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Abstract
Interphotoreceptor retinoid-binding protein (IRBP) is a highly expressed protein se-
creted by rod and cone photoreceptors that has major roles in photoreceptor homeo-
stasis as well as retinoid and polyunsaturated fatty acid transport between the neural 
retina and retinal pigment epithelium. Despite two crystal structures reported on frag-
ments of IRBP and decades of research, the overall structure of IRBP and function 
within the visual cycle remain unsolved. Here, we studied the structure of native bo-
vine IRBP in complex with a monoclonal antibody (mAb5) by cryo-electron micros-
copy, revealing the tertiary and quaternary structure at sufficient resolution to clearly 
identify the complex components. Complementary mass spectrometry experiments 
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1 |  INTRODUCTION

A remarkable feature of vision lies in the ubiquitous mech-
anism underlying the first step of phototransduction in all 
vertebrates, in which the visual chromophore 11-cis-retinal 
(11c-RAL) bound to opsin (11-cis-retinylidene) is isomer-
ized to an all-trans conformation after absorption of light. 
This isomerized chromophore is hydrolyzed and released 
as all-trans-retinal (at-RAL) from the binding pocket of 
opsins. Another shared feature among the animal kingdom 
is the ability for all visual pigments to signal multiple light 
events. This continued transduction depends on the regener-
ation of the visual chromophore.1-4 In the vertebrate retina, 
the re-isomerization of at-RAL to 11c-RAL occurs in the 
retinal pigment epithelium (RPE), a monolayer of cells di-
rectly adjacent to the photoreceptors, in a process known as 
the visual (retinoid) cycle.5,6 Retinoids are a class of vitamin 
A metabolites consisting of a β-ionone ring, an isoprenoid 
tail and typically a polar head group with a varied oxidation 
state. Without protection, retinoids can become irreversibly 
oxidized or dimerize to form toxic molecules, implicated in 
retinal diseases. To overcome these difficulties, a number of 
specialized binding proteins with specific cell surface recep-
tors have evolved to transport retinoids, which are necessary 
for vision transduction, embryonic development, growth, me-
tabolism, immune function, and reproduction.7,8

Interphotoreceptor retinoid-binding protein (IRBP) is a 
143-kDa glycolipoprotein consisting of four tandem repeats, 
each approximately 300 amino acids in length (referred to 
as modules M1, M2, M3, and M4 hereafter). Previous align-
ments have highlighted the conservation between the mod-
ules, which indicates that RBP3, the gene encoding IRBP 
could have arisen from quadruplication of an ancient gene.9,10 
RBP3 is expressed by photoreceptor cells of the retina and 
secreted into the subretinal space between photoreceptors and 
adjacent RPE, promoting retinoid transportation and prevent-
ing degradation. The retinoid cycle is forced to accommodate 
multiple types of retinoids in high quantities in light and dark 
conditions. Previous literature suggests that IRBP can bind 
many of these retinoids as well as numerous polyunsaturated 

fatty acids (PUFAs).11 For example, in vitro biochemical data 
suggest that IRBP is essential for delivery of at-RAL to the 
RPE,12,13 removal of 11c-RAL from the RPE14-18 and trans-
port of retinoids to photoreceptors.19,20 In addition to retinoid 
binding, there is evidence that IRBP plays a central role in 
retinal development and homeostasis because it is expressed 
early in retinal differentiation.21,22

Mutations in the RBP3 gene can cause vision loss in hu-
mans. A conserved mutation of Asp to Asn was identified 
at position 1080 (D1080N) in patients with retinitis pigmen-
tosa.23 The Asp residue is conserved among all four modules 
of IRBP. Patients who inherit the D1080N mutation display 
progressive loss of photoreceptors with decreased function of 
cones and rods. Two other novel homozygous nonsense mu-
tations (c. 1530T > A X; p.Y510 and c.3454G > T X; E1152) 
were identified through whole exome sequencing.24 All four 
patients had similar retinal dystrophy characterized by child-
hood onset myopia and rod-cone dysfunction despite an un-
remarkable fundus appearance. In addition, IRBP null mice 
also displayed delayed transfer of newly synthesized chromo-
phore from the RPE to rod photoreceptors as well as removal 
of bleached chromophore from photoreceptors.17,18,25

Currently, there is little structural evidence detailing full-
length IRBP. Two crystal structures of single modules of IRBP, 
IRBP module 1 (M1) from Danio rerio and IRBP module 2 
(M2) from Xenopus laevis (PDB ID; 4LUR and 1J7X, respec-
tively), provide insight into the molecular folds of the ances-
tral IRBP protein.26,27 Both structures are similar in fold but 
contain a different degree of rotation along their longitudinal 
axis. In addition, both crystal structures display the αβα sand-
wich motif present in other retinoid binding proteins, adding 
to the evidence that modules are repeats of similar functions 
which possibly serve to bind hydrophobic ligands such as ret-
inoid molecules.28 However, the IRBP protein from Danio 
rerio is approximately half of the primary sequence in length 
as IRBP from higher ordered vertebrates, whereas bovine and 
human IRBP share 84.1% identity according to ExPasy SIM 
(ExPasy Bioinformatics Resource Portal). Other structural in-
formation was obtained from electron microscopy, detailing the 
flexibility, and variety of conformations that bovine IRBP can 
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assume.29 The primary sequence analysis of IRBP shows that 
34% of residues contribute to formation of α-helices, 20% form 
β-sheets, and the remaining 45% do not form secondary struc-
tures and are likely to remain unstructured.30 This high frac-
tion of unstructured sequence can contribute to the difficulty in 
determining the crystal structure of full-length IRBP. Despite 
conscientious efforts from many groups, structural insights into 
the full-length protein are still lacking. Cryo-electron micros-
copy (cryo-EM) provides a unique opportunity to analyze the 
structure of IRBP, which has evaded crystallization for decades. 
Here, we present results of this effort.

2 |  MATERIALS AND METHODS

2.1 | Purification of interphotoreceptor 
matrix from bovine retinas

Fresh bovine eyes obtained from a local slaughterhouse 
(American Beef Packers Inc, Chino, CA, USA) were dissected 
under dim red light and retinas were excised and kept on ice. 
Interphotoreceptor matrix (IPM) was isolated from retinas by 
slow stirring in a 1:1 ratio with HEPES buffer (50 mM HEPES 
HCl, pH 8.0. 300  mM NaCl, 0.1  mM phenylmethylsulfonyl 
fluoride (PMSF), 1 mM dithiothreitol (DTT)), for 60 minutes 
at 4ºC. IPM supernatant was separated from retinas by centrifu-
gation at 10 000 g for 25 minutes at 4ºC. Retinas were resus-
pended in the same buffer and centrifuged again at 10 000 g 
for 25 minutes at 4ºC. 1 mM CaCl2, 1 mM MgCl2, and 1 mM 
MnCl2 were added to the combined supernatants and poured 
over a glass wool lined funnel and centrifuged at 100 000 g for 
30 minutes at 4ºC to remove insoluble fats and tissue.

