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Abstract

Multiple functions for Interphotoreceptor Retinoid-Binding Protein (IRBP) may explain its
localization in the retina, vitreous and pineal gland and association with retinitis pigmentosa and
myopia. We have been engaged in uncovering the structure-function relationships of this
interesting protein long thought to bind visual-cycle retinoids and fatty acids in the subretinal
space. Although hydrophobic domains capable of binding such ligands have now been found, we
ask what other structural domains might be present that could predict new functions? Interestingly,
IRBP possesses a fold similar to C-terminal processing proteases (CTPases) but is missing the
PDZ domain. Here we present structural evidence that this fold may have a role in a recently
observed autoproteolytic activity of the two-module zebrafish (z) IRBP (Ghosh et al. Exp. Eye
Res., 2015). When the structure of Scenedesmus obliquus D1 CTPase (D1P) is superimposed with
the first module of zIRBP (z1), the PDZ domain of D1P occupies roughly the same position in the
amino acid sequence as the inter-domain tether in z1, between residues P71 and P85. The catalytic
triad K397, S372 and E375 of D1P is located at the inter-domain interfacial cleft, similarly as the
tetrad K241, S243, D177 and T179 of z1 residues, presumed to have proteolytic function. Packing
of two adjacent symmetry-related molecules within the z1 crystal show that the helix a8
penetrates the interfacial cleft underneath the inter-domain tether, forming a simple intermolecular
“knot”. The full-length zIRBP is cleaved at or immediately after T309, which is located at the end
of a8 and is the ninth residue of the second module z2. We propose that the helix a8 within intact
zIRBP bends at P301, away from the improbable knotted fold, and positions the cleavage site
T309 near the putative catalytic tetrad of the neighboring zIRBP to be proteolytically cleaved. The
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conservation of this functional catalytic domain suggests that possible physiological roles of IRBP
as a hydrolase needs to be considered.
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INTRODUCTION

Once thought to simply bind visual-cycle retinoids in the subretinal space,
Interphotoreceptor Retinoid-Binding Protein (IRBP) appears to have multiple important
roles outside vitamin A cycle (Gonzalez-Fernandez, 2012). However, understanding these
new roles requires defining its structure vis-a-vis function. IRBP is secreted by the rods and
cones into the subretinal space where it is the major protein component of the
interphotoreceptor matrix and interacts with domains of this scaffold particularly the cone
matrix sheath (Garlipp and Gonzalez-Fernandez, 2013; Garlipp et al., 2011). IRBP has an
unusual structure being composed of multiple modules (4 in tetrapods and human, and 2 to 3
modules in teleosts) (Nickerson et al., 2006; Rajendran et al., 1996) each composed of ~300
amino acid residues.

Early studies focused on the protein’s role in retinoid trafficking between the photoreceptors,
retinal-pigmented epithelium (RPE) in the rod visual cycle, and more recently the cone
visual cycle (Parker et al., 2009). Nevertheless, the exact role of IRBP in the visual cycle is
not clear as its presence is not a strictly required under the experimental conditions
examined (Ho et al., 1989; Palczewski et al., 1999). In any event, its role is clearly more than
simply solubilizing the retinoids within the extracellular matrix as previously assumed.
Finally, IRBP has free radical scavenging activities and can protect retinol from
photodecomposition (Crouch et al., 1992; Gonzalez-Fernandez et al., 2015; Gonzalez-
Fernandez et al., 2014; Parker et al., 2011). Mutations in IRBP have been implicated in
autosomal recessive retinitis pigmentosa (den Hollander et al., 2009; Li et al., 2013).

