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Abstract: Rhodopsin is a G protein-coupled receptor (GPCR) present in the rod outer segment
(ROS) of photoreceptor cells that initiates the phototransduction cascade required for scotopic
vision. Due to the remarkable advancements in technological tools, the chemistry of rhodopsin
has begun to unravel especially over the past few decades, but mostly at the ensemble scale.
Atomic force microscopy (AFM) is a tool capable of providing critical information from a single-
molecule point of view. In this regard, to bolster our understanding of rhodopsin at the
nanoscale level, AFM-based imaging, force spectroscopy, and nano-indentation techniques were
employed on ROS disc membranes containing rhodopsin, isolated from vertebrate species both
in normal and diseased states. These AFM studies on samples from native retinal tissue have
provided fundamental insights into the structure and function of rhodopsin under normal and
dysfunctional states. We review here the findings from these AFM studies that provide important
insights on the supramolecular organization of rhodopsin within the membrane and factors that
contribute to this organization, the molecular interactions stabilizing the structure of the receptor
and factors that can modify those interactions, and the mechanism underlying constitutive
activity in the receptor that can cause disease.

Keywords: Rhodopsin, G protein-coupled receptor (GPCR), Atomic force microscopy (AFM),

Constitutive activity, Phototransduction

1. Introduction

G proteins are heterotrimeric guanine nucleotide-binding
regulatory proteins that function as molecular switches and
transmit signals within cells."” G protein-coupled receptors
(GPCR), also termed seven-transmembrane domain receptors
or 7TM receptors, are the largest group of membrane receptor
proteins and are responsible for a wide range of physiological
processes through specific signaling pathways.”* The overall
structures of the membrane-spanning portions of GPCRs are
similar and consist of 7-transmembrane a-helical segments.
Usually, a ligand molecule upon binding or a photon absorbed
by the receptor causes conformational changes in the GPCR
structure, which results in the binding and activation of the G-
protein.”) Due to their abundance, accessibility, expression,
and interactions leading to several pathways, GPCRs have

8-10
! However,

emerged as attractive options for drug targets.[
even today updates are required on our understanding of the
structure, binding and signaling mechanism, physiological

roles, and pharmacological properties of GPCRs to better
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© 2023 The Authors. The Chemical Record published by The
Chemical Society of Japan and Wiley-VCH GmbH. This is an open
access article under the terms of the Creative Commons Attribution
Non-Commercial NoDerivs License, which permits use and dis-
tribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are
made.

target this family of proteins for therapeutic drugs."""” The
GPCR family can be divided into six classes (A to F), out of
which only four classes are found in humans, accounting for
~800 GPCRs represented in the human genome.®'” The
most abundant of these are Class A GPCRs (719 members,
representing almost 90% of all GPCRs), also known as
‘thodopsin-like’ GPCRs."*'*'¥

Under dark or low-light conditions, the eye uses rod cells
and perceives objects as black and white or grey, known as
scotopic vision."”’ Rhodopsin is the rod photoreceptor cell
protein present in the rod outer segment (ROS) that initiates
scotopic vision."” Historically, rhodopsin has been one of the
most studied GPCRs and a great amount of knowledge has
been acquired about GPCRs just by studying rhodopsin
alone.'”2% Each ROS consists of about 1,000 to 2,000 bi-
layered membranous disc-like structures that are stacked
together and encased by a plasma membrane.!"” Rhodopsin,
synthesized in the endoplasmic reticulum in the rod inner
segment (RIS), is transported to the ROS and gets incorpo-
rated into the disc membranes.””) Rhodopsin is the predom-
inant protein species present in the discs (relative abundance
>90 %) and occupies almost half the area of a disc membrane,
embedded in a sea of phospholipids and cholesterol. Activation
of rhodopsin by light triggers a series of biochemical events,
leading to the initiation of the phototransduction cascade.!”
The high concentration and abundance of rhodopsin in the
discs have enabled the structural, biophysical, biochemical, and
biomechanical characterization of the protein, making it the
most methodically probed GPCR in its native form.”” Almost
150 years since the discovery of rhodopsin, we now have a
much better understanding of its structure and functions, and
new advancements continue to be made. Significant progress
was made in the latter half of the twentieth century, but the
journey towards elucidating rhodopsin structure gathered a fast
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pace in the past two decades. The X-ray crystal structure of
rthodopsin was first reported in 2000 and for a long time, it
remained the only GPCR with a high-resolution crystal
structure.”” Hence, the structures and ligand interactions of
several other GPCRs were predicted using the homology

24200 The next landmark event was

model based on rhodopsin.!
the discovery of the oligomeric structural organization of
rthodopsin molecules in native disc membranes using atomic
force microscopy (AFM), which revealed paracrystalline arrays

27.28) This dimeric organization of

of rhodopsin dimers.
thodopsin refuted the longstanding notion of GPCRs func-
tioning as monomers and has been used as a working model
for other GPCRs as well.”!

AFM is a sophisticated instrument that offers a multitude
of applications such as imaging, folding-unfolding of proteins,
probing ligand-receptor interactions, recognition imaging,
stiffness measurements, monitoring adhesion and electrical
BO-31 AFM is particularly useful for
biological samples as the experiments can be performed in

properties, and more.

their native forms, in a relevant buffer or culture medium,
without any chemical modification or tagging.”” In light of
the significant breakthroughs discussed earlier, the stage was
set to explore the structural, mechanical, and functional aspects
of rhodopsin to a greater depth by AFM, facilitated by an
unparalleled range of applications. In this context, our lab has
conducted a series of studies for over a decade to understand
the chemistry of rhodopsin in greater details. The three main
applications of AFM used for our studies were imaging,”
) AFM imaging
has helped us to characterize the disc membranes, and quantify
the rhodopsin content/density, giving us further insights into
how rhodopsin achieves its supramolecular structure and
factors that can modulate this organization.®*'~*) We adopted

force spectroscopy,” and nano-indentation.

Subhadip Senapati received his doctoral
degree in 2015 from Arizona State Uni-
versity under the guidance of Prof. Stuart
Lindsay, studying the structures and func-
tions of a wide range of biological samples
using atomic force microscopy (AFM).
Upon completion of his PhD, he moved
to Case Western Reserve University to
pursue postdoctoral research in Dr.
Paul S.-H. Park group. Under Dr. Park’s
supervision, he investigated the structural,
functional, and mechanical features of the
G protein-coupled receptor protein rho-
dopsin, utilizing different AFM applica-
tions. At present, he is working as a Senior
Researcher at Prayoga Institute of Educa-
tion Research in Bengaluru (India).

single-molecule force spectroscopy (SMFS) and dynamic
SMES (DFS) techniques to quantify and localize molecular
interactions that stabilize the structure of rhodopsin and direct
its function as membrane proteins in normal (wild-type) and
diseased states (constitutive activity).””***! Finally, we utilized
the nanoindentation method to measure and map the changes
in rhodopsin stiffness for normal and diseased states, and
explored different models for constitutive activity based on the
stiffness data.'*"!