2.2 | Preparation of concanavalin 
A sepharose

Concanavalin A (ConA) Sepharose (20  mL) was pre-
pared from 160 mg of purified ConA (Vector Laboratories, 
Burlingame, CA, USA) and 5.75  g of CNBr-activated 
Sepharose 4B (GE Healthcare, Chicago, IL, USA) accord-
ing to the manufacturer's protocol. ConA-Sepharose was then 
washed and stored in 0.01 mM Bis-tris propane HCl pH 6.9, 
0.5 M NaCl, 1 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2, and 
20% ethanol.

2.3 | Purification of glycoproteins from 
interphotoreceptor matrix

ConA-Sepharose (10.0  mL) was equilibrated in the same 
buffer in which we isolated the interphotoreceptor ma-
trix (50 mM HEPES HCl, pH 8.0, 300 mM NaCl, 0.1 mM 

PMSF, 1 mM DTT, 1mM CaCl2,1 mM MgCl2, and 1 mM 
MnCl2) and added to 100 mL of IPM. The sample was in-
cubated while rocking at 4ºC for 3 hours, minimum. Using a 
gravity column, resin was washed with 100 mL of the same 
buffer at 4ºC and eluted with 4× column volumes of 50 mM 
HEPES HCl, pH 8.0, 0.1  M NaCl, and 400  mM methyl  
α-D-mannopyranoside. The eluate was collected and con-
centrated to 12.5 mL with a 100-kDa cutoff Amicon Ultra 
Centrifugal Filter (EMD Millipore, Burlington, MA, USA).

2.4 | Purification of IRBP

Glycoproteins obtained from the above procedures were 
loaded onto a HiPrep 26/10 desalting column (GE Healthcare, 
Chicago, IL, USA) and exchanged with buffer containing 
50 mM HEPES HCl, pH 8.0, and 1.0 mM DTT. The eluate 
was loaded onto a Source 15Q anion exchange column (GE 
Healthcare, Chicago, IL, USA) and washed with 20 mL of 
50 mM HEPES HCl, pH 8.0, 1.0 mM DTT. The column was 
then washed with an increasing “step-wise” gradient with the 
same buffer plus 100 mM NaCl, 200 mM NaCl, and 300 mM 
NaCl, and then with an increasing “linear gradient” to 1.0 M 
NaCl. Many fractions contained IRBP, but only fractions 
eluted with 300 mM NaCl were combined and utilized for 
further purification and biochemical studies. The fractions 
were combined and concentrated to 500 µL and centrifuged 
at 100 000 g at 4ºC for 1 hour to remove aggregated protein. 
The sample was then loaded onto a Superdex-200 column 
and eluted with 50 mM HEPES HCl, pH 8.0, 300 mM NaCl, 
1  mM DTT, and 0.01% n-dodecyl-β-D-maltoside (DDM). 
IRBP-mAb5 complex was prepared by incubating IRBP with 
4 M excess of mAb5, then subjecting the material to gel fil-
tration a with Superdex-200 column. Every sample contain-
ing positive 280  nm absorbance was confirmed to contain 
IRBP and mAb5 by SDS-PAGE and Coomassie blue stain-
ing, however, cryo-EM samples were selected from a single 
250 µL fraction with the greatest absorbance at 280 nm con-
taining both components of the complex.

2.5 | Graphene oxide coating of grids

Graphene oxide (GO) coated grids (Quanitfoil Cu 200 
R1.2/1.3 grids (Electron Microscopy Sciences, Hatfield, PA, 
USA)) were prepared as described.31

2.6 | In-gel digestions and mass 
spectrometry

Coomassie-stained SDS-polyacrylamide gel pieces contain-
ing intact or PNGase F-treated bovine IRBP were cut and 
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destained with 50% acetonitrile in 100 mM ammonium bicar-
bonate followed by 100% acetonitrile. Sample was reduced 
by incubating the sample with 20 mM DTT at room tempera-
ture for 60 minutes, followed by alkylation with 50 mM io-
doacetamide for 30 minutes in the dark. The gel pieces were 
washed with 100 mM ammonium bicarbonate, dehydrated in 
acetonitrile, dried in a SpeedVac centrifuge, then rehydrated 
in 50  mM ammonium bicarbonate containing sequencing 
grade modified trypsin or chymotrypsin for overnight diges-
tion at 37°C. Proteolytic peptides were extracted from the gel 
with 50% acetonitrile in 5% formic acid, dried, and reconsti-
tuted in 0.1% formic acid for MS analysis.

Liquid chromatography-tandem MS analysis of the result-
ing peptides was performed using an Orbitrap Elite Hybrid 
Mass Spectrometer (Thermo Electron, San Jose, CA, USA) 
equipped with a Waters nanoAcquity UPLC system (Waters, 
Taunton, MA). The spectra were acquired in the positive ioniza-
tion mode by two-dependent methods consisting of a full MS 
scan at 120 000 resolution and MS/MS scans of the 20 most 
abundant precursor ions by collision-induced dissociation at 
normalized collision energy of 35%. The obtained data were 
submitted for a database search against the IRBP primary se-
quence using Mascot Daemon (Matrix Science, Boston, MA, 
USA). Carbamidomethylation of Cys was set as a fixed mod-
ification, whereas oxidation of Met and conversion of Asn to 
Asp were selected as variable modifications. The mass toler-
ance was set as 10 ppm for precursor ions and 0.8 Da for prod-
uct ions. Candidate N-linked-glycosylation sites were initially 
identified in deglycosylated peptides based on conversion of 
Asn residues to Asp. The corresponding glycosylated peptides 
were then identified in CID tandem MS. The sugar composi-
tions of glycopeptides were determined with the assistance of 
the GlycoMod software and further verified by manual inter-
pretation of their MS/MS spectra.

2.7 | Fluorescence binding assays

The apparent affinity of retinoids was evaluated by monitor-
ing changes in the fluorescence of a 25 nM solution of apo- 
and holo-IRBP. In the retinol bound form, the protein excited 
at 285  nm emitted fluorescence at 350 and 480  nm due to 
FRET between the retinoid TRP residues and the retinoid li-
gand. Replacement of retinol (at-ROL) in the binding site by 
tested ligands leads to disruption of FRET and consequently 
an increase in the fluorescence intensity at 350 nm coinciding 
with a diminishing signal at 480 nm. All fluorescence meas-
urements were performed using a PerkinElmer Life Sciences 
LS55 spectrofluorometer. The titrations (0 nm-2.0 µM, at-ROL 
or 11c-RAL) were performed at 25°C in 50 mM HEPES HCl 
buffer, pH 8.0, containing 300 mM NaCl, 0.1 mM DTT, 5% 
glycerol (v/v) by adding an increasing amount of compound  
(0-2.0 µM) delivered in 100% ethanol. The final concentrations 

of ethanol never exceeded 0.5% of the sample's total volume. 
The KD values were calculated by fitting intensities of the  
protein fluorescence at the maximum emission (350  nm) or 
the intensity of retinoid fluorescence at 480 nm to the satura-
tion single ligand-binding model. The data fitting and calcula-
tions of the KD values were performed using the SigmaPlot 11  
software package (Systat Software, Chicago, IL, USA).

