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Biological membranes display distinct domains that organize membrane proteins and signaling molecules to
facilitate efficient and reliable signaling. The organization of rhodopsin, a G protein-coupled receptor, in native
rod outer segment disc membranes was investigated by atomic force microscopy. Atomic force microscopy
revealed that rhodopsin is arranged into domains of variable size, which we refer to herein as nanodomains, in
native membranes. Quantitative analysis of 150 disc membranes revealed that the physical properties of
nanodomains are conserved in humans and mice and that the properties of individual disc membranes can be
variable. Examining the variable properties of disc membranes revealed some of the factors contributing to the
size of rod outer segment discs and the formation of nanodomains in the membrane. The diameter of rod
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Lipid raft outer segment discs was dependent on the number of rhodopsin molecules incorporated into the membrane
Membrane structure but independent of the spatial density of rhodopsin. The number of nanodomains present in a single disc was
Photoreceptor also dependent on the number of rhodopsin molecules incorporated into the membrane. The size of the
Phototransduction

nanodomains was largely independent of the number or spatial density of rhodopsin in the membrane.
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1. Introduction

Rhodopsin is a prototypical G protein-coupled receptor (GPCR) with
7 transmembrane domains (Fig. 1A). This light receptor is located in the
outer segment of rod photoreceptor cells and initiates vision upon pho-
ton capture. The rod outer segment (ROS) is comprised of discs that are
stacked one on top of another in a highly ordered manner [1,2] (Fig. 2A).
There are 500-2000 discs in a single vertebrate ROS [3], depending on
the species, encased by a plasma membrane. Rhodopsin is primarily
found in the disc membranes of ROS.

Rhodopsin is densely packed and found in high concentrations in
ROS disc membranes [1,4]. It is estimated that rhodopsin represents
about 70-90% of the protein content in ROS and greater than 90% of
the protein content in the disc membranes [5-9]. The high purity and con-
centration of rhodopsin in the ROS have greatly facilitated the structural,
biophysical, and biochemical characterization of the native receptor, mak-
ing it the most thoroughly studied GPCR in native form. The high concen-
tration of rhodopsin in retinal membranes has been advantageous for
experiments, yet this high concentration of molecules creates a crowded
disc membrane environment in which signaling must occur with high
efficiency, sensitivity, and reliability [10-13].

Abbreviations: AFM, atomic force microscopy; GPCR, G protein-coupled receptor; ROS,
rod outer segment(s)
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A crowded membrane environment is not unique to ROS disc mem-
branes. All biological membranes have crowded environments with
most being occupied by a heterogeneous complement of membrane
proteins. Crowded environments are not ideal for efficient signaling if
the signaling cascade proceeds in a random manner via freely diffusing
proteins, a condition originally envisioned for biological membranes
[14]. More recent evidence suggests that biological membranes are
more organized than initially recognized forming domains such as
lipid rafts [15-18], which can facilitate the efficiency, sensitivity, and
reliability that are required for signaling in the ROS [19-21]. The sizes
of these domains are usually less than 200 nm [22] and are, therefore,
difficult to visualize and study by conventional microscopy methods.

Atomic force microscopy (AFM) is uniquely suited to visualize the
nanoscale organization of proteins and domains in biological membranes
[23-27]. Imaging can be performed under physiological conditions and
requires minimal processing of samples compared to other structural
methods. AFM has revealed that ROS disc membranes like other types
of biological membranes exhibit order. Two types of packing arrange-
ments for rhodopsin in ROS disc membranes have been observed by
AFM: a densely packed paracrystalline lattice arrangement and a less
densely packed nanodomain organization. In both cases, rhodopsin
forms an oligomeric complex composed of rows of dimeric receptor
[28] (Fig. 1B).

