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Abstract

The present study aims nanoscopic observation and
detection of rhodopsin (a G protein- coupled receptor)
nanodomains in their native biological environment to in-
vestigate their kinematics related to the photocycle. In the
first phase of the planned work, the retina segments were
obtained from bovine eyeballs and different sample prepa-
ration methods were tested to identify the densely packed
rhodopsin nanodomains.

Transmission Small- and Wide-Angle X-Ray Scattering
(SAXS and WAXS) methods were used for nanoscale analy-
ses of the prepared samples. The compact conformations
of rhodopsin nanodomains in the structure of the native
retina and the Rod Outer Segments (ROS) isolated from ret-
ina were elucidated. The related scattering data were used
to reveal nanoscale morphologies and internal structures of
the rhodopsin nanodomains. Nanostructure of rhodopsin
within the intact retina was also directly identified to com-
pare the rhodopsin structure in isolated ROS. Direct mea-
surement of the retina reveals similar hierarchical structure
defined by paracrystalline arrays suggesting that nanostruc-
tural features of rhodopsin domains.

The quantitative results indicate an inter-disk spacing of
30.00 nm and a bilayer thickness of 6.84 nm for the ROS
membrane. 3D structure of the rhodopsin was also char-
acterized by ellipsoidal globules including sizes of the main
axes and electron densities. The results showed that SAXS-
WAXS analyses are effective in monitoring the nanoscale
bioactivation of rhodopsin in retina and the flexible cylin-
der model is in good coherence with the alpha-helical trans-
membrane domains of rhodopsin.

Cite this article: Orujalipoor |, Erbakan M, Ide S. Nanoscale structural analyses on Rod Outer Segments (ROS)
membranes and retina of bovine eye: 3D structure of photoreceptor nanodomains. J Nanomed. 2020; 3(1): 1018.
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Introduction

The receptor organ for vision is the eye. Being one of the
most complex organs in the body, eye gives a sense of sight
to many genera of animals allowing them to obtain informa-
tion about their surroundings. This organ operates like a cam-
era; light let on by the cornea is controlled by the pupil and is
transformed into electrical signals by the retina and sent to the
brain where the signals are interpreted into visual images [1].
The eye is composed of the eyeball, the optic nerves and the
accessory structures such as conjunctivae, lacrimal apparatus
and extraocular muscles. The eyeball has three distinct layers;
the fibrous tunic (cornea and sclera), the vascular tunic (iris,
ciliary body and choroid), the nervous tunic (retina). The retina
which is the inner part of the eye, contains two major types of
light-sensitive photoreceptor cells involved in vision: the rods
and the cones. These photoreceptor cells respond to the differ-
ent spectrum of the light due to different pigment molecules
enabling them to transmit a signal that triggers a cascade of bio-
chemical reactions. The signal is converted to electric pulses by
the optic nerves and transmitted to the brain, which perceives
it as vision [2].

Cone receptors contain three different cone opsins and re-
spond to photons of different wavelengths, thus providing a
basis for the color vision [3]. However, the rods are responsible
for low-light (scotopic) monochromatic (black-and-white) vi-
sion. Rods are distributed throughout the retina, however there
are none at the fovea and the blind spot. Rod density is greater
in the peripheral retina than in the central retina. They work
well in dim light, due to the distinct structure of their outer seg-
ments, which is responsible for the collection of the light pho-
tons. Rod outer segments (ROS) is composed of a plasma mem-
brane and about one thousand of intracellular membrane disks
stacked on top of one another. Disk membranes harbor abun-
dant amount of a pigment protein called rhodopsin. The specific
orientation of the ROS membrane disks (being contained in the
cytoplasm and stacked in close neighborhood of each other)
and high concentration of rhodopsin imparts low light sensitiv-
ity to rods. Rhodopsin is also known as visual purple because
it absorbs green-blue light most strongly and appears purplish
in color due to 11-cis retinal prosthetic group attached to the
amino acid backbone [4]. Rhodopsin belongs to a highly spe-
cialized family of receptors called G protein-coupled receptors
(GPCR), which detects photons in the ROS and mediates light
initiated sensory signal as a transmembrane protein. GPCRs are
of special importance, because they form one of the largest and
the most diverse groups of receptor proteins [5,6]. Evolutionary
adaptation to distinct environments has affected the selection
of pigment isoforms, the level of pigment expression, the num-
ber of photoreceptor cell types, and the spatial organization of
photoreceptors in animals [7]. While retinas of domestic mam-
mals contain mostly rods, the retinas of domestic birds contain
cones [2]. The number and ratio of rods to cones varies among
species depending on whether the animal is primarily diurnal or
nocturnal [8]. For example, the owls have a tremendous num-
ber of rods in their retina [9].