2.8 | Immunization protocol and 
hybridoma production

Purified bovine IRBP was diluted to 1.0  mg/mL in ster-
ile PBS (pH 7.4). Adult female C57/B6 mice (Jackson 
Laboratories, Bar Harbor, ME, USA) 6-8 weeks of age, were 
divided into two groups, and injected intraperitoneally (IP) 
with either 100  µL of a solution containing IRBP mixed 
at a 1:1 (v/v) ratio with QuickAntibody Adjuvant (Beijing 
Biodragon Immunotechnologies Co., Ltd., Beijing, China) 
or 100 µL of a solution containing QuickAntibody Adjuvant 
alone. The non-control group was injected with 50 µg IRBP 
for each injection. Boosters of the same amount were given 
1, 4, and 5 weeks after initial immunization. Five days after 
the final IP injection, serum titers were monitored by ELISA, 
and high-titer antibody producing animals were sacrificed 
for hybridoma production by the University Hospitals Visual 
Sciences Research Center.32,33

2.9 | MAb5 purification

mAb5 was purified from serum-free hybridoma media by 
thiophilic resin purification according to the manufacturer's 
protocol (GoldBio, St. Louis, MO, USA) (Figure  S3A,B). 
mAb5 is of the immunoglobulin (Ig) IgG1 isotype, deter-
mined using a Pierce Rapid Isotyping Kit (Thermo Fisher 
Scientific, Waltham, MA, USA).

2.10 | Preparation of Fab fragment 
from mAb5

Twenty mg of mAb5 (2.0 mL at 10 mg/mL) were digested 
overnight in 10 mM citrate pH 6.0, 20 mM L-cysteine (re-
duced) with 0.5 mL of conjugated ficin resin according to the 
manufacturer's protocol (G-Biosciences, New Delhi, India).

2.11 | Paratope mapping of IRBP mAb5 
variable regions

The sequence of IRBP mAb5 was determined using selec-
tive PCR amplification of the monoclonal antibody variable 
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region (VR) derived from a hybridoma cell line.34 The F3F5 
cell line which produces mAb5 was used for generation 
of antibody. Total RNA was isolated from the hybridoma 
cell line using a RNeasy Mini Kit (Qiagen, Valencia, CA, 
USA) according to the manufacturer's protocol. RNA con-
centration and purity were determined using UV absorb-
ance and gel electrophoresis. At 1.0 µg of purified RNA was 
synthesized to cDNA using the Verso cDNA synthesis kit 
(Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to the manufacturer's protocol, and confirmed by UV 
absorbance. PCR primers were adapted from a previous 
publication which examined and aligned gene nucleotide se-
quences from the International ImMunoGeneTics informa-
tion system (IMGT, http://www.imgt.org), National Center 
for Biotechnology Information (NCBI) (www.ncbi.nlm.nih.
gov/gene/), and the UniProt Consortium (http://www.unipr 
ot.org/).34 For both mAb5 heavy chain and light chain, the 
forward primer was located in the leader sequence, and 
the reverse primer was located in the hinge region (heavy 
chain; FWD  =  5′-ATGGGATGGAGCTGGATC-3′, RE
V  =  5′-GGCTTACAACCACAATCCCTG-3′, light chain; 
FWD  =  5′-ATGAAGTTGCCTGTTAGG-3′′, REV  =   
5’- GGATACAGTTGGTGCAGCATC-3’). PCR reactions 
were performed using Phusion Hot Start II High Fidelity 
DNA polymerase with the following reagents: 1 × Phusion 
HF Buffer, 200 μM of each dNTP, 0.2 μM of forward and re-
verse primers and 1 μL cDNA as template for each 50 μL PCR 
reaction (Thermo Fisher Scientific, Waltham, MA, USA). 
The PCR conditions for all reactions were: 98°C for 30 sec-
onds, followed by 35 cycles of 98°C for 10 seconds, 65°C for 
15 seconds for primer sets A, B, and C or 60°C for primer set 
D, following an extension period of 72°C for 30 seconds, and 
final incubation at 72 C for 10 minutes. mAb5 is of isotype 
immunoglobulin gamma-1 (IgG1) with a kappa light chain. 
PCR products were run on 1.5% agarose gels and bands of 
expected sizes were extracted and DNA was purified using 
a QIAquick gel extraction kit (Qiagen, Hilden, Germany). 
Purified PCR products were then ligated into the pCRBlunt 
shuttle vector and transformed in One Shot Top10 chemically 
competent Escherichia coli using the Zero Blunt PCR clon-
ing kit (Thermo Fisher Scientific, Waltham, MA, USA) as 
per manufacturer's instructions and plated onto Luria Bertani 
(LB) agar (Sigma-Aldrich, St. Louis, MO, USA) with kana-
mycin (50 μg/mL) (Figures S4A-C and S5A,B).

2.12 | Sequencing and analysis of mAb5 VR

Fifteen colonies for each heavy and light chain construct 
were grown in 5.0 mL of LB broth supplemented with kana-
mycin (50 μg/mL) overnight at 37°C in 14 mL Falcon round 
bottom culture tubes (Corning, Corning, NY, USA). Plasmid 
DNA was purified using Thermo Fisher GeneJet plasmid 

purification (Thermo Fisher Scientific, Waltham, MA, 
USA). Purified samples were sequenced using GENEWIZ 
Sanger sequencing service (GENEWIZ, NJ, USA) and se-
quence files were analyzed using Serial Cloner 2.6 (http://
seria lbasi cs.free.fr/Serial_Cloner.html). Sequences were as-
sessed for proper translation using the ExPASy translation 
tool (http://web.expasy.org/trans late/) and the GenBank da-
tabase using the BLAST program (www.blast.ncbi.nlm.nih.
gov). Framework and complementarity determining regions 
(CDRs) were determined using the IMGT/V-Quest program 
(www.imgt.org/IMGT_vques t/vquest). Contaminating tran-
scripts are defined as VR sequences that are fully transcribed 
and translated into full immunoglobulin proteins with 100% 
homology to previously described sequences. Aberrant se-
quences were identified as those that did not contain a fully 
transcribed or translated VR sequence due to premature stop 
codons, missing conserved VR motifs, or are non-specific 
PCR products.