The first AFM image of an intact single bilayer disc membrane
displayed a densely packed paracrystalline lattice of rhodopsin mole-
cules [29]. This image has received the most attention to date and has
provided the highest resolution image of rhodopsin in native
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Fig. 1. Structure of rhodopsin. (A) The secondary structure of rhodopsin is shown. The 18 amino acid residue differences in the sequences of human (red) and mouse (blue) rhodopsins are
highlighted on the secondary structure. (B) The oligomeric model of rhodopsin (PDB ID: 1N3M) derived from AFM studies is shown in stick representation. The location of the 18 amino
acid residue differences in the sequences of human and mouse rhodopsins are highlighted as red spheres. The chromophore 11-cis retinal is shown as black spheres. The first structure is a
top view of the extracellular surface. The other structures are side views with the extracellular surface on top and the cytoplasmic surface on the bottom.

membranes, thereby allowing the generation of an oligomeric model of
rhodopsin using the geometric constraints revealed in the image [28,30]
(Fig. 1B). Subsequent AFM images have consistently revealed a
nanodomain organization of rhodopsin [28,30-32], similar to that de-
tected in the current study. Rhodopsin appears to form similar oligo-
meric complexes within these nanodomains to those present in the
densely packed paracrystalline lattice arrangement [28]. The
nanodomain organization has received less attention than the densely
packed paracrystalline lattice organization. The nanodomain organiza-
tion, however, may represent the native arrangement since it is the
most consistently observed arrangement in AFM studies and is also con-
sistent with cryoelectron tomograms of disc membranes in preserved
intact ROS [1].

Dimerization/oligomerization appears to be a common trait among
GPCRs [33-35]. Rhodopsin dimers appear to be the basic unit of oligo-
meric complexes in either densely packed paracrystalline lattices or in
nanodomains [28]. The role of dimeric interactions in rhodopsin is be-
ginning to be revealed. The arrangement of rhodopsin into dimers pro-
vides a platform for binding signaling partners such as transducin and
arrestin, where the stoichiometry can be 2:1 between rhodopsin and
the signaling partner [36-38]. Structural and functional asymmetry
exists between rhodopsin molecules in a dimeric unit when bound to
either transducin or arrestin [37,39,40]. This asymmetry may contribute
to signaling efficiency and may play a protective role in photoreceptor
cells under intense lighting conditions [37,39,40].

In contrast to dimeric interactions in rhodopsin, less is known about
the role and properties of rhodopsin nanodomains. One limitation has
been that the nanodomain organization of rhodopsin has only been
qualitatively characterized. Therefore, basic knowledge about the
nanodomains, including their size and factors contributing to their

formation, has yet to be determined but is required to better under-
stand their role in phototransduction and photoreceptor biology. To
gain some of these important insights, AFM was utilized to quantitative-
ly assess the nanodomain organization of rhodopsin in native ROS disc
membranes.

Previous AFM studies have focused on samples obtained from mu-
rine and bovine retinas. Murine and bovine rhodopsins have served as
models to understand the effect of the over 100 mutations detected in
the rhodopsin gene that cause retinitis pigmentosa or congenital night
blindness in human patients [41]. While murine and bovine rhodopsins
are predicted to be structurally indistinguishable [42], it is unclear how
structurally similar they are with human rhodopsin. There are 18 amino
acid residue differences between human and murine rhodopsin
(Fig. 1A). A comparison of rhodopsin nanodomains in ROS disc mem-
branes from human and murine retinas was conducted to determine
whether the amino acid residue differences alter the organization of
the receptor in the membrane.

2. Materials and methods
2.1. ROS disc membrane preparation

All experimental procedures were conducted under dim red light.
Murine ROS disc membranes were prepared from the retina of 10-
15 C57BL/6] mice (The Jackson Laboratory, Bar Harbor, ME) that were
4-6 weeks old. Eight preparations were used to collect data reported
in the study. Mice were dark-adapted overnight prior to being sacrificed.
Human ROS disc membranes were prepared from the retina of a single
whole donor globe (Saving Sight, Columbia, MO). Five preparations
were used to collect data reported in the study. The sex, age, and cause
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Fig. 2. Preparation and AFM imaging of ROS disc membranes. (A) A cross-section of a mouse retina and a cartoon of a rod photoreceptor cell are shown. The rod outer segment (ROS), rod
inner segment (RIS) and outer nuclear layer (ONL) are highlighted. Scale bar, 15 pm. (B) Purified ROS are shown as a cartoon and in a light micrograph. Scale bar, 15 pm. (C) ROS discs are
isolated from purified ROS by osmotic bursting and washing steps. ROS disc membranes are adsorbed onto mica for AFM imaging. In AFM, a sharp probe is raster-scanned over the sample
surface to generate topographical images. (D) SDS-PAGE on ROS disc membrane preparations from mouse and human samples reveal that rhodopsin is the predominant protein species.
The sizes of protein standards are indicated in kDa. (E) A height image of a ROS disc membrane. Four different surfaces are revealed: 1, mica; 2, protein-free lipid bilayer; 3, rhodopsin
nanodomains; and 4, rim region. The height profiles of the highlighted line scans are shown. Scale bar, 500 nm. (F) A deflection image of the same ROS disc membrane. Scale bar,
500 nm. (G) The deflection image with nanodomains outlined by black ellipses. The diameters of the ellipses were measured to determine the surface area of the nanodomains.

