, the role of solvated excess protons in the
internal cavity, represented by a Zundel cation, was shown to be critical to the transient
protonation network.46 This is in agreement with the presence of under-coordinated water
molecules in the CRALBP:9-cis-retinal cavity. Altogether, these findings suggest that the
prototypic all-trans to 13-cis thermal isomerization of the retinal Schiff base in the dark
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adaptation cycle of bacteriorhodopsin critically depends on the balanced interplay of
reversible deprotonation/reprotonation of an acidic amino acid side-chain, a protonated
polyene and a Zundel- like cation. All three elements are presented in a different functional
context in the cavity of CRALBP:9-cis-retinal suggesting a convergent evolutionary
background for thermal trans/cis isomerization of retinal in a protein system.

The role of 9-cis-retinol/al in the mammalian eye has yet to be clarified. Several studies
have addressed the question as to the general mechanism for slowly accumulating 9-cis-
retinal in the absence of light and its physiological significance. In 1973 Futterman and
Rollins provided an initial model for the non-enzymatic formation of 9-cis-retinal and 13-
cis-retinal from all-trans-retinal through the action of endogenous nucleophiles.67, 68 It was
noted that free dihydroriboflavin sufficed to catalyze 9-cis-retinal formation from all-trans-
retinal at physiologic concentrations in vitro. More recently, an additional non-enzymatic
mechanism for the in vitro and in vivo formation of 9-cis-retinol from all-trans-retinol was
proposed.12 In that study 9-cis-retinol was shown to accumulate from its relative resistance
compared with the other geometric cis- isomers to the non-enzymatic back-isomerization to
all-trans-retinol. Accordingly, incubating non-transfected 293-F cells with all-trans-retinol
for several hours evidenced accumulation of 9-cis-retinol (1.6%) besides 13-cis-retinol
(5.3%) and 11-cis-retinol (0.12%).69 Overall, these observations implicate thermal uphill
isomerization in the presence of nucleophiles as a possible in vitro and in vivo source of
slowly accumulating 9-cis-retinol/al in membranes.

Alternatively, 9-cis-retinol may arise from the eye’s ability of endothermic reformation of
11-cis-retinol from all-trans-retinol through the visual cycle. The protein RPE65 has been
shown to be essential for the function of the RPE cycle in rod-dominated vision by
catalyzing the isomerization of all-trans-retinyl esters to yield 11-cis-retinol.70–72 Several
lines of evidence support a carbocation mechanism for the isomerase activity of RPE65. The
mechanism is consistent with a loss of bond order of the polyene substrate and the
propensity of the enzyme to yield 13-cis-retinol and 11-cis-retinol in vitro.69, 73, 74 Recently
a second isomerase (DES1) was discovered with a putative in vivo function in cone-
dominated vision by acting directly on alltrans-retinol.6 DES1 is a transmembrane enzyme
affecting the isomerization equilibrium of all-trans-retinol to cis-retinol species (including
9-cis-retinol) at inverse ratios to their free energies. CRALBP was shown by co-
immunoprecipitation to physically interact with DES1 and could have a role in directing
isomerization by mass action similar to that it has with RPE65.6 This indicates a high in vivo
chemical selectivity for 11-cis-retinoids of the visual cycle resulting from conjunction of the
involved isomerases RPE65 and DES1 with downstream factors such as CRALBP, retinol
dehydrogenases and opsins.

Although it is rather unlikely that cis-retinoids other than 11-cis-retinal are relevant for the
properly working eye, traces of 9-cis-retinal or 9,13-dicis-retinal would still be chaperoned
by CRALBP into receptor cells to be turned over in the light reaction.75 Recently, low
amounts of 9-cis-retinal (5%) have been reported in the absence of light to accumulate
specifically in an animal model with disrupted 11-cis-retinal production (RPE65−/- mice).
Moreover this accumulation was associated with a minimal visual response through the
formation of isorhodopsin.14 The suitability of 9,13-dicis-retinal to act as surrogate for 11-
cis-retinal has been demonstrated as well by its ability to reconstitute photosensitivity in
bleached skate retinas by forming isorhodopsin- II.42 Overall, the fact that 9-cis-retinal is a
suitable surrogate for 11-cis-retinal in vivo has led to development of synthetic 9-cis-
retinoids as orally administered, pro-drug forms of 9-cis-retinal for the treatment of various
forms of inherited retinal degeneration caused by defects in the retinoid cycle.13 These
findings indicate that sustained delivery of 9-cis-retinal restores visual function in vivo.15
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Surprisingly, no significant amounts of 9-cis-retinol/al were detected in CRALBP-knockout
mice displaying heavily impaired regeneration of 11-cis-retinal and delayed dark
adaptation76. However, the isomer-composition of accumulating retinyl-esters was not
reported in that study. In the absence of CRALBP, mass transfer would be expected to be
strongly impaired in these animals causing significant back-esterification of cis-retinols
produced by RPE65.