The outer segments of rod and cone photoreceptor cells have
important biochemical roles for photo transduction. The visual
transduction starts when the visual pigment rhodopsin located
in ROS catches a light photon while it culminates in the closure
of cyclic guanosine monophosphate depended ion channels lo-
cated in the plasma membrane [10]. The changes in the ROS
structure and the detailed morphological information obtained

from the native ROS, particularly from different mammals, are
of crucial importance to understand mechanisms underlying
phototransduction and retinal dystrophies. The models, includ-
ing micro-nano and molecular scale structural details of retinal
dystrophies, can provide a method for testing various genetic
and pharmacological therapies to combat diseases leading to
blindness [11].

Quantitative considerations on retina, opsin macromole-
cules and their three-dimensional morphological analyses has
seen much interest during last ten years. Especially modern
experimental techniques and their informative guidance pro-
vide a better understanding of retina rod and cone structures
and their biochemical properties [10-15]. Distances among the
various membrane components, the proper distance between
adjacent discs and distributions of rhodopsins therein are also
very important and deterministic for phototransduction.

This study aims to quantitatively characterize nanoscopic bo-
vine ROS and rhodopsin structures by X-ray scattering methods.
The specific aim is extension of the experimental limits to de-
tect the native rhodopsin structures in nanoscale.

Until the present research, structural characterizations of
rhodopsin nanodomains in ROS were limited by imaging tech-
niques such as Transmission Electron Microscopy (TEM), Scan-
ning Electron microscopy (SEM) and tomographic techniques
[16]. The native ROS disc membranes have rhodopsin dimers
and contain densely packed rhodopsin molecules for optimal
light absorption [14,17].

It is suggested that the organization principle of rhodopsin
into nanodomains in mammalian ROS disc membranes is con-
served acROS all vertebrate species [18]. Naturally how these
photoreceptors are organized with respect to each other is still
largely unknown in the electron density level. In a recent study,
a native eye disc membrane has been adsorbed on mica and
the structure has been visualized by Atomic Force Microscope
(AFM) and consequently, the oligomeric organization of rho-
dopsin dimers has been defined in paracrystalline structural
form [19-22].

On the other hand, rhodopsin arranged in dimers and oli-
gomers in the vitrified ROS were also obtained by using the
modern cryo-electron tomography method [23].

The paracrystalline arrays of the rhodopsin dimers in the
surface of a native eye-disc membrane have been reported but
their 3D shape, dimensions of the naturally possible paracrys-
talline arrays (in native retina and ROS structures) are still of a
paramount interest for different mammalian species [22,24].

It is known that many collaborative techniques for the study
of rhodopsin such as UV visible, fluorescence, ESR and Fourier-
transform infrared (FTIR) spectroscopies are informative [25]
for the atomic and molecular scaled structural details but the
present study will supply nanoscale information to complete
the missing scale on the native structure of bovine ROS and
rhodopsin.

The present study is predicted to be beneficial for humans’
future in space. As it is also known that the retinal damage in
astronauts’ eyes are very important for Human’s space travel
because of the negative repercussions of zero gravity. Our sci-
entific target in our near future study will be related with nano-
scopic detection and examination of the environmental physical
response behaviours of retina and rhodopsin. Because, eyeballs
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can be significantly reshaped and space conditions can create
folds on the retina [26]. Our studies may generate new insights
and hints about the preventive treatments just before the ap-
pearing vision problems of the most astronauts who spend
more than a month in space.

Beside of zero gravity, the low air pressure effects on the
retina and rhodopsin may be also kinetically investigated by us-
ing pressure and gravitation response time resolved SAXS-WAXS
measurements. Of course, these analyses will be also supported
by complementary methods [25]. So the wide range (molecular,
nanoscopic and macroscopic) structural changes and the re-
search and development studies on useful potential treatments
may be easily followed and examined.

