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Hampered by the diffraction phenomenon, as expressed in 1873 by Abbe,

applications of optical microscopy to image biological structures were for a

long time limited to resolutions above the ~200 nm barrier and restricted to the

observation of stained specimens. The introduction of fluorescencewas a game

changer, and since its inception it became the gold standard technique in

biological microscopy. The plasma membrane is a tenuous envelope of

4 nm–10 nm in thickness surrounding the cell. Because of its highly versatile

spectroscopic properties and availability of suitable instrumentation,

fluorescence techniques epitomize the current approach to study this

delicate structure and its molecular constituents. The wide spectral range

covered by fluorescence, intimately linked to the availability of appropriate

intrinsic and extrinsic probes, provides the ability to dissect membrane

constituents at the molecular scale in the spatial domain. In addition, the

time resolution capabilities of fluorescence methods provide complementary

high precision for studying the behavior of membrane molecules in the time

domain. This review illustrates the value of various fluorescence techniques to

extract information on the topography and motion of plasma membrane

receptors. To this end I resort to a paradigmatic membrane-bound

neurotransmitter receptor, the nicotinic acetylcholine receptor (nAChR). The

structural and dynamic picture emerging from studies of this prototypic

pentameric ligand-gated ion channel can be extrapolated not only to other

members of this superfamily of ion channels but to other membrane-bound

proteins. I also briefly discuss the various emerging techniques in the field of

biomembrane labeling with new organic chemistry strategies oriented to

applications in fluorescence nanoscopy, the form of fluorescence

microscopy that is expanding the depth and scope of interrogation of

membrane-associated phenomena.
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1 Introduction

The ultimate aim in the application of biophysical

methods towards understanding the structure and function of

the cell is to interrogate it with minimal perturbation.

Fluorescence microscopy fulfills several criteria towards this

aim: improved fluorophores and thoughtful choice of

fluorescent probes maximizes cell viability by exploiting

regions of the spectrum with minimal excitation-induced

photodamage; high-affinity labeling provides additional

minimization of invasiveness by selectively tagging subsets of

molecules; new developments in instrumentation provide

optimized low-damage illumination and detection conditions.

These improvements have converged to push the limits of

spatial resolution down to single-molecule localization and

allowed the tracing of molecular motions with high temporal

accuracy. Fluorescence microscopy has thus been able to delve

into the structure and dynamics of membrane molecular

constituents to learn about their distribution (e.g., random/

non-random), orientation relative to the membrane plane,

translational and rotational mobilities, and order/disorder of

transient supramolecular assemblies like the ordered (“lipid

rafts”)/disorder membrane lipid domains. Perhaps of greater

physiological importance, fluorescence microscopy has enabled

the biophysicist to gain a better understanding of the dynamic

changes in these physical properties in response to a variety of

cell-surface phenomena.

Among these, signaling is one of the most important and

functionally relevant events occurring at the plasma membrane.

The chain of events initiated by hormones or neurotransmitters

at the plasmalemma is an early phylogenetic acquisition that

provided the means to convey signals from the “external world”

to the cell’s interior. In most metazoa this connection between

the extracellular space (minimal distances for neurotransmitters;

much more far-off for hormones) and the cell surface has now

been established; sensory organs have either maintained the

primordial link (smell or taste receptor cells sensing external

chemicals from the “external world”) or developed more

complicated cellular chains (sight, hearing, touch).

Chemical signaling gave rise to the appearance of membrane-

bound receptors more than 4,000 million years ago, as

exemplified by the superfamily of pentameric ligand-gated ion

channels (pLGICs) (Ortells et al., 1992; Barrantes, 2015). The

pLGICs comprise various families of neurotransmitter receptors

such as γ-aminobutyric acid (GABA) type A or C receptors, the

nicotinic acetylcholine receptors (nAChRs), glycine receptors,

subtype 3 of the serotonin receptor family, and the structurally

related glutamate-gated chloride channel (GluCl) (Zoli et al.,

2018). pLGICs share a common architectural design -a pseudo-

symmetric pentagonal arrangement formed by five polypeptide

subunits organized around the central ion-conducting pore. The

structural resemblance is related to the evolutionary history and

conservation of these membrane-bound proteins (Stroud and

Finer-Moore, 1985; Le Novère and Changeux, 1995; Ortells,

1998; Barrantes, 2015; Tessier et al., 2017).

In the case of the nAChRs, seventeen different subunits

(α1–α10, β1–β4, γ, ε, and δ) have been identified to date in

this family of receptors in vertebrates. These subunits can

assemble into homo- or hetero-pentameric structures (Zoli et

al., 2018). All subunits consist of an extracellular domain,

three hydrophobic concentric transmembrane rings around

the pore (Barrantes, 2003) and a relatively small extracellular

carboxy-terminal domain (Karlin, 2002). In adult muscle,

synaptic nAChRs are packed at very high densities

(~10,000–20,000 particles μm−2) at the neuromuscular

junction, a very large peripheral synapse containing in the

order of 107 nAChR molecules (Albuquerque et al., 1974;

Fertuck and Salpeter, 1976; Land et al., 1977), reviewed in

(Barrantes, 1979). The actual number of receptors in the

synaptic region results from the homeostatic equilibrium

between synthesis, recycling and degradation of cell-surface

receptors. Removal of synaptic receptors occurs via endocytic

internalization (Engel and Fumagalli, 1982; Kumari et al.,

2008). Dysregulation of these processes occurs in various

neuromuscular diseases, including myasthenia gravis. In the

central nervous system, heteromeric α4β2 and homomeric

α7 nAChRs constitute the most abundant subtypes of

nAChRs, whereas other combinations are less common, are

present in smaller numbers, and usually exhibit a more limited

anatomical distribution, restricted to specific brain regions

(Taly et al., 2009; Zoli et al., 2018). Perturbations in

cholinergic signaling in brain can affect attention, memory,

cognition, and social behavior, and may be associated with

major neurological and neuropsychiatric disorders, like

Alzheimer disease (Barrantes et al., 2010; Chen and

Mobley, 2019), Parkinson disease (Perez-Lloret and

Barrantes, 2016; McKinley et al., 2019), some variants of

the schizophrenia spectrum disorder (Higley and Picciotto,

2014; Caton et al., 2020), or the autistic spectrum disorder

(Vallés and Barrantes, 2021).

The spatial organization of membrane proteins is closely

related to their functional properties. This structure-function

coupling is particularly relevant in the case of ligand-gated

neurotransmitter and hormone receptors, where the signaling

efficacy of the triggering ligand is strongly associated with the

supramolecular organization of the receptor molecules. In this

review, I illustrate the use of fluorescence microscopy and in

some cases complementary “cuvette” fluorescence experiments

using isolated plasma membrane samples to study membrane

structure and dynamics. The contributions of fluorescence

spectroscopy and fluorescence microscopy to our knowledge

of biological membranes extend now over several decades.

Together, they still count among the most powerful and less

detrimental methods available.
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2 Exploring the physico-chemical
properties of the nAChR lipid milieu

Both neuronal-type and muscle-type nAChRs are modulated

by cholesterol, making this neutral lipid the most important in

lipid-receptor crosstalk. The α7 neuronal nAChR localizes in

cholesterol-rich liquid-ordered lipid domains at the surface of the

somatic spines in chick ciliary ganglion sympathetic neurons

(Brusés et al., 2001; Marchand et al., 2002; Oshikawa et al., 2003;

Zhu et al., 2006). Long-term inhibition of cholesterol

biosynthesis by the statin lovastatin differentially augments

cell-surface levels of α4β2 and α7 nAChRs in neurites and

soma of rat hippocampal neurons (Borroni et al., 2020).

Dysfunctional brain cholesterol homeostasis may therefore

impact on the number of glutamate receptors at dendritic

spines through cholinergic signaling involving α4β2 and

α7 nAChRs. Some of the modulatory effects exerted by

cholesterol on the topography and functional aspects of the

nicotinic receptor are also observed with other members of

the fast ligand-gated ion channels. The GABA and the glycine

receptors (Bennett and Simmonds, 1996; Hénin et al., 2014;

Brannigan, 2017; Lee, 2021) and the benzodiazepine receptor

(Jamin et al., 2005) illustrate this point. The lessons gained from

the successes and failures in the exploration of the nAChR

therefore provide useful guides for the study of other

neurotransmitter receptors.

2.1 Fluorescent cholesterol sensors and
membrane probes

Given the important influence of cholesterol on nicotinic

receptor function, the crosstalk between this neutral lipid and the

nAChR has been the focus of numerous experimental studies

(Criado et al., 1982a; Baenziger et al., 1999; Wenz and Barrantes,

2003; Baenziger et al., 2008) and see reviews on this specifc topic

in (Barrantes, 2007, 2010; Barrantes, 2015; Henault et al., 2019).

It is thus not surprising that fluorescence spectroscopy and

fluorescence microscopy studies of the native biomembranes

harboring the receptor have played a major role in elucidating

some aspects of these interactions.

The study of biomembrane properties using fluorescence

techniques is intertwined with the parallel development of

appropriate fluorescent sensors. One of the forefathers of

biological fluorescence, Gregorio Weber, was early involved in

the introduction of probes to this end. This incursion into the

membrane field stemmed from his more general interest in

fluorescence polarization theory and applications (Weber,

1952a; b). Among the earliest examples of design organic

synthesis and application of the membrane probes is the

introduction of perylene and 2-methylantracene by Meir

Shinitzky -then a postdoc in Weber’s laboratory- to study the

microviscosity and order of the hydrocarbon region of synthetic

micelles. The behavior of the fluorescent probes was analyzed

using Perrin’s polarization equations (Shinitzky et al., 1971). The

approach was followed by researchers in the field of biological

membranes to study thermotropic phase transitions and the

effect of cholesterol on the microviscosity and order of

phospholipid-containing synthetic membranes (Cogan et al.,

1973; Jacobson and Wobschall, 1974).

One of Gregorio Weber’s canonical probes is dansyl chloride

[5-(dimethylamino) naphthalene-1-sulfonyl chloride], which he

introduced in the field of fluorescence spectroscopy to study

proteins in solution (Weber, 1952b). Applications in the

membrane field can be found in the use of dansyl derivatives

of cholesterol like 6-dansyl-cholestanol. This sensor was used to

follow the trafficking of cholesterol from the plasma membrane

to intracellular compartments (Wiegand et al., 2003). Friedhelm

Schroeder and coworkers later focused on the physico-chemical

properties of the probe in biological membranes, showing that it

was mainly partitioned in cholesterol-rich liquid-ordered (Lo)

domains with lower fluorescence polarization (0.20) than in

cholesterol-poor, liquid-disordered (Ld) membrane regions

(0.24) (Huang et al., 2010).

