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ABSTRACT: Retinal degeneration slow (Rds) is a photoreceptor-specific tetraspanin glycoprotein essential
for photoreceptor outer segment (OS) morphogenesis. Over 80 mutations in this protein are associated
with several different retinal diseases. Rds forms a mixture of disulfide-linked homomeric dimers, octamers,
and higher-order oligomers, with Cys150 playing a crucial role in its oligomerization. Rds also forms
noncovalent homo- and hetero-tetramers with its nonglycosylated homologue, Rom-1. Here, we evaluated
the subcellular site of Rds oligomerization and the pattern of Rds/Rom-1 complex assembly in several
types of knockout mice, including rhodopsin (Rhq lacking rod OS), Rom-1 (Rom-=1"), neural retina

leucine zipper (Nri’~, cone-dominant), and in comparison with wild-type (WT, rod-dominant) mice.
Oligomerization and the pattern of complex assembly were also evaluated in OS-enriched vs OS-depleted
preparations from WT and Rom~t retinas. Velocity sedimentation under reducing- and nonreducing
conditions and co-immunoprecipitation experiments showed the presence of Rds mainly as homo- and
hetero-tetramers with Rom-1 in the photoreceptor inner segment (IS), while higher-order, disulfide-linked
intermediate complexes and oligomers were exclusively present in the photoreceptor OS. Rom-1-
independent oligomerization of Rds was observed in Rofm4ktinas. The pattern of Rds complexes in
cones from Nrt/~ mice was comparable to that in rods from WT mice. On the basis of these findings, we
propose that Rds traffics from the IS to the OS as homo- and hetero-tetramers, with subsequent disulfide-
linked oligomerization occurring concomitant with OS disc morphogenesis (at either the base of OS or
the tip of the connecting cilium). These results suggest that Rds mutations that interfere with tetramer
formation can block Rds trafficking to the OS, leading to loss-of-function defects.

Vertebrate rod and cone photoreceptors are highly complexmorphogenesis and stabilization, since retinal degeneration
neuronal cells that contain the components necessary for theslow (Rds’~) mutant mice fail to develop OSs while
initial events involved in the process of vision. These cells heterozygous (Rd$) mice form highly disorganized OS
possess a structure called the “outer segment*)@unique structures consisting of dysmorphic whorls of membranes
organelle composed of hundreds of flattened membranous(3, 4). Moreover, Rds gene mutations have been found to
“discs”, the subcellular sites wherein the initial events of associate with a variety of inherited human retinal diseases,
phototransduction take place. The inner segment (IS) func-including autosomal dominant retinitis pigmentosa (ADRP)
tions as the cell body of the photoreceptor, and is linked to and multiple classes of macular degenerati®noj.
the OS by a connecting cilium. Retinal degeneration slow The C-terminus of Rds has been shown to promote
(Rds) and rod outer segment membrane protein 1 (Rom-1)membrane fusiofn uitro, signifying a possible role in OS
are members of a tetra-spanning family present along therenewal {), while the large intradiscal loop is known to play
OS rim membranesl( 2). Rds (also known as peripherin/ an important role in proteiaprotein interactions necessary
Rds or peripherin-2) is required for proper photoreceptor OS for disc formation and stabilizatiorB{11). Rds also has

been shown to associate with the rod cyclic nucleotide-gated
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(CNG) channel through the glutamic acid-rich protein cilium. Nrl=~ mice were used for the study of Rds/Rom-1
(GARP) of the channes subunit, which is thought to  complex formation in cone-enriched retin2§) All experi-
maintain the spatial arrangement of the disc so as to conneciments and animal maintenance were approved by the local
the disc rim region to the rod plasma membrah®)( Institutional Animal Care and Use Committee (IACUC;
Our recent work has shown that Rds p|ays different roles University of Oklahoma Health Sciences Center, Oklahoma

in cone versus rod photoreceptofs3(14). Rod photore- City, OK) and conformed to the guidelines on the care and
ceptors lacking Rds fail to form OS structures; hence, they use of animals adopted by the Society for Neuroscience and
exhibit minimal phototransduction activity and subsequently the Association for Research in Vision and Ophthalmology
degenerate and die. In contrast, cone photoreceptors lackingRockville, MD).
Rds have markedly altered OS structure, with aberrant Histological and Ultrastructural Analysed/ethods used
lamellar organization but are viable and capable of robust for tissue collection and processing for plastic-embedment
phototransduction1@). light and electron microscopy (EM) were as previously
Rds shares many common structural features with its described £7). Tissue sections were obtained with a Re-
nonglycosylated counterpart, Rom-2, (L5). Both contain ichert-Jung Ultracut E microtome using glass or diamond
four transmembrane domains with short cytoplasmic N- and Knives. For light microscopy (LM), thick (0.751 um)
C-terminal regions and a large intradiscal loop of ap- Sections were viewed and photographed with an Olympus
proximately 150 amino acids harboring seven highly con- BH-2 photomicroscope in the auto-expose mode, using 20
served cysteine residueg (5, 16). Bothin vivo andin vitro or 60x DPlanApo objectives, and images were collected with

studies have demonstrated that noncovalent interactions® Nikon digital camera system. For EM, Spurr's resin
between Rds and Rom-1 act to support the formation of embedded_tlssue sections were viewed with a JEOL 100 EX
homo- and hetero-tetrameric functional complex&sl(). electron microscope. _ o
Although the proper assembly of Rds and Rom-1 complexes _ /mmunofluorescence Mlcros%opEyes were fixed in

is believed to play a crucial role in promoting and preserving Dao\ndson s fixative [30 mL of 95% (v/v) ethanol, 20 mL of
normal OS structure, the functional activities and the sites 10% neutral buffered formalin, 10 mL of glacial acetic acid
of interaction between the two proteins at the molecular level 2nd 30 mL of distilled water] overnight at %C (28). The

are not completely understood. It is believed that the hetero-8Yes were then washed three times in phosphate-buffered
and homo-tetrameric complexes are linked together throughS&/ine (PBS) and stored in 70% ethanol for subsequent serial
intermolecular disulfide bonds to form octamers and higher- dehydration and embedment in paraffin. Eyes were sectioned
order oligomers that are crucial for disc rim formatidrsy, (6 «m thickness) on a standard microtome and then annealed
This oligomerization has been suggested to be mediated byonte glass slides at 68C. Gross retinal morphology was

a cysteine residue at position 150 (Cys150) in the large !n|t|ally_assessed _by LM following hematoxylin/eosin stain-
intradiscal loop 9, 18). In contrast to Rds, Rom-1 appears Ng of tissue sections. . .