Other than its general role as a chaperone in vision, several lines of evidence support the
involvement of CRALBP in non-image- forming functions. Most importantly, its expression
has been reported in the ciliary body, cornea, pineal gland, optic nerve, brain, and iris.77 In
zebrafish, CRALBP expression was shown to be strongest in Müller end feet directed
toward the ganglion cell layer of the inner retina and also in the pineal gland during larval
development.9 A possible non- image- forming function of CRALBP could be inferred from
the fact that melanopsin, the only opsin in the intrinsically photosensitive retinal ganglion
cells (ipRGCs), has been shown to bind exclusively to cis-retinal species.78 CRALBP may
thus chaperone the delivery of a cis-retinal species to ipRGCs found in a small
subpopulation of ganglion cell neurons that primarily project to areas of the brain involved
in circadian rhythm and pupillary light responses.79 In a similar manner, CRALBP may also
act in the pineal gland, known to express the non-visual pineal opsin80 with implications for
the production of the hormone melatonin and wake/sleep patterns. Most importantly,
CRALBP has been identified as the downstream target of Pax6,81 a key transcription factor
involved in the control of various aspects of embryonic development including that of the
eye. Pax6 directly controls expression of CRALBP during spinal cord development
indicating its putatively ancient role as a cis-retinoid chaperone in non- image-forming
neuronal tissues. Therefore, the biological relevance of CRALBP’s thermal isomerase
function could be associated with processes other than the visual cycle.

Conclusions
9-cis-Retinal bound to CRALBP is thermally isomerized to 9,13-dicis-retinal in the dark
with reaction kinetics affected by the structure of this protein. In particular, CRALBP slowly
and irreversibly accumulates the 9,13 product whereas its R234W mutant rapidly catalyzes
equilibration to a ~ 2:3 ratio of the 9-cis- and 9,13-dicis isomers. Crystallographic structures
of CRALBP complexes revealed a binding mode for 9-cis-retinal different from that
previously reported for 11-cis-retinal. The structure of CRALBP:9-cis-retinal is
characterized by the presence of buried waters in the hydrophobic pocket of the protein. By
combining structural data, molecular modeling, NMR spectroscopy, and kinetic
measurements, we propose a mechanism for the isomerization reaction involving transient
protonation of the bound retinal. Specifically, the 13-trans-cis- isomerisation of 9-cis-retinal
includes initial protontransfer from Glu202 via two water molecules onto the aldehyde
oxygen prior to isomerization and subsequent recovery of bond order by re-protonation of
Glu202. Kinetic data with E202Q and Y180F CRALBP mutants support the essential role of
Glu202 as initial proton donor in the isomerization reaction. Our findings highlight the
specific role of water molecules in both CRALBP-assisted specificity towards 9-cis-retinal
and its thermal isomerase activity yielding 9,13-dicis-retinal. Other than its known role as a
cis-specific retinoid binder downstream of restorative retinoid recycling, CRALBP is
expressed in several tissues not directly associated with light detection functions. Therefore,
the biological relevance of the newly discovered isomerase activity for CRALBP could
include processes other than vision.
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Figure 1. Characterization of a CRALBP:9-cis-retinal reaction product
A) HPLC traces of retinoid extracts of CRALBP:9-cis-retinal freshly prepared (top), after 9
h incubation at 37°C (middle) and after 38 h incubation at 37°C (bottom). B) Kinetics of
CRALBP:9-cis-retinal isomerization in H2O buffer (filled circles) and in D2O buffer (open
circles) quantified by HPLC and plotted versus time. Rate constants (k) were determined
from the fit of the data to the following equation: log (A380(t)/A380(t0)) = −kt/ln(10), where
ΔA(t) = A380(t = 0) −A380(t). C) 500 MHz 1H-NMR spectra of 9,13-dicis-retinal (top) and
9-cis-retinal (bottom) produced by incubation of 9-cis-retinal in CRALBP. Both retinoids
were extracted from the complex and dissolved in CDCl3. Allocations of the six vinyl
protons 7, 8, 10, 11, 12, and 14, as well as of the aldehyde proton 15 are indicated in the
spectra, according to the numbering given in the structures. A second set of resonances
visible for protons 14 and 15 and marked with asterisks, indicates traces of residual 9-cis-
retinal.
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Figure 2. Close-up views of the R234W ligand-binding pockets
A) R234W bound to 11-cis-retinal. B) R234W bound to 9-cis-retinal. Side chains (gray) that
form van der Waals contacts with the cis-retinoid tails (orange) or participate in hydrogen
bonding within the ligand-binding pockets are shown as sticks. The 2Fo–Fc electron
densities for the ligands are shown as blue mesh at 1 σ. Dashed black lines indicate
hydrogen bonds; distances are given in A.
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Figure 3. Superposition of different computational models of 9-cis-retinal in R234W
The retinal model fitting the experimental X-ray density is shown in cyan balls-and-sticks.
The QM/MM optimized geometry obtained for the neutral closed-shell molecule is drawn in
silver licorice; the carbocation with H+ attached at C12 in orange licorice; and the optimized
structure of the radical obtained by H• capture at C12 in blue licorice.
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Figure 4. Mechanism of the isomerization reaction
A) Proposed mechanism for the thermal isomerization of 9-cis-retinal to 9,13-dicis-retinal in
CRALBP. The reaction proceeds via direct protonation of the polyene aldehyde,
isomerization of the charge separated transition state and final deprotonation of the enol. B)
Close-up view of the MD structural model of the dark state binding pocket of CRALBP:9-
cis-retinal.44 Side chains and 9-cis-retinal are shown as gray and orange sticks, respectively.
Dashed black lines indicate hydrogen bonds. Distances are given in A.
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Figure 5. Comparison of the reaction kinetics of CRALBP, E202Q and Y180F
Kinetics of CRALBP:9-cis-retinal isomerization (filled circles), E202Q (open triangles) and
Y180F (open squares) quantified by HPLC and plotted versus time. Rate constants (k) were
determined from fitting the data to the following equation: log (A380(t)/A380(t0)) = −kt/
ln(10), where ΔA(t) = A380(t = 0) − A380(t). k = 1.1×10−5s−1 (CRALBP:9-cis-retinal); k =
0.10×10−5 s−1, (E202Q), and k = 0.57×10−5 s−1 (Y180F).
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