Another fluorescent cholesterol analogue, 6-rhodamine-

cholestanol, results from the covalent coupling of a

sulforhodamine group at position 6 of the sterol backbone

(Maiwald et al., 2017). The probe partitions preferentially into

Ld membrane domains, as measured by fluorescence microscopy

of giant unilamellar vesicles (GUVs). The probe has a free 3′OH
group and can thus be esterified inside the cell. Unlike 6-dansyl-

cholestanol (Huang et al., 2010), 6-rhodamine-cholestanol does

not follow the cholesterol storage pathway; it is internalized

through endosomes and is subsequently directed to lysosomes

and peroxisomes (Maiwald et al., 2017).

Robert Bittman and colleagues introduced the cholesterol

probe 23-dipyrrometheneboron difluoride-24-norcholesterol (Li

et al., 2006; Li and Bittman, 2007), also known as BODIPY-

cholesterol, a high quantum yield cholesterol analogue that has

been used to study membrane lipid order and sterol partition

properties in mixed lipid phases (Marks et al., 2008), GUVs

containing distinct coexisting lipid phases (Ariola et al., 2009),

and living cells (Hölttä-Vuori et al., 2008; Solanko et al., 2013;

Wüstner et al., 2016). Two-photon fluorescence microscopy,

fluorescence lifetime and fluorescence correlation

measurements were used to this end. The probe exhibits

differences in translational/rotational diffusion coefficients,

fluorescence correlation spectroscopy parameters, and

fluorescence lifetimes between Lo and Ld phases -the latter

attributed to Förster resonance energy transfer between

BODIPY-cholesterol and DiI-C (12) (1,1′-didodecyl-3,3,3′,3-
tetramethyl-indocarbocyanine perchlorate) (Ariola et al.,

2009). BODIPY-cholesterol has since been employed as a

probe with preferential partitioning in the Lo phase. Another

cholesterol BODIPY probe is B-P-cholesterol, in which the

fluorophore moiety is coupled to C-24 of cholesterol. This
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compound has been used to study cholesterol dynamics in GUVs

and plasma membranes (Solanko et al., 2013). BODIPY

derivatives have found a niche in membrane fluorescence

studies because of their high stability and high quantum yield.

Imidazolium-derivatized lipids constitute a newly introduced

family of probes synthesized using click chemistry (Rakers et al.,

2018; Bornemann et al., 2020). One such compound is a

cholesterol sensor termed CHIM (CHolesterol-based

IMidazolium salt) (Matos et al., 2021). The imidazolium

group is linked to cholesterol C-2. Using strain-promoted

azide-alkyne cycloaddition click bioconjugation chemistry, a

fluorophore was added, resulting in CHIM-L. In this sensor,

the fluorophore remains outside the membrane, while the rest of

the molecule partitions into liquid-ordered (Lo) cholesterol-rich

domains (Matos et al., 2021).

Among the fluorescent sensors aimed at characterizing lipid

domains in membranes is the fluorescein derivative of cholesterol,

fPEG-cholesterol, i.e., cholesterol coupled to a polyethylene oxide

[poly (ethyleneglycol)cholesteryl ether]. Introduced by Toshihide

Kobayashi (Ishitsuka et al., 2005) this and related compounds

exhibit variable length and their large PEG moiety renders the

fluorescent molecule impermeable to the membrane. These probes

therefore anchor at the plasmalemma and are used in the study of

living cells in culture or cell suspension upon application from the

aqueous medium (Sato et al., 2004). fPEG-cholesterol partitions

exclusively in the outer leaflet of the cell membrane and is

preferentially partitioned in the cholesterol-rich Lo lipid

phase. After long incubation the probe is slowly internalized

following a non-clathrin endocytic pathway (Sato et al., 2004).

fPEG-cholesterol has been extensively employed alone (Hullin-

Matsuda and Kobayashi, 2007) or together with the

sphingomyelin-binding protein lysenin (Hullin-Matsuda and

Kobayashi, 2007) to label Lo lipid domains in living cells.

Together with Toshihide Kobayashi we employed fPEG-

cholesterol to follow the dynamics of cholesterol internalization

and to test whether nAChR endocytosis followed the same route.

Most of the internalized receptor followed a pathway different

from that of fPEG-cholesterol (Kamerbeek et al., 2013), in

agreement with our early studies with Satyajit Mayor showing

that the receptor utilized a RAC-dependent, clathrin- and

dynamin-independent endocytic route (Kumari et al., 2008).

Another methodology to probe the physical state of the

membrane and explore the preference of the nAChR protein

for different regions of the bilayer is the use of the so-called

general polarization (GP) of fluorescence. This technique,

introduced by Tiziana Parasassi and Enrico Gratton 30 years

ago (Parasassi et al., 1986; Parasassi et al., 1991; Parasassi and

Gratton, 1992), initially made use of the fluorescent sensor

Laurdan (6-dodecanoyl-2-dimethylamino naphthalene). This

fluorescent molecule was designed and synthesized by

Gregorio Weber, together with Prodan (6-propionyl-2-

dimethylaminonaphthalene), to probe the polarity of bovine

serum albumin and myoglobin (Weber and Farris, 1979). The

GP of Laurdan essentially senses the dipolar relaxation processes

in the immediate environment of the proble, which are

manifested in relatively large emission spectral shifts. Laurdan

partitions into both Ld and Lo phases. The former phase allows

more water molecules to populate the interface region; Laurdan

senses the dipolar relaxation of water molecules, affecting its own

excited state dipole moment (Weber and Farris, 1979) and

resulting in red-shifted emission and lower GP values.

Fluorescence emission maxima (~440 in the gel phase and

490 nm in the liquid-disordered phase) are conserved over a

FIGURE 1
Upper panel. Live CHO-K1/A5 cells co-stained with anti-
nAChR Alexa647 using the monoclonal antibody mAb210 and the
membrane probe di-4-ANEPPDHQ. Regions of the plasma
membrane on which the analysis was carried out are
highlighted with a white rectangle. nAChR puncta associated with
GP values lower than the mean GP of the cell membrane (i.e., Lo
domains with lower Chol content) are outlined in white; nAChR
clusters with higher-than-the-mean GP are outlined in red. Scale
bar: 10 μm in outlined regions of interest, and 1 μm in magnified
images. Original data from (Kamerbeek et al., 2013). Middle and
lower panels. Schematic representation of the distribution of
nAChRmolecules in liquid-ordered (Lo) and liquid-disordered (Ld)
domains rich and poor in cholesterol, respectively. The
experimentally determined high GP areas in the upper panel are
assumed to correspond to the thicker, cholesterol-rich domains,
and vice-versa. Illustration from (Borroni et al., 2016), with
permission.
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wide range of temperatures (Antollini et al., 1996; Bacalum et al.,

2013). In combination with fluorescence correlation

spectroscopy (FCS), Laurdan GP was used to detect cell

membrane heterogeneity (Sanchez et al., 2012).

The phasor geometric plot method (Jameson et al., 1984)

introduced Laurdan into the realm of fluorescence lifetime

imaging (FLIM), enabling the visualization of lateral

membrane heterogeneities in the fluorescence microscope with

the FLIM-phasor combination, first applied to measure the

influence of cholesterol content and changes in membrane

fluidity and phospholipid order in live cells (Golfetto et al.,

2013; Ranjit et al., 2018; Gunther et al., 2021). We made

extensive use of Laurdan GP to characterize the physical

membrane environment of the nAChR. We introduced the

ability of Laurdan to act as a Förster resonance energy

transfer (FRET) acceptor of tryptophan emission, using the

transmembrane tryptophan residues of the nicotinic receptor

as donors, thus being able to interrogate the immediate lipid

milieu within Förster distances from the membrane-embedded

tryptophan residues in a native membrane environment

(Antollini et al., 1996; Antollini and Barrantes, 1998; Antollini

and Barrantes, 2002).

Another environmentally sensitive fluorescent probe is di-4-

ANEPPDHQ, a naphthylstyryl-pyridinium (di-n-ANEPPDHQ)

compound introduced by Loew and his group (Obaid et al.,

2004). Unlike Laurdan, di-4-ANEPPDHQ discriminates

between coexisting Lo and Ld phases in model membranes

(Jin et al., 2005). The fluorescence emission spectrum of di-4-

ANEPPDHQ is blue-shifted ~60 nm in the Lo phase (max.

610 nm) compared with the Ld phase (max. 560 nm) and

exhibits strong second harmonic generation in the Ld phase

compared with the Lo phase. The linear combination of the

emission maxima can be used in the same manner as with

Laurdan GP. To this end we labeled the nAChR in CHO-K1/

A5 cells with an anti-muscle type nAChR monoclonal antibody

and a secondary antibody tagged with Alexa-Fluor-647 and

imaged its cell-surface localization. In parallel, we used a dual-

channel recording setup to measure di-4-ANEPPDHQ GP in

different regions of the plasma membrane (Figure 1). The

nAChR showed a punctiform distribution in both Ld and Lo

domains (Kamerbeek et al., 2013). We observed a decrease in di-

4-ANEPDHQ GP values upon cholesterol depletion, a change

that was correlated with the diminution of nAChR aggregates

associated with Lo domains (Figure 1).

2.2 Fluorescent probes designed for the
cholinergic system and its membrane
environment

Dansyl-choline [1-(5-dimethylaminonaphtalene1-

sulfonamido) ethane-2- trimethylammonium perchlorate]

constituted the first fluorescent probe designed for the study

of a neurotransmitter system (Weber et al., 1971) (Figure 2).

Based on this compound, Cohen and Changeux replaced the

ethane spacer by a propane group to separate the choline moiety

from the fluorophore, and tested its pharmacological properties

in the electric organ of Torpedo marmorata (Cohen and

Changeux, 1973). With the acetylcholinesterases in mind,

Narayanan and Balaram subsequently synthesized additional

dansyl compounds with the same design but longer spacer

arms (Narayanan and Balaram, 1978). Dansyl-choline

compounds remain among the cholinergic fluorescent sensors

with the smallest fluorophores.