For all these studies, disc membranes were isolated from
different animal models before being subjected to AFM in the
dark to avoid photobleaching.” As mentioned before,
rhodopsin has long been used as a prototype for other GPCRs
and structural and functional information obtained from
rhodopsin has revealed a great deal about other GPCRs even
before the more recent advancements that have led to the
discovery of crystal structure for those GPCRs. Hence,
findings from our rhodopsin studies are beneficial not only to
understanding vision-related processes but also to the broader
family of GPCRs and relevant physiological processes they
mediate.

2. Rhodopsin Chemistry: Structure, Organization,
and Role in Phototransduction

Rhodopsin consists of the apoprotein opsin covalently bound
to the chromophore 11-¢is retinal via a protonated Schiff base
linkage to a lysine residue (Lys296) in transmembrane helix 7
(TM7).1"°% Under dark conditions, 11-cis retinal locks
thodopsin in the ‘inactive’ state. Upon photon capture, 11-cis
retinal isomerizes to all-zrans retinal and through a series of
structural changes, rhodopsin achieves the activated state

Paul Park is currently a tenured associate
professor in the Department of Ophthal-
mology and Visual Sciences at Case West-
ern Reserve University. He received his
Ph.D. degree in the Department of
Pharmaceutical Sciences at the University
of Toronto under the supervision of
James W. Wells. He obtained postdoctoral
training in the Department of Ophthal-
mology at the University of Washington
and the Department of Pharmacology at
Case Western Reserve University under
the supervision of Krzysztof Palczewski.
Dr. Park utilizes a multidisciplinary ap-
proach to study the biology of the retina
and retinal diseases and structure-function
relationships in rhodopsin.
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(metarhodopsin II or MII) (Figure 1).19°% The MII state then
binds with transducin, a heterotrimeric G protein, and forms a
light-activated rhodopsin-transducin complex, marking the
initiation of the phototransduction cascade. Through a
sequence of events, rhodopsin is eventually deactivated upon
phosphorylation by rhodopsin kinase and binding to another
protein, arrestin.”" At this point, all-trans retinal gets released
from rhodopsin, leaving the apo-protein opsin. Rhodopsin is
regenerated when the apo-protein spontaneously binds with
11-¢is retinal.

The structural organization of rhodopsin in the disc
membrane and how it affects rhodopsin function have been
debated for a long time.""
thodopsin exists and functions as a monomer,
though recent research findings, directly or indirectly, point
supramolecular

! The historical view supports that

B4 even

toward an
(38,55-57

more oligomeric

organization. I The structural organization under non-
native conditions was found to be ambiguous and inconclusive
— some pointing toward a monomeric organization and others
toward an oligomeric arrangement.”" Extraction of rhodopsin
from disc membranes or reconstituting rhodopsin back into a
lipid bilayer involves chemical or biochemical processes (such
as detergent extraction, chemical crosslinking, synthesis of
artificial membranes, etc.) and always carries the risk of
introducing artifacts or misinterpretation.[ﬂ] Hence, despite
the complex nature of the studies and subsequent interpreta-
tion, it is preferable to assess the structure of rhodopsin
organization in near-native conditions of the ROS disc
membranes to obtain a credible picture representative of
nature. With the advancements of several tools and new

experimental techniques, we now have a better idea of the
thodopsin organization. Under near-native conditions, even
though a few studies suggested the monomeric organization of
thodopsin in disc membranes, most of the studies point
toward an oligomeric arrangement. How rhodopsin functions
depends largely on its structural organizations, and hence,
elucidating the structure of rhodopsin organization was critical

. o 583
to advancements in our understanding, >

3. Nanoscale Analysis of Rhodopsin Present in
Native Disc Membranes

To ensure highly efficient signaling, highly concentrated
thodopsin in ROS disc membranes must assume an orderly
organization instead of a randomly crowded environment.””*”
In general, biological membranes are highly organized in
nature and ROS disc membranes are no different. AFM
revealed paracrystalline arrays of rhodopsin dimers in native
mouse disc membranes.”**" Follow-up AFM studies have
consistently shown small domain-like structures with nanoscale
which termed

,40,41,43-46,55, .
(38:40-41,43-4655.56] These nanodomains were also
[28]

dimensions, we later

‘nanodomains’.
shown to consist of rhodopsin dimers,”” and were further
characterized for the presence of rhodopsin by an AFM-

56]

immunolabeling study.[ The functional aspects of the

dimeric organization and nanodomains are still unclear and yet
to be established.” =%
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Figure 1. In the dark, rhodopsin is covalently bound to the chromophore 11-cis retinal and locked in the inactive state. Upon photon activation, 11-cis retinal
isomerizes to all-trans retinal and forms the active MII state. MII binds with the heterotrimeric G protein transducin and activates it, resulting in the initiation of
the phototransduction cascade. MII is inactivated via phosphorylation and decays to opsin by releasing all-trans-retinal from the chromophore-binding pocket.
All-trans-retinal is converted back to 11-cis retinal through a series of enzymatic reactions referred to as the retinoid cycle. Opsin then binds with 11-cis retinal to
regenerate rthodopsin and remains locked in the inactive state. Reproduced from ref. [50] Copyright (2014), with permission from Elsevier.
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3.1. Quantitative Assessment of Rhodopsin Nanodomains tive assessment of the disc membranes and rhodopsin content

was critical. ROS disc membranes were prepared from the
As we set out to understand the principles underlying the retina of a variety of vertebrates and imaged by AFM as
formation of rhodopsin nanodomains, we felt that a quantita-  illustrated in Figure 2. A detailed step-by-step protocol for

) B C

Isolate retina Purify ROS Isolate discs

100 g
— 7]
-75 5
o
- 50 3
o e 37
-25
-20
? & £
3
3 E >
= T 51
£ e

500 1000 1500 2000
Distance (nm)

Figure 2. Isolation of ROS disc membranes and subsequent AFM imaging. (A) The rod outer segment (ROS), rod inner segment (RIS), and outer nuclear layer
(ONL) are present in a histological section of a mouse retina and a cartoon of the rod photoreceptor cell. Scale bar, 15 pm. (B) Purified ROS as seen using a light
micrograph. Scale bar, 15 pm. (C) ROS disc membranes are isolated and adsorbed onto mica for AFM imaging. In AFM imaging, a sharp probe is raster-scanned
over the sample surface to generate topographical images. (D) SDS-PAGE on isolated disc membranes from mouse and human samples indicates that rhodopsin
is the predominant protein present. The most prominent band corresponds to rhodopsin monomer and the faint bands above may represent rhodopsin dimer and
higher-order oligomers. The sizes of protein standards are indicated in kDa. (E) AFM height image of a typical ROS disc membrane. Four different components
are observed: 1, mica; 2, protein-free lipid bilayer; 3, rhodopsin nanodomains; and 4, rim region. The height profiles of the highlighted line scans can be seen.
Scale bar, 500 nm. (F) AFM deflection image of the same ROS disc membrane. Scale bar, 500 nm. (G) The deflection image with nanodomains circled as black
ellipses, whose diameters were measured to determine the surface area of the nanodomains. Reproduced from ref. [38] Copyright (2015), with permission from
Elsevier.
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preparing ROS disc membranes for AFM and AFM imaging
and analysis procedures has been reported previously.'*”
Briefly, ROS can be separated from the rest of the photo-
receptor cell in isolated retina by mechanical agitation and
purified biochemically on a gradient. Osmotic bursting of
ROS releases discs, which can be resuspended in a physio-
logical buffer like a Ringer’s buffer, adsorbed on a mica
substrate and examined by AFM.