In this work, SAXS and WAXS analysis were first case car-
ried out to directly detect nanoscopic structural contents the
focused biological samples in their natural form without any
purification and external effects.

Materials and methods
ROS Isolation and Sample Preparation

Fresh bovine eyes were obtained from Sincan Slaughter
House, Ankara. SAXS and WAXS experiments on intact retina
were performed immediately after the isolation of retina from
dissected eyeballs. ROS preparation was conducted according
to [27] with the following modifications. The retina segments
obtained from bovine eyeballs were surgically prepared. The
samples were divided into two groups. In the first day of the
preparation, the first group of eye samples were dissected to
isolate the retina by a pair of flat forceps. The isolated retinas
were supplemented with 0.5 ml of an isotonic buffer (IB) con-
taining 10 mM HEPES (pH adjusted to 7.4 with KOH), 115 mM
NaCl, 2,5 mM KCI, 1 mM MgCl,and 1 mM DTT (added fresh) per
retina. Then, the retina sample was vigorously shaken for 90 sec
and centrifuged at 3,000 rpm for 10 min. The supernatant was
filtered through a cheese cloth with 100 micron pore size and
fixed in 4% formaldehyde (from a stock of 16% formaldehyde in
IB) overnight at 42C. The buffer content of the sample was ad-
justed to 0.75M sucrose using a 2x stock in IB immediately prior
to sucrose density centrifugation. The sample was centrifuged
at 10,000 g for 10 min; the pellet is reserved and the super-
natant was span again. The pellets from first and the second
centrifugation step were combined and resuspended in 120 pL
IB with 0.75M sucrose per retina.

In the second day of the preparation, the retinas was ob-
tained the second group of fresh eye samples and supplement-
ed with IB containing 1.5 M sucrose (0.5 ml/retina) to isolate
ROS by vigorous shaking for 90 sec. Sucrose was added to IB so
as to increase the detached ROS amount. The sample was cen-
trifuged at 3,000 g for 10 min and the supernatant was filtered
through a 100 micron pore-sized cheese cloth. The permeate
was diluted 1:1 with IB to set the final sucrose concentration to
0,75 M. The rest of the sample preparation procedure was the
same as the first group of samples.

The step gradient was prepared by carefully overlaying 3 ml
of 40% sucrose in IB, 4 mL of 35% sucrose in IB, 4 mL of 30%
sucrose in IB and 4 mL of 25% sucrose in IB in a 15,6 mL ultra-
centrifuge tube, respectively. 0.5 ml from fixed or fresh samples
was added on top of the step gradient and the centrifugation
was carried out for 90 min at 105000 x g using a swing bucket
rotor in BECKMAN XL-90 Ultracentrifuge. ROS band was care-
fully collected between 30% and 35% sucrose layers and diluted

1:1 with IB. ROS sample was centrifuged at 10,000 g for 10 min
and the supernatant was discarded. The pellet was resuspended
in 10 mM HEPES (pH=7.4), 1 mM DTT (added fresh) and 0.1 mM
PMSF (added fresh). TEM and SAXS/WAXS experiments were
conducted immediately after the ROS preparation to minimize
the deterioration of the samples.

TEM

Transmission electron microscopy measurements of the iso-
lated ROS samples were conducted via FEI Technai G2 transmis-
sion electron microscope. 3.5 plL of isolated ROS sample was
pipetted to form a sessile drop on carbon coated copper grid
and incubated for 30 seconds. The extra sample was blotted on
Whatman filter paper. The sample side of the copper grid was
contacted with the top of a 50 pL of IB droplet which was spot-
ted on a parafilm sheet and the extra buffer was blotted on filter
paper. The process was quickly repeated for 4 times. Two drops
of 8 pL uranyl acetate solution (2%) were spotted on a para-
film. The sample side of the copper grid was contacted in the
first uranyl acetate droplet and blotted instantly. The grid was
contacted with the second uranyl acetate spot and incubated
sample side down for 20 seconds and blotted. The grids were
air dried briefly prior to TEM measurements.