FIGURE 2
Fluorescent probes for the cholinergic system. (A) The
dansyl-series. From top to bottom: n = 2, the primal compound,
dansyl-choline [1-(5-dimethylaminonaphtalene-1-sulfonamido)
ethane-2 trimethylammonium perchlorate] (Weber et al.,
1971); n = 5, [1-(5-dimethylaminonaphtalene1-sulfonamido)
pentane-5- trimethylammonium tartrate], and n = 10, [1-(5-
dimethylaminonaphtalene1-sulfonamido) decane-10-
trimethylammonium tartrate] (Narayanan and Balaram, 1978).
According to these authors the n = 5 and n = 10 were intended to
increase hydrophobicity and hence enhance the partitioning in
lipid membranes of the dansyl homologous compounds, which
were employed in binding studies on the enzyme cholinesterase.
(B) 1-pyrene-butyryl choline, an antagonist of the nAChR
(Barrantes et al., 1975) and a high-affinity blocker of the choline
uptake mechanism (Dowdall et al., 1976).
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Pyrene is another fluorophore frequently employed by

Gregorio Weber to study the dynamics of proteins in solution

(Knopp and Weber, 1969). The most characteristic property of

pyrene is its exceptionally long fluorescent lifetime. Weber

exploited the accessibility of O2 and its topography using

pyrene as a sensor of surfaces, crevices and the environment

(Vaughan and Weber, 1970). The large cholesterol-carrying

serum lipoproteins were also ideal targets to label with the

pyrene derivative 21-methylpyrenyl-cholesterol (Gaibelet et al.,

2013). Our first attempt to exploit the advantageous properties of

pyrene as a probe in the study of the nAChR resulted in the

synthesis of 1-pyrene-butyryl choline, a long-lifetime compound

that delineated the neuromuscular junction and exhibited the

electrophysiological and pharmacological properties of an

antagonist of the receptor (Barrantes et al., 1975). The probe

was also found to be a low nanomolar high-affinity blocker of the

choline uptake in cholinergic nerve terminals (Dowdall et al.,

1976) (Figure 2).

Another property of pyrene and its derivatives is the ability to

form excimers, exploited early in the membrane field to study

lateral diffusion coefficients in membranes (Galla and Hartmann,

1980; Somerharju et al., 1985; Dix and Verkman, 1990). The rate

of dimer and excimer formation was also exploited to learn about

lipid phase diagrams (Feigenson and Buboltz, 2001), lipid

domains in membranes, and membrane dynamics (Sassaroli

et al., 1990). Pyrene-cholesterol was synthesized to study the

lateral distribution of the neutral sterol in the membrane (Lagane

et al., 2002). Excimers are formed when a pyrene molecule in the

excited state collides with a molecule in the ground state. This

depends on both the concentration and lateral diffusion of the

probe (Galla and Hartmann, 1980; Holopainen et al., 1997;

Somerharju, 2002). We used the excimer formation ability of

a pyrene-labeled phosphatidylcholine (Py-PC) to study the effect

exerted by the presence of the nAChR protein on the lateral

organization of a synthetic lipid membrane. Excimer formation

was observed in pure DPPC/DOPC liposomes but was strongly

reduced in the presence of the nAChR. We attributed this effect

to the restricted diffusion of PyPC in the presence of the receptor

protein, which was assumed to rigidify the DPPC-rich regions

and increase the apparent concentration of the pyrene sensor in

the liquid-ordered domains (Wenz and Barrantes, 2005).

Cysteine residues are favorite amino acid side chains for

introducing nitroxide radicals at well-defined locations in

membrane proteins studied by electron spin resonance (ESR)

spectroscopy. These site-specific tags are then used to learn about

the rotational restrictions of the spin label, and hence about the

segmental motion of the protein. In a fluorescence study

conducted together with Michael Blanton, Manuel Prieto, and

Silvia Antollini, we labeled specific cysteine residues in the

transmembrane regions of the nAChR with the pyrene sensor

N-(1-pyrenyl) maleimide, and applied differential fluorescence

quenching with spin-labeled derivatives of fatty acids,

phosphatidylcholine, and the steroids cholestane and

androstane to locate these residues in the membrane

(Barrantes et al., 2000). We applied this strategy to both the

intact nAChRmolecule purified from Torpedo californica electric

tissue and to transmembrane peptides obtained by controlled

enzymatic digestion from the purified protein. When we

analyzed the proteolytic fragments obtained from the intact

nAChR, the covalent pyrenyl-maleimide fluorescence mapped

to cysteine residues in αM1, αM4, γM1, and γM4. Stern–Volmer

plots of the spin-labeled lipid analog quenching showed that

stearic acid and androstane spin label derivatives were the most

effective quenchers of the pyrene fluorescence. The fatty acid

spin-labeled stearic acid 5-SASL isomer quenched more

effectively than the 7-SASL and the 12-SASL analogs,

indicating a shallow location of the pyrene-labelled Cys

residues (Barrantes et al., 2000).

3 Breaking the diffraction barrier in
light microscopy

Superresolution optical microscopy (nanoscopy) has

revolutionized light microscopy, establishing new principles

and covering a wide range of applications beyond the

biological field: materials science, microbiology, biotechnology,

chemistry and physics have benefitted from its inception (Betzig,

2015; Hell, 2015; Moerner, 2015).

The ability to circumvent the diffraction-barrier of light, a

physical law formulated by the German physicist Ernst Karl Abbe

(Abbe, 1873) has produced a breakthrough in our ability to

visualize biological material. As stated in Abbe’s law, the degree

of detail that can be resolved by a conventional light microscope

is fundamentally limited by diffraction. An infinitely small point

source produces a spot of finite volume, the point spread function

(PSF), and two such small point sources that are closer together

than the half-width of the PSF half-width overlap and are

observed as a single object. The resolution in the focal plane

can be approximated as 0.5λ/N.A., with λ being the wavelength of
light and N.A. the numerical aperture of the objective lens. Using

visible light (λ ~ 550 nm) and a high-N.A. objective lens (N.A. ~

1.4) the attainable resolution is ~200 nm. Superresolution

microscopy has found different ways to circumvent this

diffraction barrier (Betzig, 2015; Hell, 2015; Moerner et al.,

2015). This realization was preceded and later accompanied

by major advances in the design and production of new

synthetic fluorophores and the discovery of natural fluorescent

proteins (Tsien and Miyawaki, 1998; Tsien, 2010) that enabled

the application of the new nanoscopies to specific biological

research purposes.

Resolution can be improved by restriction of the fluorescence

emission to an area much smaller than the PSF. This approach is

exploited in the case of stimulated emission depletion (STED)

(Rittweger et al., 2007; Sahl and Hell, 2019) and RESOLFT

(Hofmann et al., 2005; Testa et al., 2012) nanoscopies. STED
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is the paradigm direct scanning modality of superresolution

optical microscopy whose essential principle is the de-

activation of fluorophores in the immediate perimetric volume

surrounding the interrogating beam, thereby spatially confining

the emission volume (Hell and Wichmann, 1994). Using STED,

the nAChR was the first neurotransmitter receptor to be imaged

beyond the diffraction barrier, revealing the occurrence of

supramolecular aggregates in the form of clusters of

nanometric dimensions (Kellner et al., 2007). Subsequent

studies from our laboratory have employed total internal

reflection fluorescence (TIRF) microscopy and single-particle

tracking methods (Almarza et al., 2014) to follow the

translational motional regimes of the receptor in live-cell

imaging.

4 Fluorescence microscopy to study
the nanoscale and mesoscale
dynamics of nAChRs in the
plasmalemma

As we will discuss in this section, the motions of the receptor

from its early embryonic neurodevelopmental stages in utero to

the mature assembly in the adult neuromuscular junction play

key roles in the formation and stabilization of the synapse. Well

before nerve endings arrive at the future neuromuscular junction,

nAChR molecules diffuse in the plane of the muscle cell

membrane to encounter other partner molecules and establish

their elementary “socialization”, which will progress to form

nanoaggregates, subsequently micron-sized patches of

receptors, and upon arrival of the nerve, consolidate the large

muscle end-plate. Translational motion is obviously determinant

in this ontogenetic process of the peripheral cholinergic synapse,

as is the case with the lateral motion of receptors from non-

synaptic areas to the synaptic region proper operating in central

nervous system synapses that subserve some of the higher brain

functions. In addition to the lateral translation of receptor

molecules, two other motions can be considered relative to

the plane of the membrane: rotational diffusion and wobbling.

These two motional regimes have received less attention, and

their functional implications are likewise less understood.

Figure 3 depicts the three types of motion.

4.1 Translational dynamics

In brain synapses, the exchange between surface receptors at

the synaptic junction proper and those in non-synaptic areas is

considered to underlie neuroplasticity phenomena such as long-

term potentiation and depression (Bear and Malenka, 1994;

Chapman et al., 2022). These important dynamic phenomena

involve the rapid translational motion and subsequent anchoring

of glutamate receptors in excitatory synapses [see reviews in

(Choquet and Triller, 2003; Triller and Choquet, 2005)]. In the

adult peripheral cholinergic synapse, nicotinic receptors are

packed into a highly dense platform, the end-plate, with little

mobility of individual receptors. Yet lateral mobility of muscle-

FIGURE 3
(A) Translational or lateral diffusion; (B) rotational motion, and
(C) wobbling motion. In engineering, machine design provides an
example of wobbling motion when describing the deviation from
parallelism of a spindle axis of a lathe (e.g., when drilling a hole
on a plane object). This is the so-called Abbe (again after the
German physicist Abbe) or sine error (ε = h sin Θ, where ε is the
error, h the distance, and Θ is the angle, here distended by the
regular circular cone with its vertex at the center of the nAChR
molecule).
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type receptors is crucial during those developmental stages of

synapse formation (Sanes and Lichtman, 2001) when individual

molecules start to crosstalk via protein-protein interactions.

These nanoscale contacts are followed by the tectonic

mesoscale lateral motion of receptor clusters to gather into

“patches”, which precede, in turn, the assembly of the adult

synapse.

During the last half-century, the classical Saffman-Delbrück

model has been a dominating theoretical conceptualization of the

diffusion of a membrane-embedded body. Based on the classical

approach of Brownian motion and the Stokes-Einstein relation,

Saffman and Delbrück rationalized the translational and

rotational diffusion of membrane-spanning proteins (Saffman

and Delbrück, 1975). Translational (lateral) diffusion was

conceived to depend, albeit only weaky, on the size

(i.e., radius r) of the membrane-embedded portion of the

protein. Typically, a diffusion process is characterized by the

time-averaged mean-square displacement (tMSD), which for a 2-

dimensional space like a membrane bilayer can be written as:

MSD � <Δr2(t)> � ∫
∞

−∞
r2(t)P(r, t) d2r � 4Dt (1)

Where D is the diffusion constant. This assumes a viscous and

homogeneous fluid, such that P(r, t) is the probability

distribution function (PDF, also termed propagator) of the

diffusion process, i.e., the probability of finding the particle at

a (radial) distance r away from the origin at time t after release of

the particle at r = 0 at time t = 0. Complex media may lead to

sublinearity of the MSD as a function of time:

MSD � <Δr2(t)> � Kβt
β (2)

In Eq. 2, anomalous diffusion is considered by introduction

of the exponent β (Tejedor et al., 2010; Manzo et al., 2015), where

(MSD) ~ tβ. For β � 1 simple thermally-driven (“random

walk”) Brownian diffusion results. Anomalous diffusion results

from other values of β: subdiffusion for 0< β< 1 (e.g., in

molecular crowding), and superdiffusion for β> 1, usually for

molecular motor-driven diffusion. Anomalous diffusion Eq. 2

above can be written in short form as: 4Dtβ.