2.13 | Epitope mapping of IRBP mAb5

To determine which region of IRBP the mAb5 binds, we 
heterologously expressed the modules 1-4 of bovine IRBP 
as fusion constructs with GST via pGEX2T expression vec-
tor (GE Healthcare, Chicago, IL, USA) and performed im-
munoblot assays of the purified protein. We constructed 
genes IRBPM1 (residues 1-323), IRBPM2 (residues 320-
628), IRBPM3 (residues 625-932), IRBPM4 (residues 
930-1286), IRBPM2_1 (residues 320-366), IRBPM2_2 
(residues 360-488), IRBPM2_3 (residues 480-575), IRBP 
M2_4 (residues 565-630), IRBPM2_2A (residues 360-416), 
and IRBP M2_2B (residues 410-488) from the sequence of 
bovine IRBP and subcloned them into pGEX2t expression 
vector. All plasmids were transformed into the BL21 cell 
line (Sigma-Aldrich, St. Louis, MO, USA) and cultured in 
18.0  mL LB broth at 37°C in the presence of 2% glucose 
to suppress basal expression of GST from the lac promoter. 
When the culture OD600nm  =  0.6 expression was induced 
with 1  mM isopropyl β-D-1-thiogalactopyranoside (IPTG, 
Sigma-Aldrich) for 6 hours. Cultures were then centrifuged 
at 10 000 g for 30 minutes. GST fusion proteins were puri-
fied using the GSTrap system (GE Healthcare, Chicago, IL, 
USA) with some constructs requiring SP-200 gel filtration 
to remove impurities. Samples (approximately 500 ng each) 
were subjected to SDS-PAGE and silver-stained or probed 
by immunoblot with anti-GST or anti-IRBP mAb5.

2.14 | Surface plasmon resonance analyses

SPR data acquisition was carried out using the Biacore 
S200 SPR instrument (Biacore, GE Healthcare, Boston, 
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MA, USA) at 25°C. Purified mAb5 (30 ng mL−1) was in-
jected at a flow rate of 10 μL min−1 in 10 mM sodium ace-
tate pH 5.5, to achieve capture level between 700 and 1000 
resonance units (RU) on a S-CM5 sensor chip according 
to directions in the manufacturer's amine coupling kit (GE 
Healthcare, Chicago, IL, USA). After mAb5 immobiliza-
tion, the surface was blocked with 1 M ethanolamine at pH 
8.5, followed by regeneration using 50 mM NaOH. The in-
teraction experiments were performed using running buffer 
containing 10 mM HEPES HCl pH 8.0, 300 mM NaCl, and 
1 mM Tris(2-carboxyethyl)phosphine (TCEP) and 0.075% 
Tween-20, TWEEN-20 and TCEP are suitable for deter-
gent-based running buffers in SPR experiments because 
they are less sensitive to changes in temperature than the 
buffer conditions of the initial IRBP purification. In addi-
tion, TWEEN-20 is suggested by the CM5 sensorchip and 
Biacore S200 handbooks, which recommended avoiding 
high-viscosity liquids. Binding experiments were carried 
out using an IRBP concentration range of 0.1-1000 nM in 
running buffer at a flow rate of 20 µL min−1. The associa-
tion and dissociation kinetics for the IRBP-mAb5 complex 
were monitored for 120 and 320  seconds, respectively. 
Between each measurement, the surface was regenerated 
with 50 mM NaOH, a standard buffer for regeneration on 
the Biacore S200. SPR data processing and analysis were 
performed using Biacore S200 Evaluation Software (GE, 
version 2.0.3). For kinetic analyses, data were locally fit 
to a 1:1 Langmuir model to obtain on-rate and off-rate 
constants.

2.15 | Cryo-EM data collection

Purified samples of bovine IRBP or IRBP + mAb5 isolated 
from size-exclusion chromatography were adsorbed to GO 
coated Quantifoil R1.2/1.3 Cu grids at a concentration of 
0.17 mg/mL and plunge frozen in liquid ethane using an FEI 
Vitrobot (Thermo Fisher Scientific, Waltham, MA, USA). 
Sample was applied to the grids under 80% humidity and 
4 ºC. Grids were plunged after incubation with sample for 
5  seconds. Data were acquired at C-CINA, University of 
Basel. In total, six datasets were collected on an FEI Titan 
Krios (Thermo Fisher Scientific, Waltham, MA, USA) oper-
ating at 300 keV and equipped with a Gatan Quantum-LS im-
aging energy filter (GIF, 20 eV energy-loss window; Gatan 
Inc, Pleasanton, CA, USA). Movies were acquired with a K2 
Summit direct electron detector (Gatan Inc) in super resolu-
tion mode using SerialEM with a physical pixel size of ei-
ther 1.058 Å or 0.831 Å and a total electron dose of 60-81 
e− Å−2 per micrograph.35 Micrographs were motion-cor-
rected and dose-weighted using MotionCor2 implemented in 
FOCUS.36,37 Additional collection parameters can be found 
in Supporting Information (Table S1).

2.16 | Image processing

Apo-IRBP was initially processed with cisTEM following 
traditional processing methods including CTF estimation, 
automated ab initio free particle picking, 2D classification, 
ab initio 3D model generation and 3D auto-refinement.38 
The 3D reconstruction at 13.0 Å was then low-pass filtered 
to 30 Å and established as a reference for particle picking 
in cryoSPARC v2.14 (Structura Biotechnology Inc, Toronto, 
ONT, CA). In the case of IRBP-mAb5 processing, we took 
advantage of the most up-to-date toolkit available on the 
FOCUS (1.1.0), MotionCor2 (1.3.1), Relion (3.1) and cry-
oSPARC (2.14) programs.39-41 About 1377 images were 
selected for particle identification with the Gautomatch 
program (K. Zhang, MRC LMB (https://www2.mrc-lmb.
cam.ac.uk/resea rch/local ly-devel oped-softw are/zhang -softw 
are/)), using low-pass filtered projections (20 Å) of the cal-
culated IRBP-mAb5 structure as templates. 109 000 particles 
were then subjected to Relion processing. Approximately 
30 000 particles entered 3D classification with the acquired 
IRBP-mAb5 structure low-pass-filtered to 40 Å as the initial 
model. For structure refinement, we used the Topaz neural 
network picker41 embedded in cryoSPARC 2.14 to improve 
particle selection. 13  000 particles were identified, subse-
quent 2D classification removed only 100 particles, and the 
non-uniform refinement resulted in a structure at the nomi-
nal 7.4 Å resolution. However, local resolution analysis re-
vealed that the resolution ranged from 6.5 Å in a few best 
resolved regions to >10Å in the major portion of the struc-
ture's density, thus clearly indicating the extents of its flex-
ibility. Therefore, we identified three fulcrum points in the 
IRBP-mAb5 structure and generated four local masks cor-
responding to the IRBP “N-terminus,” IRBP “core,” IRBP 
“C-terminus,” and mAb5Fab, under which we calculated four 
independent local non-uniform refinements, which resulted 
in nominal resolutions of 6, 6.5, 6.6, and 6.8 Å, respectively, 
and their local resolution analyses proved consistent with the 
resolution across their densities. The four partial reconstruc-
tions were assembled in chimera by rigid body fitting into the 
7.4 Å full-length structure. Details of the processed dataset 
can be found in Supporting Information (Table S1).