to play a lesser role in disc morphogenesis and structural _ Retinal sections were blockedrfd h in PBSwith 5%
maintenance, since Rom-1 knockout (Rom=) mice de- BSA and then incubated overnight at@ with the primary
velop OSs whose morphology is only minimally or moder- antibodies diluted with PBS in 1% BSA. Polyclonal antibod-
ately abnormal19). Additionally, unlike Rds, Rom-1is not  i€S against residues 33846 of Rds C-terminus (Rds-CT)
present in lower vertebrate2d—22), and previous work has ~ and residues 336351 of the Rom-1 C-terminus (Rom-1-
demonstrated that Rds is essential for targeting Rom-1 to CT) were used for detection of Rds and Rom-1, respectively,
the OS £3). Furthermore, there is a direct correlation at a dilution of 1:100010). A polyclonal antibody to opsin

between Rds levels and the structural and functional proper-(29) was applied at a dilution of 1:1000. All primary
ties of photoreceptor 0S&4). antibodies were allowed to incubate with the tissue sections

overnight at 4°C in a humidified chamber. Sections were
then rinsed three times (10 min each) in PBS and incubated
with either FITC-conjugated goat anti-rabbit IgG (for sections

The present study was designed to elucidate the intracel-
lular compartment of the photoreceptor cell wherein Rds

oligomerization occurs. In particular, we examined more reated with anti-bovine opsin) or Cy3-conjugated goat anti-
directly the role of disulfide-mediated oligomerization of Rds rabbit 1gG (for sections treated with anti-Rds-CT or anti-

in the process of OS disc morphogenesis. Using a variety of S i
well-characterized mouse strains, we show that Rds oligo- Rom-l-CT) at a dilution of 1:100 al. h atroom temperature

merization occurs in the OS of photoreceptors, that Rds can” the dark. The sections were thgn washe(_j Fhree times V\."th
build higher-order complexes with or without Rom-1, and PBS, cover slipped with Vectashield containing DAPI stain

that Rds homo- and hetero-tetramers are formed mainly in(\(eCtOr Lgbora;ory Inc., Burlingame, CA) and photographed
the IS of photoreceptors. This is the first vivo study with aZeiss unlv_ersal microscope. Digitally captured images
demonstrating OS oligomerization of Rds and IS trafficking were imported into Adobe Photoshop 7.0, where color

of Rds and Rom-1 core tetrameric complexes. micrographs were .gene_rated and qnnotated..
P Subcellular Fractionation To Obtain OS-Enriched and OS-

EXPERIMENTAL PROCEDURES De_pleted Extract_sROS were prepared as previ_ously de-
scribed (0). Retinas from 4- to 5-week-old mice were
Animals.Retinas from Rom-1~ mice were utilized for dissected and immersed in ice cold homogenization buffer
assessing homotypic Rds complex formation in the absence(20 uL/retina) containing 20 mM Trisacetate, pH 7.2, 0.25
of Rom-1 (L9). Rho’~ mice were used to evaluate the pattern mM MgCl,, 8 mM taurine, 8 mMb-glucose, 20% (w/v)
of complex formation in retinas lacking rod O35). These sucrose, and complete EDTA-free protease inhibitor cocktail
mice offer a useful model to determine the pattern of Rds (Roche Diagnostics Corporation, Indianapolis, IN). Retinas
and Rom-1 complex formation in the rod IS and connecting (10 per preparation) were vortexed at the highest setting