of death of donors are as follows: female, 45, septic shock; female, 63,
esophageal cancer; female, 70, cerebral vascular accident; female, 75,
lung cancer; and male, 51, liver failure. Donors had no reported ocular
history known to impact rod photoreceptor cells. Donor cadavers were
cooled within 2 h and eyes procured between 3.5 and 18 h after death
of the donor. Eyes were placed in Life4°C preservation media (Numedis
Incorporated, Isanti, MN) and shipped on ice in a light-tight container.
Eyes were received in the laboratory within 24-36 h of donor death
and processed immediately. ROS and ROS disc membranes were obtain-
ed from murine and human retinas using procedures reported previous-
ly [1,43]. ROS disc membranes were resuspended in 50 L of Ringer's
buffer (10 mM HEPES, 130 mM NaCl, 3.6 mM KCl, 2.4 mM MgCl,,
1.2 mM CaCl,, 0.02 mM EDTA, pH 74).

2.2. AFM imaging

All AFM procedures were conducted at ambient temperatures under
dim red light. Samples were prepared for AFM by adding 40 pL of ROS
disc membranes (5-10 pg/mL) onto freshly cleaved mica and incubating
for 10 min. The mica was washed 5 times with 40 piL of Ringer's buffer to
remove unadsorbed material. ROS disc membranes adsorbed on mica
were imaged by AFM in imaging buffer (20 mM Tris, 150 mM KCl,
25 mM MgCl,, pH 7.8). AFM was performed using a Multimode Il atom-
ic force microscope equipped with an E scanner (13 um scan size) and
silicon nitride cantilevers with a nominal spring constant of 0.06 N/m
(NP-S, Bruker Corporation, Santa Barbara, CA). Samples were imaged
using contact mode at a scan rate of 5.09 Hz to acquire images at a
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resolution of 512 lines per frame. Minimal force (<100 pN) was applied
to samples during imaging. Height and deflection images were collected
and analyzed [44,45].

2.3. Analysis of AFM images

The dimensions of ROS disc membranes and nanodomains were
measured using Nanoscope 5.3 software (Bruker Corporation, Santa
Barbara, CA). The height of ROS disc membrane features was measured
from height images that were flattened to the first order (Fig. 2E). The
average height of the rim region, nanodomains, and protein-free lipid
bilayer was obtained from peaks in height distribution histograms of
individual images. These values were confirmed by line scan analysis.
The lateral dimensions of ROS disc membranes and nanodomains
were measured from deflection images. Accuracy of lateral dimensions
is limited by tip convolution effects of the AFM probe [46,47]. ROS disc
membranes were presumed to be circular. The diameter of the entire
disc membrane and the disc membrane excluding the rim region were
measured. The latter measurement was used to compute the inner
disc area. Nanodomains were presumed to be elliptical (Fig. 2G). The
diameters of the ellipse were measured to compute the surface area of
an individual nanodomain. To calculate the number of rhodopsin mole-
cules in a nanodomain, rhodopsin was presumed to form an oligomer
with a surface area of 84 nm? for six rhodopsin molecules (Fig. 1B).
Statistical analysis was performed using Prism 6 (GraphPad Software
Incorporated, La Jolla, CA). Mean values are reported with the associated
standard deviation.