The fluorescence recovery after photobleaching (FRAP)

technique was introduced in the nAChR field by Daniel

Axelrod (Axelrod et al., 1976), who showed that in

developing muscle cells, nAChRs aggregated into large

(20 μm–60 μm) patches. Receptors in these assemblies are

already essentially immobile, with an effective lateral

diffusion coefficient (D) of < 10−4 μm2 s−1. Lateral mobility

of diffusely distributed nAChRs in non-clustered areas of the

plasma membrane is ~ 0.5−2 μm2 s−1 × 10−2 μm2 s−1. Our early

attempts to study the lateral motion of the nAChR in the

membrane resorted to purified receptor protein samples

reconstituted into phospholipid membranes (Criado et al.,

1982b). We subsequently combined FRAP with fluorescence

correlation spectroscopy (FCS) in the confocal microscopy

mode to measure lateral diffusion of the receptor in live

mammalian cells (Baier et al., 2010). In our work using

muscle-type nAChR heterologously expressed in a

mammalian cell line [CHO-K1/A5 (Roccamo et al., 1999)],

receptors were labeled with Alexa Fluor 488 α-bungarotoxin.
FRAP amounted to only ~55% of the initial fluorescence

10 min after photobleaching, indicating that ca. half of the

receptors were immobile. Cholesterol extraction by methyl-β-
cyclodextrin reduced the fraction of mobile receptors from

55 to 20%. Treatment of the cells with the toxin latrunculin A,

which induces actin depolymerization, partially restored

receptor mobility in cholesterol-depleted cells. In agreement

with the FRAP data, the scanning confocal FCS experiments

showed that the mobility of the nAChR in small areas of the

membrane was about 30% slower upon cholesterol depletion.

At that time, we attributed the slower motion of the cholesterol-

treated samples to the increase of receptor nanocluster size in

cholesterol-poor plasma membranes, as observed with STED

nanoscopy (Kellner et al., 2007).

The lateral diffusion coefficient of central nervous system

nAChRs is slightly faster than that of the peripheral receptor

(McCann et al., 2008; Fernandes et al., 2010). For instance, the

lateral mobility of neuronal-type α7 nAChRs in chick ciliary

ganglion neurons was found to be 0.070 μm2 s−1 and 0.188 μm2

s−1 in synaptic and non-synaptic regions, respectively.

Cholesterol extraction from the neurons with methyl-β-
cyclodextrin increased the mobility of α7 nAChRs but not

that of α3 nAChRs, leading the authors of this study to

conclude that neuronal-type nAChR mobility is receptor-

subtype specific (Fernandes et al., 2010).

To explore in more detail the effects of cholesterol on nAChR

mobility we employed total internal reflection fluorescence

(TIRF) microscopy of CHO-K1/A5 cells tagged with Alexa

Fluor 488-labeled α-bungarotoxin or anti-receptor antibodies

followed by a secondary antibody tagged with the same

fluorophore (Almarza et al., 2014). With fluorescent α-
bungarotoxin two mobile pools were observed: a highly

mobile one undergoing simple Brownian motion (16%) and a

second one with restricted motion, amounting to ~50% of the

total. The remaining (~44%) did not exhibit translational

mobility in the time scale of the experiments. We confirmed

the conclusions of our previous FRAP/FCS results (Baier et al.,

2010) showing that a large proportion of the receptors at the

plasma membrane are immobile, while the mobile nAChRs

exhibit heterogeneous motional regimes, modulated by the

combination of intrinsic (its supramolecular organization) and

extrinsic (membrane cholesterol content) factors.

More recently, we applied single-particle tracking techniques

in combination with STORM nanoscopy to address the dynamics

of individual nAChRs labeled with fluorescent α-bungarotoxin
(Mosqueira et al., 2018) and the monoclonal antibody mAb35

(Mosqueira et al., 2020), respectively. mAb35 is one of the

monoclonal antibodies produced by Lindstrom and colleagues
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in a rabbit model; this resulted in the first reproducible

experimentally-induced animal model of the human

autoimmune disease myasthenia gravis (Tzartos and

Lindstrom, 1980; Tzartos et al., 1981). This antibody competes

with ~65% of human antibodies found in myasthenic patients.

The behavior of mAb35 is thus presumed to resemble that of the

pathogenic autoantibodies found in the human disease. In vitro,

myasthenia gravis antibodies have been shown to bind divalently

to the nAChR, presumably via the two α-subunits of adjacent
receptor monomers and thus crosslink receptors (see reviews in

(Paz and Barrantes, 2019, 2021)). Using mAb35 as a tool to tag

in vitro cell-surface muscle-type nAChRs, we experimentally

observed that the translational motion of the receptor

macromolecule upon multivalent ligand (antibody) binding

(Mosqueira et al., 2020) differed from the diffusion of the

receptor labeled with the monovalent non-crosslinking ligand,

fluorescent α-bungarotoxin. Not only did the translational

diffusion differ: superresolution microscopy disclosed that the

size of the nanoclusters of individual receptor molecules also

differed between toxin- and antibody-labeled samples. The

implications of these biophysical studies in the pathogenesis of

the autoimmune disease myasthenia gravis can be understood in

the light of classic observations on the effect of circulating anti-

nAChR autoantibodies in myasthenic patients. These receptors

crosslink nAChR molecules and augment their internalization

(Drachman et al., 1978). In collaboration with Satyajit Mayor in

Bangalore, we have reproduced these observations in the

mammalian CHO-K1/A5 clonal cell line and in

C2C12 developing myotubes; in both cell types

mAb35 accelerates the endocytosis of nAChRs (Kumari et al.,

2008), thus mimicking the physiopathological hallmarks of the

autoantibody-induced receptor internalization in the disease.

In the dynamic studies using the combination of single-

particle tracking and STORM nanoscopy, mAb35 crosslinking of

cell-surface nAChRs results in a very high proportion (~80%) of

immobile molecules (Mosqueira et al., 2020), whereas using the

fluorescent monovalent ligand Alexa Fluor 532 α-bungarotoxin,
immobile receptors accounted for ~ 50% of the total population

(Mosqueira et al., 2018). The single-molecule trajectories of

antibody-tagged nAChR exhibit longer confinement sojourns

(between 340 ms and 440 ms) (Mosqueira et al., 2020) than

those of receptors labeled with the non-crosslinking,

monovalent ligand α-BTX (135 ms–257 ms) (Mosqueira et al.,

2018), indicating that mAb-crosslinked receptors remain for

longer periods in crowded areas. At the ensemble level,

dynamic clustering is also detected using the approaches

developed by Cissé (Cisse et al., 2013; Andrews et al., 2018);

these dynamic and transient aggregates occur in areas ~4-fold

larger than those of the confinement sojourns of individual

single-molecule trajectories (Mosqueira et al., 2020), and the

average lifetime of the antibody-tagged (nano)clustering events

was found to be 3-fold longer than those of the corresponding

BTX-labeled nAChRs (Mosqueira et al., 2018). These findings are

consistent with the notion that mAb35-induced crosslinking

adds stability to the nanoclusters (Barrantes, 2021b). Sil and

coworkers (Sil et al., 2020) define the nano-scale organization of

the CD44 as “being built of individual molecules brought

together within ~10 nm distances”, and meso-scale as

“domains ~100 nm–1,000 nm in scale”. These authors also

concur with our results (Mosqueira et al., 2018; Mosqueira

et al., 2020) in that the nano-scale behavior of the molecules

dictates their meso-scale organization and dynamics,

emphasizing the importance of the dynamic nanoclusters in the

organization of the peripheral cholinergic synapse (Barrantes,

2007), particularly during the embryonic stages of

neuromuscular junction formation. The nAChR nanoclusters

likely constitute the intermediate supramolecular organization

leading to the meso-scale diffraction-limited “microaggregates”

observed during the embryonic stages of neuromuscular

development [(Olek et al., 1986a; Olek et al., 1986b) reviewed

in (Sanes and Lichtman, 2001)]. During postnatal NMJ

ontogeny, these nanoclusters can coalesce to form the micron-

sized “patches” and eventually be stabilized by innervation in

the form of an adult neuromuscular synapse (Lichtman and

Sanes, 2003).

4.2 Rotational dynamics

Rotational motion of membrane proteins has received less

attention than translational motion. In their classical

“hydrodynamic model”, Philip Saffman and Max Delbrück

described the translational (Dt) and rotational (Dr)

displacements and the corresponding diffusion coefficients of

generic bodies and more realistically, of proteins and lipids in a

biological membrane. The thermally-induced rotation θ(t) of a
transmembrane protein as a function of time t can be

approximated by that of an ideal membrane-spanning

cylinder of radius R about its axis perpendicular to an infinite

plane sheet of viscous fluid (the membrane) separating infinite

regions of less viscous liquid (water) (Saffman and Delbrück,

1975). The current picture of the extracellular medium and the

cytoplasmic region is quite different; we now envisage the

medium bathing the plasma membrane as a highly crowded

mesh of glycolipids and glycoprotein molecules. Similarly, the

cytoplasmic region immediately subjacent to the plasma

membrane contains a dense cytoskeleton actin meshwork

(Goswami et al., 2008; Koster et al., 2016; Koster and Mayor,

2016; Sil et al., 2020).

The angular rotation in time t in the plane of the membrane

can be represented as:

θ2 � 2DRt (3)

As described by Hummer and coworkers in a recent work

exploring size corrections for the rotational diffusion coefficients
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of membrane proteins in molecular dynamics studies (Vögele

et al., 2019), for long times t, the MSD grows as:

〈(θ(t + t0) – θ(t0))2〉t0 ≈ a + 2Dt (4)
for a continuous trajectory of the angle θ(t).

The diffusion coefficients of the laterally diffusing particle

and the rotating particle are correlated to their mobilities by the

Einstein relations:

Dt � kBTbT andDR � kBTbR (5)

Thus the Saffman-Delbrück model predicts a rotational (Eqs

4 and 5) diffusion coefficient for a membrane protein of

approximately cylindrical shape to be:

DR � kBT

4πηmRH
2 �

kBT

4πηhRH
2 (6)

where kB is the Boltzmann constant, T the absolute temperature,

ηm � ηh is the superficial viscosity of the membrane, h its height,

and RH the hydrodynamic radius of the protein. The Saffman-

Delbrück formula is valid for radii RH smaller that the Saffman-

Delbrück length, ηm/2 ηf where ηf is the viscosity of the

extracellular medium and the cytoplasm, in the case of the

plasma membrane. According to the model, the frictional

forces exerted by the biomembrane on the membrane-

embedded portion of the protein prevail over other frictional

forces. This view remains valid for the periodic Safmann-

Delbrück model, an extension of the Safmann-Delbrück

original model (Saffman and Delbrück, 1975) that

contemplates the effects of periodic boundary conditions on

the diffusion constants of lipids and proteins obtained from

molecular dynamics simulations (Venable et al., 2017; Vögele

et al., 2019).