Some important functions of IRBP may not involve the retinal visual cycle. For example,
IRBP is present in the aqueous and vitreous, which is actually where it was first discovered.
Although the function of IRBP in these compartments is unknown, reduced concentrations
of IRBP in the aqueous and vitreous are associated with primary congenital glaucoma
(Bouhenni et al., 2011) and diabetic retinopathy (Gao et al., 2008; Garcia-Ramirez et al.,
2009), respectively. IRBP is also known to be expressed by the by the pineal gland. The
function of IRBP in these extraretinal locations is unknown. Furthermore, IRBP may have a
role in retinal development (Gonzalez-Fernandez and Healy, 1990; Gonzalez-Fernandez et
al., 1993; Hessler et al., 1996; Liou et al., 1998) and myopia (Arno et al., 2015; Wisard et
al., 2011).

The above functions are difficult to reconcile if IRBP is thought of only as a retinoid-binding
protein in the subretinal space. Further clues to the function of IRBP may come from its
structure. Although IRBP does contain hydrophobic domains capable of binding retinoids
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(Gonzalez-Fernandez et al., 2007; Gonzalez-Fernandez et al., 2009) and fatty acids (Ghosh
et al., 2015), what other structural motifs are present that could contribute to the functions
summarized above?

Interestingly, the only proteins known to share similarity with IRBP are members of two
protein families not associated with vision, or with retinoid binding. From the agnatha to
tetrapods, IRBP is composed of four homologous modules, each containing ~300 amino
acid residues and two domains (Dettai and Lecointre, 2008). These domains have homology
with C-terminal processing proteases (CTPase), and crotonases (Loew and Gonzalez-
Fernandez, 2002). It was established early on that the tertiary structure of the second module
of Xenopus IRBP had an overall fold similar to D1 C-terminal processing protease (D1P),
but without the PDZ domain (Loew and Gonzalez-Fernandez, 2002). However, a potential
enzymatic function has been ignored.

During a recent X-ray crystallographic study of oleic acid-binding to zebrafish IRBP
(zIRBP) a possible autoproteolytic activity was observed (Ghosh et al., 2015). In that study,
during formation of holo-zIRBP crystals the protein was cleaved near its center. A
polypeptide containing the first module of zZIRBP (z1) and only nine residues of the second
(z2) crystalized. In the present study, we further examined this phenomenon by examining
the structure of the cleaved complex and comparing the structure of z1 with that of CTPase.
Our study indicates that a functional enzymatic site is retained in IRBP suggesting an
overlooked enzymatic function deserving further investigation.

EXPERIMENTAL PROCEDURESS

Expression and purification

The expression and purification of the full length zIRBP is described in a recent publication
from our laboratories (Ghosh et al., 2015). The cDNA for /RBP gene /1, the product of
which is two tandem homologous modules of about 300 amino acids, was obtained by
screening a cDNA library (Rajendran et al., 1996). The full-length zZIRBP cDNA was
subcloned with the addition of the TEV protease recognition site immediately downstream
(3) to factor Xa recognition site and immediately upstream (5’) of the zIRBP gene in the
PET-30 Xa/LIC vector. Expression of the protein in Escherichia coliBL21(DE3) and
selenomethionine (Se-Met)-substituted zZIRBP has been described (Ghosh et al., 2015).

ZIRBP was extracted from the £. coliby microfluidization in the presence of broad spectrum
protease inhibitors (Sigma) and purified using an Akta FPLC (GE Healthcare) at 4°C.
Briefly, the recombinant protein was captured on a 5 mL HisTrap HP column (GE
Healthcare) and eluted on a imidazole gradient. TEV protease was then added and the
cleaved zIRBP located in the unbound fractions of a second 5mL HisTrap HP column. The
cleaved zIRBP was further purified by charged anion exchange column (HiTrap Q HP, GE
Healthcare) and eluted in a linear NaCl gradient. Fractions containing zIRBP were pooled
and the NaCl concentration was adjusted to 100 mM. The purity of zZIRBP was
approximately >98% by SDS-PAGE. The protein was then concentrated to 15 mg/mL and
incubated with 43 uM oleic acid and for 90 min. The solution was then filtered to remove
particulate matter prior to crystallization.
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Crystallization, X-ray diffraction and structure determination

The recombinant zIRBP was crystallized by the sitting-drop vapor diffusion at 23°C (Ghosh
et al., 2015). Diffraction data on the crystals of zZIRBP were collected at the synchrotron X-
ray beamline 191D, the Structural Biology Center, Advanced Photon Source, Argonne
National Laboratory, Argonne, IL. The structure was determined by a combination of MAD
and molecular replacement methods (Ghosh et al., 2015).