1146 Biochemistry, Vol. 47, No. 4, 2008 Chakraborty et al.

(three times, 30 s each), and supernatant fractions wereanti-Rds antibody or anti-Rom-1 antibody (at 1:100 dilution)
collected after centrifugation at 30@@or 1 min. The three for at leas 2 h at 4°C. A suspension of protein A-Sepharose
combined supernatants were carefully layered onto a dis-beads (25uL; Sigma-Aldrich Corp, St. Louis, MO) was
continuous sucrose gradient consisting of 0.8 mL 40% (w/ added to each sample and allowed to incubate &C4
v) sucrose and 0.8 mL 25% (w/v) sucrose in homogenization overnight, in solubilization buffer. After adsorption, the beads
buffer and centrifuged at 61 0§Gor 30 min at 4°C in a were washed three times with solubilization buffer and bound
swinging bucket rotor (Sorvall no. S55S-1009). A pink ROS proteins were eluted with Laemmli sample buffer for
layer was visualized at the 25%-40% sucrose interface, immunoblotting analysis using the respective antibodies as
collected, diluted in homogenization buffer without sucrose described previously.
at triple the volume, and then centrifuged at 104@®@ar Velocity Sedimentation AnalysReducing and nonreduc-
30 min at 4°C to obtain the ROS pellet in a fixed angle ing velocity sedimentations were performed using a previ-
rotor (Sorval no. S150AT-0148). An OS-depleted fraction ously established procedure on whole retinal extrab@. (
was generated from the remaining portion of the retinas. TheIn brief, continuous density gradients of 30% sucrose were
ROS pellet was solubilized using buffer containing -2 prepared by sequentially layering 0.5 mL each of PBS-
strength PBS, pH 7.5, 2% Triton X-100, 5 mM NEM. After buffered 20, 15, 10 and 5% sucrose, containing 0.1% Triton
20 min incubation on ice, extracts were centrifuged at X-100 and 2 mM DTT, in a centrifuge tube for sedimentation
90 00@ for 30 min at 4°C in a Sorvall Discovery M150  analysis of Rds and Rom-1 under reducing conditions.
centrifuge (Sorvall no. S150AT-0148) to remove remaining Parallel procedures under nonreducing conditions were
particulates, and the supernatants were collected for furtherperformed by replacing the DTT in both the extraction and
analysis. gradient buffers with 10 mM NEM (N-ethylmaleimide). The
Western Blot and Immunoprecipitation Analysis of Rds and gradients were allowed to stabilize at room temperature for
Rom-1.Rds-CT and Rom-1-CT polyclonal antibodies were 1 h, and then chilled for at least 30 min on ice prior to loading
used for Western blot and immunoprecipitation as describedthe samples. Samples (200 each) of either whole retinal,
previously (L0). Dissected retinas were homogenized on ice OS-enriched or OS-depleted extracts were gently layered
in solubilization buffer containing 50 mM Tris-HCI, pH 7.5, onto the gradients and centrifuged at 109@@8 000 rpm)
100 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.05% SDS, for 16 hin a Sorvall Discovery M150 centrifuge using swing
2.5% glycerol, and 1.0 mM PMSF. After solubilization at 4 bucket rotor [Sorvall no. S55S-1009, with initial sample
°C for 1 h, the homogenates were centrifuged at 104000 radius (min) Of 45.4 mm] at 4°C. The bottom of the
for 30 min, and the supernatants were measured by the Bio-centrifuge tube was punctured with a 261/2-gauge needle
Rad Protein Assay. For Western blotting, retinal extracts and gradients were fractionated dropwise into collection tubes
(each containing 1@g of protein) were incubated for at least (6 drops/tube). Equal volumes of each fraction g15 were
30 min at room temperature with Laemmli sample buffer separated on 10% SDS-PAGE and then processed for
[50 mM Tris-HCI, 2% SDS, 100 mM dithiothreitol (DTT), = Western blotting with Rds-CT and Rom-CT polyclonal
and 10% glycerol], separated by 10% SDS-PAGE, and antibodies {0). The sizes of Rds and Rom-1 subunit
transferred onto a PVDF membrane in transfer buffer assembly were determined as described beftde30) and
containing 25 mM Tris-base, 190 mM glycine, 20% metha- confirmed with several standard protein markers (apoferritin,
nol, and 0.03% SDS. The blots were blocked with 5% nonfat M; ~ 443 kDa; beta amylaséyl, ~ 200 kDa; alcohol
dry milk in TBST (Tris-buffered saline containing 0.1% dehydrogenaseyl, ~ 150 kDa; bovine serum albumiiy),
Tween 20) at £C overnight before incubation with primary ~ 66 kDa; and carbonic anhydradd,; ~ 29 kDa; Sigma)
antibodies. Anti-Rds-CT, anti-Rom-1-CT, and anti-1D4 (a sedimented at the same time and under similar conditions
monoclonal antibody to opsin; generously provided by Dr. (see Supporting Information Figure 1). For each experimental
Robert Molday, University of British Columbia, Canada) paradigm, at least three independent preparations underwent
each were used at a dilution of 1:1000, while the monoclonal velocity sedimentation and Western blotting as described
anti-actin antibody (ABCAM, Cambridge, MA) was used above. The amount of Rds or Rom-1 in each fraction was
at a dilution of 1:250. The primary antibodies were allowed calculated as a percent of total immunoreactivity. The levels
to incubate with the PVDF membranerf@ h at room are presented graphically as meanstandard deviation
temperature and then washed three times with TBST (15 minvalues from all iterations of the given experiment with a
each). PVDF membranes were then incubated with eitherrepresentative blot shown in each case. The sedimentation
goat-anti-mouse IgG at a dilution of 1:25 000 (for blots coefficient &ow) Was calculated using a well established
exposed to anti-1D4 or actin antibodies) or goat-anti-rabbit computer program (QBasic) and as described bef8ig (
antibody at a dilution of 1:25 000 (for blots exposed to Rds- where partial specific volume/) is taken as 0.83 mL/g3(
CT or Rom-1-CT antibodies) fol h atroom temperature.  30).
After four 15-min washes with TBST, the blots were exposed
to film after using SuperSignal chemiluminescent substrate RESULTS
(Pierce, Rockford, IL). The films were scanned in the scanner  Retinal MorphologyWe employed several mouse models
(Multilmage Light Cabinet, Alpha Infotech Corporation) and to evaluate potential differences in the pattern of Rds/Rom-1
after proper calibration. AlphaEaseFc software was used tocomplex formation in the IS and their ultimate site of
measure the intensity of each band. Taking the sum of all integration and function in the photoreceptor OS compart-
band intensities as 100%, the intensity level of each bandment. These models include the following: (a) Rho
was presented as percentage of the total for that blot. lacking OS (IS/connecting cilium-enriched); (b) Rom-1
For immunoprecipitation, 100g of retinal extracts or 100  (to allow examination of Rds complex formation in the
uL of sucrose gradient fractions were incubated with either absence of Rom-1); (c) Nt (a rod-free, S-cone-only
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Ficure 1: Retinal morphology, expression levels and cellular localization of Rds and Rom-1 from mouse retinas. (A) Upper panels: LM
images of retinas from 1-month old WT, RHo, Rds”~, and Nrt”~ mice. Lower panels: corresponding EM images of photoreceptor-RPE
interface from these animals. Scale bar for LM and EM images are 25 aktj respectively. EM demonstrates lack of OSs in Rhand

Rds~ retinas. (B) Immunohistochemistry of retinas from 1-month old WT, RdRho’/~, Rom-17/~, and Nrt/~ mice. Left-hand panels;
anti-Rds immunoreactivityniddliepanels: anti-rhodopsin; right-hand panels; anti-Rom-1. Nuclei were stained with DAPI (blue). Red and
green fluorescence is due to Cy3 and FITC conjugated secondary antibodies. Ritimas exhibit immunolabeling for Rds and Rom-1