For most transmembrane proteins the rotational

diffusion coefficient DR lies in the range of microseconds

or longer. This is at or beyond the limit of the experimentally-

accessible span of most fluorescence techniques like time-

resolved or frequency domain fluorescence anisotropy using

standard fluorescence probes or even continuous-wave

electron paramagnetic resonance (EPR) (ESR) techniques

using nitroxide spin labels. The time-resolution capability

of EPR can enter the microsecond-to-millisecond time

window when using saturation transfer ESR spectroscopy,

thus enabling the exploration of the rotational motion of

membrane proteins (Thomas et al., 1976; Sahu and Lorigan,

2020).

Because of the inherent time domain covered by

phosphorescence spectroscopy, this technique offers the

possibility of utilizing the long-lived triplet state induced by

the photoselection ability of plane-polarized light (Razi Naqvi

et al., 1973). The light source is, in general, flash excitation, as

applied to of a triplet probe. One of the sources of

phosphorescence in proteins is that arising from the amino

acid tryptophan. The signal has been exploited to learn about

protein segmental flexibility at room temperature (Mazhul et al.,

1999). As a rule, however, the motion of soluble globular proteins

in solution is characterized by large amplitudes in the low

frequency range, resulting in a marked quenching of their

triple state, especially by O2. The phosphorescence lifetime of

proteins in buffer ranges from (sub) milliseconds for tryptophan

residues at solvent-exposed positions to several seconds if the

residue lies within a rigid core region of the protein. This

determines that phosphorescence is usually detected from the

latter set of tryptophan residues at room temperature (Strambini

and Gonnelli, 1985). With a size in between O2 and acrylamide,

the solute acrylonitrile has been shown to penetrate the deep-

core, compact regions of various proteins and quench tryptophan

phosphorescence (Strambini and Gonnelli, 2010). For reviews on

phosphorescence studies of soluble proteins the reader is referred

to (Cherry, 1978; Strambini, 1989; Vanderkooi and Berger, 1989).

We studied the rotational mobility of the Torpedo

marmorata membrane-bound nAChR using phosphorescence

anisotropy of eosin-5’-isothiocyanate and eosin-5’-

iodoacetamide derivatives of α-bungarotoxin (Bartholdi et al.,

1981). Rotational correlation times between 10 μs and 26 μs were

measured for the nAChR in dithiothreitol-reduced membrane

fragments, compatible with the motion of monomeric receptor

species (~ Mr 260,000), differing from the signal observed in

nAChR-rich membranes prepared in N-ethylmaleimide, which

contain predominantly the 13-S dimeric species of the receptor

(Barrantes, 1982). This difference provided evidence for the

sensitivity of the rotational motion to the oligomeric

organization of membrane-bound macromolecules.

4.3 Tilt of transmembrane segments and
wobbling motion

Little is known about the wobbling motion (Figure 3C) of

membrane proteins as a whole. Wobbling is certainly present in

more localized, segmental motion of proteins. The influence of

membrane thickness and lipid composition on the inclination of

transmembrane segments relative to the membrane normal has

been the subject of numerous investigations. The picturesque

term “protein frustration” has been coined in reference to the

disparity between the protein hydrophobic thickness and that of

surrounding lipids that do not match it, resulting in hydrophobic

mismatch (Fattal and Ben-Shaul, 1993; Killian et al., 1996;

Nielsen et al., 1998; de Planque and Killian, 2003; Lee, 2003;

Marsh, 2008b). The possible mechanisms whereby a membrane

protein avoids mismatch has been summarized by Hemminga

and coworkers as follows: a) changes in amino acid side chain

conformational space; b) changes in backbone conformations; c)

changes in tilt angle of the transmembrane segments; d) changes

in partitioning in the bilayer; e) changes in aggregation state in

the membrane (Stopar et al., 2006). Hydrophobic mismatch may

impact on a great variety of membrane phenomena: it may
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influence the motion of membrane proteins, e.g., translational

diffusion (Ramadurai et al., 2010), induce the dimerization of

membrane proteins (Marsh, 2008a), alter the composition of

lipid domains (Lin et al., 2007), sort proteins into specific

domains (Dibble et al., 1993; Milovanovic et al., 2015), induce

non-bilayer structures (Killian et al., 1996), or modulate the

behavior of mechanosensitive ion channels (Perozo et al., 2002).

Together with Manuel Prieto’s and Tony Watts’ groups we

have studied the influence of bilayer thickness on the tilt of the

nAChR γ-M4 28-mer transmembrane peptide (de Almeida et al.,

2004; de Almeida et al., 2006). Similar studies were conducted

with the nAChR α-M1 (de Planque et al., 2004). We combined

fluorescence spectroscopy (red-edge excitation shift effect, decay-

associated spectra, and time-resolved anisotropy) and NMR

spectroscopy and found that the indole moiety of tryptophan

6 in the γ-M4 peptide underwent a rapid wobbling motion, albeit

severely restricted in amplitude, possibly due to lateral

aggregation of homologous peptides (de Almeida et al., 2006).

The reader is referred to the work of Kawato and Kinoshita

for a theoretical treatment of the rotational diffusion of a whole

membrane-embedded protein relative to the membrane normal

and the restricted wobbling of the entire protein or segments

thereof (Kawato and Kinosita Jr, 1981). The authors also derive a

wobbling diffusion coefficient and the degree of orientational

constraint that can be extended to the independent wobbling of

the hydrophylic moiety of the membrane protein.

5 Future prospects

5.1 Expansion microscopy

There are several new approaches that have not been applied

yet to the subject of this review. For instance, sample preparative

methods that expand the biological sample isotropically, i.e., with

the same expansion factor in all dimensions, and permit

nanoscale precision imaging with diffraction-limited

conventional optical microscopes instead of specialized super-

resolution microscopes. These methods fall under the umbrella

of “expansion microscopy” although, as indicated, achievement

of superresolution relies on the sample preparation rather than

on the imaging procedure. Expansion microscopy works by

physically separating fluorescent probes after anchoring them

to a free-radical polymerized swellable polyacrylate hydrogel. In

its breakthrough introduction, a three-color superresolution

imaging with a lateral resolution of ~70-nm could be achieved

in both cultured cells and mouse hippocampus with a

conventional confocal microscope (Chen et al., 2015). At early

stages, expansion microscopy methods suffered from two pitfalls:

i) they failed to retain native proteins in the gel and ii) made use

of custom-made synthetic reagents of limited availability. In

2016, Boyden and coworkers introduced a modified technique

(retention expansion microscopy) that anchored proteins to the

swellable gel and permitted subsequent use of widely available,

conventional fluorescently labeled antibodies/streptavidin and/

or fluorescent proteins to produce multicolor imaging (Tillberg

et al., 2016). Other authors followed in the use of conventional

fluorescent probes in expansion microscopy (Chozinski et al.,

2016). Organic chemistry has played an important role in

providing new polymers with enhanced properties, e.g., non-

radical tetrahedron-like monomers that can be iteratively

expanded (Gao et al., 2019). Covalently linking strategies

permitting the direct tagging of the hydrogel with the

targeting molecule and fluorophore at the post-expansion

stage have also been applied to cytoskeletal components and

lipid membranes (Wen et al., 2020). Other refinements of the

hydrogel improved the expansibility of the sample from 4.5x to

20x by an iterative expansion procedure (Chang et al., 2017).

Nanorulers can be employed to quantify the swelling factor

(Scheible and Tinnefeld, 2018). Most recently, 9x hydrogel-

expanded nuclear pore complexes and clathrin-coated pit

specimens imaged with conventional wide-field microscopy

have reached resolutions of ~ 30 nm (Li H. et al., 2022).

Expansion microscopy has put conventional wide-field

microscopy into the realm of nanoscopy. But what about

combining expansion microscopy with the optical capabilities

of diffraction-unlimited superresolution imaging? Both STED

and STORMmicroscopies have been blended with the expansion

technique. STED + expansion resulted in a 30-fold increase in

resolution compared with conventional optical microscopy

(10 nm lateral and ~ 50 nm isotropic) (Gao et al., 2018). In

the case of STORM, difficulties in implementing this mix was

hampered by fluorophore loss during digestion or denaturation

of the specimens, or its subsequent gelation, and the

incompatibility of expanded polyelectrolyte hydrogels with

photoswitching buffers (Zwettler et al., 2020). The

combination with the expansion method afforded a 3-fold

resolution enhancement in comparison with plain STORM; in

the specific application -imaging of chromosomes- the pre- and

post-expansion resolutions were ~ 48 nm and ~ 18 nm,

respectively (Xu et al., 2019). Imaging of clathrin-coated pits

with macromolecular resolution was recently accomplished

using the expansion-STORM combination and trifunctional

anchors (Shi et al., 2021). The improvements brought about

by the above tetra-gels were combined with STORM to image

DNA origami with ~ 11 nm resolution (Lee et al., 2021).

5.2 Click, bioorthogonal, clip, snAP, and
halo-tag organic chemistry reactions*

As analyzed in the preceding section, the increasing resolving

power resulting from expansion microscopy combined with

nanoscopies strongly relies on the application of new organic

chemistry strategies. The discovery of bioluminescent/

fluorescent proteins by Shinomura in the early 60′s [reviewed
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in (Shinomura, 2005)], their expression in cells (Chalfie et al.,

1994), and their exponential applications in fluorescence

microscopy (Tsien, 1998; Tsien and Miyawaki, 1998)

transformed the field by bringing about the genetically-

encoded labeling of target molecules and subcellular structures

(Cubitt et al., 1995; Kain et al., 1995; Tsien, 2010). However, the

amount of photons that could be extracted in the photophysical

cycle of the first-generation fluorescent proteins was relatively

poor. Triggered in part by this shortcoming and partly by the

needs of superresolution imaging, important developments

occurred in the last two decades facilitating the design and

customized synthesis of organic compounds with

unprecedented precision. Some of these new synthetic

procedures are based on the “click chemistry” concept,

independently introduced two decades ago by K. Barry

Sharpless in the United States and Morten Meldal in

Denmark, that enabled the controlled and rapid production of

new organic molecules or combinatorial libraries through

heteroatom links (C-X-C) (Kolb et al., 2001; Tornøe, 2002).

These developments enabled the bioorthogonal click labeling

of proteins and subcellular organelles with small fluorophores,

some new and some classical compounds reintroduced in the

field. By “orthogonal” (perpendicular) reactions, chemists refer

to reactions that proceed independently in the same medium

without interefering with each other. Carolyn Bertozzi and

colleagues provided experimental proof that the azide-alkyne

cycloaddition covalent reactions of click chemistry could be

applied to label target molecules in living cells, e.g., to map

glycans on the cell surface (Agard et al., 2004) and even live

animals (Chang et al., 2010). The bioorthogonal approach has

also been exploited to address the elusive topic of identifying lipid

domains in biological membranes, A tunable orthogonal

cholesterol sensor has been developed to simultaneously

quantify cholesterol in the two leaflets of the plasma

membrane (Liu S. L. et al., 2017).. Another bioorthogonal

cholesterol sensor was developed and used in conjunction

with superresolution microscopy to image lipid domains of

<50 nm diameter in the plasmalemma of live cells (Lorizate et

al., 2021).