As described in our previous study, (Ghosh et al., 2015) while elucidating the structure, we
discovered that the two-module containing zIRBP polypeptide was proteolytically cleaved
between the modules during crystallization, and only module 1 (309 amino acids of a total
594) crystallized. Most of the residues had well-defined electron densities for the side
chains, which conformed to the known sequence. The final model included 309 amino acids,
one oleic acid, three glycerol molecules, one HEPES and 166 water molecules. Coordinates
and data are deposited in the Protein Data Bank under the accession code 4LUR.

Sequence and 3D structure alignment

The sequence alignments were performed using the Probabilistic Consistency-based
Multiple Alignment of Amino Acid Sequences (ProbCons) (Do et al., 2005). The sequence
and crystal structure of the z1 was used as a template for the 3D structural alignment of the
z2. The MOE-Align and MOE-Homology platforms in the Molecular Operating
Environment ® 2012 software (Chemical Computing Group, Montreal, Canada) were used
for this purpose. MOE-Align generated a sequence alignment of z2 to the structure of z1
emphasizing the secondary structure similarity. MOE-Homology was used in generating the
3D structures of z2 from the z1 template. This method of alignment is based on a
combination of the segment-matching procedure of Levitt (Levitt, 1992) and an approach to
the modeling of /ndels based on that of Fechteler et al (Fechteler et al., 1995). Finally, the
results were analyzed to determine the last residue of z1 and the beginning of the z2 module.

RESULTS

Sequence comparison of D1 C-terminal processing protease (D1P) and zIRBP module 1

(z1)

Fig. 1 shows an alignment of the amino acid sequences of z1 with D1P. The homologous
sequences based on the homology of their 3-D structures are highlighted. The catalytic
residues in D1P and those proposed for z1 are also indicated. Although sequence similarity
is found between z1 and DIP, a region between z1 domains A and B is only present in DIP
and not in z1. This sequence, which is highlighted yellow, is the DIP PDZ domain. Except
for this domain, there is a significant homology between DIP and the N- and C-terminal z1
domains.

The full-length zZIRBP (594 residues, theoretical M, = 64,385 daltons) has been successfully
expressed and purified to homogeneity. On silver-stained SDS-PAGE, the purified zIRBP
exhibits an estimated purity of greater than 95% and exhibits a single band at ~67 kDa
corresponding to the full-length molecule even when concentrated to 5 - 20mg/ml for
crystallization (Fig. 2A). However, the concentrated protein displays gradual cleavage
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yielding an additional major band at about 37 kDa (Fig. 2B), which grows several weeks at
23°C.

X-ray diffraction data and analysis of crystals from different crystallization drops and
purification experiments have established that only the polypeptide containing the first 309
residues crystallizes (Ghosh et al., 2015). This polypeptide was previously shown to contain
300 amino acids of module 1 (z1) and 9 of module 2 (z2). (We have used “module 1” or
“z1” to denote synonymously, either the true repeating module sequence of the N-terminal
300 residues, or the crystallized cleavage product of 309 residues.) The presence beyond
T309 of a few additional residues with high thermal motion and no discernable electron
density cannot be ruled out. Nevertheless, no crystal of either the full length or the cleaved
second module has yet been identified. The results indicate a time- and concentration-
dependent cleavage of zIRBP into z1 with a homogeneity and mono-dispersity high enough
to yield diffraction-quality single crystals.

