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Abstract

Our previous proteomic and biochemical studies suggest
that the respiratory chain complexes | to V are expressed in
the rod Outer Segment (OS), an organelle devoid of mito-
chondria, specialized for visual transduction. The expression
of the cited proteins was demonstrated with several imag-
ing techniques, even though co-localization only proved sig-
nificant on retinal sections.

Here we performed Immunofluorescent Confocal (CLSM)
analysis on purified disks and, Transmission Electron Mi-
croscopy (TEM) immunogold analyses on bovine retinal
sections. Data on co-localization of Rhodopsin and F F -ATP
synthase was not significant on the isolated disks even in
the presence of good labelling of the single proteins but
was significant on bovine retinal sections. Indeed, the gold
spheres never laid on the same discrete sites of the disk,
and labelling displayed low efficiency, likely due to the hy-
drophobicity of the densely stacked disks, as compared to
the hydrophilic antibody milieu.

Data are consistent with the notion that tagging proteins
with distinct fluorophores by direct labeling for co-localiza-
tion is not completely unambiguous, especially when the
stoichiometry of the two proteins is greatly different. This
is the case for the disk, where Rhodopsin, utilized as a refer-
ence, represents more than 80% of its protein complement.
The limitations of co-localization analysis have been largely
investigated, and the present data confirm that co-localiza-
tion on the disks surface is poor, especially on isolated disks,
likely due to an exclusion process on small vesicles.
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Introduction

The photoreceptors of the vertebrate retina are specialized
neurons carrying out the first step of phototransduction [1]. The
rod is characterized by two different cell compartments: The In-
ner Limb (inner segment, IS) comprising the ellipsoid with mi-
tochondria, perikaryon and the synaptic contact, and the Outer
Limb (outer segment, OS), where a stack of about 2,000 disks,
continuously renewed [2], harbor the visual pigment, Rhodop-
sin (Rh). The OS is embedded in the interphotoreceptor matrix
[3] receiving 02 from the choroidal vessels [4].

Microscopy techniques have been used to analyse the mor-
phological organization of rods and to identify the membrane
proteins in the OS. In the past, studies with EM and Nomads
Differential Interference Contrast (NDIC) were conducted on
the OS [5]. Topography of the disk membranes was also imaged
by AFM [6]. We have utilized TEM and Confocal Laser Scanning
Microscopy (CLSM) to image isolated disks, isolated OS, and
retinal sections [7,10]. We have also stained whole retinas with
mitochondrial dyes (MitoTracker (MT), Rhodamine 123, and JC-
1), ex-vivo showing by CLSM that labelling only involves mito-
chondria and OS [11,13]. In fact mitochondrial dyes specifically
label actively respiring [14,15]. Overall imaging data are con-
sistent with the biochemical data showing the operation of the
whole Electron Transfer Chain (ETC) and of Tricarboxylic Acid
cycle (TCA) enzymes in the OS disks [16,17]. Disks label with a
number of Antibodies (Ab) against ETC complexes and F1Fo-ATP
synthase, with good cross-reactivity. Data from imaging experi-
ments on both bovine and mouse retinal sections showed the
co-localization of ETC complexes and F1Fo-ATP synthase with
Rh [18]. Also, MT fluorescence co-localized with Rh autofluo-
rescence in whole retinas [19]. The present study aimed at in-
vestigating the liability of a method often utilized to assess the
simultaneous presence of two transmembrane proteins, i.e.
co-localization analysis by fluorescence or immunogold micro-
scopy. This was studied on bovine isolated OS disks or retinal
sections.

Materials and methods
Materials

Ficoll, protease inhibitor cocktail, salts, leupeptin, ampicil-
lin, and other chemicals (of analytical grade) were from Sigma—
Aldrich (St. Louis, MO, USA). Ultrapure water (Milli-Q; Millipore,
Billerica, MA, USA) was used. Safety precautions were taken for
chemical hazards in carrying out the experiments.

Osmotically intact disk preparations

Disks were prepared by Ficoll flotation [20] from OS isolated
with step sucrose gradient. OS were burst for 3 h in 5% Ficoll
(Sigma-Aldrich, S. Louis, MO, USA) in distilled water, with fre-
quent agitation. Then 2 ml distilled water were layered over
the suspension which was centrifuged for 2 h at 25,000 rpm in
a Beckman FW-27 rotor (100,000 x g). Osmotically intact disks
(1.2 mg/ml) were collected at the interface between water and
Ficoll under sterile conditions. Am/A500 ratio of samples was 1.8
+ 0.2 (average + SD) and rhodopsin concentration, spectropho-
tometrically determined, 0.8 mM. Mitochondrial contamination
of the purified disk fractions was negligible. Freshly prepared
disks are aggregated, as we have previously shown [13]. In or-
der to eliminate the larger aggregates, negative charges were
added to the disks by passages through a needle (25 gauge) of
the purified disks prior to use, after lowering the sample protein
concentration to 0.5 mg/ml. Ampicillin (100 pg/ml) and 70 pg/

ml leupeptin were added to distilled water and to all solutions.
Contamination of isolated intact OS by IS was minimal, as evalu-
ated by Transmission Electron Microscopy (TEM) imaging (data
not shown).