at the tip of the connecting cilium. Abbreviations: RPE, retinal pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer
nuclear layer; INL, inner nuclear layer. (C) Western blot analysis of WT,"Rdfho’/~, Rom-17/-, and Nrt/~ mouse retinas at p30,
probed with antibodies against rhodopsin, Rds, Rom-1, and actin (control). Note marked reduction of anti-rhodopsin immunostaining in the
Rds~ retina (photoreceptor dysplasia, absence of OSs) and coordinate loss of Rom-1 expressio: hethtid, note lack of rhodopsin
expression (lacks rod photoreceptors) and also reduced Rom-1/Rds ratio compared to WT dnde®ihas. Numerical values in the
left-hand margin ¥, in kDa) of each panel indicate the migration positions of protein molecular weight markers.
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retina); (d) Rds/~ (a negative control for the absence of Rds composition of Rds and Rom-1 complexes, we subjected
and the presence of low amounts of Rom-1); (e) WT, retinal extracts from the mouse strains to sucrose density
representing the normal rod-dominant, duplex retina«(95 velocity sedimentation analysis. This approach was applied
97% rods and 35% cones). Figure 1A shows representative first on WT retinal extracts, either by sedimentation on a
micrographs obtained by histological and ultrastructural reducing gradient followed by reducing SDS-PAGE or by
analyses of retinas from 1-month old mice. As expected, LM sedimentation on a nonreducing gradient and subsequent
(upper panels) and EM (lower panels) images demonstratenonreducing SDS-PAGE (Figure 2). Twelve fractions were
typical, well-organized OSs in the WT retina and the lack collected from a 5-20% sucrose gradient and then subjected
of OSs in Rds/~ and Rho'~ retinas (0, 25). Nrl~/~ retinas to Western blot analysis, probing with anti-Rds and anti-
show cone-like OS structures in the photoreceptor layer andRom-1 antibodies. Under reducing conditions, Rds com-
rosette-like structures in the outer nuclear layer (ONL3) ( plexes were completely dissociated from the core complexes
(26). Nrl is a transcription factor that is a key regulatory of Rds homo- and hetero-tetramers with Rom-1, which
molecule required by retinal progenitor cells during photo- appeared as the main peak centered at fraction 7 for both
receptor developmen26). When these progenitor cells fail  proteins (Figure 2, panels A, B and E, F) with sedimentation
to receive this cue, they divert from a development fate of coefficientS,w=5.83S. Similar analysis were performed on
rods and form S-cone photoreceptors instead. As such, thethe fractions from the nonreducing gradient (Figure 2, panels
Nrl~~ mouse presents an ideal model for studying cones in C, D and G, H). Higher-order homo-oligomeric complexes
the absence of rods. Furthermore, ultrastructural analysis ofof Rds were detected mainly in fractions-4, sedimented
the Nr~’~ retina shows considerably shorter OS than in the with coefficient S0, ~ 12.19S and largely consisted of
WT retina (Figure 1A, lower panelllg). disulfide-linked Rds homo-dimers and, to a lesser extent, of

Expression Leels and Localization of Rds and Rom-1. other higher complexes (Figure 2C,D). In contrast, Rom-1
To examine the expression levels and cellular localization did not participate in these complexes (Figure 2, panels G,H,
of Rds and Rom-1 in 1-month old retinas from the different fractions -4), suggesting that these higher-order oligomers
models, we performed immunohistochemistry (Figure 1B) detected by the Rds antibody are comprised solely of Rds.
and Western blot analysis (Figure 1C) using antibodies to Furthermore all Rds in fractions-5 from the nonreducing
Rds, Rom-1, and rod-opsin. All three antibodies showed gradients are engaged in disulfide-linked complexes. Frac-
strong and selective immunoreactivity in the OS structures tions 5-9 from the same gradients (as shown in Figures 2
of the WT retina (Figure 1B). As expected, no anti-Rds or C,D and G,H) sedimented at the same rate as the core
anti-Rom-1 immunoreactivity was present in Rdgetinas; tetrameric complexes £&,=5.83S) evident under reducing
however, anti-rod-opsin immunoreactivity was found in conditions (see gradient profiles, Figure 2 A,B and E,F). It
photoreceptor IS, particularly at the tip of the connecting is worth noting that the majority of Rds and Rom-1 in these
cilium and in the perinuclear region. RHo retinas, on the  fractions were present in a noncovalently linked form.
other hand, showed labeling with Rds- and Rom-1-specific Disulfide-linked form of Rds was detected in fractions%
antibodies at the tip of the connecting cilium. Rorri=1 while disulfide-linked form of Rom-1 was identified in
retinas lacked anti-Rom-1 labeling, as expected, but anti- fractions 5-6.
Rds and anti-rod opsin antibodies showed robust staining in  Furthermore, we calculated the percentage of Rds and
OS structures. No rod opsin immunolabeling was detected Rom-1 present in non-disulfide vs disulfide-linked complexes
in the Nrl~/~ retinas, whereas strong labeling with anti-Rds from three independent nonreducing sedimentation and
and anti-Rom-1 were observed in the OS layer between thenonreducing Western blot analyses (Figure 21,J). It is
retinal pigment epithelium (RPE) and the ONL, along with important to note that over 80% of Rds is present as disulfide-
OS structures inside the rosettes. linked complexes, while only~20% of it is present in

To evaluate the level of Rds, Rom-1 and rod opsin in noncovalently linked form. The majority of the disulfide-
1-month old retinas from the various mouse strains, we linked portion of Rds appeared as dimers, with a smaller
conducted semiquantitative Western blot analysis. Using theportion as higher-order complexes. However, over 85% of
rod opsin-directed monoclonal antibody, Rho 1D4, ample Rom-1 is present in noncovalently linked form, whitd5%
amounts of rod opsin were detected in retinal extracts from exists as disulfide-linked complexes.
WT and Rom-1'-, whereas none were found in the Rho Subunit Assembly of Rds and Rom-1 in Retinas from
and Nri-~extracts (Figure 1C). Rds was present at compa- Knockout Mice.Rds and Rom-1 complex assembly was
rable levels to WT in all mouse strains except in Rds  evaluated in whole retinal extracts prepared from Rho
retinas where it was completely absent, and irrNnletinas, Nrl==, Rom-I7/~ mice, and in comparison to WT controls.
where it was decreased slightli/d). A fair amount of Rom-1 In these nonreducing sedimentation experiments, 12 fractions
was also detected in WT, Rho, and, to a lesser level, in  were collected and separated on SDS-PAGE under reducing
Nrl~'~ retinal extracts, while a negligible amount was found conditions. Rho/~ mice were used in this study to evaluate
in the Rds’~ and none in the Rom=1" extracts. In the pattern of Rds complexes in retinas where the rods lack
comparison to Rds, Rom-1 levels were down-regulated in an ROS, but contain an IS and connecting cilium. Interest-
Nrl=~ retinas (Figure 1C, lane 5). These findings are ingly, the sedimentation profiles of Rds and Rom-1 proteins
consistent with those reported previousi®4,( 26). The from Rho’/~ extracts were not significantly different from
significant reduction of rod opsin level in the Rdsretina those obtained with the WT extracts. However, Rds homo-
reflects the degeneration and loss of photoreceptors and/omligomeric complexes were much less abundant in the'Rho
the absence of OSs due to the lack of Rds. retina (Figure 3B), as compared to the WT (Figure 3A). It