Retention of the C-terminal peptidase fold: hint of autocatalysis from crystal packing

An IRBP module has a fold similar to the MEROPS database (Rawlings et al., 2012) serine
peptidase classification clan SK, family S41, subfamily A (CTPases), which includes CtpA,
CtpB, and CtpC peptidases and chlamydial protease-like activity factor (CPAF) (Page and
Di Cera, 2008; Rawlings et al., 2012). This subfamily typically recognizes certain sequences
at the carboxyl terminus of proteins, and then processes C-terminal extensions and/or makes
endoproteolytic cleavages at various distances from the C-terminal recognition site.

It was established early on that the tertiary structure of x2 had an overall fold similar to D1P
without the PDZ domain (Loew and Gonzalez-Fernandez, 2002). Superposition of the
structure of Scenedesmus obliquus D1P (Liao et al., 2000) with z1 (Fig. 3) as well as the
sequence alignment in Fig. 1 clearly show that the N-terminal A domain of z1, and the C-
terminal B domain in particular superimpose well with the corresponding domains of D1P.
The intervening PDZ domain of D1P (Lad et al., 2007) is absent in z1 and replaced by the
long and dynamically mobile extended chain between $0 and a4, and residues P71 and P85,
which acts as a tether between the A and B domains (Figs. 3, 4). There is no appreciable
homology between the PDZ domain of D1P and the extended mobile chain ending in helix
a4 (P71 to T96) in z1 (Fig. 4). Interestingly, the tether in z1 is open wider than the same in
x2, thereby exposing the inter-domain interface, a four-stranded [3-sheet formed by (4, 5,
(38, and B9, to a greater extent.

Shown in Fig. 3, the catalytic residues K397, E375 and S372 of D1P (Inagaki et al., 2001,
Liao et al., 2000) are situated between the analogous [3-sheet and the B-domain at the
interfacial cleft. A similar lysine K241 in z1 is situated only 3 residues upstream from K397
in D1P (Figs. 3, 4), and projects similarly into the interfacial cleft left wide open by the
inter-domain tether. Furthermore, K241 is close proximity to the D177 and T179 side chains.
These three side chains, together with one rotomer of the S243 side chain modeled in two
conformations, constitute a tetrad of residues resembling the catalytic site of a protease/
hydrolase (Hedstrom, 2002; Kraut, 1977; Page and Di Cera, 2008). The location and
proximity of these residues suggest that any combination of them could potentially be
involved in the hydrolysis of an ester bond.
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Analysis of the packing of z1 molecules in the crystal reveals that the C-terminal helix of
one molecule penetrates the opening underneath the inter-domain tether of the
crystallographically-related neighboring molecule at the domain interface, forming what can
be described as a simple intermolecular “knot” (Bolinger et al., 2010; Virnau et al., 2011;
Yeates et al., 2007), as shown in Fig. 4A. Modeling of the electron density map and
refinement of the model suggest that the polypeptide must have been cleaved at the C
terminus of T309, or immediately thereafter, nine residues S°2PALAQAAAST into the
second module z2 of zIRBP. Alignment of the amino acid sequences of the zZIRBP modules
and homology modeling of the z2 structure suggest this 31PALAQAAASIT segment to be
helical like a1 as the experimental structure data actually shows. However, since the
extension of a8 via this segment and formation of the rest of the z2 structure through the
inter-domain tether is topologically impossible, it is likely that the helix a8 for an intact full-
length zIRBP bends at or around P301 and begins a new z1-like fold with the helix a1 for
the second module, as indicated in Fig. 4B. Coincidentally, in this new orientation, the
residues 309TLIAD of a1 (z2) are within the physical proximity to the putative catalytic
residues D177, T179, K241 and S243 (Fig. 4B). Furthermore, when al of the homology-
modeled z2 is superimposed with the new orientation of this a8 segment, z2 atoms remain
clear of any major overlap or steric clash with those of z1 (result not shown), suggesting that
the resulting tertiary fold of zIRBP is a distinct possibility. Upon cleavage at T309 or
thereafter, the helix a8 releases the bending stress by straightening itself and forming the
intertwined crystal packing interaction. This intricate intermolecular packing of z1 would
have been unlikely if zZIRBP molecules were cleaved by an exogenous protease prior to
coming in close contacts with one another during nucleation.