Confocal laser scanning microscopy (CLSM) imaging of disks

Immunolabeling of purified disks were conducted in solution
in Eppendorf vials, at room temperature by a technique that
we have previously developed [13]. Briefly, disks (60 pg pro-
tein in 50 pl) suspended in 10 mM Phosphate-Buffered Saline
(PBS), pH 7.3 with 150 mM NaCl (Suspension Buffer, SB) were
fixed in 3% Paraformaldehyde (20 min), resuspended and incu-
bated with 30 mM NH,Cl (10 min). Then disks were incubated
(20 min) with the two primary Antibodies (Ab): Mouse mono-
clonal anti-bovine Rh (Sigma Aldrich, St.Louis, MO, USA) diluted
1:500 in PBS and rabbit polyclonal Anti- FoF, ATP synthase B
subunit, diluted 1:400. After treatment disks were resuspended
in SB, and collected by centrifugation at 6,000 rpm for 2 min
in Eppendorf Centrifuge (Eppendorf, Fremont, CA); The opera-
tion was conducted twice. Then disks were incubated (20 min)
with the two secondary Abs (goat anti-mouse and anti-rabbit
IgG Ab conjugated with Cy3 and Cy5 fluorochrome, respectively
Molecular Probes), diluted 1:800 each in PBS. After washing,
the final pellet was resuspended in 10 pl of Milli-Q water and
put onto glass slides, covered and sealed with MOVIOL resin,
at 30°C in a dry place. In controls, disks were treated with the
secondary Ab only. CLSM measurements were performed at
23°C on a Leica TCS SP5-A0BS (Leica Microsystems, Mannheim,
Germany) inverted confocal laser scanning microscope. Images
were acquired with Leica Confocal Software using a Leica 63X
PL APO N.A. 1.40 Oil Immersion objective (Leica Microsystems
CMS, Mannheim, Germany). To detect the red dye (Cy3) images
were collected in the spectral region 550-650 nm accordingly
to reported emission spectra. To verify the signal acquired is re-
ally due to Cy3 we performed spectral analysis exciting the red
dye at 543 nm and acquiring the fluorescence spectrum from
550 to 650 nm with a band width of 5 nm. To verify the signal
acquired is really due to Cy5 we performed spectral analysis ex-
citing the green dye at 650 nm and acquiring the fluorescence
spectrum from 700 to 800 nm with a band width of 5 nm. Image
elaboration and analysis were realized by Image J software (U.
S. National Institutes of Health, Bethesda, Maryland). Incuba-
tion of disks with the secondary Ab mixture yielded negligible
immunoreactivity (data not shown).

TEM microscopy and immunogold labeling on bovine retina

Bovine eyes were obtained from a local slaughterhouse. The
front half of a bovine eye was excised and the vitreous humor
and lens removed. The eye cup was then filled with fixative con-
sisting of 4% paraformaldehyde and 0.1% glutaraldehyde in PBS
buffer solution. After fixation (1.5 h), the retina was removed
from the eye capsule, cut into small pieces, washed overnight
with 50 mM NH,Cl, dehydrated and embedded in LR White
Resin and polymerized at 58°C. Ultrathin sections were placed
on Formvar-coated nickel grids and used the next day for im-
munogold labeling. For electron microscope immunostaining
of sections, the postembedding immunogold method was ap-
plied. Ultrathin sections were first treated with block solution
(10% goat serum, 0.1% Tween 20, PBS 1X). Incubation with the
antiserum mix composed by Anti-Rhodopsin (Sigma Aldrich, St.
Louis, MO, USA) diluted 1:200 and anti ATP-synthase- 3 subunit
(Sigma Aldrich, St. Louis, MO, USA) diluted 1:50, was performed
overnight at 4°C. Antibody binding was detected using a sec-
ond antibody mixture composed by: goat anti-rabbit IgG (Sigma
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Aldrich, St. Louis, MO, USA) (diluted 1:100) and goat anti-mouse
IgG (British BioCell International) (diluted 1:100) coupled to
gold particles (10 nm diameter for anti-rabbit, and 40nm diam-
eter for anti-mouse). Ultrathin sections were analyzed at a FEl
Tecnai G? transmission electron microscope operating at 100KV.
The images were acquired with TIA Fei software Cam, collected
and typeset in Corel Draw X3.

Results

Disks were imaged by CLSM after immunohystochemical la-
belling by a procedure that we had developed previously, al-
lowing to observe purified osmotically intact disks without prior
embedding of the sample. Figure 1 is a CLSM image of fluores-
cence of Rhodopsin (Rh, red) and F F -ATP synthase (ATP syn-
thase, green), presented with the proteins stained by indirect
immunocytochemistry.

Figure 1: Co-localization of Rh and ATP synthase on purified
intact disks by CLSM imaging.

Panel A. Overview of the OS disks stained with primary Ab against
rhodopsin (red) and ATP synthase B subunit (green) labelled with
Cy3 and Cy5- conjugated secondary antibody, respectively. Panel B.
A maghnification of Panel A showing that co-localization (yellow) of
Rh and ATP synthase on disks ranged around 50%. The disk dimen-
sion was estimated to be about 1 um. The images were acquired
with the Leica confocal software.