Subunit Assembly of Rds and Rom-1 in the Rod-Dominantseems that the majority of Rds and Rom-1 are engaged in
WT RetinaTo gain insight into the physical properties and tetrameric complexes, confirming the results of a previous
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FiGure 2: Subunit assembly of Rds and Rom-1 in the rod-dominant WT retina. Whole WT retinag@280protein) were solubilized

in the presence of either DTT (reducing conditions, panels A and E) or NEM (nonreducing conditions, panels C and G). Extracts were
sedimented under reducing (panels A and E) or nonreducing (panels C and G) conditions. Western blot analysis was performed on all
fractions and probed with anti-Rds (panels A and C and corresponding quantification in panels B and D) and anti-Rom-1 (panels E and G
and corresponding quantification in panels F and H). Levels of Rds (panel I) and Rom-1 (panel J) present in noncovalently linked vs
disulfide-linked complexes were averaged from three independent experiments (results presented as % of the total). Under reducing conditions,
a single peak with tetrameric stoichiometry was observed for both proteins, spanning fractions 5 to 10. Under nonreducing conditions,
higher-order Rds homo-oligomers linked through disulfide bonds were detected in fractidn8y contrast, Rom-1 mainly appeared as

one main peak corresponding to tetrameric complexes, with only a small portion representing disulfide-linked complexes detected in fractions
5 and 6. Numerical values in the left-hand mardify,(in kDa) of each panel indicate the migration positions of protein molecular weight
markers.

study that suggests the presence of a checkpoint at or nearetinas is similar to that of the WT, suggesting a comparable
the connecting cilium that only allows the passage of need for these complexes to build the rod and cone OS rims.
tetrameric forms of Rds and Rom-1 from the IS to the OS Interestingly, the pattern of Rds complex formation in the
(23). Rom-1"/~ retina is also comparable to that seen with WT.
Extracts from Nri’~ retinas (Figure 3C) also showed a Rds was detected in all fractions, indicating the presence of
similar pattern of Rds and Rom-1 sedimentation to that of all forms of the complexes (Figure 3D). Regardless of the
WT retinas (Figure 3A) but with significantly less involve- mouse strain examined, Rom-1 peaks in fraction 7 of the
ment of Rom-1, likely due to the lower levels of Rom-1 in gradients, most likely where hetero-tetrameric complexes
cones. Rom-1 is present in fractions&of the WT gradient ~ tend to fractionate.
and in fractions 6-8 of the Nri”’~ gradient. However, the Association of Rds and Rom-1 in Retinas from ®Rhand
level of higher-order homo-Rds complexes in the Nl Nrl~/~ mice.Rds and Rom-1 are known to associate with
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Ficure 3: Subunit assembly of Rds and Rom-1 in retinas from knockout mice. Whole retina extractsg(®@®@rotein each) from WT

(A), Rha~ (B), Nrl=/~ (C), and Rom-1/~ (D) mice were sedimented under nonreducing conditions. Identical Western blots under reducing
conditions of the fractions from each extract were probed with anti-Rds and anti-Rom-1 antibodies. Rds homo-oligomeric complexes are
much less abundant in the Rtforetina compared to WT, and the majority of Rds and Rom-1 forms homo- and hetero-tetrameric complexes.
In contrast, Nrt/~ and Rom-1'~ retinas show WT-like sedimentation patterns with respect to Rds distribution and oligomerization. Numerical
values in the left-hand margimV, in kDa) of each panel indicate the migration positions of protein molecular weight markers.

each others to form tetramers, octamers, and higher-orderpresenting the data in Figure 4 is to demonstrate the existence
oligomers (8). However, it is not known in what specific ~ of physical interactions between Rds and Rom-1 in all
subcellular compartment of the photoreceptor cell such fractions containing Rom-1. Since we encountered some
complex formation occurs. To test whether such associationstechnical difficulties with the efficiency of the immunopre-
take place in the IS vs the OS, we performed co-immuno- cipitation directly from these fractions (likely due to the high
precipitation experiments with whole retinal extracts from sucrose concentrations), it is difficult to make definitive
Rho/~ (OS-free) and in cone-enriched Nri retinas, using conclusions regarding the structural composition of these
anti-Rds antibodies (Figure 4A). A comparable amount of complexes. Nevertheless, these data suggest that fraction 7
Rom-1 was immunoprecipitated along with Rds from WT, contains Rds homo-tetramers, while fractions 5 and 6 contain
Rho”/~ and Nri”~ extracts. As expected for the negative Rds/Rom-1 hetero-tetramers. Interestingly, more hetero-
control, no Rom-1 was detected in Rom-=lextracts. Similar ~ tetramers of Rds and Rom-1 were detected in extracts from
to the WT retina, Rds and Rom-1 were capable of associationRho™'~ retinas, and were distributed among fractions 4 to 6.
in the Rho’~ and Nrl’~ retinas (see Figure 4A, lanes 1, 3, Since all Rom-1 tetramers were found in association with
and 5). Since Rom-1 is mainly present in tetrameric Rds in Rho’~ (OS-free) extracts, we conclude that hetero-
assemblies, we performed co-immunoprecipitation analysistetrameric association occurs in the IS compartment and is
on the Rom-1-containing fractions—@ from nonreducing the form essential for trafficking Rom-1 to the OS (Figure
gradients of WT and Rhd™ retinal extracts to verify the 4B, lower two panels).

presence of homo- and/or hetero-tetramers of Rds and Rom-1 Pattern of Rds and Rom-1 Complexes in WT OS-Enriched
(Figure 4B). As shown for WT retinas (Figure 4B, upper and OS-Depleted Preparatiorito evaluate any differences
two panels), immunoprecipitation with anti-Rds antibodies in the pattern of Rds and Rom-1 complex assembly between
coprecipitated Rom-1 mainly from fractions 5 and 6, while photoreceptor OS and IS compartments, we performed
only extremely small amounts were coprecipitated from subcellular fractionation of WT and Rom#I retinas and
fractions 4 and 7. It is important to note that the goal of generated OS-enriched and OS-depleted extracts. The ex-
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N depleted samples, and fractions 5 to 8 from a Rheetinal

A. Al 2 ; o
S & & & extract (OS-depleted) (Figure 5A). A similar pattern of
ﬁ IB: Anti-Rds sedimentation was seen with all four different OS-enriched/
@ W I OS-depleted preparations. In contrast, sedimentation analysis
alh W IRt Romt under nonreducing gradient conditions revealed the presence