Similarly the concept of “clip” or “clip-off” chemistry is

associated with the ability to cleave covalent bonds and thus

“sculpt” or etch the composition of the molecules (Shieh et al.,

2021). The latter approaches comprise a variety of techniques to

introduce cleavable groups in molecules, labilize linkers, break

only selected chemical bonds in the molecular lattice, and tailor

the structures to produce new molecules that depart from the

original ones in topology or properties, while retaining

dimensionality (Yang et al., 2022). SnAP chemistry is usually

applied to the synthesis of medium-ring (6-9 membered)

saturated N-heterocycles, including bicyclic and spirocyclic

structures. The SnAP-Tag approach enables the site-specific

coupling of organic fluorophores in live cells using self-

labeling proteins (Keppler et al., 2003; Gronemeyer et al.,

2006; Lukinavičius et al., 2015; Lukinavičius et al., 2016).

Halo-tags are another strategy to covalently label fusion

proteins with almost diffusion-limited reaction rate constants

(Wilhelm et al., 2021). Interestingly, determination of the crystal

structures of a Halo-Tag (HaloTag7) and SnAP-Tag labeled with

fluorescent substrates has allowed these authors to determine the

differing substrate specificities of the two tags.

Importantly, through these new organic chemistry

procedures microscopy has incorporated organic reporter

groups with one to two orders of magnitude higher photon

fluxes and stability than fluorescent proteins (Fernandez-Suarez

and Ting, 2008; Dempsey et al., 2011; Klymchenko, 2017;

Erdmann et al., 2019).

Membrane proteins pose additional requirements for

efficient site-directed labeling of membrane-embedded regions.

A variety of membrane synthetic environments are available for

the structural biologists and the biophysicists, ranging from the

more artificial zwitterionic detergent micelles, liposomes, lipidic-

cubic phase systems and polymersomes to bicelles and nanodiscs,

mostly used in solid-state NMR and increasingly being applied in

structural cryo-electron microscopy studies of membrane

proteins. These surrogate membranes provide the right

microenvironment to undertake the requisite organic

chemistry, adding speed and specificity to the reactions

described in this section.

5.3 The new challenges of superresolution
microscopy

In 2015 Susan Cox highlighted two challenges of the three

main nanoscopy approaches: phototoxicity and the speed with

which whole live cells or an ensemble thereof can be imaged, and

the tradeoffs in resolution, speed, and ease of implementation

(Cox, 2015). The progress since then has been remarkable,

increasing resolution to frontiers unimaginable a few years

ago. Sauer and colleagues recently summarized the three key

factors determining image resolution in SMLM: i) localization

precision (statistical scattering of the measured position

coordinates), ii) localization accuracy (systematic deviation

between the measured and true position) and iii) the labeling

density (Helmerich et al., 2022). The first of these factors has been

the main focus of efforts for improving image resolution, via

hardware, e.g., by combining improved structured illumination

conditions with single-molecule detection (Kalisvaart et al., 2022;

Zhan et al., 2022), DNA-PAINT with STORM (Cnossen et al.,

2020), using cryo-SMLM and ad hoc software corrections

(Schneider et al., 2020; Hinterer et al., 2022), or via

computational methods that enhance localization precision

through engineering of the PSF or other approaches as

applied to a single (Shaw et al., 2022) (Li M. et al., 2022) or

multiple fluorophores (colocalization precision) (Koyama-

Honda et al., 2005; Donnert et al., 2007; Lemmer et al., 2009;

Frontiers in Molecular Biosciences frontiersin.org12

Barrantes 10.3389/fmolb.2022.1014659

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1014659


Curthoys et al., 2013; Weisenburger et al., 2014; Georgieva et al.,

2016; Willems and MacGillavry, 2022).

Data post-processing via deep-learning approaches (Möckl

et al., 2019) and high-throuput parallel computing with high-

performance clusters (Munro et al., 2019) are increasingly being

employed to enhance localization precision in SMLM.

Probes are beginning to pose new challenges, too. The

distance between fluorophores constitutes a limiting factor for

achieving spatial discrimination below the 10 nm barrier,

especially at high labeling densities. This is due to the

occurrence of dipole-dipole induced resonance energy transfer

between the on- and off-states of fluorophores separated by less

than 10 nm, which results in accelerated repopulation of the on-

state and fluorescence blinking that reduces localization

probabilities in SMLM (Helmerich et al., 2022). These authors

have recently introduced a multi-pronged approach combining

genetic code expansion with unnatural amino acids,

bioorthogonal click labeling with small fluorophores, time-

resolved fluorescence detection, and photoswitching

fingerprint analysis in SMLM to determine the number of and

distance between fluorophores in the sub-10 nm range in cells.

Another limiting factor on the road to improving the

resolution of superresolution microscopies is the size of the

fluorophore proper. Last-generation nanoscopies like 2-D

MINFLUX (Balzarotti et al., 2017; Eilers et al., 2018; Masullo

et al., 2021), cryogenic nanoscopy (Furubayashi et al., 2019;

Furubayashi et al., 2020), iterative modulation-enhanced

SMLM (Kalisvaart et al., 2022), improved structured-

illumination microscopies (Chen et al., 2018; Markwirth et al.,

2019; Zhanghao et al., 2019; Mangeat et al., 2021; Qiao et al.,

2021; Smith et al., 2021; Chen et al., 2022; Hunter et al., 2022;

Zhan et al., 2022), new high-resolution DNA-PAINT modalities

(Schnitzbauer et al., 2017), 3-D MINFLUX (Gwosch et al., 2020;

Grabner et al., 2022; Gwosch et al., 2022) or MINSTED (Weber

et al., 2021) are now facing the need to introduce smaller probes

to resolve structures at the molecular scale. Successful examples

are provided by the recent work in which pyrrolysyl-tRNA

synthetase and orthogonal tRNA were matched to introduce

clickable amino acids into bacterial andmammalian cell proteins,

accomplishing 3-D imaging of β-actin in filopodia with a

precision of ~2 nm (Mihaila et al., 2022).

6 Concluding remarks

Currently the structure of a biological membrane can be

resolved with optical microscopy at a spatial scale in the order

of < 5 nm, i.e., well below the subdiffraction resolution and

reaching the macromolecular level. True molecular resolution

has classically required electron microscopy, X-ray diffraction,

or nuclear magnetic resonance techniques, as a rule using

purified molecules in crystalline 3D specimens and

increasingly with 2D single-molecule techniques in cryo-EM.

Convergence of the emerging methodologies in the field

of optical microscopy may soon match the spatial resolution

of these structural approaches with the advantage of employing

the much milder visible light as the interrogating energy source,

thus precluding some of the deleterious effects of high-energy

wavelengths on the specimen (Barrantes, 2021a). Cryo-EM

has recently achieved true atomic resolution on biological

molecules (Nakane et al., 2020; Yip et al., 2020). One can

anticipate that optical microscopy will soon reach atomic

(Ångström) resolution in fixed specimens, and eventually

be able to image the cell-surface of a live cell to disclose the

dynamic landscape of the plasma membrane in real time with

similar spatial resolution.

Author contributions

The author confirms being the sole contributor of this work

and has approved it for publication.

Acknowledgments

I thank Dr. A. S. Vallés and M. Sci. M. F. Colavitta for help

with illustrations, and Ms Phyllis Johnson for critical reading of

the manuscript.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers in Molecular Biosciences frontiersin.org13

Barrantes 10.3389/fmolb.2022.1014659

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1014659


References

Abbe, E. (1873). Beitrage zur Theorie des Mikroskops und der
mikroskopischen Wahrnehmung. Arch. F. Mikrosk. Anat. 9, 413–468.
doi:10.1007/bf02956173

Agard, N. J., Prescher, J. A., and Bertozzi, C. R. (2004). A strain-promoted [3
+ 2] azide-alkyne cycloaddition for covalent modification of biomolecules in
living systems. J. Am. Chem. Soc. 126 (46), 15046–15047. doi:10.1021/
ja044996f

Albuquerque, E. X., Barnard, E. A., Porter, C. W., and Warnick, J. E. (1974). The
density of acetylcholine receptors and their sensitivity in the postsynaptic
membrane of muscle endplates. Proc. Natl. Acad. Sci. U. S. A. 71, 2818–2822.
doi:10.1073/pnas.71.7.2818

Almarza, G., Sanchez, F., and Barrantes, F. J. (2014). Transient cholesterol effects
on nicotinic acetylcholine receptor cell-surface mobility. PLoS One 9 (6), e100346.
doi:10.1371/journal.pone.0100346

Andrews, J. O., Conway, W., Cho, W. K., Narayanan, A., Spille, J. H., Jayanth, N.,
et al. (2018). qSR: a quantitative super-resolution analysis tool reveals the cell-cycle
dependent organization of RNA Polymerase I in live human cells. Sci. Rep. 8 (1),
7424. doi:10.1038/s41598-018-25454-0

Antollini, S. S., and Barrantes, F. J. (1998). Disclosure of discrete sites for phospholipid
and sterols at the protein-lipid interface in native acetylcholine receptor-rich membrane.
Biochemistry 37 (47), 16653–16662. doi:10.1021/bi9808215

Antollini, S. S., and Barrantes, F. J. (2002). Unique effects of different fatty acid
species on the physical properties of the torpedo acetylcholine receptor membrane.
J. Biol. Chem. 277 (2), 1249–1254. doi:10.1074/jbc.M106618200

Antollini, S. S., Soto, M. A., Bonini de Romanelli, I. C., Gutierrez-Merino, C.,
Sotomayor, P., and Barrantes, F. J. (1996). Physical state of bulk and protein-
associated lipid in nicotinic acetylcholine receptor-rich membrane studied by
laurdan generalized polarization and fluorescence energy transfer. Biophys. J. 70
(3), 1275–1284. doi:10.1016/S0006-3495(96)79684-4

Ariola, F. S., Li, Z., Cornejo, C., Bittman, R., and Heikal, A. A. (2009). Membrane
fluidity and lipid order in ternary giant unilamellar vesicles using a new bodipy-
cholesterol derivative. Biophys. J. 96 (7), 2696–2708. doi:10.1016/j.bpj.2008.12.3922

Axelrod, D., Koppel, D. E., Schlessinger, J., Elson, E., and Webb, W. W. (1976).
Mobility measurement by analysis of fluorescence photobleaching recovery
kinetics. Biophys. J. 16, 1055–1069. doi:10.1016/S0006-3495(76)85755-4