2.4. SDS-PAGE

ROS disc membranes were resuspended in LDS sample buffer con-
taining 50 mM dithiothreitol (Expedeon Incorporated, San Diego, CA).
Solubilized samples (500 ng of protein) were loaded onto a 4-12%
Tris-Glycine precast gel (Life Technologies, Grand Island, NY) and elec-
trophoresis was conducted. Gels were silver-stained to detect proteins
extracted from ROS disc membranes.

3. Results
3.1. AFM of native ROS disc membranes

ROS were purified from human and murine retinas and disc mem-
branes were released from the ROS (Fig. 2A-C). The purity of ROS disc
membranes was assessed by SDS-PAGE (Fig. 2D). SDS-PAGE of ROS
disc membranes isolated from both human and murine retinas displayed
a single major band corresponding to rhodopsin [43]. Thus, prepara-
tions of ROS disc membranes were pure and contained predominantly
rhodopsin.

ROS disc membranes were adsorbed on mica and imaged by AFM
(Fig. 2C). Height images contain information about the height of mate-
rial adsorbed onto mica, and were used to measure vertical features in
ROS disc membranes (Fig. 2E). Deflection images accentuate the edges
of sample features, and were used to measure lateral features of ROS
disc membranes (Fig. 2F and G). Measurements made from AFM images
are summarized in Table 1.

ROS disc membranes displayed a distinct topography in AFM images
(Fig. 2E). Discs contain double lamellar membranes that are circumscribed
by a hairpin loop forming a rim (Fig. 2C). A majority of adsorbed discs
displayed only a single lamellar membrane with a rim region. Incisures
were not regularly observed in AFM images, presumably because they
are disrupted during the adsorption of ROS discs to the mica support.
Single-bilayer disc membranes predominantly adsorb on mica exposing
the extracellular surface [32,48]. Thus, AFM images of ROS disc mem-
branes represent the topography of the extracellular surface in most
instances. Individual rhodopsin molecules cannot be resolved by AFM

Table 1
Summary of quantitative analysis of AFM images.

Properties of a ROS disc Parameter value

Human Mouse
Disc diameter 1.17 £+ 0.24 ym 1.20 £ 0.25 pm
Inner disc area 0.74 + 0.37 um? 0.77 + 0.39 um?
Nanodomain height 8.11 &+ 0.21 nm 8.10 & 0.44 nm
Lipid bilayer height 3.68 4+ 0.31 nm 3.69 £ 0.28 nm
Number of nanodomains 156 + 103 156 + 99
Nanodomain density 208 + 79 pm~2 207 4 79 pm ™2
Mean nanodomain size 1109 + 311 nm? 1245 + 379 nm?
Disc area occupied by 22 + 8% 24 + 9%

nanodomains
Number of rhodopsin molecules
Rhodopsin spatial density

11,642 + 7108
15,865 + 5894 um 2

13,513 + 8522
17,486 + 6170 pm ™2

Parameter values were determined from individual ROS disc membranes. The mean
values are reported with the associated standard deviation. The mean was determined
from the analysis of 50 human ROS disc membranes or 100 murine ROS disc membranes.
Significant differences between human and mouse data was assessed by a t-test. No signif-
icant differences between parameters were observed (p > 0.05) except for the mean
nanodomain size in a ROS disc membrane, where there is a small but significant difference
(p = 0.03).

in these instances since covalently linked sugar groups at the amino
terminal region of rhodopsin interfere with the AFM probe [28].

3.2. Features of ROS disc membranes in AFM images

The average diameter of ROS disc membranes of both human and
murine retinas was 1.2 um (Table 1). The highest features in height pro-
files corresponded to the rim region (Fig. 2E). The heights of the rim
region were variable and corresponded to intact and partially disrupted
rims. The lamellar region of disc membranes exhibited two major clas-
ses of heights (Fig. 2E). One class had a height of about 4 nm (Table 1),
which corresponds to the thickness of a lipid bilayer without embedded
proteins. The protein-free lipid bilayer often formed a pool, presumably
at the location where the disc breaks open, which may form from lipids
in the rim region. The other class of heights from the lamellar region had
a height of about 8 nm (Table 1), which corresponds to the height of
rhodopsin [49]. The areas in the lamellar region with this height have
been shown by AFM and single-molecule force spectroscopy to consist
of high concentrations of rhodopsin [28,32,48].