2.17 | Model building and refinement

The cryo-EM map was put into an artificial crystal lattice to cal-
culate its structure factor using the phenix.map_to_structure_
factors script in the PHENIX program.42 The 3D density map 
was sharpened by applying a negative B-factor of −156 Å2 as 
determined with the phenix.auto_sharpen script and by manual 
intervention. Danio rerio IRBP module 1 (PDB: 4LUR) and 
Xenopus laevis IRBP module 2 (PDB: 1J7X) were used to cre-
ate homology models for bovine IRBP modules M1, M2, M3, 

https://www2.mrc-lmb.cam.ac.uk/research/locally-developed-software/zhang-software/
https://www2.mrc-lmb.cam.ac.uk/research/locally-developed-software/zhang-software/
https://www2.mrc-lmb.cam.ac.uk/research/locally-developed-software/zhang-software/
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and M4 (SWISS-MODEL).26,27,43 mAb5 Fab homology model 
was created by stitching IgG1 constant regions with sequenced 
VR and Rosetta online server (J. Gray, ROSIE, https://rosie.
grayl ab.jhu.edu/antibody)44 Homology models were then fil-
tered to 7.0 Å and rigid body fitted into the 3D density map 
with Chimera.45 The quality of model fitting was utilized to fi-
nalize the directionality (N->C terminus). De novo modeling 
of IRBP M1-M2, M2-M3, and M3-M4 connecting regions was 
performed in Coot 0.8.8 and Chimera using secondary structure 
predictions calculated by PSIPRED.46-48 The initial de novo 
model was improved by multiple rounds of PHENIX real-space 
refinement and REFMAC version 5.8 refinement against the 
overall map at a resolution of 7.0 Å.49 Each round of refinement 
was followed by manual model building and adjustments with 
Coot 0.8.8. Simultaneous optimization of chain tracing was 
performed during the refinements, resulting in a final model to 
map correlation coefficient of 0.68.

3 |  RESULTS

3.1 | IRBP purification and retinoid binding 
activity

Our strategy for IRBP purification (Figure S1A,B) is simi-
lar to previous methods.50-53 However, we isolated retinas 
in house and prepared the extract without freezing, two at-
tributes necessary for cryo-EM imaging of bovine IRBP. In 
addition, we also used increased pH and salt content while 
detergent concentrations were maintained below the criti-
cal micelle concentration, which yielded results suitable for 
imaging by cryo-EM. Following Superdex-200 size-exclu-
sion chromatography, cryo-EM samples were selected from 
the 250  µL fraction corresponding to the highest relative 

absorbance at 280 nm, and all other positive fractions were 
pooled for biochemical assays. Despite being able to iso-
late approximately 100 µg of IRBP per eye using traditional 
purification techniques, our method of purification yielded 
~30 µg of IRBP per eye but with minimal aggregation of the 
samples when imaged by cryo-EM. To confirm that purified 
the IRBP maintained native binding capabilities, we utilized 
the intrinsic tryptophan fluorescence of IRBP to analyze its 
interaction with native ligands, at-ROL and 11c-RAL. The 
excitation of protein by 285 nm light leads to a significant 
fluorescence resonance energy transfer (FRET) between TRP 
residues of IRBP and the retinoid ligands with alcohol groups 
(Figure 1A). Two maxima at 350 and 480 nm are observable 
in the emission spectrum corresponding to fluorescence from 
Trp residues and at-ROL, respectively. The absorbance lev-
els were recorded after baseline was reached upon addition of 
ligand from 0.0 to 2.0 µM (60 seconds). The signal intensities 
for apo-IRBP and IRBP/at-ROL complex were used as the 
0% and +100% change controls, respectively. Affinity was 
calculated by plotting the intensity of absorption against the 
concentration of at-ROL and 11c-RAL and measuring fluo-
rescence at 50% saturation (Figure 1B). Calculation of affin-
ity for 11c-RAL was determined by measuring quenching of 
Trp residues at 350 nm maxima (Figure 1B, inset). Our results 
agreed with previously reported results, with a calculated 
Kd = 122.1 ± 13.5 nM for at-ROL and Kd = 32.9 ± 7.4 nM 
for 11c-RAL.52,54,55

3.2 | IRBP mAb5 generation, epitope 
mapping, and paratope mapping

We next immunized five 8-week-old Balb/c mice with puri-
fied bovine IRBP to generate a monoclonal antibody specific 

F I G U R E  1  Biochemical characterization of purified IRBP. A, Fluorescence spectra of apo-IRBP upon titration with at-ROL. B, Changes in 
the emission maxima at 480 nm and 350 nm (inset) plotted vs. the concentration of at-ROL and 11c-RAL (inset) were fit to a one-site saturation 
ligand-binding model (Rsqr = .983 for the fluorescence signal at 480 nm and Rsqr = .980 for the fluorescence signal at 350 nm) and used to 
calculate KD values. The experiments were repeated three separate times, each time in triplicate. Data are presented as mean values ± SD

(A) (B)

bib44://rosie.graylab.jhu.edu/antibody
bib44://rosie.graylab.jhu.edu/antibody
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to IRBP as a means of solubilizing and stabilizing IRBP in 
preparation for cryo-EM analysis. Of the five mice immu-
nized, three produced sera capable of recognizing bovine 
IRBP by enzyme-linked immunosorbent assay (ELISA) 
and immunoprecipitation and are referred to as mAbs3-5 
(Figure S2A,B). Of the resulting hybridomas produced, only 
one (hybridoma cell line F3F5) produced full-length anti-
body (mAb5) (Figure S3A,B) and fragment antigen-binding 

domain (mAb5 Fab) that recognized both denatured and 
folded forms of IRBP (Figure 2A,C, Figure S2A,B). mAb5 
did not significantly alter at-ROL binding to IRBP, which has 
a calculated Kd = 151.9 ± 13.5 nm (Figure S3C). To map the 
mAb5 epitope, we employed array-based expression of IRBP 
oligopeptides. By expressing fragments of the full-length se-
quence, we determined whether mAb5 binds specific regions 
of the sequence. Each construct was expressed as a fusion 