In initial studies, we examined ROS disc membranes from
human and murine retina. ROS disc membranes exhibited a
flexible rim region and a lamellar region exhibiting nanoscale
domains formed by oligomeric rhodopsin, which we termed
rhodopsin nanodomains. Quantitative assessment of ROS disc
membrane properties in these initial studies was conducted by
making manual measurements using the atomic force micro-
scope software. The size of the disc membrane measured
corresponded to the width of intact ROS.*' Each of the
individual rhodopsin nanodomains was measured manually
and the number of rhodopsin contained within each was
estimated assuming each rhodopsin occupies 14 nm® area
within the membrane. The density of rhodopsin within the
ROS disc membrane was estimated to be 17,486/pm?, which
underestimated the density reported previously by other more
indirect methods."*!

Improvements were made in the analysis procedures by
developing a semi-automated method to detect and measure
rthodopsin nanodomains using SPIP software (Image Metrol-
ogy A/S, Horsholm, Denmark) (Figure 3)."**’ Apart from
being more convenient and time-saving, the semiautomated
method also was better at detecting the shape of the
nanodomains more accurately, resulting in more accurate
estimates of the parameters tested. Even though the number of
nanodomains remained effectively the same as the manual
computation, their mean size and rhodopsin density were
found to be higher, and the difference was statistically
significant (Table 1)." The density of rhodopsin within the
ROS disc membrane determined using the semi-automated

method on the same data analyzed manually above now
resulted in an estimate of 20,420/um’, which was closer to the
previously reported values.”

Different imaging modes were also tested to gauge the
accuracy of our quantitative parameters derived from AFM
images. Up until this point, contact mode, where the AFM
probe is in constant contact with the sample, was used
exclusively to image ROS disc membranes. Although forces are
minimized to reduce damage to the sample, it was unclear
whether or not derived parameters were affected by the lateral
forces imparted by the AFM probe. Tapping mode, where the
AFM probe only intermittently contacts the sample, is often
used to image biological samples to minimize damage to the
sample. While tapping mode is a more gentle imaging mode
compared to contact mode, imaging speeds are much slower
and that makes routine collection of large data sets for our
analyses impractical. To ensure our quantitative parameters
computed from images obtained by contact mode were not
affected by lateral forces from the AFM probe, images obtained
by both contact mode and tapping mode were obtained and
analyzed. Tapping mode better preserved the flexible rim
region compared to contact mode, but the lamellar region
containing rhodopsin nanodomains was minimally perturbed
by contact mode imaging. Quantitatively, images obtained by
both methods provided equivalent values for all parameters
tested.,*"
forward and establishing it as the preferred mode of imaging
due to its faster imaging speed compared to tapping mode.

thereby supporting the use of contact mode moving

3.2. Is a Nanodomain Organization the Native
Organization of Rhodopsin in Disc Membranes?

An important question remaining to be answered was whether
this nanodomain organization is indeed the native structure
adopted by rhodopsin under physiological conditions. Several
potential artifacts were considered to ensure we were observing
the native organization of rhodopsin within the membrane.

Nanodomain
detection

Deflection image

Inner disc area
measurement

Disc diameter
measurement

Figure 3. Outline of the quantitative assessment of ROS disc membrane images using the software SPIP. (A) AFM deflection image of a ROS disc membrane
with the rim region (1) and lamellar region (2), attached to mica support. (B) The deflection image is quantitatively analyzed by the SPIP ‘Particle and Pore’
feature to detect rhodopsin nanodomains, (C) measurement of the disc diameter, and (D) measurement of the inner disc area. Scale bar, 500 nm. Reproduced
from ref. [46] Copyright (2015), with permission from American Chemical Society (ACS).
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______ One potential source of artifacts was the adsorption of disc
QQQQQQ membranes on the mica substrate. ROS discs contain a double
bilayer. Most of the ROS disc membranes imaged by AFM
represent a somewhat disrupted disc displaying only a single
bilayer. On occasions, intact double bilayered discs were
observable by AFM imaging and these clearly showed the
distinct presence of nanodomains even for the top layer that
was not in contact with mica (Figure 4)." This ruled out the

Rakshit et al (2015)14
Sechrest et al (2020)
Sechrest et al (2020)
Sechrest et al (2020)
Sechrest et al (2020)
Sechrest et al (2020)
Sechrest et al (2020)

Whited and Park

Rakshit and Park
(2015)1%

(2015)1¢!

Rakshit and Park

(2015)t¢!

Rakshit and Park

References
Whited and Park
(2015)2
(2015)1

possibility of nanodomains being artifacts as a result of the
attachment of disc membranes to the mica surface. Undil this
point in time, rhodopsin nanodomains were observed in disc
membranes isolated from warm-blooded animals such as
384630 Preparation of the
disc membrane samples from these mammalian species require

Rhodopsin density
17,486 +6,170
20,420 +7,792
21,2194£5,517
19,853 +7,139
15,865 £ 5,894
21,008 +6,381
20,346+ 4,171
20,828 +4,171
20,494 + 4,658
16,059 £4,276
18,345 +5,297
13,497 £3,991

(pm?)

mouse, human or bovine models.!

temperatures below body temperature where lipid phase
) To rule out the possibility of lipid

phase separation as the cause of rhodopsin nanodomain

separation is possible.

Number of rho-
13,513 438,522
14,688 +10,006
15,882 +7,073
11,886 47,688
11,642 +7,108
13,642 + 8,848
13,857 411,177
12,089 10,465
8,582 46,621
12,290 411,434
8,45445,417

dopsin

formation, we isolated the disc membranes from Xenopus
laevis, the cold-blooded frog where phase separation at low

(0667) Tn this case, the phase

temperatures does not occur.
separation of lipids could easily be ruled out even though
1 bei d at | (68]
samples were being prepared at low temperatures.™ AFM
imaging revealed that the disc membranes of Xenopus laevis

also consisted of nanodomains formed of rhodopsins, which

207 +79
2344109
203+78
183 +42
19164
182144
158+43
167 +56
113+£47

(pm?)

were similar to those observed for the mammalian species
(Table 1)."¥ The presence of rhodopsin nanodomains in both
mammalian and amphibian ROS disc membranes suggested
that nanodomains are native organizations under physiological
conditions across all vertebrate species. Later cryo-electron
tomographic studies of sectioned ROS also indicated the

presence of nanodomain organizations under physiological
(57.69)

Number of nanodo- Nanodomain density

main
156+99
148 +93
151 +61
1394103
156+103
12175
118+83
10682
81+£59
106+98
67+38

conditions.