X-Ray scattering

SAXS-WAXS experiments of the samples were performed by
a HECUS X-ray Systems (Graz, Austria). Different sample holders
were used to measure the samples. Quartz capillary tubes with
a diameter of 1.5 mm were used for solutions and a stainless
steel thin polymeric sheet window was used for retina. X-ray
exposure time was 100 seconds for each sample to avoid ra-
diation damage effect of X-rays (CuK_ wave length of 1.542 A).
The experiment was performed at 21°C with an X-ray generator
operating at 50kV and 40mA (2kW). Two 1D—position sensitive
detectors each containing 1024 channels with width of 54.0
pm was used for detection of scattered X-rays in the small- and
wide-angle regions. The covered momentum transfer range (g-
range) was 0.004 < q < 0.5 A%, where q=4msin(8)/A. The forward
scattering 1(0) and the radius of gyration (Rg) were calculated
using the Guinier approximation, which assumes that at the
limited small angles (q <1.3/Rg), the intensity is approximated
asl(q) =1(0) exp [—(ng)2/3]. GNOM and Igore Pro programs [28],
[29] were used to calculate the pair-distance distribution func-
tion P(r), from which the maximum particle dimension (D__)
and R, were determined.

SAXS data based modeling

The best fitted model for the macromolecular complexes
was triaxial ellipsoid. Two numerical integrations have to be
performed in order to get the orientational average in the nano-
scale modeling of the tri-axial ellipsoids [29,30].

The form factor for the triaxial ellipsoid with the semi axes of
a,b,c can be generalized as follows.

11
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Where the function of ¢(x), the volume of ellipsoid V, and
radius of gyration R, are defined as respectively.
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Employing dummy residues and constraints were provided
within the SAXS profiles to obtain ab initio structure restoration
including shape and domain structure related to macromolecu-
lar complexes. So, the 3D shapes of rhodopsin dimers were re-
stored using the DAMMIN program using rigid body refinement
[31].

Results & discussion
ROS isolation and sample preparation

As detailed in materials and methods section, samples that
were used in TEM and SAXS/WAXS experiments were prepared
from fresh eyeballs. Only one set of samples were fixated in 4%
formaldehyde overnight after ROS detachment was achieved
Figure 1. shows the ROS preparation steps: dissection of the
eyeball to obtain the retina), detachment of the ROS from other
retina components, sucrose gradient centrifugation of photore-
ceptor components and the isolated ROS

2 Fresh Sample Fixed Sample

g Sucrose Gradient

A e

o

9 <--> Satellite Band

o ROS

= P B R S I R >

2

s ... Satellite Band

(@]

Figure 1: Separated bands of the treated fresh and fixed ret-
ina samples (up) after centrifugation. (A) Dissected eyeballs, (B)
ROS detached from other layers of retina, (C) ROS separated by
sucrose density centrifugation, (D) Isolated ROS. Fresh samples
maintained red color of 11-cis retinal, while fixation seemed to
promote the all-trans form even though the overnight incubation
was carried out in dark at 49C.

Considering that osmotic pressure exerted on ROS by high
sucrose concentration in centrifugation buffer might distort the
3D structure of the ROS and rhodopsin; one set of ROS samples
was fixated using 4% formaldehyde prior to sucrose density cen-
trifugation to diminish the structural deformations. ROS band
from fresh samples had intact red color of 11-cis retinal imply-
ing that the majority of the rhodopsin molecules did not inter-
acted with light. However, ROS band from fixated samples had
the characteristic yellow color of all-trans retinal hinting that
rhodopsin interacted, with light during the sample preparation
step, although the samples were kept in dark at 4 2C during the
fixation process. Comparing the satellite band and ROS band in-
tensities of fresh and fixed samples, we note that the level of
ROS detachment from inner segment of rods and other retina
layers was significantly higher in fresh samples, which can be
attributed to the high shear on rod cilium due to the increased
osmotic pressure in IB supplemented with 1,5M sucrose com-
pared to IB without sucrose for fixated samples.

TEM

Quality and integrity of ROS preparations were evaluated by
negative staining TEM. Figure 2 shows that high sucrose concen-

trations in centrifugation buffer distorted the original shape of
the ROS due to osmotic pressure difference across the plasma
membrane. Membrane disks separated from a ruptured ROS,
possibly due to osmotic stress, are seen in the TEM image in
Figure 2B. Although this sample is not suitable for evaluation of
the geometrical factors of ROS and the intracytoplasmic disks
within, it is still useful to study the native states of rhodopsin.
The light trigged (11 cis- and all trans-) isomerization of retinal
and 3D morphological changes in the structure of rhodopsins
may be easily detected by SAXS analyses. The isomerization of
retinal between 11-cis retinal (red) to all-trans retinal (yellow) is
accompanied with a change in the absorption spectrum.