DISCUSSION

An emerging concept is that IRBP has diverse roles including functions beyond the visual
cycle. Nevertheless, since its first descriptions more than three decades ago the literature has
assumed that IRBP is simply an extracellular protein solubilizing retinoids within the
interphotoreceptor matrix. We have been characterizing the structure of IRBP with the hope
that such analysis will provide insight into the roles in the visual cycle as well as other
functions.

Shortly after the sequence of IRBP became known, a similarity with a £. coli protease
designated Tsp (tail-specific protease) was found (Silber et al., 1992a). Tsp is a member of a
new family of proteases that proteolytically cleave hydrophobic C-termini. Although Tsp
showed no significant homology to known protease sequences, a homology with IRBP was
noted. Tsp does not bind retinol and recombinant module 1 of human IRBP does not show
proteolytic activity against casein (Gross et al., 2000). These observations suggest that
although a homology between IRBP and the CTPs exists, the two proteins do not share
functions, suggesting that the sequence similarity is the result of maintenance of the same
tertiary structure. An alternative explanation for IRBPs lack on enzymatic function is that
the correct physiological substrate was not examined, multiple modules are needed for
enzymatic function, and/or the IRBP needs to be modified to release its enzymatic function.
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The possibility that IRBP could have an enzymatic function has not been further pursued.
This may be because the conserved catalytic residues could not be identified in the primary
sequence. However, the present structural analysis does demonstrate a tetrad of residues
resembling the catalytic site of a protease/hydrolase (Hedstrom, 2002; Kraut, 1977; Page and
Di Cera, 2008). It is not know if CTPs can cleave IRBP. The location and proximity of these
residues suggest that any combination of them could potentially be involved in the
hydrolysis of an ester bond. Interestingly, a proteolytic activity was previously associated
with purified bovine IRBP (Plantner and Quinn, 1997). Although this activity was assumed
to represent a contaminating metalloproteinase, a catalytic activity of IRBP could also have
explained the data in that study.

The observation that the z1 molecules, when cleaved from the full-length zIRBP, pack with
one other by forming an intermolecular “knot” with the free cleaved end is a clue to its
possible autoproteolytic activity. Evidently, such a close molecule-to-molecule interaction
and the resulting proteolysis would be more pronounced at higher protein concentrations,
namely, during crystallization rather than during purification. Similarity of the folds, as well
as the nature and locations of the putative catalytic residues of CTPases to those of z1,
suggest that auto-proteolysis is a distinct possibility. However, site-directed mutagenesis
studies combined with crystallographic and enzymatic studies are necessary for an
unequivocal answer to this question.

Previous studies did not recognize the potential catalytic site. Nevertheless, a similar lysine
K241 in z1 is situated only 3 residues upstream from K397 in D1P, and projects similarly
into the interfacial cleft left wide open by the inter-domain tether. Furthermore, K241 is
close proximity to the D177 and T179 side chains. These three side chains, together with
one rotomer of the S243 side chain modeled in two conformations, constitute a tetrad of
residues resembling the catalytic site of a protease/hydrolase (Hedstrom, 2002; Kraut, 1977;
Page and Di Cera, 2008). The location and proximity of these residues suggest that any
combination of them could potentially be involved in the hydrolysis of an ester bond.