3.3. Optimal Rhodopsin Density and Phototransduction

An average rhodopsin density of ~20,000 rhodopsin/pm’
within ROS disc membranes has been observed in our AFM
studies across species examined including two different strains

of wild-type mice (C57Bl/6 ] and 129/SV-E), Xenopus laevis,

[38,42,44,46

Mean nanodomain Size

(nm’)
1,245 £379

1,412 4403
1,498 +344
1,319+£429
1,109 +311
1,042 +295¢

and human. ! An optimal rhodopsin density within
ROS disc membranes for optimal function has previously been
proposed,”” and evidence outlined below suggest that the
~20,000 rhodopsin/pm” may represent this optimal density
for photoreceptor cell function. Discs in a ROS can be
heterogenous with variable numbers of rhodopsin packed into
each, which may result from a difference in disc synthesis
rate.”" AFM has shown that the size of discs is correlated with
the number of rhodopsin packed into it. But interestingly, no

correlation exists between the size of discs and the density of
[38.46

Disc diameter
(pm)
1.204+0.20
1.224+0.28
1.23+£0.20
1.14+0.30
1.174+0.24

rhodopsin within the membrane.”**! Together, these relation-
ships point to a possible mechanism where the ROS modulates

its size to maintain an optimal rhodopsin density to facilitate

@ Unless mentioned specifically (i.e. P30 and P120), disc membranes were isolated from mouse models at 6 weeks of age for the data presented in Table 1. "'Except for the human and frog

Table 1. Quantitative assessment of disc membrane properties based on the methods of analysis,[3 8.40] rhodopsin expression,[%J animal models,?** and diseased states.'**
samples, all the other disc membranes were isolated from mice models. ““The nanodomain size for frog sample was expressed as median nanodomain size.

Wild-type, C57Bl/6] (semi-auto-

mated),
P120 wild-type, 129/SV-E

Source of disc membrane
Wild-type, C57Bl/6]
(manual)®

Wild-type, C57Bl/6]
(semi-automated)*

P30 wild-type, 129/SV-E
P30 Pred-KO regular
P30 Pred-KO irregular
P120 Pred-KO regular
P120 Pred-KO irregular

tapping mode)*

Rho*'™*

Human®

Frog®
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Low force

Distance (nm)

0 200 400 600 800

1000

Figure 4. (A) Height image of an intact murine ROS disc obtained by contact mode AFM applying low force. (B) Deflection image corresponding to the image
(A). (C) Height image of an intact murine ROS disc obtained by contact mode AFM applying higher force. (D) Deflection image corresponding to the image
(C). The rim region (1) and nanodomains in the lamellar region (2) are distinctly visible. Scale bar, 250 nm. (E) A height profile matching that of an intact disc is
shown for the cross-section highlighted by a dotted line in panel C. Reproduced from ref. [44] Copyright (2015), with permission from Public Library of Science

(PLoS).

efficient signaling. This hypothesis was tested in heterozygous
rhodopsin  knockout (Rho™") mice,"” where mice only
express half the amount of rhodopsin normally expressed. In
accord with our hypothesis, Rho*'~ mice adapted to reduced
rthodopsin expression by reducing the size of the ROS discs to
maintain a rhodopsin density of -20,000/um®. Our AFM
studies suggest that the maintenance of an average density
range of ~20,000/pm2 might be critical for signaling by
maintaining the rod’s high sensitivity to light. The density of
rhodopsin in disc membranes is much higher than any other
GPCR,”*” and has the potential to have adverse effects as

well. As signaling occurs through a diffusion-mediated process,
an extremely crowded environment can have an unfavourable
effect on it, unless it has an ordered orientation.”*7* This
order is presumably achieved via the oligomeric organization
of rhodopsin dimers arranged in systematic rows, as discussed

earlier.?”?®

4. Adaptations in ROS Disc Membranes

The development of the methodology for the quantification of
rhodopsin content and disc membrane structure discussed in

Chem. Rec. 2023, 23, €202300113 (8 of 24) © 2023 The Authors. The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH
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the previous section along with observations that there are
mechanisms in place allowing for adaptations to maintain an
optimal rhodopsin density under normal conditions, paved the
way for more in-depth studies to better understand these
adaptive mechanisms. We investigated possible inputs required
for those adaptations, which included changes in internal
conditions (such as phospholipid composition or point
mutations in rhodopsin causing diseased states) or external
lighting conditions. AFM provided a direct visual path to
assess rhodopsin organization and its packing density in disc
membranes under different circumstances, leading us to better
understand different adaptations exhibited by rod photo-
receptor cells.

4.1. Adaptations to the Lighting Environment

To function efficiently, photoreceptor cells adapt to short-term
dark and light changes and several studies have been conducted

7771 Contrastingly, molecular in-

to gain molecular insight.'
sight into the adaptation of photoreceptor cells in response to
long-term light and dark environmental changes was less
explored and poorly understood. The long-term adaptation to
maintain an optimally constant photon absorption in the
retina by the photoreceptor cells is known as photostasis, and
was typically thought to occur through changes in ROS length

081 The concept of photostasis has

or rhodopsin expression.
been refuted as changes in ROS length or rhodopsin expression
were not evident in several cases.®” We wanted to test whether
photostasis also occurs at the level of ROS discs and to
determine if the previously observed adaptations preserving an
optimal rhodopsin density under normal lighting conditions
were dependent on the environmental lighting conditions and
if we could modulate the density by changing the lighting
environment. C57Bl/6] mice were housed under constant
light conditions (normal room lighting in animal facility) or
constant dark conditions for 10 days to test the effect of
environmental lighting on the packing of rhodopsin in ROS
disc membranes. AFM revealed that the number and density
of rhodopsin, packaged into ROS discs, changed, decreasing
under constant light condition or increasing under constant
dark condition (Figure 5).%1 About 80% more thodopsin was
incorporated into each ROS disc in dark reared mice
compared to light reared mice, and was accompanied by
changes in the size of the discs. This change in rhodopsin
incorporation was not due to changes in the expression of the
receptor but rather may be related to changes in the rate of
ROS disc synthesis.">”" The change in rhodopsin density
observed in ROS disc membranes had functional consequences
as electroretinography (ERG) showed improvements in the
scotopic response when rhodopsin density is increased.®
These studies support the notion of photostasis, where
rthodopsin density decreases when light is abundant to reduce

the probability of photon capture and rhodopsin density
increases when light is scarce to increase the probability of
photon capture. In addition, the rhodopsin density of
~20,000/pm* under normal lighting conditions can be
increased further to improve visual function.

In addition to changes in rhodopsin density and number,
changes in the size of nanodomains were also observed under
different lighting conditions, which provided insight into
possible mechanisms underlying the formation of rhodopsin
nanodomains. The average sizes of nanodomains were found
to be different depending on the light rearing condition. A
closer look at the distribution plot of nanodomain sizes
revealed that the predominant nanodomain size was the same
regardless of changes in average size (Figure 5A). The
predominant nanodomain size corresponded to an oligomeric
size of 24 rhodopsin molecules (24-mer). The difference in
average nanodomain size was a result of changes in relative
populations of the smaller (200-2,000 nm®) and larger nano-
domains (>2,000 nm®). Under constant light conditions
(10 days) where rhodopsin density is decreased, there were
more nanodomains with smaller sizes, and under constant dark
conditions (10 days) where rhodopsin density was increased,
there were more nanodomains with larger sizes. Previous
in vitro studies from our group using FRET suggested a
mechanism of rhodopsin oligomerization that occurred via
chemical equilibria scheme (Figure 5-E).® Our AFM studies
are consistent with this scheme, where under conditions that
increase rhodopsin density, the equilibrium is shifted in favor
of larger rhodopsin oligomers or nanodomains and vice versa
when rhodopsin density is decreased. Thus, rhodopsin
oligomerization and nanodomain formation proceeds via a
chemical equilibrium and the complement of different-sized
nanodomains is dependent on the concentration of receptor in
the membrane and the equilibrium constants that define each
equilibrium.