T G of higher-order complexes of Rds mainly in the OS-enriched

i e preparations, predominantly in two main peaks spanning
B. fractions 1 to 8 (Figure 5B, left panels). Furthermore,

—-e- IB- Anti-Rds sedimentation of the OS-depleted samples under nonreducing

wWT | conditions showed mainly the presence of tetrameric forms

-es ek hen. of Rds complexes and a small amount of Rds homo-

- oligomers (Figure 5B, right panels). These data indicate the

Rho+| - - IB: Anti-Rds absence of higher-order Rds complex formgtior_l in the OS.—
-~ IB: Anti-Rom-1 depleted preparations; hence, Rds oligomerization occurs in

facionn s R e el the OS compartment. A difference in the distribution of
IP: Anti-Rds Rom-1 was also detected between the OS-enriched and OS-
FIGURE4: Association of Rds and Rom-1 in retinas from different depleted preparations. Although one main peak of Rom-1

mouse strains. (A) Immunoprecipitation of retinal extracts from all was detected from both preparations, it spanned fractions 1
models used in this study with anti-Rds, and corresponding Westernto 9 of the OS-enriched preparation gradients, while it

blots probed with anti-Rds (upper panel) and anti-Rom-1 (lower encompassed fractions 6 to 9 on gradients of the OS-depleted

anel) antibodies. Rds and Rom-1 interact in IS-enriched Rho ; -
?Os-fzee) and Nri- (pure cone, rod-free) retinas. Lanes are preparations. These data confirm and extend the results

numbered 45 to reflect the genotype of the extract loaded in each Obtained from different mouse strairs.(Figures 2 and 3),
lane. (B) Western blot analysis of immunoprecipitates of fractions as described above, demonstrating that Rom-1 primarily
4-9 from WT and Rho'~ retinas. Blots were probed with anti-  forms hetero-tetrameric complexes with Rds both in the IS
e e e g™ and OS, and that igher-order hetero-olgomers are much
number obtained from the sucrose gradient sedimentation. less prevalent and found (_)nly in the OS. .

Rds Complex Assembly in Rom=10S-Enriched and OS-
tracts were separated on SDS-PAGE and subjected toDepleted Preparationsit has been shown that Rom1
Western blot analysis, using OS- and IS-specific probes, to mice are capable of forming functional OS structurgg);(
validate the fractionation procedure and the qualitative levels however, the extent of Rds complex formation in these
of cross-contamination between the two compartments. Usingretinas has not been investigated. OS-enriched and OS-
anti-rhodopsin antibodies and anti GARP-4B1, trace amountsdepleted preparations were generated from Rom+&tinal
of rod opsin (see Supporting Information for Figure 2, lane extracts and tested for cross-compartmental contamination
3, left upper panel) and GARP containing proteins (see as indicated above (data not shown). Samples exhibiting
Supporting Information for Figure 2, lane 3, right upper negligible cross-contamination were subjected to nonreducing
panel) were detected in the OS-depleted extracts, most likelyvelocity sedimentation followed by reducing SDS-PAGE and
representing a newly synthesized pool of proteins, while most Western blot analysis. Figure 6 shows the pattern of Rds
of the rod opsin and GARP proteins was found in the OS- distribution from OS-enriched and OS-depleted preparations.
enriched extracts (see Supporting Information for Figure 2, Similar to what we observed with WT retinas, the majority
lane 2, left upper panel and right upper panel, respectively). of Rds in OS-enriched preparations from Rom-Iretinas
The a3 isoform of Na-K*-ATPase, an IS marker protein, was present as homo-octamers and higher-order oligomers
was mainly found in the OS-depleted extract (see Supporting (Figure 6, fractions +6). Interestingly, there was a complete
Information for Figure 2, lane 3, lower panel); a small lack of Rds oligomer formation in the OS-depleted samples
amount was detected in whole retinal extract (lane 1), while from Rom-1"~ retinas (Figure 6, lower panel); mainly Rds
none was detected in the OS-enriched extract (lane 2), inhomo-tetramers were detected. Again, this finding suggests
good agreement with prior studie32j. Immunoreactivity = that Rds homo-oligomers are essential for building the OS
to endoplasmic reticulum (ER) marker, calreticulin, was rim structure, whereas Rds tetramers represent the dominant
mainly present in the OS-depleted and whole retinal extractsform in which Rds is trafficked from the IS to the OS. Hence,
and none in the OS-enriched extracts. At least four inde- this presents yet another example to confirm that Rds higher
pendent preparations were made for the OS-enriched andligomerization occurs in the OS compartment.
OS-depleted extracts and each was evaluated for contami-
nants from the other compartment before it was used in theDISCUSSlOI\I
sedimentation experiment. In the present study, we examined the intracellular sites

Next, we carried out velocity sedimentation and Western and patterns of Rds and Rom-1 complex assembly and
blot analysis under reducing (Figure 5A) and nonreducing oligomerization in retinas from different genetically modified
(Figure 5B) conditions on WT OS-enriched and OS-depleted knockout mice and compared with normal (WT, rod-
preparations. By applying a reducing gradient to these dominant) mice. These knockouts are Rho(an OS-
samples, we were able to resolve Rds and Rom-1 complexeslepleted model), Rom-1~ (containing Rds, but no Rom-
to their minimum sizes in the absence of disulfide bonding. 1), and Nrt’~ (a rod-free, S-cone-dominant model).

In the presence of DTT, higher-order complexes of Rds and Oligomerization and pattern of complex assembly were also
Rom-1 were reduced to tetramers that appeared as a singlevaluated in OS-enriched and OS-depleted preparations from
peak spanning fractions 7 to 9 from OS-enriched and OS- WT and Rom-1'~ retinas. Using reducing- and nonreducing
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Ficure 5: Oligomerization of Rds in the outer segment. (A) Reducing velocity sedimentation analysis of OS-enriched and OS-depleted
preparations from WT retinas and retinal extracts from Rhanice. Immunoblots were probed with anti-Rds and anti-Rom-1 antibodies.