Rhodopsin predominantly resides in the lamellar region of the ROS
disc and is excluded from the rim region where structural proteins such
as peripherin and Rom-1 are localized [50]. In AFM images of human
and murine ROS discs, the lamellar region of the disc membrane is orga-
nized into clusters of distinct domains that are surrounded by protein-
free lipid bilayer (Fig. 2F). The size of the domains is heterogeneous,
but almost all have dimensions of less than 100 nm; therefore, these
domains are referred to as nanodomains. Both human and murine
ROS discs displayed nanodomains in the lamellar region (Fig. 3). Since
rhodopsin is the predominant protein species in the lamellar region of
discs, rhodopsin molecules must largely form the observed nanodomains.
It is possible that rhodopsin coexists with a minor population of addi-
tional proteins in these nanodomains.

3.3. Size of nanodomains and density of rhodopsin in disc membranes

Nanodomains have been observed in previous AFM studies on mu-
rine and bovine samples but have not been characterized quantitatively.
The dimensions of the nanodomains were manually measured to deter-
mine their surface area (Fig. 2G). The surface areas of nanodomains
from a single human or murine ROS disc generally displayed a skewed
distribution that could be fit by a Log Gaussian function (Fig. 3A and
B). Histograms of nanodomain surface areas obtained from all ROS
disc membranes analyzed were also generated. These histograms also
displayed a skewed distribution that could be fit by a Log Gaussian
function (Fig. 3C and D). The average size of nanodomains in human
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Fig. 3. Deflection images of human and murine ROS disc membranes. (A, B) A sampling of deflection images of human and murine ROS disc membranes is shown. A histogram of rhodopsin
nanodomain surface areas measured in each ROS disc membrane is shown along with the fit of the data to a Log Gaussian function. (C) A histogram of nanodomain surface areas measured
from 50 images of human ROS disc membranes is shown along with the fit of the data to a Log Gaussian function (n = 7793). (D) A histogram of nanodomain surface areas measured from
100 images of murine ROS disc membranes is shown along with the fit of the data to a Log Gaussian function (n = 15,608).

and murine ROS disc membranes was 1109 nm? and 1245 nm?, respec-
tively (Table 1). Human nanodomains occupied 22% of the lamellar area
of ROS disc membranes whereas murine nanodomains occupied 24% of
the same area. These values are consistent with previous estimates of
25% of the ROS disc membrane area being occupied by rhodopsin [4].
The number of rhodopsin molecules present in a nanodomain was
previously estimated assuming a monomeric arrangement of rhodopsin
[32]. Thus, each rhodopsin molecule was estimated to occupy 15 nm?
of space within the membrane [49]. High-resolution AFM images of
nanodomains, however, display oligomeric complexes of rhodopsin

organized as rows of dimers [28]. The surface area of oligomeric rhodop-
sin was therefore used to estimate the number of rhodopsin molecules
present in a nanodomain of a given size. Using the oligomeric model
derived from AFM data [28,30] (Fig. 1B), six rhodopsin molecules are
estimated to occupy 84 nm? of space on the extracellular surface.
Using this value, the number and spatial density of rhodopsin in ROS
disc membranes were computed (Table 1).

The average spatial density of rhodopsin in a human ROS disc mem-
brane is 15,865/um? (Table 1). This value represents the density of
rhodopsin if it was homogeneously distributed within the membrane.
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The spatial density of rhodopsin in murine ROS disc membranes is
17,486/um?. The rhodopsin density values derived from AFM images
of nanodomains are much lower than that estimated from a densely
packed paracrystalline lattice arrangement, where the density was
estimated to be 48,300/um? [29]. Rhodopsin density values derived
from a nanodomain arrangement are more consistent with previously
reported estimates of about 25,000/um? [1,4], albeit a little lower. The
discrepancies are small and may be due to a variety of factors. Errors
associated with different methods may account for the small differ-
ences in the estimates of rhodopsin density. In the current AFM study,
rhodopsin monomers may coexist with rhodopsin oligomers that
form nanodomains. Diffusely distributed monomers would not be
distinguishable in areas that have been classified as protein-free lipid
bilayers (Fig. 2E). The presence of monomers would increase rhodopsin
density estimates. In addition, computed density values may be un-
derestimated because the estimate for the inner disc area included a
proposed girdle zone separating the rim region from the area contain-
ing rhodopsin [32].
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3.4. Correlation of parameters computed from AFM images