Since full renewal of a ROS requires 10 days,** it was
unclear whether adaptations occurring after 10 days in
constant darkness represented a steady state. To check if
further changes occurred beyond the 10 day period, mice were
housed in the dark for 20 and 30 days, corresponding to 2 or
3 renewal cycles of ROS." Disc membrane properties for
mice kept under 20 and 30 days were largely the same, but
they were different from those observed in 10 days dark
adapted mice (Table 2). Thus, a steady state is only achieved
after complete renewal of the ROS. Rhodopsin density in disc
membranes for the prolonged dark condition (20 and 30 days)
was higher than in wild-type mice under cyclic light but lower
than that for 10 days dark condition (Figure 5-D). Interest-
ingly, the average size of the nanodomains for the prolonged
dark adapted mice was smaller than those from both cyclic
light and 10 days dark conditions (Table 2). This decrease in
average nanodomain size was due to the presence of a greater
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Figure 5. Adaptations in terms of rhodopsin density and nanodomain size in response to different lighting environments have been shown. A) Histograms
generated for nanodomain size from all the disc membranes isolated from wild-type mice kept under cyclic, 10 days dark, and 10 days light conditions, B)
Variation of rhodopsin density in disc membranes for wild-type mice kept under cyclic, 10 days dark, and 10 days light conditions, C) Histograms generated for
nanodomain size from all the disc membranes isolated from wild-type mice kept under 10, 20, and 30 days dark conditions, D) Variation of rhodopsin density in
disc membranes for wild-type mice kept under 10, 20, and 30 days dark conditions. E) The size distribution data points towards the presence of a 24-mer as the
predominant oligomeric species of rhodopsin in disc membranes. The variances in the nanodomain sizes illustrated in panels A and C originated due to a shift in
equilibrium between a 24-mer and larger sized oligomers. Adapted from ref. [45] Copyright (2017), with permission from Elsevier.

proportion of smaller nanodomains (200-2,000 nm®) com-
pared to larger nanodomains (>2,000 nm®) (Figure 5-C).
Thus, despite higher rhodopsin density observed for prolonged
dark conditions compared to that observed for cyclic light
conditions, the equilibrium seems to be shifted towards smaller
oligomers. In contrast to the situation between 10 days

constant light and 10 days constant dark conditions, a change
in equilibrium constant and not rhodopsin concentration
appears to be the major factor determining the complement of
oligomeric forms. It is unclear at the moment what is the
underlying cause of the change to the equilibrium constant.
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4.2. Signal Required for Adaptations

Once the adaptation taking place in rod photoreceptor cells
was evident, one question still remaining to be answered is
what is the mechanism behind this modulation — rhodopsin
activation or the subsequent phototransduction cascade or
downstream signaling to bipolar cells? To differentiate between
the first two, transducin knockout mice (Gnrar’") were
probed. In absence of the a-subunit of transducin, photo-
transduction is eliminated in these mice after the rhodopsin
activation step. Unlike wild-type mice, no adaptation was
observed in Gnat’~
implying that phototransduction is critical for these adapta-
tions to take place (Table 2). Surprisingly, some parameters

mice under different lighting conditions,

such as nanodomain density or rhodopsin numbers were
different from 10 days dark adapted wild-type mice, where
phototransduction was also absent. As no phototransduction
took place for the Gnar’
prolonged dark-adapted wild-type mice were under cyclic light

mice since birth, whereas, the

conditions for 4 weeks after birth before being moved to the

>
w

Disc size

Disc diameter (pm)
i-(‘%ﬂ.l Wi s

Nanodomain size

dark condition, there could be a difference between the
adaptations observed. AFM analysis of the disc membranes of
dark-reared wild-type mice (born and reared under dark
conditions) showed no difference with the Gnar”’™

indicating that the lighting environment early on can impact
145)

mice,

adaptations later on.

The signal from the photoreceptor cell is passed on to the
rod bipolar cell through the metabotropic glutamate receptor 6
(mGIuR6) present in the postsynaptic terminal of the rod
bipolar cell.®* While it was clear that impaired photo-
transduction was invoking an adaptive mechanism by intro-
ducing a higher rhodopsin content and density in the disc
membranes, whether or not these adaptations originated due
to downstream events such as bipolar cell signaling still needed
to be explored. To address this, Grm6 "~ (mGluR6 knockour)
mice were examined where signaling from photoreceptor cells
to bipolar cells was eliminated (Figure 6).“" Rod bipolar cell
dysfunction resulted in adaptations that increased the mean
nanodomain size, but the number and density of nanodomains
remained unaffected - similar to the changes observed in young
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Figure 6. ROS disc properties for wild-type, Grm6™"~, Gnat™"~, and Grm6™"~/Gnar~'~

o R

mice housed under cyclic light conditions and for Grm6 ™~ mice housed

under prolonged darkness (10 days dark). Mean values with individual data points and the standard deviation are presented. The same coloring of the plots
indicates that the differences among those data are not statistically significant, whereas the different coloring indicates significant statistical differences among
those data (as determined by one-way ANOVA and Tukey’s post-hoc test analysis). The p-values obtained from one-way ANOVA for data in each panel are as
follows: A, 0.3448; B, <0.0001; C, <0.0001; D, 0.0022; E, <0.0001; F, <0.0001. Reproduced from ref. [41] Copyright (2020), with permission from
Elsevier.
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wild-type mice that are 4 weeks of age or younger.*”

Additionally, heterozygous rhodopsin knockout mice exhibit
adaptations only after 4 weeks of age.”’ Thus, signaling to
bipolar cells appears to influence the processes occurring before
4 weeks of age.

Adaptations in Grm6 " /Gnat”"~ double knockout mice,
where both phototransduction and bipolar cell signaling were
eliminated, were the same as those in Gnat~ mice where only
phototransduction was eliminated. This indicated that the
adaptations in response to changes in lighting environment
generally received input from the phototransduction signal.
Adaptations in GrmG6 ™~ mice born and reared in cyclic
lighting and then housed for 10 days in the dark were similar
to that in Gratr”~ mice rather than wild-type mice exposed to
the same conditions."” So, it appeared that signaling to bipolar
cells was involved in the adaptations occurring during early
rearing of young mice and that phototransduction alone
influenced the adaptations observed in more mature mice.

4.3. Adaptation to Change in Docosahexaenoic Acid
(DHA) in Diet

We wanted to examine factors other than receptor concen-
tration that may alter the equilibria underlying rhodopsin
oligomerization and nanodomain formation. One of the
factors examined was the change in lipid composition in ROS
disc membranes. Docosahexaenoic acid (DHA), an essential
®-3 polyunsaturated fatty acid, is highly abundant in the ROS
disc membranes of the photoreceptor cells in the retina, which
contains more DHA than any other living cell in the
body.*”**) As DHA cannot be synthesized in the body, it must
be sourced through diet. Dietary DHA deficiency has resulted
in vision-related problems in several animal species including
humans, mice, rats, guinea pigs, and monkeys, yet the
mechanism leading to the defect was still not clear.®?¥ To
directly probe whether the rhodopsin structural organization is
altered due to DHA levels in the disc membranes, AFM
imaging technique was deployed on samples from mice fed
DHA-sufficient and DHA-deficient diets.””!