Bacalum, M., Zorilă, B., and Radu, M. (2013). Fluorescence spectra
decomposition by asymmetric functions: Laurdan spectrum revisited. Anal.
Biochem. 440 (2), 123–129. doi:10.1016/j.ab.2013.05.031

Baenziger, J. E., Darsaut, T. E., and Morris, M. L. (1999). Internal dynamics of the
nicotinic acetylcholine receptor in reconstituted membranes. Biochemistry 38 (16),
4905–4911. doi:10.1021/bi990181l

Baenziger, J. E., Ryan, S. E., Goodreid, M. M., Vuong, N. Q., Sturgeon, R. M., and
daCosta, C. J. (2008). Lipid composition alters drug action at the nicotinic acetylcholine
receptor. Mol. Pharmacol. 73 (3), 880–890. doi:10.1124/mol.107.039008

Baier, C. J., Gallegos, C. E., Levi, V., and Barrantes, F. J. (2010). Cholesterol
modulation of nicotinic acetylcholine receptor surface mobility. Eur. Biophys. J. 39
(2), 213–227. doi:10.1007/s00249-009-0521-2

Balzarotti, F., Eilers, Y., Gwosch, K. C., Gynnå, A. H., Westphal, V., Stefani, F. D.,
et al. (2017). Nanometer resolution imaging and tracking of fluorescentmolecules with
minimal photon fluxes. Science 355 (6325), 606–612. doi:10.1126/science.aak9913

Barrantes, F. J., Antollini, S. S., Blanton, M. P., and Prieto, M. (2000). Topography
of nicotinic acetylcholine receptor membrane-embedded domains. J. Biol. Chem.
275 (48), 37333–37339. doi:10.1074/jbc.M005246200

Barrantes, F. J., Borroni, V., and Vallés, S. (2010). Neuronal nicotinic
acetylcholine receptor–cholesterol crosstalk in Alzheimer’s disease. FEBS Lett.
584 (9), 1856–1863. doi:10.1016/j.febslet.2009.11.036

Barrantes, F. J. (2007). Cholesterol effects on nicotinic acetylcholine receptor.
J. Neurochem. 103 1, 72–80. doi:10.1111/j.1471-4159.2007.04719.x

Barrantes, F. J. (2010). “Cholesterol effects on nicotinic acetylcholine receptor:
Cellular aspects,” in Subcell biochem. Editor J. R. Harris (Dordrecht Heildelberg:
Springer), 467–487.

Barrantes, F. J. (1979). Endogenous chemical receptors: Some physical aspects.
Annu. Rev. Biophys. Bioeng. 8, 287–321. doi:10.1146/annurev.bb.08.060179.001443

Barrantes, F. J. (2003). Modulation of nicotinic acetylcholine receptor function
through the outer and middle rings of transmembrane domains. Curr. Opin. Drug
Discov. Devel. 6 (5), 620–632.

Barrantes, F. J. (1982). Oligomeric forms of the membrane-bound acetylcholine
receptor disclosed upon extraction of the Mr 43, 000 nonreceptor peptide. J. Cell
Biol. 92 (1), 60–68. doi:10.1083/jcb.92.1.60

Barrantes, F. J. (2015). Phylogenetic conservation of protein–lipid motifs in
pentameric ligand-gated ion channels. Biochim. Biophys. Acta 1848 (9), 1796–1805.
doi:10.1016/j.bbamem.2015.03.028

Barrantes, F. J. (2021b). Possible implications of dysregulated nicotinic
acetylcholine receptor diffusion and nanocluster formation in myasthenia gravis.
Neural Regen. Res. 16 (2), 242–246. doi:10.4103/1673-5374.290880

Barrantes, F. J., Sakmann, B., Bonner, R., Eibl, H., and Jovin, T. M. (1975). 1-
Pyrene-butyrylcholine: A fluorescent probe for the cholinergic system. Proc. Natl.
Acad. Sci. U. S. A. 72 (8), 3097–3101. doi:10.1073/pnas.72.8.3097

Barrantes, F. J. (2021a). The contribution of biophysics and structural biology to
current advances in COVID-19. Annu. Rev. Biophys. 50, 493–523. doi:10.1146/
annurev-biophys-102620-080956

Bartholdi, M., Barrantes, F. J., and Jovin, T. M. (1981). Rotational molecular
dynamics of the membrane-bound acetylcholine receptor revealed by
phosphorescence spectroscopy. Eur. J. Biochem. 120 (2), 389–397. doi:10.1111/j.
1432-1033.1981.tb05716.x

Bear, M. F., and Malenka, R. C. (1994). Synaptic plasticity: LTP and LTD. Curr.
Opin. Neurobiol. 4 (3), 389–399. doi:10.1016/0959-4388(94)90101-5

Bennett, P. J., and Simmonds, M. A. (1996). The influence of membrane
cholesterol on the GABAA receptor. Br. J. Pharmacol. 117, 87–92. doi:10.1111/j.
1476-5381.1996.tb15158.x

Betzig, E. (2015). Single molecules, cells, and super-resolution optics (nobel
lecture). Angew. Chem. Int. Ed. Engl. 54, 8034–8053. doi:10.1002/anie.201501003

Bornemann, S., Herzog, M., Roling, L., Paulisch, T. O., Brandis, D., Kriegler, S.,
et al. (2020). Interaction of imidazolium-based lipids with phospholipid bilayer
membranes of different complexity. Phys. Chem. Chem. Phys. 22 (17), 9775–9788.
doi:10.1039/d0cp00801j

Borroni, M. V., Vallés, A. S., and Barrantes, F. J. (2016). The lipid habitats of
neurotransmitter receptors in brain. Biochim. Biophys. Acta 1858 (11), 2662–2670.
doi:10.1016/j.bbamem.2016.07.005

Brannigan, G. (2017). Direct interactions of cholesterol with pentameric ligand-
gated ion channels: Testable hypotheses from computational predictions. Curr.
Top. Membr. 80, 163–186. doi:10.1016/bs.ctm.2017.06.002

Brusés, J. L., Chauvet, N., and Rutishauser, U. (2001). Membrane lipid rafts are
necessary for the maintenance of the α7 nicotinic acetylcholine receptor in somatic
spines of ciliary neurons. J. Neurosci. 21 (2), 504–512. doi:10.1523/JNEUROSCI.21-
02-00504.2001

Caton, M., Ochoa, E. L. M., and Barrantes, F. J. (2020). The role of nicotinic
cholinergic neurotransmission in delusional thinking. NPJ Schizophr. 6 (1), 16.
doi:10.1038/s41537-020-0105-9

Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W., and Prasher, D. C. (1994).
Green fluorescent protein as a marker for gene expression. Science 263, 802–805.
doi:10.1126/science.8303295

Chang, J.-B., Chen, F., Yoon, Y.-G., Jung, E. E., Babcock, H., Kang, J. S., et al.
(2017). Iterative expansion microscopy. Nat Methods 14(6):593-599. doi:10.1038/
nmeth.4261

Chang, P. V., Prescher, J. A., Sletten, E. M., Baskin, J. M., Miller, I. A., Agard, N. J.,
et al. (2010). Copper-free click chemistry in living animals. Proc. Natl. Acad. Sci. U.
S. A. 107 (5), 1821–1826. doi:10.1073/pnas.0911116107

Chapman, C. A., Nuwer, J. L., and Jacob, T. C. (2022). The yin and yang of GABAergic
and glutamatergic synaptic plasticity: Opposites in balance by crosstalking mechanisms.
Front. Synaptic Neurosci. 14, 911020. doi:10.3389/fnsyn.2022.911020

Chen, B., Chang, B.-J., Roudot, P., Zhou, F., Sapoznik, E., Marlar-Pavey, M., et al.
(2022). Resolution doubling in light-sheet microscopy via oblique plane structured
illumination. bioRxiv 2005, 492671. doi:10.1101/2022.05.19.492671

Chen, F., Tillberg, P. W., and Boyden, E. S. (2015). Optical imaging. Expansion
microscopy. Science 347 (6221), 543–548. doi:10.1126/science.1260088

Chen, X.-Q., and Mobley, W. C. (2019). Exploring the pathogenesis of
alzheimer disease in basal forebrain cholinergic neurons: Converging insights
from alternative hypotheses. Front. Neurosci. 13 (446), 446. doi:10.3389/fnins.
2019.00446

Chen, Y., Liu, W., Zhang, Z., Zheng, C., Huang, Y., Cao, R., et al. (2018).
Multi-color live-cell super-resolution volume imaging with multi-angle
interference microscopy. Nat. Commun. 9 (1), 4818. doi:10.1038/s41467-
018-07244-4

Cherry, R. J. (1978). Measurement of protein rotational diffusion in membranes
by flash photolysis. Methods Enzymol. 54, 47–61. doi:10.1016/s0076-6879(78)
54007-x

Frontiers in Molecular Biosciences frontiersin.org14

Barrantes 10.3389/fmolb.2022.1014659

https://doi.org/10.1007/bf02956173
https://doi.org/10.1021/ja044996f
https://doi.org/10.1021/ja044996f
https://doi.org/10.1073/pnas.71.7.2818
https://doi.org/10.1371/journal.pone.0100346
https://doi.org/10.1038/s41598-018-25454-0
https://doi.org/10.1021/bi9808215
https://doi.org/10.1074/jbc.M106618200
https://doi.org/10.1016/S0006-3495(96)79684-4
https://doi.org/10.1016/j.bpj.2008.12.3922
https://doi.org/10.1016/S0006-3495(76)85755-4
https://doi.org/10.1016/j.ab.2013.05.031
https://doi.org/10.1021/bi990181l
https://doi.org/10.1124/mol.107.039008
https://doi.org/10.1007/s00249-009-0521-2
https://doi.org/10.1126/science.aak9913
https://doi.org/10.1074/jbc.M005246200
https://doi.org/10.1016/j.febslet.2009.11.036
https://doi.org/10.1111/j.1471-4159.2007.04719.x
https://doi.org/10.1146/annurev.bb.08.060179.001443
https://doi.org/10.1083/jcb.92.1.60
https://doi.org/10.1016/j.bbamem.2015.03.028
https://doi.org/10.4103/1673-5374.290880
https://doi.org/10.1073/pnas.72.8.3097
https://doi.org/10.1146/annurev-biophys-102620-080956
https://doi.org/10.1146/annurev-biophys-102620-080956
https://doi.org/10.1111/j.1432-1033.1981.tb05716.x
https://doi.org/10.1111/j.1432-1033.1981.tb05716.x
https://doi.org/10.1016/0959-4388(94)90101-5
https://doi.org/10.1111/j.1476-5381.1996.tb15158.x
https://doi.org/10.1111/j.1476-5381.1996.tb15158.x
https://doi.org/10.1002/anie.201501003
https://doi.org/10.1039/d0cp00801j
https://doi.org/10.1016/j.bbamem.2016.07.005
https://doi.org/10.1016/bs.ctm.2017.06.002
https://doi.org/10.1523/JNEUROSCI.21-02-00504.2001
https://doi.org/10.1523/JNEUROSCI.21-02-00504.2001
https://doi.org/10.1038/s41537-020-0105-9
https://doi.org/10.1126/science.8303295
https://doi.org/10.1038/nmeth.4261
https://doi.org/10.1038/nmeth.4261
https://doi.org/10.1073/pnas.0911116107
https://doi.org/10.3389/fnsyn.2022.911020
https://doi.org/10.1101/2022.05.19.492671
https://doi.org/10.1126/science.1260088
https://doi.org/10.3389/fnins.2019.00446
https://doi.org/10.3389/fnins.2019.00446
https://doi.org/10.1038/s41467-018-07244-4
https://doi.org/10.1038/s41467-018-07244-4
https://doi.org/10.1016/s0076-6879(78)54007-x
https://doi.org/10.1016/s0076-6879(78)54007-x
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1014659