F I G U R E  2  IRBP mAb5 binding characteristics and determination of epitope. A, Both full-length mAb5 and mAb5 fragment antigen-binding 
domain (mAb5 Fab) bind purified bovine IRBP. After incubating IRBP in the presence of either mAb5 or mAb5 Fab in a 1:1 molar ratio, samples 
were subjected to Superdex-200 size-exclusion chromatography. Twenty microgram of eluate peaks was subjected to SDS-PAGE, and gels were 
stained with Coomassie blue (inset) showing stable association of both mAb5 and mAb5 Fab. Chromatogram corresponds to IRBP, IRBP + mAb5, 
and IRBP + mAb5 Fab in black, green, and blue, respectively. B, mAb5 recognizes IRBP M2_2A (residues 390-450). IRBP Modules and smaller 
constructs were stably expressed as fusion proteins with glutathione S-transferase (GST). Primary sequence lengths are represented for each 
construct, IRBP M1, M2, M3, M4, M2_1, M2_2, M2_3, M2_4, M2_2A, and M2_2B (residue numbers listed in methods and materials). Constructs 
that bound mAb5 were detected on an immunoblot and highlighted in green. C, Expressed constructs (500 ng) were subjected to SDS-PAGE and 
stained by silver stain or transferred for immunoblot purposes. Transferred membranes were probed using mAb5 or an antibody targeting GST 
(Genscript, Piscataway, NJ, USA) as a primary probe. Purified bovine IRBP and GST were used as positive controls for the antibodies

(A)

(B)

(C)
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protein with glutathione-S transferase (GST) to aid solubility, 
as some untagged regions aggregated due to either their hy-
drophobicity or their long stretches of acidic residues. Initial 
results demonstrated that mAb5 binds IRBP Module 2 (IRBP 
M2) based on immunoblot assay. We then expressed smaller 
fragments of IRBP M2 using an overlapping peptide strategy 
to delineate the epitope that mAb5 recognizes (Figure 2B). 
mAb5 binds IRBP in the primary sequence region of 390-450 
(Figure 2C). To examine the kinetics underlying the assem-
bly of the IRBP-mAb5 complex, surface plasmon resonance 
(SPR) spectroscopy was employed with varied concentra-
tions of native bovine IRBP. The binding kinetics analysis re-
vealed a rapid on-rate constant (Kon = 4.7 × 105 M−1s−1) and 
a slow off-rate constant (Koff = 2.5 × 10−2 s−1), with a high af-
finity interaction with a Kd of 53 nM. Analysis of the protein- 
protein interactions gave a similar Kd of 70 nM (Figure 3A,B). 

To determine the paratope of mAb5, we sequenced the VR of 
the cDNA of the F3F5 cell line. The nucleotide and protein 
translation data obtained from hybridoma cell line F3F5 are 
provided beginning with framework region-1 (FWR1) and 
ending with framework region-4 (FWR4) for both the Hc and 
Lc (Figures S4A-C and S5A,B).

3.3 | IRBP N-linked glycosylation 
sites and sequencing

We next identified five N-linked glycosylation sites with a 
characteristic 1  Da mass increase resulting from transfor-
mation of Asn to Asp residues by peptide:N glycosidase F 
(PNGase F) during cleavage of  β-aspartylglycosylamine 
linkages (Figure 4A,B). We determined the composition of 

F I G U R E  3  Kinetic profiling and 
mAb5-IRBP complex. Binding of IRBP 
to immobilized mAb5 in SPR equilibrium 
binding experiments. Association of the 
IRBP protein with mAb5 was investigated 
by single-cycle kinetics (A) and affinity-
based analysis (B). Resonance signals 
are indicated in response units (RU). 
The determined equilibrium dissociation 
constants (Kd) are shown as insets with values 
of 53.34 and 70.28 nM, respectively. Kinetic 
parameters (Kon, Koff) are also shown as inset 
of (A) with values of 5.71 × 105 M-1 s-1,  
and 2.52 × 10-2 s-1

(A)

(B)
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the five IRBP oligosaccharides based on patterns of their col-
lision-induced fragmentation observed in tandem mass spec-
tra (MS/MS) of the corresponding glycopeptides (Figure 4B 
and Figure S6-S10, Table 1). Modified Asn residues include 
N107, N161, N205, N513, and N1114 (Figure  4C). These 
experimentally determined sites coincided with five sites pre-
dicted on the basis of the Asn-X-(Ser/Thr) sequence motif of 
N-linked glycosylation (NetNGlyc).56 Notably, peptides car-
rying glycosylation sites at positions 107, 161, 205, 513, and 
1114 were not detected in a free form in glycosylated IRBP 
digests, which indicates nearly 100% glycosylation. The 
sugar chains attached to the protein were relatively short and 
homogeneous in composition, creating the sharp IRBP band 
observed in SDS-polyacrylamide gels and a shift in mobility 
detected after protein deglycosylation. The mild heterogene-
ity observed in MS experiments could be partially induced by 
in-source glycan fragmentation.57

3.4 | Cryo-EM single particle analysis of 
IRBP-mAb5

To assess the 3D architecture of the IRBP, we used cryo-
EM single particle analysis (SPA). Detection of apo-IRBP 
particles proved challenging. Despite the high purity and 
quality of the gel filtration elution peak, particles were 
extremely heterogeneous in shape (Figure  S11A). IRBP 
is elongated, glycosylated, and has multiple degrees of 
rotations. To reduce the denaturation and aggregation of 
the protein at the air-water interface, we coated grids with 
graphene oxide (GO) as a support layer to improve mono-
dispersity of IRBP, and thus particle detection. We took 
advantage of cisTEM template-free particle picking and 
2D classification to maximize the extraction of IRBP par-
ticles from the cryo-EM images.38 The low-pass filtered 
2D class averages (30 Å) were used for 3D reconstruction. 

F I G U R E  4  Determination of glycan composition and N-glycosylation types of native bovine IRBP. A, SDS-PAGE of bovine IRBP 
peptide:N-glycosidase F (PNGase-F) treated, deglycosylated IRBP showing shift in MW. B, A MS/MS spectrum of a glycosylated, native 
IRBP peptide (KLVNTSALVLDLR, residues 158-170) illustrates the collision-induced dissociation of N-linked polysaccharide. Inset shows 
a list of glycans detected by MS/MS for each site determined. C, Location of 5 novel glycosylation sites (black) on the bovine IRBP primary 
sequence. IRBP modules 1-4 are displayed in blue, orange, green and black, respectively. Abbreviations: DeoxyHex; deoxyhexose, GlcNAc; 
N-acetylglucosamine, Hex; hexose, HexNAc; N-acetylhexosamine, Man; mannose
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Processing of the initial dataset yielded 2D class averages 
in numerous orientations (Figure  S11B). From this data 
it is possible to establish an ab initio 3D reconstruction 
volume. Using this as an input for cryoSPARC leads to a 
reconstruction with a global resolution of 8.1 Å as deter-
mined by Fourier shell correlation (FSC) = 0.143.