The size of the disc membranes and nanodomains for
control, DHA-adequate, and DHA-deficient mice showed
little to no differences. Similarly sized nanodomains indicated
that DHA played no role in the oligomerization process and
therefore did not alter the chemical equilibria underlying
nanodomain formation. However, the rhodopsin content and
packing were significantly different for the DHA-deficient
mice.”” Both the number and density of nanodomains and
rthodopsin were higher in the DHA-deficient mice compared
to the control or the DHA-adequate mice (Figure 7, Table 2).
Photoreceptor cell function was significantly inhibited in
DHA-deficient mice as assessed by ERG. Since DHA did not
seem to directly impact nanodomain formation by altering the
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Figure 7. ROS disc membrane properties are shown for control or regular diet
(i), DHA-adequate (ii), DHA-deficient (iii), DHA-replenished (iv), and
Gnat™™ (v) mice. Mean values with individual data points and the standard
deviation are presented. No significant differences were found by one-way
ANOVA for the disc diameter (p=0.7731), mean (p=0.6048) and median
(p=0.0506) nanodomain size. Significant differences were detected by one-
way ANOVA for the number (»p=0.002) and density (p= <0.0001) of
nanodomains and for the number (»p=0.009) and density (p= <0.0001) of
rhodopsin. Reproduced from ref. [43] Copyright (2018), with permission

from Elsevier.

equilibria, we considered whether inhibition of function
caused the observed changes. A direct comparison with the
previously discussed transducin knockout mice (Grar ") was
done.” Similar properties of nanodomains (size and number)
and rhodopsin packing between the DHA-deficient and
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Gnat”"~ mice indicated that there exists a similar reactive
adaptive mechanism to nullify the impaired signaling process
by enhancing the rhodopsin content and density in individual
disc membranes in spite of no change in total rhodopsin
content. The effects of dietary DHA-deficiency on photo-
receptor cells were found to be reversible in nature as feeding
the DHA-deficient mice with DHA-adequate diet for 4 weeks
(DHA-replenished in Table 2) improved the DHA level,
optimized the rhodopsin content and packing back to
normalcy, and corrected the visual deficit (Figure 7).

4.4. Characterization of Diseased States

Do nanodomains form in the same way in diseased states as
well? We have examined the ROS disc membrane from mice
exhibiting milder retinal phenotypes to those causing retinal

degeneration. For mice exhibiting milder phenotype, we

examined two mice models - Rho“P'C wwas a model for

autosomal dominant CSNB (adCSNB),”**? and Rp665_/_

mice, a model for Leber congenital amaurosis (LCA).”*””

Rho“™' %" is a mouse model for congenital stationary night

>
w

Disc size
300

200

Nanodomain size

NIEEEE N

blindness that expresses a G90D rhodopsin mutant transgeni-
cally. The lack of the retinal pigment epithelium-specific
65 kDa protein (RPE65) in Rpe65™"

of 11-cis retinal, leaving rhodopsin in the apoprotein opsin

prevents the formation

form. In both cases, the mutant rhodopsin or opsin are
constitutively active and cause desensitization of rod photo-
receptor cells.®”

Both qualitative and quantitative analyses of the disc
membranes isolated from constitutively active mouse lines did
not show any differences (Figure 8, Table2). All the disc
membrane properties and rhodopsin content and packing in
discs for Rho“"P'*°P ) Rho“P'* and RpeG5"~
be similar to the wild-type mice housed under cyclic
conditions.”” No statistical differences in the disc parameters
and rhodopsin packing implied the evident lack of adaptation
as observed in the case of impaired phototransduction.
Housing the Rho®"”*"® and Rpe65 " under prolonged dark
condition (10 days) also produced disc membranes with

were found to

similar properties as wild-type mice under cyclic light
conditions and showed no sign of adaptation. Interestingly,
these constitutively active mice showed properties different
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Figure 8. ROS disc properties for wild-type, Rho“">'*®, Rho“*P'*> and Rpe65~~
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mice housed under cyclic light conditions and for Rho“**”“° and Rpe65~'

mice housed under prolonged darkness (10 days dark). Mean values with individual data points and the standard deviation are presented. Statistical analyses
indicated no significant differences (p-value>.05) for any of the ROS disc properties among the different mouse lines examined. Reproduced from ref. [41]

Copyright (2020), with permission from Elsevier.
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from wild-type mice under constant light conditions, implying
that constitutive activity was not equivalent to constant light
stimulation, "%

We also examined the effect on ROS disc membranes in mice
exhibiting a more severe retinal phenotype involving retinal
degeneration, PRCD knockout (Pred-KO) mice.”” The protein
progressive rod-cone degeneration (PRCD) is present in the

B8 and its

photoreceptor outer segment (OS) disc membranes
mutated forms have been shown to be linked with retinitis
pigmentosa (RP), a progressive retinal degenerative disease, in
humans and canines.””'” PRCD interacts with rhodopsin to
maintain normal visual functions and also helps with disc
morphogenesis and maintenance.""" We used AFM imaging to
directly assess the effects of PRCD on rhodopsin organization
and disc structure by studying Pred-KO mice that showed
progressive loss of visual function and slow photoreceptor
degeneration  (Figure 9).12 With the progression of retinal
degeneration, Prcd-KO mice exhibited a decrease in total
thodopsin content and abnormalities in the ROS structure. A
direct visualization using AFM also revealed a significant number
of irregularly formed discs in the case of the mutated mice, a
number that increased with the disease progression (Figure 9-]).
These irregular discs also contained nanodomains scattered
erratically, and often less in number, resulting in a low rhodopsin
number and density (Figure 9-I, Table 1). These data demon-
strate that Pred-KO mice were incapable of forming regular ROS
disc membranes with optimal rhodopsin number and density. In
contrast to the disc membranes from some other diseased states,
such as leber congenital amaurosis (LCA, in case of Rp665_/_
mice) and congenital stationary night blindness (CSNB, in case
of Rho%P mice), "V these Pred-KO mice exhibiting retinal
degeneration showed a more severe phenotype. This implied that
the PRCD protein plays an integral role in the formation of disc
membranes, and the incorporation of rhodopsin into them.

5. Stability, Energy Landscape, and Mechanical
Properties of Rhodopsin Structural Segments

In addition to imaging, AFM can also be used to unfold
proteins and monitor the molecular interactions stabilizing the
protein. The first demonstration that this could be applied to
membrane proteins was made in bacteriorhodopsin in purple
membrane.""? Daniel Miiller (ETH Zurich, Zurich, Switzer-
land) has pioneered this application in membrane proteins“%]
and we have been fortunate to work together with him in
applying this methodology to examine rhodopsin in ROS disc
membranes. In SMFES (single-molecule force spectroscopy), the
AFM probe is attached to the exposed terminal region of the
membrane protein and as the probe is retracted from the
sample, the polypeptide chain of the protein unfolds." The
segments of the protein unfold sequentially and the unfolding

events are recorded in the form of force-distance curves, which
record the forces required to unfold the different segments in
the protein stabilized by chemical bonds (Figure 10). For
thodopsin in ROS disc membranes, we have shown by SMES
on enzymatically digested samples that most discs adsorb on
mica exposing the extracellular surface of rhodopsin,”"*” and
this has also been confirmed by immunolabeling of ROS discs
adsorbed on mica,”® Thus, rhodopsin is unfolded from its
amino terminal end in our SMFS experiments.