R I o
o

Figure 2: TEM images of ROS isolated from fresh bovine eyes
(scales bars represent 100 nm).

Figure. 3 shows TEM images of ROS samples fixed by 4%
formaldehyde prior to sucrose density centrifugation. Fixation
seemed to reinforced the structural integrity of the ROS. TEM
image is informative in terms of measurement and determina-
tion of the dimensions and geometry of the ROS. The connect-
ing cilium and transition zone [32] between outer and inner
segments is also seen in Figure 3.

| 200 nm &

Figure 3: TEM views of fixed ROS with scales of 200 nm

According to microscopic evaluations, the determined struc-
tural parameters were given in Table 1. We measured smaller
values respect to the previously reported parameters [33], [34].
Especially for the length of ROS from fresh sample were smaller
than that of the fixed sample. The reason for this observation
may be the distortions caused by centrifugal compaction and
osmotic pressure.

Table 1: The measured geometrical parameters of the ROS

Di ¢ Diameter Diameter
iameter
Length of of cilium/ of the disk
Samples of the ROS .

the ROS (nm) transition membrane

(nm)
zone (nm) (nm)

Fresh 739+ 7 nm 289+ 7 nm 56+ 7 nm 199+ 7 nm
Fixed 1913+ 13 nm | 278+ 13 nm 77+ 13 nm -

Journal of Nanomedicine
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SAXS-WAXS

The obtained SAXS (Figure 4A, 4B and 4C) and WAXS (Figure
4D) profiles were given in Figure 4. According to the qualitative
comparison of the illustrated data, it can be said that nanostruc-
tured content have more scattered and distinguishable contri-
butions to the data in the profiles of fresh origin compared to
that of fixed one. The more recordable and clear humps in Fig-
ure 4 is the evidence of these nanoscopic structural contents
because of the expected scattered data. The SAXS profiles re-
lated to Band 2 were also illustrated together in the same figure
(Figure 4) which has hints of the possible crystalline arrange-
ments for fresh samples.

< @ Band 1, Fixed ROS ® Band 1, Fresh ROS
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Figure 4: 1D-SAXS profiles of Band 1. and Band 2 isolated af-
ter sucrose density centrifugation. Band 1 includes ROS and while
Band 2 contains inner segments attached to ROS’s (4A, 4B and 4C)
and WAXS data of Band 1 from both samples (4D)

In this part of the study, nanoscale 3D folding of rhodopsin
in bovine retina and their native states were quantitatively in-
vestigated by using small and wide angle X-ray scattering (SAXS/
WAXS) analyses. Three axial ellipsoid model (Figure 5) was used
in fitting process of the data to describe rhodopsin macromol-
ecules and rhodopsin nanodomains. The WAXS data did not in-
clude significant peaks for Band 2 while Band 1 has two humps
possibly related to molecular scope-crystalline like ordering.

w Side chaiﬁ/

Trans
membrane
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]
¥ @
Ilnt
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4
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disk rim

=3 =z
ld Three axial

e ellipsoid
model for

rhodopsin
ROS

Figure 5: The nanoscale structural content of a ROS, crys-
talline arrays of rhodopsins (GPCRs), the 3-axial ellipsoid
model of rhodopsin and the view of a transmembrane helix.

According to the fitting process, all structural parameters
mentioned in Section 2.3 were refined to reach at the accept-
able x? values. As seen in Table 2, SAXS is a very sensitive and
effective method to focus on rhodopsin domains and the ROS

structures are very stable together with rhodopsin content.

Table 2: The measured geometrical parameters of the ROS

Refined Parameters Retina ROS (Normal) ROS (Fixed)
Scale 0.9 1.7 0.9
Small axis, a(A) 18.0 18.2 18.8
Middle axis, b(A) 24.9 24.6 25.6
Long axis, c(A) 39.7 39.5 39.6
SLD, Ellipsoid (A?) 8.2x10° 8.3x10° 8.0x10°
SLD, Solvent (A?) 9.9x10° 9.8x10° 9.7x10°
Bkg (cm?) 60.1 51.1 54.5

SLD: Scattering Length Density; Scale: Multiplayer Related with the
Nanodomain Number Per Scattered Volume; BKD: background scatter-
ing

In the other phase of the SAXS analyses, the scattering curves
were used to construct low-resolution 3D SAXS models (Figure
5) using DAMMIN program. The volume distributions were also
obtained with the same data and by using the other software.