To overcome the limited solubility of IRBP, we took 
advantage of mAb5 to increase the protein concentration, 
thereby increasing IRBP-mAb5 particle density on GO 
coated grids. In addition, the increased particle mass fa-
cilitated more efficient particle detection and improves 

amplitude measurements, allowing for better motion cor-
rection. 2D classes (Figure  5A) show a distinct complex 
of IRBP bound to mAb5, yielding details which were un-
attainable in the apo-IRBP class averages (Figure  S11). 
IRBP-mAb5 3D reconstruction was performed in cryo-
SPARC 3.1. The structure was refined after applying local 
masks corresponding to each “hinge” region (Figures  5B 
and 6A). The 3D reconstruction of IRBP-mAb5 revealed 
an open box or “pi” architecture as seen in the apo-IRBP 
2D classes (Figure S11B), but with an additional density 
corresponding to mAb5. Antibodies possess a high degree 

T A B L E  1  Glycopeptides and respected glycan compositions of bovine IRBP

Glycopeptides Sites Glycan compositions Obs. mass
Error 
(ppm)

APAVTNLTLEEIIAGLQDGLR N107 (HexNAc)1 + (Man)3(GlcNAc)2 3289.5946 −2.9

(Hex)2 (HexNAc)1 + (Man)3(GlcNAc)2 3613.7014 −2.2

(Hex)3 (HexNAc)1 + (Man)3(GlcNAc)2 3775.7530 −2.4

(HexNAc)1 (Deoxyhexose)1 + (Man)3(GlcNAc)2 3435.649 −1.8

(Hex)2 (HexNAc)1 (Deoxyhexose)1 + (Man)3(GlcNAc)2 3759.7552 −3.8

(Hex)2 (HexNAc)1 (NeuAc)1 + (Man)3(GlcNAc)2 3904.7959 −3.2

(Hex)3 (HexNAc)1 (NeuAc)1 + (Man)3(GlcNAc)2 4066.8499 −2.6

KLVNTSALVLDLR N161 (Hex)2 (HexNAc)1 + (Man)3(GlcNAc)2 2861.3677 −2.6

(Hex)3 (HexNAc)1 + (Man)3(GlcNAc)2 3023.4220 −2.1

(Hex)2 (HexNAc)1 (NeuAc)1 + (Man)3(GlcNAc)2 3152.4625 −2.7

(Hex)3 (HexNAc)1 (NeuAc)1 + (Man)3(GlcNAc)2 3314.5219 −0.4

(Hex)2 (HexNAc)2 (NeuAc)1 + (Man)3(GlcNAc)2 3335.5424 −2.3

(Hex)2 (HexNAc)2 (NeuAc)2 + (Man)3(GlcNAc)2 3646.6351 −2.7

(Hex)3 (HexNAc)1 (Deoxyhexose)1 + (Man)3(GlcNAc)2 3169.4776 −2.7

(Hex)2 (HexNAc)1 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 3298.5265 −1.1

(Hex)3 (HexNAc)1 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 3460.5763 −1.4

DRPSNTTTEIW N205 (Hex)2 (HexNAc)2 (NeuAc)1 + (Man)3(GlcNAc)2 3233.2993 0

(Hex)3 (HexNAc)1 (NeuAc)1 + (Man)3(GlcNAc)2 3192.2650 −2.3

(Hex)2 (HexNAc)1 (NeuAc)2 + (Man)3(GlcNAc)2 3321.3088 −1.9

(Hex)3 (HexNAc)1 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 3338.3227 −2.6

(Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 3379.3591 −0.5

TNITR N513 (HexNAc)1 + (Man)3(GlcNAc)2 1699.7342 −2.4

(Hex)1 (HexNAc)1 (NeuAc)1 + (Man)3(GlcNAc)2 2152.8796 −3.1

(Hex)2 (HexNAc)1 (NeuAc)1 + (Man)3(GlcNAc)2 2314.9312 −3.5

(Hex)3 (HexNAc)1 (NeuAc)1 + (Man)3(GlcNAc)2 2476.9831 −3.3

(Hex)1 (HexNAc)2 (NeuAc)1 + (Man)3(GlcNAc)2 2355.9604 −2.1

(Hex)2 (HexNAc)2 (NeuAc)1 + (Man)3(GlcNAc)2 2518.0114 −2.7

(Hex)2 (HexNAc)1 (NeuAc)2 + (Man)3(GlcNAc)2 2606.0269 −2.8

(Hex)2 (HexNAc)2 (NeuAc)2 + (Man)3(GlcNAc)2 2809.1068 −2.2

(Hex)3 (HexNAc)2 (NeuAc)2 + (Man)3(GlcNAc)2 2971.1566 −3.2

(Hex)2 (HexNAc)2 (NeuAc)3 + (Man)3(GlcNAc)2 3100.2001 −2.9

IYNRPNNSVSELWTLSQLEGER N1114 (Hex)2 (HexNAc)1 (NeuAc)1 + (Man)3(GlcNAc)2 4315.8874 −2.5

(Hex)3 (HexNAc)1 (NeuAc)1 + (Man)3(GlcNAc)2 4477.9422 −1.1

(Hex)3 (HexNAc)1 (Deoxyhexose)1 (NeuAc)1 + (Man)3(GlcNAc)2 4624.0014 −1.5
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of flexibility, which explains why only the Fab portion of 
mAb5 bound to IRBP is mainly visualized in the reconstruc-
tion. As expected, we observed two additional densities 
protruding out of the Fab portion of IRBP-mAb5 complex. 
These partial cryo-EM densities likely belong to the other 
Fab portion and the Fc domain of mAb5. Local masks used 
to improve resolution corresponded to densities of mAb5 
Fab, IRBP N-terminus, core region, and C-terminus. The 
dimensions of IRBP were determined directly from the 
reconstructed map of IRBP (Figure  5B). The largest di-
ameter of IRBP is 14.1  nm, and the entire length of the 
molecule from the N-C termini is approximately 31.9 nm, 
with a width of 2.2-4.0 nm. In addition, we observed few 
particles and hence no 2D class averages in the “straight, or 
linear” conformation presented by Adler et al.29 FSC calcu-
lation revealed consistency in change of resolution across 
the 3D reconstruction (Figure 6A). The reconstruction had 
preferred orientation (Figure 6B), and although the FSC at 
0.143 (Figure 6C) determines the resolution of the recon-
structed map to be at 7.4 Å, the reconstruction only partly 
resolved alpha-helical densities, suggesting a resolution 
around 8  Å for most parts of the complex. To interpret 
the density, we docked bovine modules M1, M2, M3, and 
M4 modeled from the previously reported crystal struc-
tures of IRBP M1 and M2 (PDB ID’s: 4LUR, 1J7X) and 

the homology modeled VR of mAb5 (PIGSpro, Rosetta) at 
7.0 Å using an unbiased, bidirectional docking approach to 
gain more insight into the IRBP-mAb5 interaction seen in 
the EM reconstruction (Figure 7).26,27,58 The N to C direc-
tionality was confirmed in the automated docking because 
the epitope determined was placed in close proximity to 
the complementarity determining regions of mAb5 density 
(Figure  7, inset). Confirmation of directionality allowed 
manual construction of a partial structure of IRBP-mAb5. 
After refinement, it was possible to map connecting regions 
between M1-M2, M2-M3, and M3-M4, which defines how 
these tandem modules interact with each other with high 
confidence (CC = 0.7) (Figure 8). Despite this new knowl-
edge we are still limited by the intermediate resolution of 
IRBP, evidenced by low occurrence of secondary structure 
elements and large degree of flexibility as seen in the 2D 
class averages.