Figure 2: Transmission Electron Microscopy (TEM) on bovine
retina.

A. Bovine retina double-labelled with Ab anti-Rh (large, 40 nm
width gold particles) (black arrow) and anti-beta subunit of ATP
synthase (small, 10 nm width gold particles). Black squared area
in A is enlarged in B to show a detail of the OS, where Rh signal
(black arrow) and ATP synthase signal (white arrow) co-localize.
Grey squared area in A is enlarged in C, showing a magnification of
an IS mitochondrion expressing ATP synthase (white arrow).

Disks appear as small aggregates of about 2-3 disks, as judged
by their diameter (around 1 um) [21]. Rh and ATP synthase are
uniformly distributed on the surface of disks, similarly to what
we have reported [13]. ATP synthase is a low-abundance pro-
tein, with respect to Rh, accounting for more than 80% of the
disk protein complement. Panel B is a magnification of a view
of Panel A, showing that co-localization analysis was not signifi-
cant.

By contrast, TEM analysis of bovine eye sections shows a sig-
nificant co-localization of Rh and ATP synthase on the OS. Figure
2, is a representative immunogold TEM image of a retinal sec-
tion labeled with a primary Ab against the beta subunit of ATP
synthase (Panel A) or Rh (panel B). Immunoreactivity is distrib-
uted on disks, not clustered in discrete locations. However, the
absolute number of the gold spheres was not high as it could be
expected considering the high prevalence of Rh.

Discussion

Fluorescence microscopy is routinely utilized to quantita-
tively assess the interaction or the co-expression of two mac-
romolecules, by co-localization analysis [22]. This involves la-
beling potential interacting proteins with distinct fluorophores
(for example green and red, respectively), image the tissue or
organelle by direct immunofluorescence and compare the fluo-
rescence intensity of the two fluorophores at each pixel in a two
channel digital image of the sample, to reveal pixels where the
two color channels overlap (yellow signal). This was done here,
to image on the OS disks two proteins, i.e. Rh, a well-known
maker of the the rod OS, and ATP synthase, a mitochondrial
protein only recently found to be present in the disks [16,17],
likely with far lower abundance. Results from CLSM experi-
ments do not support a co-localization of Rh and ATP synthase
on the isolated swollen disk vesicles, also due to the resolution
of the light microscope, very close to its limit, as disk diameter
ranges around 1 micrometer [23]. TEM imaging, by contrast
suggests that Rh and ATP synthase proteins are both expressed
in the OS. The apparent discrepancy is the result of the state of
the disk sample, that was assayed in two very different condi-
tions: in the retinal sections, where disks are native flat sacs
stacked inside the OS, and in osmotically intact disks purified by
a method that yields swollen disk suspensions [24]. Nonethe-
less, ATP synthase would be arranged inside the disk in such
a functional way to be able to perform oxidative phosphory-
lation, together with the electron transport chain proteins to
supply ATP and GTP for phototransduction [19]. Notably, ab-
solute labelling efficiency of disk proteins is quite low due to
the hydrophobic nature of the OS, filled with a stack of densely
packed membranes, conceivably excluding the hydrophilic solu-
tions in which Ab are dissolved.

Fluorescence microscopy is largely employed to determine
colocalization, typically as a simple overlay of two pseudo-col-
ored channels. For example, green and red will give rise to yel-
low or white spots where the two fluorophores occur in the
same pixels. The overall degree of colocalization depends on
labeling conditions, and on the relative proportion of the two
probes that needs ideally to be nearly equal [25]. The term co-
localization may mean that two fluorophores are detected in
the same individual pixels due to a mere co-occurrence or due
to a correlation among their relative intensities. In this respect,
co-localization experiments should more appropriately be used
to demonstrate an actual interaction between two molecules,
rather than mere co-expression on the same subcellular site.
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Conclusion

Although previous studies suggest that the OS possesses
the protein complement to conduct oxidative phosphorylation
[16,17], immunofluorescence CLSM analyses of isolated disks
yields a good labeling with the single antibodies, where co-lo-
calization was not significant.

By contrast, TEM immunogold analyses of bovine retinal sec-
tions (Figure 2) shows that ATP synthase and Rh immunoreac-
tivity co-localize on OS disks, even though the gold spheres are
not on the same discrete sites. We have previously reported
similar TEM imaging of co-localization of ETC or ATP synthase
proteins with Rh in the OS [16,18]. This happens typically when
automatic colocalization is done with two labeled proteins dif-
fering in total number [22], as is the case among Rh and ATP
synthase. The present data demonstrate that co-localization
of low abundance proteins, like those of the respiratory com-
plexes, with high abundance ones, like Rh (accounting for 80%
of the rod protein complement), can have its pitfalls (see the
relative abundance of both green-and red-stained disks in Fig-
ure 1). This would also explain the fact that the presence of
the proteins involved in the oxidative phosphorylation was not
detected before in the many imaging studies conducted on OS
and retinas: such knowledge did need a set of proteomic and
biochemical data to be assessed.
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