An unexpected finding, which supports an autocatalytic mechanism, was that the C-terminal
helix of one molecule penetrates the opening underneath the inter-domain tether of its
neighbor forming an intermolecular “knot” (Bolinger et al., 2010; Virnau et al., 2011; Yeates
etal., 2007) (Fig. 4A). This suggests that cleavage occurred at or just

beyond 391PALAQAAA3T into z2. Interestingly the extension of this segment and
formation of the rest of the z2 structure through the inter-domain tether is topologically
impossible. As described in the Results, a8 bends at or around P301 and begins a new z1-
like fold with the helix a1 for the second module, as indicated in Fig. 4B. The remarkable
finding is that the residues 3%°TLIAD of a1 (z2) are within the physical proximity to the
putative catalytic residues D177, T179, K241 and S243 (Fig. 4B). Probably the cleavage at
T309 or thereafter, the helix a8 releases the bending stress by straightening itself and
forming the intertwined crystal packing interaction. This data supports an autocatalytic
mechanism; the intricate intermolecular packing of z1 would have been impossible if zZIRBP
molecules were cleaved by an exogenous protease.
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Interestingly, for one member of the subfamily A of family S41, CPAF, activation is initiated
by a concentration-dependent trans-autocatalytic cleavage that induces homo-dimerization
and conformational changes that assemble the catalytic triad (Huang et al., 2008). This
cleavage and assembly is followed by two more autocatalytic cleavages and removal of an
inhibitor segment, which then allows for full activity. These cleavages occur in the middle of
the CPAF zymogen (Huang et al., 2008). In addition to the classic D/E-S-H triad, many
peptidase/hydrolases have been shown to have catalytic residues such as K-S dyads, as well
as S-E-D and S-H-H triads (Ekici et al., 2008; Page and Di Cera, 2008; Polgar, 2005).
Threonine has also been implicated in the activation of S for the nucleophilic attack on the
substrate (Bell et al., 2000). CTPases are generally not inhibited by serine protease inhibitors
(Bowyer et al., 1992; Silber et al., 1992b; Yamamoto et al., 2001).

At present we cannot conclude whether this autocatalytic activity is only an /in vitro artifact,
or in fact is truly part of physiological important process. A challenge is that we do not
known the identity of the native substrate. However, new developments in high throughput
screening such as target-based high-throughput screening could provide a way to circumvent
this problem (Niphakis and Cravatt, 2014; Schreiber et al., 2015).
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Novel structural domains could predict new functions for zebrafish IRBP
(zIRBP).

ZIRBP possesses folds similar to C-terminal processing proteases (CTPases) in
plants.

ZIRBP contains a catalytic triad homologous to that of known CTPases.
Structure data shows the fold is responsible for zIRBP’s autoproteolytic activity.

Possible physiological roles of IRBP as a hydrolase need to be considered.
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Figure 1. Alignment of the amino acid sequences of z1 and D1P
The homologous sequences based on the homology of their 3-D structures are highlighted.

The catalytic residues in D1P and those proposed for z1 are also indicated.
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Figure 2. Proteolysis of purified zIRBP
(A) SDS-PAGE of purified full-length (FL) zIRBP as a single ~67kDa band at a

concentration of 20mg/ml, (B) proteolysis of zZIRBP FL, analyzed after 2 weeks at room
(crystallization) temperature, to primarily a ~37kDa module 1 (z1), which yields crystals.
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Figure 3. Superposition of the crystal structures of D1P (pink) and z1 (blue)
Both A and B domains of the two structures overlay nicely. The PDZ domain of D1P, absent

in ZIRBP, occupies roughly the same position in the amino acid sequence as the inter-
domain tether in z1, between residues P71 and P85. However, these two regions have no
sequence or structural homology. The proteolytic triad K397, S372 and E375 of D1P are
located at the inter-domain interfacial cleft, similarly as the tetrad K241, S243, D177 and
T179 of z1 residues, presumed to have proteolytic function.
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Figure 4. Stereodiagrams of intermolecular packing interactions within the z1 crystal and clues
to auto-proteolysis

(A) Packing of two crystallographically related adjacent molecules within the z1 crystal.
Helix a8 penetrates the inter-domain interfacial cleft underneath the inter-domain tether,
forming a simple intermolecular “knot”. The full-length zZIRBP was cleaved at or
immediately after the residue T309. (B) We postulate that the intact zZIRBP would bend at or
about P301, away from the improbable knotted fold as modeled in purple, thereby
positioning the cleavage site near the putative catalytic tetrad.
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