In the presence of DTT, higher-order complexes of Rds and Rom-1 were reduced to tetramers that appeared as a single peak. (B) Nonreducing
velocity sedimentation of OS-enriched and OS-depleted preparations from WT retinas. Note mainly the presence of higher-order complexes
of Rds in the OS-enriched preparation, whereas the OS-depleted samples show mainly the presence of tetrameric forms. The migration

position of Rds and Rom-1 monomerd,(~ 38 kDa) is indicated.

velocity sedimentation analysis and immunoprecipitation, we mainly present in noncovalently linked form, with only a
found that Rds is mainly present as homo- and hetero- small portion existing in disulfide-linked complexes. Fur-
tetramers with Rom-1 in the photoreceptor IS, while higher- thermore, our data suggest that Rds traffics from the IS to
order, disulfide-linked complexe®.@, Rds/Rom-1 hetero-  the OS compartment of the photoreceptor cell as homo- and
octamers and Rds homo-oligomers) are mainly present inhetero-tetramers, whereas disulfide-linked oligomerization of
the photoreceptor OS (Figure 7). We also showed that RdsRds occurs in the OS, likely during disc rim formation at
oligomerization is independent of Rom-1, since this occurs the site of disc morphogenesis.

even in Rom-I'~ retinas. Furthermore, no significant These fundamental new observations provide a basis for
differences in the pattern of Rds complexes were detectedexpanding current concepts regarding the biological role of
between rod-dominant WT and S-cone-dominant Nrl Rds/Rom-1 complex formation, and how these might differ
retinas despite the structural differences in their OSs. We in cones vs rods (the latter afforded by our comparison of
also found that the majority of Rds is engaged in disulfide- the rod-dominant WT vs the S-cone-dominantNrketina).
linked complexes, while only a small portion of it is present In addition, the results obtained using OS-enriched vs OS-
as noncovalently linked complexes. In contrast, Rom-1 is depleted preparations combined with biochemical data
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- Rom-1+ trafficking to the OS. Rom-1, on the other hand, does not
have such functionality. This conclusion is supported by
indirect evidence we have obtained using Rdsice, where

Rds little or no Rom-1 was detected and no OS morphogenesis

occurred 10, 24), as well as from results obtained using

Rom-1I7/~ mice, where Rds assembles into complexes and

g

Immunoreactivity
(% total)
a
=]

REEREEEEREXE. is trafficked normally to the OS. A second hypothesized role
38- e OS-Enriched for Rds/Rom-1 complexes is to mediate membrane fusion
requisite for OS rim formation and membrane morphogen-
P esis. Boesze-Battaglia and co-workers have demonstrated that
B Rds complexes are capable of mediating membrane fusion
§§ s in vitro (34). More recently, it has been shown that Rom-1
e Rds is not capable of mediating membrane fusion alone but its
E presence in Rds/Rom-1 complexes enhances Rds-mediated
— membrane fusion3b). The third known function of Rds in
1234567893 0nm0 the OS is one of the focuses of this work. Here, we have
38- ——- 0S-Depleted extensively characterized the presence of Rom-1 in all types
Botom S egimentation Fractions of Rds complexes and have shown that the higher-order Rds

FIGURE 6: Rds complex assembly in the absence of Rom-1. oligomers (which are thought to be responsible for mainte-
Velocity sedimentation analysis of OS-enriched and OS-depleted nance of OS rim architecture) contain almost no Rom-1.

fractions from Rom-1/~ retinas performed under nonreducing Rom-1 is present either as an intermediate-size oligomer

conditions and immunobloted with anti-Rds antibody. The majority ] . :
of Rds is present in octamers and higher-order homo-oligomers (octamer) or hetero-tetramer even in the OS. Also, in good

(fractions 1-6), similar to findings with WT OS preparations. Note agreement with prior findings by Molday and workeis),

the complete lack of Rds higher-order oligomers in the OS-depleted we observed no differences in higher-order complex forma-
samples from Rom-1" retina, which contain mainly Rds homo-  tion in the OS in the absence of Rom-1 (i.e., Romr1
tetramers (fraction 8). This finding suggests that Rds tetrameric compared with WT).

i x that traffics Rds from the IS to the . . s
f(())rsm Ilgo}rs]eh%gce)-rcr)ﬁgocrgggleare essential for OS rim structure /€ Propose that a primary role of Rom-1 is to f_acnltate_
formation, and that Rds higher-order oligomerization occurs in the and regulate Rds-mediated OS membrane fusion. This
OS. The migration position of Rdd/ ~ 38 kDa) is indicated. speculation is consistent with the wider disc spacing observed
in the RomZ1’~ retina, compared to the WT retind9).
obtained with Rom-1~ retinas allow us to formulate rational However, the main role of Rds/Rom-1 tetramers in the OS
hypotheses about the possible distinct functions of Rds andremains to be elucidated. This is important, since studies by
Rom-1 in photoreceptor cells. Finally, our results provide us (10, 24) and others18) support the role of higher-order
new information regarding the regulation of Rds/Rom-1 Rds homo-oligomers in building and maintaining OS mem-
complex formation and its role in the trafficking of Rds and brane rim structure. If the structure of the OS rim is
Rom-1 to OS. These issues are discussed below. maintained by higher-order Rds homo-oligomers, then this
Rds/Rom-1 Complexes in Condé&e examined the pattern  begs the question of what function(s) can be ascribed to the
of Rds complex formation in the cone-dominant retina of stable Rds/Rom-1 hetero-tetramers in the OS? This remains
the Nri”~ mouse as compared to the WT. We wanted to to be answered and will require further investigations to
verify whether any differences in Rds/Rom-1 complex elucidate completely.
assembly correlated with the distinct OS structures found in  Cellular Distribution of Rds/Rom-1 Complex@&sevious
rods (ROS) vs cones (COS). Surprisingly, we detected no sedimentation experiments have shown the presence of
significant differences between these two retinas in terms different ranks of Rds homo- and hetero-molecular com-
of their pattern of Rds complex formation, based upon plexes in the bovine retina and in a heterologous expression
nonreducing velocity sedimentation analysis. Thus, differ- system (7). However, information regarding the cellular
ences in the pattern of Rds/Rom-1 complex assembly cannotdistribution of these complexes in the photoreceptor cells
account for the ultrastructural differences between the “closed was heretofore not well-described. It also has not been known
discs” found in ROS vs the “open discs” (or, more correctly, where in the photoreceptor cell Rds oligomerization occurs.
lamellae) present in COS. On the basis of these observationsNonreducing velocity sedimentation followed by nonreducing
combined with our previously published studies indicating Western blot analysis of WT retinal extracts revealed the
that Rds does function differently in rods vs con&3)(we pattern of Rds and Rom-1 complex formation and showed
hypothesize that the presence of as yet unidentified Rds-the presence of noncovalently linked tetramers and disulfide-
interacting partners may account, in part, for the observedlinked intermediate and higher-order complexes. Unlike
differences in OS morphogenesis between rods and conesRom-1, the majority of Rds was engaged in disulfide-linked
The Role of Rds/Rom-1 Complexes in Photoreceptors.complexes, with only a small portion present as nonco-
Another interesting point raised by our data concerns the valently linked tetramers. Rom-1, on the other hand, was
biological role of Rom-1 in photoreceptor cells. Compared found to exist primarily as noncovalently linked tetramers,
to Rds, relatively little is known about the role of Rom-1in  while only a small portion was involved in disulfide-linked
molecular complex formation and trafficking in photorecep- complexes. Again, this further supports the role of Rds in
tors. The results of recent studies by Papermaster andbuilding the OS rim structure.
colleaguesd3) using transgeniXenopus lagis suggest that Velocity sedimentation analysis of retinal extracts under
the C-terminus of Rds is capable of directing Rds/Rom-1 nonreducing conditions, using the various mouse strains
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FIGURe 7: Summary illustration depicting the sites of Rds and Rom-1 complex formation in rod and cone photoreceptor cells. (A) Structural
diagram of rod and cone photoreceptor cell. (B) Distribution of Rds complexes in OS-enriched and OS-depleted preparations from WT and
Rom-1"~ retinas. The histograms summarize the results of the present study. Depending on the nature of the complex, Rds was recovered
mostly as covalent disulfide-linked high order oligomers in the OS and noncovalent tetrameric complex in the IS from both models. Some
of these complexes are homo complexes of Rds or hetero associations with Rom-1. The rearrangement from a noncovalent tetrameric
complexes formed in the IS to a covalent octameric and oligomeric complexes formed in the OS would require the enzymatic action of an
as yet unknown disulfide isomerase that should be located in the OS.