SMES was first applied to rhodopsin from ROS disc
membranes from bovine retina." Later SMFS studies on
thodopsin from ROS disc membranes from murine retina
demonstrated that the molecular interactions stabilizing
rthodopsin structure are conserved among different species.””
These studies revealed that the structure of rhodopsin is
organized into at least 9 different stable structural segments
requiring external force applied by the AFM probe to unfold
(Figure 11). SMFS has been able to reveal the stabilizing effect
of zinc ions and palmitylation on the structure of
rthodopsin. 1%

More detailed information can be gained by conducting
DES (dynamic SMEFES), where SMES is conducted at different
pulling speeds. DFS provides information on the energy
landscape underlying the unfolding of stable structural seg-
ments, defining parameters related to mechanical, energetic,
and kinetic properties of the stable structural segment."” DFS
has shown that the molecular interactions stabilizing vertebrate
rhodopsin are more complex compared to bacteriorhodopsin
in the purple membrane of H. salinarum, a prokaryotic

171" Bacteriorhodopsin, like rhodopsin, exhibits 7

archaea.!
alpha-helical transmembrane domains but is functionally
distinct acting as a proton pump. A core of rigid structural
segments was present in rhodopsin but absent in
bacteriorhodopsin.""”” This difference indicated that the trans-
membrane domains in rhodopsin appear to form a network of
chemical bonds with each other to stabilize rhodopsin
structure, whereas the transmembrane domains of bacteriorho-
dopsin do not form a similar network and derive stability
independent of each other. DFS has also revealed structural
changes in rhodopsin in animal models for LCA and CSNB.
In these models described earlier, rhodopsin is constitutively
active because it is in the apo-opsin form or because of a
G90D mutation. In both cases, constitutively active opsin or
thodopsin resulted in a structure with decreased kinetic
stability, decreased free-energy barriers, and increased mechan-
ical rigidity."”*"’ These properties may be conserved among
other GPCRs as well."®®'"” The increased mechanical rigidity
in constitutively active rhodopsin would be an important
insight and formed the basis of AFM-based nanoindentation
studies described below to better understand the mechanism of
this pathogenic activity.
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Figure 9. Representative AFM images of ROS disc membranes isolated from (A-C) mature wild-type mice (at postnatal days 120), (D-F) young Prcd-KO mice
(at postnatal days 30), and (G-I) mature Prcd-KO mice (at postnatal days 120). Asterisks indicate large areas within the discs without rhodopsin nanodomains,
giving the discs an irregular structure. Scale bar=500 nm. (J) Increase in the population of irregular discs as the disease progresses with age for the Pred-KO mice.
(K) A considerable decrease in rhodopsin density in the discs for Prcd-KO mice in comparison to the wild-type mice or the regular discs present in the Prcd-KO
mice. Adapted from ref. [42] Copyright (2020), with permission from Springer Nature.
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Figure 10. A) Example of a force-distance curve obtained from unfolding a membrane protein in SMFS. Each force peak corresponds to the force required to
unfold the segment of the protein in the corresponding number. B) DFS provides information on properties shown in the unfolding energy barrier for a stable
structural segment in rhodopsin. Mechanical properties of the segment can be assessed by x,, energetic properties of the segment can be assessed by AG, and
kinetic properties can be assessed by k,. Adapted from ref. [37] Copyright (2014) and ref. [39] Copyright (2010), with permissions from Elsevier and American
Chemical Society (ACS), respectively.
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Figure 11. A) Example of force-distance curve obtained from unfolding rhodopsin from ROS disc membranes. Force peaks are fit with the worm-like-chain
model to determine how many amino acid residues are stretched above the sample surface. Each force peak represents the force required to unfold a stable
structural segment. B) Stable structural segments corresponding to peaks in A are colored on the secondary structure of rhodopsin. Adapted from ref. [39]

Copyright (2010), with permissions from American Chemical Society (ACS).

6. Probing Rhodopsin Activity Using AFM-Based
Nanoindentation

Investigating the structural and functional properties of native
membrane proteins under physiological conditions has always
proven to be difficule."'®""V Traditionally, GPCR activity has

been evaluated from an ensemble-averaged point of

[7,112-115

view. ! In recent years, new technological advances have

made it possible to assess GPCR conformational states and
signaling mechanisms using a single-molecule approach.!"'*""”)

Structural and biophysical studies on GPCRs are often done

after extracting them using detergents or modifying them with
suitable labels, and not in their native environment.”” While
these studies are critical to advance our understanding of
GPCRes, assessing the conformational states within the native
lipid environment was the need of the hour to have better
insight into the normal and pathological states of GPCR.

The major obstacle that needed to be overcome was how
to monitor the active state of a native receptor under
physiological conditions. As described above, AFM-based DFS
studies on constitutively active rhodopsin revealed increased
rigidity in the structure along the vertical axis compared to
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that of inactive rhodopsin when probed from the extracellular

4748 Agonist-activated B2 adrenergic receptors, another

surface.
GPCR, also exhibited a similar increase in rigidity.[los] These
SMES studies indicated that the inactive and active states of
GPCRs could potentially be distinguished based on the relative
rigidity induced by the activation of the GPCR.

Over the years, AFM-based stiffness measurement studies
have become increasingly useful in furnishing nanomechanical
properties of a wide range of biological samples — proteins,
cells, tissues, etc.?*'**"'*! Fitting the slope of the force-distance
curve to a suitable mathematical model based on the tip
geometry, such as a Herwzian model for pyramidal AFM
tips[123,124]

material. The Young’s modulus is computed from the fitted

in our case, provides the stiffness information of the

data and is used as a measure of stiffness. We envisaged that
inactive and active states of rhodopsin could exhibit different
Young’s modulus values when subjected to the nanoindenta-
tion studies.

6.1. Activity-Stiffness Correlation

Stiffness mapping of an intact disc membrane fixed on a mica
surface showed a wide range of Young’s modulus values based
on the structure and composition of different components of
the disc membrane (Figure 12).10
exhibited the maximum and minimum stiffness, respectively.
The Young’s modulus of the lipid region was around 5=+
1 MPa, similar to the lipid bilayer observed in the purple
membrane embedding bacteriorhodopsin.""”’ Finally, Young’s
modulus of the rhodopsin nanodomain was found to be 12—
19 MPa, comparable to that of bacteriorhodopsin.[125 ! These
differential stiffness mapping values for different components

Mica and rim region

of disc membranes further validated the robustness of the
methodology.

The major question was whether or not the methodology
was sensitive enough to differentiate between any potential
difference in the stiffness of the rhodopsin molecule that
accompanies receptor activation. In the dark, rhodopsin is
locked in the inactive state through the covalently bound 11-
cis-retinal and becomes active upon absorption of light,
forming the MII state. AFM nanoindentation revealed that the
inactive and active states of rhodopsin do indeed exhibit a
difference in their stiffness. Light-activated rhodopsin exhib-
ited a higher Young’s modulus (19 MPa) than the inactive
dark state rhodopsin (12 MPa), an increase of 1.6-fold — an
observation in accord with the DFS data obtained earlier
(Figure 13-A)."¥ Computational studies using coarse-grained
(CG) model based on the crystal structures of inactive and
active rhodopsin also predicted an increase in stiffness upon
light activation,"****”) supporting our AFM nanoindentation
studies. These studies demonstrated that stiffness values could
indeed be used to monitor the activity of rhodopsin.