4 |  DISCUSSION

In this study, we report the production of a specific IRBP 
mAb5 and map its specificity to the module 2 of IRBP. 
We also determined that N-linked glycosylation sites 
in IRBP (Bos taurus) exist in modules M1, M2, and M4 

F I G U R E  5  2D classes and 3D reconstruction of IRBP with a bound mAb5. A, 2D classes of IRBP and mAb5 complex, with scale bar shown 
in inlay (20 nm). The variable and constant regions of the Fab portion of mAb5 are visible. B, Reconstructed 3D model at viewing threshold 0.277. 
IRBP and mAb5 are labeled in black and blue, respectively. The left 3D model represents the front view, whereas the right one is turned 90° 
clockwise around the y-axis

(A)

(B)
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(N107, N161, N205, N513, and N1114), identical to the 
5x predicted consensus sequences according to the se-
quence motif Asn-X-(Ser/Thr). The abundance of N-linked 
glycosylation sites in IRBP could underlie its ability to 
interact with the extracellular matrix of photoreceptors. 
Additionally, glycosylation sites rarely mediate protein-
protein interaction, and thus M3 is most likely interacting 
with an unknown partner located within RPE or photore-
ceptor membranes.59-61

mAb5 enabled cryo-EM single particle analysis to determine 
the native 3D structure of IRBP isolated from bovine retinas to 
a resolution of 6-7 Å. Our results display an atypical architec-
ture for IRBP exhibiting an open ended box or “pi” shape with 
a diameter of 14.1 nm, formed by a bent filament of 39.1 nm 
length and 2.2-4 nm width. The excellent electron microscopic 
analysis by Adler et al of IRBP prepared by glycerol spraying 
and metal shadowing describes a similar “pi” architecture with 
a width of 3-4 nm but a shorter length of approximately 24 nm. 
In contrast to this pioneering work, we observe only few parti-
cles and hence no 2D class averages in the “straight, or linear” 
conformation presented in Adler et al.29 The 143-kDa protein 
is extremely flexible owing to multiple degrees of rotational 
freedom in the hinge regions. Utilizing a monoclonal antibody 
for IRBP helped increase solubility, thereby increasing particle 
count. More importantly, an increase in MW from addition of 
mAb5 promoted better motion correction of the micrographs 
and improved measurements of structure factor amplitudes of 
high spatial frequencies.

Imaging of the IRBP-mAb5 complex enabled us to fit 
bovine IRBP modules M1, M2, M3, and M4 into the den-
sity map in addition to the modeled Fab of mAb5. Crystal 
structures of M1 and M2 from X laevis and D rerio IRBP 
provide direct structural information of the molecular folds 
of portions of the full-length protein, but the continuous 
structure provides the ability to interpret how all modules 
interact with each other. We report the overall, unique ar-
chitecture of full-length IRBP. Importantly, an unbiased bi-
directional rigid-body refinement and automated docking 
place our resulting epitope directly in the CDR binding re-
gion of mAb5.

The box-like architecture of IRBP, determined at 7.4 Å 
resolution is unlike any other retinoid binding protein struc-
ture to date.62 The shape could facilitate binding to photo-
receptor or RPE cell receptors and promote the transport of 
retinoids. It is likely that the inherent flexibility of IRBP 
contributes to the broad specificity of binding hydropho-
bic molecules necessary for the health and maintenance of 
photoreceptors. Flexibility in structure might be respon-
sible for the protein's numerous implied functions. It is 
also possible that the quadruple, tandem module arrange-
ment allows a single protomer of IRBP to bind different 
ligands and act as a buffer for the interphotoreceptor ma-
trix, which facilitates high turnover of retinoids and shed-
ding of photoreceptor outer segments every day. Distinct 
cavities (~14.0 Å) observed in the 3D structure could fit a 
variety of retinoid moieties and completely sequester them 
from bulk solvent. Considering that the crystal structures 
of D rerio IRBP M1 and X laevis IRBP M2 as well as the 
homology modeled bovine M1-M4 all contain the canoni-
cal αβα sandwich motif present in cellular retinaldehyde- 
binding protein (CRALBP), it is possible that each  
module can bind a retinoid molecule.28 In conclusion, we 

F I G U R E  6  Local resolution, refinement, and model statistics of 
IRBP-mAb5 cryo-EM density map. A, Cryo-EM density map filtered 
and colored according to local resolution as estimated by REFMAC 
with Fourier Shell Correlation (FSC) plots for the refined 7.4 Å IRBP-
mAb5 map. Densities attributed to local masks are labeled accordingly 
as mAb5, IRBP N-terminus, core, and C-terminus, and separated 
for clarity. B, Azimuth plot of angular distribution based on particle 
distribution displays preferred orientation by IRBP-mAb5 complex in 
cryo-EM. C, FSC plot generated in cryoSPARC illustrating the 7.4 Å 
resolution of the reconstructed model with no ultimately corrected 
masks corresponding to masks mAb5, IRBP N-terminus, core, and 
C-terminus colored in gold, gray, blue, and orange, respectively

(A)

(B)

(C)
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have defined a reproducible protocol for isolating pure, 
native IRBP from bovine retinas. We identified multiple 
N-linked glycosylation sites in 3 of the 4 IRBP modules 

and generated a monoclonal antibody specific to IRBP M2. 
This antibody enabled a cryo-EM structure of native IRBP 
with resolution of 7.4  Å, revealing the interconnections 

F I G U R E  7  Fitting of homology modeled mAb5 Fab, IRBP modules M1, M2, M3 and M4 into cryo-EM density of IRBP-mAb5 as ribbon 
diagrams displayed in red, blue, orange, green, and black, respectively. The enlarged inset helps show detailed mAb5 and M2 interactions with a 
90° clockwise rotation around the x- and y-axes. Heavy chain CDR's (H1, H2, and H3) and light chain CDR’s (L1, L2, and L3) are labeled. IRBP 
sequence determined to bind mAb5 (residues 390-450) is colored in magenta to show interactions with CDR's

F I G U R E  8  Connecting regions between IRBP M1, M2, M3, and M4. Modeled N-termini of M2, M3, and M4, as well as modeled C- termini 
of IRBP M1, M2, and M3 in 3D reconstruction of IRBP. The enlarged section highlights the accuracy of alpha helix modeling into EM density, 
rotated 60° about the x-axis
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between modules that form a box-like structure not seen 
among other retinoid-binding proteins.
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