In addition to revealing the average properties of ROS discs, the anal-
ysis of 150 individual AFM images revealed the variability that exists
among discs. Quantification of parameters describing features of ROS
disc membranes provided insights about the properties of nanodomains
and their influence on the ROS disc. The variability and correlation of
parameters were similar between human and murine samples (Fig. 4).

Although the average diameter of ROS disc membranes is consistent
with previous estimates [1], variability was observed in the diameter of
individual disc membranes. The diameter of ROS disc membranes
ranged from 0.7 to 1.9 um. No correlation was observed between the
diameter of ROS disc membranes and the spatial density of rhodopsin
in the disc membrane (Fig. 4A). In contrast, a strong positive correlation
was observed between the diameter of ROS disc membranes and the
number of rhodopsin molecules present in the membrane (Fig. 4B).

The number of nanodomains found in a ROS disc membrane is
strongly correlated with the number of rhodopsin molecules and is
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Fig. 4. Correlation between different parameters computed from AFM images of ROS disc membranes. Human (red, x, n = 50) and mouse (blue, o, n = 100) data were plotted and fit by
linear regression. A correlation analysis was conducted to compute the Pearson coefficient (r) and level of significance (p). (A) Disc diameter vs. density of rhodopsin. Human, r = 0.02,
p = 0.87.Mouse, r = 0.002, p = 0.98. (B) Disc diameter vs. number of rhodopsin molecules. Human, r = 0.75, p < 0.0001. Mouse, r = 0.79, p < 0.0001. (C) Number of nanodomains vs.
density of rhodopsin. Human, r = 0.38, p = 0.006. Mouse, r = 0.40, p < 0.0001. (D) Number of nanodomains vs. number of rhodopsin molecules. Human, r = 0.92, p < 0.0001. Mouse,
r = 0.88, p < 0.0001. (E) Mean nanodomain size vs. density of rhodopsin. Human, r = 0.27, p = 0.06. Mouse, r = 0.20, p = 0.05. (F) Mean nanodomain size vs. number of rhodopsin

molecules. Human, r = 0.008, p = 0.95. Mouse, r = 0.28, p = 0.006.
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more weakly correlated with the spatial density of rhodopsin (Fig. 4C
and D). In contrast, the average size of nanodomains did not show a
correlation, or only a weak correlation, with either the number or spatial
density of rhodopsin in the ROS disc membrane (Fig. 4E and F).

4. Discussion
4.1. Nanodomain organization of rhodopsin

In the current study, the investigation of ROS disc membranes from
human and murine retinas by AFM revealed that rhodopsin is organized
into nanodomains in both species. Nanodomains of rhodopsin have also
been observed in ROS disc membranes from bovine retina [32]. The
nanodomain organization of rhodopsin is the most consistently observed
arrangement in ROS disc membranes by AFM and is also consistent
with the heterogeneous densities observed within disc membranes in
cryoelectron tomograms of preserved intact murine ROS [1,28,30-32].
The observed nanodomain organization differs from the densely
packed paracrystalline lattice arrangement reported in the first AFM
study of ROS disc membranes [29]. ROS disc membranes displaying a
densely packed paracrystalline lattice were not observed in the current
study or in a previous study [32]. Thus, the nanodomain organization
of rhodopsin likely represents the most common or physiologically
relevant arrangement in the hundreds of stacked discs of the intact
ROS. The formation of rhodopsin nanodomains is conserved among
humans, mice, and cows, and likely other vertebrate species as well.