The compact domains adopt different 3D conformations in
the sub-ensemble. The one selected sub-ensemble (from fresh
samples) corresponds to two (dimer) conformers which have
similar shape and close distribution because of more paracrys-
talline arrayed rhodopsin content in fresh ROS. A compact con-
former with interdomain interactions was obtained for fixed
sample and the extended structural content is also including
smaller nanodomains as evidenced by volume distribution for
fixed samples.

At the end of the present work, the detailed 3D nanoscale
structure and heterogeneous nanodomains including dimeric
rhodopsin macromolecules were obtained as seen in Figure.
6-7. It was determined that the obtained ab-initio model also
supported paracrystalline arrays in the structural content of the
native retina. The possible unit cell of the paracrystalline array
was also obtained in DAMMIN view for fresh sample (Figure 7).
The previously decelerated model also supports that the newly
obtained model in the present work by using SAXS data and
paracrystalline array.

The PDDs (Pair Distance Distributions) of the nanoglobules in
the structural contents of fresh retina, fresh ROS and fixed ROS
samples were determined by Moore’s Indirect Fourier analyses
[29] as seenin Figure 8. These distributions are also the evidence
of the disk membrane and rhodopsin nanodomains with several
observed humps. The presence of the other macromolecules
in the structural content of retina can cause X-ray scattering,
as well. The big and wide hump is including these structures.
But crystalline and paracrystalline ordered layers related with
ROS structure are causing dominant and distinguishable scat-
tering effects in the data. Small and lamellar humps are related
with rhodopsin dimers. These humps are more distinguishable
in the PDDs of the ROS as expected because of the separated
disk contents.

The PDDs (Pair Distance Distributions) of the nanoglobules in
the structural contents of fresh retina, fresh ROS and fixed ROS
samples were determined by Moore’s Indirect Fourier analyses
[29] as seenin Figure 8. These distributions are also the evidence
of the disk membrane and rhodopsin nanodomains with several
observed humps. The presence of the other macromolecules

Journal of Nanomedicine
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in the structural content of retina can cause X-ray scattering,
as well. The big and wide hump is including these structures.
But crystalline and paracrystalline ordered layers related with
ROS structure are causing dominant and distinguishable scat-
tering effects in the data. Small and lamellar humps are related
with rhodopsin dimers. These humps are more distinguishable
in the PDDs of the ROS as expected because of the separated
disk contents.

Particle Vol. Distributions f(D)
Particle Vol. Distributions f(D)

H

100

Particle Diameter (A) Particle Diameter (A)

Figure 6: SAXS shape reconstitution and scattering enve-
lopes computed by using DAMMIN (6A and 6B). Ab initio SAXS
model (Scattering envelope) for rhodopsin nanograins were gen-
erated by fitting of single-conformation to experimental scat-
tering data. The obtained average SAXS models were shown by
pink residue balls (6B). The volume distributions related with
fresh and fixed samples were also given in the figure 6C and 6D.
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paracrystalline

arrays of native
rhodopsin dimers
inaROS disk

The obtained  ab-initio
model of dimeric rhodopsin
nanodomains (pink balls)
and possible unit cell of the
paracrystalline array

Figure 7: Correlation between the expected and densely
packed paracrytalline lattice [35] and the obtained 3D model of
dimeric rhodopsin formations.
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Figure 8: Correlation between the expected and densely
packed paracrytalline lattice [35] and the obtained 3D model of
dimeric rhodopsin formations.

The quantitative detection of different shaped and sized
nano aggregations by using the illustrated PDDs (Figure 8) are
very informative for nanostructural contents including mem-
branous discs and rhodopsin globules.

Two humps were obtained which were possibly related with
the rim regions of ROS disk membranes including lamellar bilay-
ers in the PDD of native retina.