employed in the present study, has now revealed the presencéetramers, whereas higher-order complexes represent only a
of intermediate and higher-order Rds complexes only in the very small fraction of the total (Figure 3B). We believe that
OS compartment, with little or none in the IS compartment. there are two reasons for this. First, the data we show are
Furthermore, the distinct cellular distribution pattern of Rds from P30 Rho'~ retinas, which still have healthy cones with
oligomers, as compared to their core (tetramers), implies thatintact OSs that may contribute to the presence of the low
assembly of these higher-order complexes takes place in theamount of higher-order Rds complexes. This is further
0S, likely in the region of nascent disc membrane assembly supported by the sedimentation analysis results presented in
or possibly at the tip of the connecting cilium. The Figure 3C, showing the presence of these higher-order Rds
significance of these higher-order complexes in building and oligomers in cone-dominant N¥i- mouse retinas. Second,
maintaining the disc rim structure and OS morphology is in Rho'~ retinas, Rds higher-order oligomers are probably
now well accepted 18). It has been proposed that the formed in the distal, periciliary IS zone of rods where
connecting cilium serves as a checkpoint for properly formed initiation of OS morphogenesis is abortively attempted.
Rds/Rom-1 tetramers and suggested that dimers or improp-Recent ultrastructural analysis of this region showed that
erly assembled tetramers will not traffic to the GS3)( Our small membranous sacs emerge from the distal connecting
current work further supports this observation. The idea that cilium of the 1-month old Rhd~ retinas that are immu-
higher-order oligomers are formed in the OS is further noreactive to Rds antibody§). Therefore, we think that
supported by results obtained using Rhamice. Although these membranous structures at the tips of Rheod

the Rho'~ retina lacks OS structures, protein levels of Rds connecting cilia are probably nascent disc membrane precur-
and Rom-1 were measured at near WT levels. Both proteinssors containing higher-order complexes of Rds that normally
localized to the tip region of the connecting cilium where would support disc morphogenesis if rod opsin was available.
OS morphogenesis occurs. The results obtained by nonreDirect evidence of this would be extremely difficult to
ducing velocity sedimentation analysis as reported here demonstrate.

indicate that, in the Rhd™ retina, the majority of Rds/Rom-1 Disulfide Bond-Mediated Rds/Rom-1 Complex Formation.
is present in tetrameric form, either as homo- or hetero- Intermolecular disulfide bonds play an important role in the
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assembly of multi-subunit proteins and higher-order oligo- 39). In addition, though speculative at this point, it is
meric complexes. Our analysis suggests the presence of twdempting to propose that the OS renewal process may involve
distinct classes of Rds-containing complexes in photoreceptorspecific chaperones that help guide the trafficking of
cells, as detected by velocity sedimentation under nonre-structural proteins needed for disc morphogenesis, as well
ducing conditions. The first class is composed of nonco- as participating in the assembly and stabilization of higher
valently associated “core” Rds-homo- and Rds/Rom-1- order Rds/Rom-1 complexes formed in the OS. Future
hetero-tetrameric complexes. Such core tetramers have beeexperiments to identify these putative chaperones will be of
reported by other2@), and here we have demonstrated their great importance in developing a more complete understand-
presence in both the OS and IS compartments. The secondng of intracellular trafficking and membrane biogenesis in
class consists of disulfide-linked, higher-order Rds homo- this highly polarized cell type. These postulated molecules
oligomers present mainly in the OS (Figure 5B). Treatment also may be involved in processes that underlie the observed
of ROS membranes with DTT results in the breakdown of difference in Rds behavior in rods vs cones. It is possible
these homo-oligomers into core tetramers (Figure 5A), that mutations in Rds hinder interactions with some of these
indicating that the intermolecular disulfide bonds are readily chaperones, which in turn impairs higher-order complex
accessible to this reducing agent and are essential forformation and the development of varying disease pheno-
oligomerization. It has been proposed that the associationtypes. This study has provided the finstvizo biochemical

of Rds with Rom-1 in core complexes limits the size of their evidence documenting that intermediate and higher-order Rds
oligomers and the number of subunits that participate in the oligomers are assembled in the OS and are not present in
complex assembly through intermolecular disulfide bonds. the IS.

Our studies reveal that both of Rds and Rom-1 form core
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to the base of the OS, where they become incorporated intoS1) and characterization of OS enriched and OS-depleted
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