4.2. Factors that impact the size of ROS discs

The analysis of individual ROS disc membranes allows for the detec-
tion of variability that exists among ROS discs. Variability is present in
both the size of ROS discs and the number of rhodopsin molecules incor-
porated into the disc (Fig. 4). The number of rhodopsin molecules incor-
porated into ROS disc membranes has a strong influence on the size of
ROS discs (Fig. 4B). The correlation between disc diameter and the num-
ber of rhodopsin molecules is consistent with observations where either
the overexpression or underexpression of rhodopsin in genetically
modified mice resulted in larger or smaller diameters of ROS, respec-
tively, which in turn is accompanied by altered electrophysiological
responses [31,51,52].

The variability in the number of rhodopsin molecules incorporated
into a ROS disc likely does not arise from differences at the level of tran-
scription or rhodopsin synthesis, but instead, may be due, in part, to the
variability in the rate of ROS disc formation induced by light [53,54].
Constant rhodopsin synthesis and variable rates of ROS disc formation
would result in different amounts of rhodopsin being incorporated
into the discs. In contrast to the number of rhodopsin molecules incor-
porated into a ROS disc, the density of rhodopsin in the disc membrane
is not a factor in determining the size of ROS discs (Fig. 4A). Thus, the
size of ROS discs may adjust to maintain a constant range or average
density of rhodopsin in disc membranes [55], perhaps in order to main-
tain signaling efficiency or sensitivity.

4.3. Factors that impact the number and size of nanodomains

Understanding the physical properties of nanodomains will be
required to better understand their functional role. The incorporation
of more rhodopsin molecules into disc membranes results in the forma-
tion of a greater number of nanodomains (Fig. 4D). In contrast, the size
of nanodomains is largely unaffected by either the number or spatial
density of rhodopsin in the membrane (Fig. 4E and F).

Rhodopsin likely arranges in nanodomains as an oligomeric complex
consisting of rows of dimeric receptor [28]. The factors contributing
to the oligomerization of rhodopsin, or other GPCRs, are poorly under-
stood. The hydrophobic mismatch between monomeric GPCRs and
the lipid bilayer appears to play a significant role in the spontaneous

aggregation of GPCRs [56,57]. Amino acid residue differences can result
in different levels of hydrophobic mismatch, thereby resulting in differ-
ent sizes of oligomers [56]. Since the sizes of nanodomains in human
and murine ROS disc membranes are similar (Table 1), the 18 amino
acid residue differences in human and murine rhodopsins do not appear
to play a role in determining the size of nanodomains. This is consistent
with the putative oligomeric model of rhodopsin where the amino acid
residue differences occur in regions of the receptor that are not directly
involved in the putative oligomeric interfaces (Fig. 1B), although some
are in close proximity to these proposed interfaces.

The skewed distributions displayed in histograms of nanodomain
size (Fig. 3) indicate that the variability in the size of nanodomains is
random and arises from the product of multiple independent factors.
The number or spatial density of rhodopsin in the ROS disc membrane
is not one of the factors contributing to this variability (Fig. 4E and F).
The variability in the average size of nanodomains observed among
different ROS discs must then arise from extrinsic factors. One factor
may be the lipid bilayer in which rhodopsin is embedded. Properties
of the lipid bilayer can have significant influence on the structure and
function of rhodopsin [58-63]. The lipid composition is heterogeneous
in discs at different axial positions in ROS [64-67], and lipids can impact
the oligomerization of rhodopsin [57,62]. Thus, ROS discs with different
complements of lipid in the membrane may result in variable sizes of
nanodomains, which in turn may impact phototransduction.

4.4. Nanodomains and rhodopsin diffusion

Classical studies demonstrating the apparent rapid lateral and rota-
tional diffusion of rhodopsin in the disc membranes of amphibian ROS
led, in part, to the notion that rhodopsin freely diffuses within the mem-
brane as a monomer [68-71]. These studies are inconsistent with a
densely packed paracrystalline lattice arrangement of rhodopsin [72],
where the receptor would be expected to be relatively immobile. Deter-
mining the size of rhodopsin nanodomains in the current AFM study
allows for the assessment of whether this type of organization is consis-
tent with reported lateral diffusion coefficients.