The significant correlation between PDDs evaluations and
structural model of ROS can be explained by Figure 8 All struc-
tural parameters defined by disc diameter, the mean distance
between discs, intra-disc space, thickness of membrane bilayer
and rhodopsin size can be measured by PDDs analyses as seen
in Figure 8.

When the X-ray beam scattered from retina samples (in
transmission mode), strong well-oriented histogram peaks were
observed in PDDs as an evidence of lamellar aggregations relat-
ed with the neighboring disk membranes in ROS. This lamellar
stacking, with a periodicity of 30.0 nm (300 A), originates in a
linear arrangement of disk membranes in the outer segment of
retinal rod. The similar observations have been also recorded
in the previous published studies for isolated mouse eyeballs
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(30.4 nm) and the frog eye retinal rod (29.3 nm) [36].

As it is seen in WAXS profile (in Figure .4(D)), two crystalline
peaks were obtained. The first peak was appeared at q=11.50
nm? (d=2m/q=5.40 A) and the second peak at q=18.48 nm™
(d=3.3A) most likely demonstrates the pitch value of the heli-
cal structure and the spacing between side chains inside the
alpha-helices, respectively. These results should be confirmed
by WAXS analyses on the isolated rhodopsin macromolecules
which is a part of our next planned research program. Because
macromolecular content of the focused biological samples are
very rich and small molecular contributions to the scattering
data actually more recordable with more intense peaks which
are appeared in WAXS range [37].

Conclusion

At the end of the study we may summarize the obtained re-
sults as follows,

It is wanted that biological sample preparation procedures
should not change the native content of the samples to
investigate the macromolecular, nano and microscale
structures. With this work, it was shown that rhodopsin
structures may be investigated by using native fresh retina
samples and SAXS-WAXS methods without any chemical ef-
fect.

The nanoscopic views for the more realistic structures re-
lated with photoreceptor cells are giving very important
structural information about

i- 3D geometrical parameters of the folded rhodopsin inside
of the ROS membrane disks.

ii- The most possible 3D dimer formation of the rhodopsin
nano domains and their paracrystalline arrays

iii- The thickness of a disk rim
iv- The interplanar disk space of the membrane disks, etc.

Beside of fundamental and conventional scattering data
evaluation [38], indirect Fourier Analyses [28], [31] and the
determined PDDs were also helpful to obtain real space nano-
structure of the studied biological samples. The obtained pa-
rameters related with ROS of bovine retina can be summarized
as follows,

-The distance of inter membranes is 83.3 A,
-The thickness of membrane bilayers is 68.4 A,

-The distance of the alpha-helices transmembranes side
chainsis 3.3 A

Separation of the ROS and purification of rhodopsins from
the disk membranes are not necessary to investigate light
effects, therapy process and external bio-chemical and
physical effects on photoreceptor cells. So, the study on the
function of the rhodopsin and associated retinal diseases
may be easier by SAXS and WAXS analyses.

SAXS evaluations suggest that the obtained structural pa-
rameters are directly related with the native organization of
rhodopsins. The implications of the similar type of organization
have begun to be considered computationally and experimen-
tally [17], [18]. The obtained structural framework should be
incorporated into the current view of phototransduction in pho-
toreceptor cells and the determinants and role for this type of

organization should be examined in more detail by using all of
the complementary methods.

On the other hand, the light effect on rhodopsin structure
will be also investigated and light illumination induced struc-
tural changes on retina will be also examined with SAXS in the
future work. When the eyes were illuminated with intense light
through cornea, the size (especially, a and b parameters of the
ellipsoidal model) of rhodopsin will be increased because of
all-trans retinal form. Beside of the size of the rhodopsin, the
other structural parameters will be also big probably affected
because of transformation from cis-retinal to trans-retinal form.
Briefly, it may be said that as general conclusion, this work pro-
vides an attractive strategy for the nanoscopic detection of ROS
and rhodopsin macromolecules. The different iliness-treatment
and physical- chemical effects on the retina may be followed in
nanometric scale by using X-Ray scattering methods.

As mentioned in the introduction, the scientific vision of the
present study will include and be related to complementary
methods in our next level works. Experimental applications of
these methods especially will initially be planned on low/high
air pressure response kinetic measurements. So the results
of these planned studies will be potentially useful for the eye
vision problems of astronauts, sailors, researchers working in
space or under the sea.
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