6.2. Constitutive Activity and Conformational States

As discussed earlier, several point mutations in rhodopsin lead
to vision problems and retinal diseases.”” Two constitutively
active forms of rhodopsin (opsin and G90D rhodopsin
mutant) have been investigated earlier using AFM imaging and
DES studies, providing insight into the rhodopsin packing and
structural, energetic, and mechanical stability for these two

47,48

diseased forms."*¥ After establishing a positive correlation

between the stiffness and activity for wild-type mice, we aimed
to characterize constitutively active forms of the receptor to

15.0

0.0

Figure 12. AFM-based stiffness mapping of a ROS disc membrane. (A) AFM Deflection image of a ROS disc membrane is shown. The mica surface (1), rim
region (2), lamellar region with rhodopsin nanodomains (3), and lipid bilayer (4) are noted. Scale bar, 500 nm. (B) Stiffness mapping data in terms of Young’s
moduli, experimentally determined for the ROS disc membrane shown in (A). Reproduced from ref. [40] Copyright (2019), with permissions from American

Chemical Society (ACS).
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Figure 13. Young’s modulus maps of rhodopsin nanodomains in the dark state and after photobleaching, present in the ROS disc membranes isolated from B6
mice (A), Rpe65 ' mice (B), homozygous G90D rhodopsin (Rho“"™*® or Rho-G90D ') mice (C), or heterozygous G90D rhodopsin (Rho“"™* or Rho-
G90D*'") mice (D). The left and right map represents Young’s modulus of rhodopsin nanodomains investigated under dark conditions and after photobleaching,
respectively. Scale bar, 5 nm. Histograms generated from mean Young’s modulus data obtained under dark conditions or after photobleaching are presented in
blue and red, respectively and were fitted with a Gaussian function. Adapted from ref. [40] Copyright (2019), with permissions from American Chemical Society

(ACS).

better understand the mechanism of this activity that leads to
retinal disease.

Nanoindentation AFM studies revealed that Young’s
modulus for both opsin (from Rpe65~~ mice) and the G90D
thodopsin mutant (from Rho“*“*® mice) were similar in
both the dark and light states. Similarities between the stiffness
values for both constitutively active forms and light-activated
wild-type rhodopsin indicated that both the diseased forms
adopted an active state independent of light and the increase
in Young’s modulus is intrinsic in nature. We were also able to
distinguish between inactive and active receptors when both
receptor forms were present in the ROS disc membranes. In
heterozygous Rho“™* mice, which express both wild-type
and G90D mutant rhodopsin, we observed a mixture of
inactive and active receptors randomly distributed within the
membrane under dark conditions. Upon light stimulation, all

receptors were in the active state, exhibiting a higher Young’s
modulus. So, it was clear that both light-activated wild-type
and constitutionally active receptor molecules exhibited
increased stiffness when probed with AFM. This increase was
attributed to the structural changes in receptor molecules due
to the presence of an extensive network of hydrogen bonds
and the formation of a compact core structure upon the
introduction of water in the light-activated state."*®

The ability to detect and quantify the proportion of
receptors in an inactive or active state allowed us to determine
the underlying mechanism of constitutive activity. The activity
of constitutively active opsin or mutant G90D rhodopsin
in vivo is estimated to be less than 1% of that of the light-
activated MII state of wild-type rhodopsin.”>'**%% These low
levels of constitutive activity traditionally have been explained
in terms of the classical two-state model for receptor activation
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(Figure 14-A)."°"" In this model, the receptor exists in
equilibrium between two states - an inactive state and an active
state — where only a small population of receptors adopt the
active state, effectively resulting in the low levels of constitutive
activity observed. In more recent years, a multi-state model has
emerged to describe GPCR activity, in which the receptor can
adopt a number of active states in a sequential or non-
sequential manner. Under this updated scheme, low levels of
constitutive activity can result from the receptor adopting an
active state with low activity and the equilibrium can be shifted
completely in favor of this active state and still achieve low
activity (Figure 14-B).[%%-1%7

We could determine which model underlies the mecha-
nism by which constitutive activity occurs in opsin or the
G90D rhodopsin mutant based on our activity-stiffness
correlation data. If the constitutive activity occurred via the
two-state model, we would expect to observe two populations
of Young’s modulus — one major population of the inactive
state and only a minor population of the active state, which
would account for the low level of constitutive activity
observed. However, the presence of a single population of

A

W — W

Two-state model

W

I

Non-sequential
multi-state model

—
M «— W;M

Sequential multi-state model

receptors with a higher stiffness range was observed in our
AFM nanoindentation indicating all receptors were in an
active state and none in an inactive state.” In this case, all the
receptors appeared to adopt an active state with low activity,
resulting in a low level of total activity, consistent with the
multi-state model. Previously the G90D rhodopsin mutant has
been shown to adopt a different conformation than that of the
active. MII state, and despite having some similarities,""
distinct structural differences were present as observed by
electron paramagnetic resonance spectroscopy studies.!"*”
Despite the differences, both the MII state and constitutively
active state were found to be stiffer as shown by AFM
measurements. Multiple active states have been observed in the
case of other GPCRs, and AFM could potentially detect the
active states of those GPCRs as well. These additional insights
into the active state conformations could be important from a

pathological point of view.
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Figure 14. Proposed models of receptor activation to describe low levels of constitutive activity. (A) In the classical two-state model, the receptor exists in
equilibrium between a single inactive state (blue) and a single active state (red). A small population of receptors adopting an active state results in low levels of
constitutive activity. Based on the activity-stiffness correlation, Young’s modulus histograms are expected to exhibit a major population corresponding to an
inactive state and a minor population corresponding to an active state (black line). The dashed red line represents the case of all receptors adopting an active
conformation. (B) In multistate models, the receptor can adopt multiple active states (red and pink) in either a nonsequential or sequential manner. Low
constitutive activity can result from a shift of the equilibrium to a low-activity active state (pink). In this case, Young’s modulus histograms are predicted to
exhibit a single population of receptors in the active conformation (black line), as can be seen in the experimentally determined data. The dashed blue line
represents the case of all receptors adopting an inactive conformation. Reproduced from ref. [40] Copyright (2019), with permissions from American Chemical
Society (ACS).
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7. Conclusion

We started this journey to understand the structural and
functional properties of rhodopsin from a nanoscale point of
view. AFM being a multifaceted instrument with a wide range
of applications was ideally suited for this purpose. The unique
structure of rod photoreceptor cells and the high expression of
thodopsin in ROS disc membranes provided an ideal bio-
logical sample for AFM interrogation. This complementary fit
of the technique and the biological sample has provided a
wealth of information that was previously inaccessible by more
traditional approaches. Fundamental aspects of rhodopsin
structure and function have been revealed to advance our
understanding of the receptor under both normal and dysfunc-
tional states. These studies provide a foundation to not only
continue to advance AFM methodology to study the visual
system but also to interrogate the worldview of other GPCRs
as well.
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