Since the size of a protein embedded in membranes only weakly im-
pacts the lateral diffusion rate [ 73], it is difficult to differentiate between
monomeric and oligomeric rhodopsins by monitoring diffusion alone. A
range of lateral diffusion coefficients has been reported for rhodopsin in
amphibian ROS: 0.1-0.6 um?/s [68,70,71,74-79]. Multiple factors can
lead to incorrect estimates of rhodopsin lateral diffusion (e.g., [78,79]),
and improvements in experimental procedures indicate that the lower
end of the reported range better describes the lateral diffusion of
rhodopsin [79].

Lipid rafts in the plasma membrane of various types of cells are pre-
dicted to be heterogeneous with sizes in the range of 10-200 nm [22].
Rhodopsin nanodomains fall within the lower half of this size range. It
is unclear whether rhodopsin nanodomains represent a typical lipid
raft found in plasma membranes since the majority of rhodopsin mole-
cules in ROS disc membranes are not found in the detergent-insoluble
fractions typically associated with lipid rafts [80]. However, the similar-
ity in size between rhodopsin nanodomains and lipid rafts suggest that
some parallels may exist. Lipid rafts are mobile and those with sizes on
the lower end of the spectrum are predicted to exhibit lateral diffusion
coefficients of about 0.1 um?/s [81]. If rhodopsin nanodomains exhibit
similar properties as smaller lipid rafts, then rhodopsin nanodomains
would be expected to be mobile within the ROS disc membrane and
exhibit a lateral diffusion coefficient consistent with the lower end of
reported values obtained from amphibian ROS.

4.5. Nanodomains and phototransduction
A functional role for nanodomains may be to provide order to the

ROS disc membranes so that efficient and sensitive signaling in ROS
can be achieved despite a crowded environment [13,82]. Theoretical
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considerations suggest that the nanodomain organization of rhodopsin
can facilitate signaling that is quantitatively consistent with classical
kinetic data on the initial steps of phototransduction in ROS [83,84].
Rhodopsin must be arranged as oligomeric complexes consisting of
rows of dimeric receptor within nanodomains to achieve consistency
with classical kinetic data [84,85]. Consistency with classical kinetic
data can be achieved even in the absence of rhodopsin diffusion within
the membrane. Oligomeric complexes of rhodopsin in nanodomains can
provide a platform for transient interactions between rhodopsin and
transducin in the dark state, which may contribute to the efficiency ob-
served in the phototransduction cascade initiated upon light activation
of rhodopsin [86]. Nanodomains are consistent with classical diffusion
and kinetic data and therefore may represent the organizing principle
utilized by ROS disc membranes to achieve signaling efficiency and
sensitivity.

5. Conclusions

AFM has provided an avenue to directly visualize the organization of
rhodopsin into nanodomains in native ROS disc membranes. The analy-
sis of single ROS disc membranes has revealed the variability in the size
of nanodomains and the number and spatial density of rhodopsin in the
ROS disc membranes. This quantification has provided insights about
some of the basic rules that define the properties of ROS discs and the
organization of rhodopsin within the membrane under normal condi-
tions. The number of rhodopsin molecules is a determinant for the size
of ROS discs and the number of nanodomains formed. In contrast, the
concentration of rhodopsin in the membrane is not a factor in determin-
ing the size of ROS discs. The size of nanodomains is largely independent
of the number or density of rhodopsin in the disc membranes, and in-
stead, is presumably affected by extrinsic factors. Despite 18 amino acid
residue differences (Fig. 1), both human and murine rhodopsins form
nanodomains with similar physical properties.

The results from this study lay the groundwork to begin dissecting
out the specific factors governing nanodomain formation. The similari-
ties in the properties of human and murine nanodomains indicate that
factors contributing to the formation of nanodomains are conserved
and that murine ROS disc membranes can serve as a good model for
understanding the organization of human rhodopsin in ROS disc mem-
branes. Additionally, the availability of different animal models will allow
the testing of whether pathological conditions can alter the normal orga-
nization of rhodopsin in the ROS disc membrane and provide insights
into the detrimental effects that may follow (e.g., [87,88]). Although
rhodopsin is unique among GPCRs in that it is expressed at high concen-
trations and purity in ROS disc membranes, the organization of receptors
into nanodomains may be a common feature among GPCRs [89].
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