Choquet, D., and Triller, A. (2003). The role of receptor diffusion in the
organization of the postsynaptic membrane. Nat. Rev. Neurosci. 4 (4), 251–265.
doi:10.1038/nrn1077

Chozinski, T. J., Halpern, A. R., Okawa, H., Kim, H.-J., Tremel, G. J., Wong, R. O.
L., et al. (2016). Expansion microscopy with conventional antibodies and
fluorescent proteins. Nat Methods 13(6):485-8. doi:10.1038/nmeth.3833

Cisse, I., Izeddin, I., Causse, S. Z., Boudarene, L., Senecal, A., Muresan, L., et al.
(2013). Real-time dynamics of RNA polymerase II clustering in live human cells.
Science 341 (6146), 664–667. doi:10.1126/science.1239053

Cnossen, J., Hinsdale, T., Thorsen, R. Ø., Siemons, M., Schueder, F., Jungmann,
R., et al. (2020). Localization microscopy at doubled precision with patterned
illumination. Nat. Methods 17 (1), 59–63. doi:10.1038/s41592-019-0657-7

Cogan, U., Shinitzky, M., Weber, G., and Nishida, T. (1973). Microviscosity and
order in the hydrocarbon region of phospholipid and phospholipid-cholesterol
dispersions determined with fluorescent probes. Biochemistry 12 (3), 521–528.
doi:10.1021/bi00727a026

Cohen, J. B., and Changeux, J. P. (1973). Interaction of a fluorescent ligand with
membrane-bound cholinergic receptor from Torpedo marmorata. Biochemistry 12
(24), 4855–4864. doi:10.1021/bi00748a008

Cox, S. (2015). Super-resolution imaging in live cells. Dev. Biol. 401 (1), 175–181.
doi:10.1016/j.ydbio.2014.11.025

Criado, M., Eibl, H., and Barrantes, F. J. (1982a). Effects of lipids on acetylcholine
receptor. Essential need of cholesterol for maintenance of agonist-induced state
transitions in lipid vesicles. Biochemistry 21 (15), 3622–3629. doi:10.1021/
bi00258a015

Criado, M., Vaz, W. L., Barrantes, F. J., and Jovin, T. M. (1982b). Translational
diffusion of acetylcholine receptor (monomeric and dimeric forms) of Torpedo
marmorata reconstituted into phospholipid bilayers studied by fluorescence
recovery after photobleaching. Biochemistry 21 (23), 5750–5755. doi:10.1021/
bi00266a004

Cubitt, A., Heim, R., Adams, S. R., Boyd, A. E., Gross, L. A., and Tsien, R. Y.
(1995). Understanding, improving and using green fluorescent proteins. Trends
biochem. Sci. 20 (11), 448–455. doi:10.1016/s0968-0004(00)89099-4

Curthoys, N. M., Mlodzianoski, M. J., Kim, D., and Hess, S. T. (2013).
Simultaneous Multicolor Imaging of Biological Structures with Fluorescence
Photoactivation Localization Microscopy. JoVE (Journal of Visualized
Experiments), doi:10.3791/5068082, e50680

de Almeida, R. F., Loura, L. M., Prieto, M., Watts, A., Fedorov, A., and Barrantes,
F. J. (2006). Structure and dynamics of the gammaM4 transmembrane domain of
the acetylcholine receptor in lipid bilayers: Insights into receptor assembly and
function. Mol. Membr. Biol. 23 (4), 305–315. doi:10.1080/09687860600703613

de Almeida, R. F. M., Loura, L. M. S., Prieto, M., Watts, A., Fedorov, A., and
Barrantes, F. J. (2004). Cholesterol modulates the organization of the
gammaM4 transmembrane domain of the muscle nicotinic acetylcholine
receptor. Biophys. J. 86 (4), 2261–2272. doi:10.1016/S0006-3495(04)74284-8

de Planque, M. R., and Killian, J. A. (2003). Protein-lipid interactions studied with
designed transmembrane peptides: Role of hydrophobic matching and interfacial
anchoring.Mol. Membr. Biol. 20 (4), 271–284. doi:10.1080/09687680310001605352

de Planque, M. R., Rijkers, D. T., Liskamp, R. M., and Separovic, F. (2004). The
alphaM1 transmembrane segment of the nicotinic acetylcholine receptor interacts
strongly with model membranes.Magn. Reson. Chem. 42 (2), 148–154. doi:10.1002/
mrc.1326

Dempsey, G. T., Vaughan, J. C., Chen, K. H., Bates, M., and Zhuang, X. (2011).
Evaluation of fluorophores for optimal performance in localization-based super-
resolution imaging. Nat. Methods 8, 1027–1036. doi:10.1038/nmeth.1768

Dibble, A. R. G., Yeager, M. D., and Feigenson, G. W. (1993). Partitioning of
gramicidin A’ between coexisting fluid and gel phospholipid phases. Biochim.
Biophys. Acta 1153, 155–162. doi:10.1016/0005-2736(93)90400-t

Dix, J. A., and Verkman, A. S. (1990). Pyrene eximer mapping in cultured
fibroblasts by ratio imaging and time-resolved microscopy. Biochemistry 29,
1949–1953. doi:10.1021/bi00459a041

Donnert, G., Keller, J., Wurm, C., Rizzoli, S., Westphal, V., Schoenle, A., et al.
(2007). Two-color far-field fluorescence nanoscopy. Biophys. J. 92, L67–L69. doi:10.
1529/biophysj.107.104497

Dowdall, M. J., Barrantes, F. J., Stender, W., and Jovin, T. M. (1976). Inhibitory
action of 1-pyrene butyrylcholine and related compounds on choline uptake by
cholinergic nerve endings. J. Neurochem. 27 (5), 1253–1255. doi:10.1111/j.1471-
4159.1976.tb00337.x

Drachman, D. B., Angus, C. W., Adams, R. N., Michelson, J. D., and Hoffman, G. J.
(1978). Myasthenic antibodies cross-link acetylcholine receptors to accelerate
degradation. N. Engl. J. Med. 298 (20), 1116–1122. doi:10.1056/nejm197805182982004

Eilers, Y., Ta, H., Gwosch, K. C., Balzarotti, F., and Hell, S. W. (2018). MINFLUX
monitors rapid molecular jumps with superior spatiotemporal resolution. Proc.
Natl. Acad. Sci. U. S. A. 115 (24), 6117–6122. doi:10.1073/pnas.1801672115

Engel, A. G., and Fumagalli, G. (1982). Mechanisms of acetylcholine receptor loss
from the neuromuscular junction, 90. Ciba Found Symp, 197–224. doi:10.1002/
9780470720721.ch12

Erdmann, R. S., Baguley, S. W., Richens, J. H., Wissner, R. F., Xi, Z., Allgeyer, E. S.,
et al. (2019). Labeling strategies matter for super-resolution microscopy: A
comparison between HaloTags and SNAP-tags. Cell Chem. Biol. 26 (4),
584–592. doi:10.1016/j.chembiol.2019.01.003

Fattal, D. R., and Ben-Shaul, A. (1993). A molecular model for lipid-protein
interaction in membranes: The role of hydrophobic mismatch. Biophys. J. 65,
1795–1809. doi:10.1016/S0006-3495(93)81249-9

Feigenson, G. W., and Buboltz, J. T. (2001). Ternary phase diagram of
dipalmitoyl-PC/dilauroyl-PC/cholesterol: Nanoscopic domain formation driven
by cholesterol. Biophys. J. 80 (6), 2775–2788. doi:10.1016/S0006-3495(01)76245-5

Fernandes, C. C., Berg, D. K., and Gomez-Varela, D. (2010). Lateral mobility of
nicotinic acetylcholine receptors on neurons is determined by receptor
composition, local domain, and cell type. J. Neurosci. 30 (26), 8841–8851.
doi:10.1523/JNEUROSCI.6236-09.2010

Fernandez-Suarez, M., and Ting, A. Y. (2008). Fluorescent probes for super-
resolution imaging in living cells. Nat. Rev. Mol. Cell Biol. 9 (12), 929–943. doi:10.
1038/nrm2531

Fertuck, H. C., and Salpeter, M. M. (1976). Quantitation of junctional and
extrajunctional acetylcholine receptors by electron microscope autoradiography
after 125I-α- bungarotoxin binding at mouse neuromuscular junctions. J. Cell Biol.
69, 144–158. doi:10.1083/jcb.69.1.144

Furubayashi, T., Ishida, K., Kashida, H., Nakata, E., Morii, T., Matsushita, M.,
et al. (2019). Nanometer accuracy in cryogenic far-field localization microscopy of
individual molecules. J. Phys. Chem. Lett. 10, 5841–5846. doi:10.1021/acs.jpclett.
9b02184

Furubayashi, T., Ishida, K., Nakata, E., Morii, T., Naruse, K., Matsushita, M., et al.
(2020). Cryogenic far-field fluorescence nanoscopy: Evaluation with DNA origami.
J. Phys. Chem. B 124 (35), 7525–7536. doi:10.1021/acs.jpcb.0c04721

Gaibelet, G., Tercé, F., Bertrand-Michel, J., Allart, S., Azalbert, V., Lecompte, M.
F., et al. (2013). 21-Methylpyrenyl-cholesterol stably and specifically associates with
lipoprotein peripheral hemi-membrane: A new labelling tool. Biochem. Biophys.
Res. Commun. 440 (4), 533–538. doi:10.1016/j.bbrc.2013.09.101

Galla, H. J., and Hartmann, W. (1980). Excimer-forming lipids in membrane
research. Chem. Phys. Lipids 27 (3), 199–219. doi:10.1016/0009-3084(80)90036-5

Gao, M., Maraspini, R., Beutel, O., Zehtabian, A., Eickholt, B., Honigmann, A.,
et al. (2018). Expansion stimulated emission depletion microscopy (ExSTED). ACS
Nano 12 (5), 4178–4185. doi:10.1021/acsnano.8b00776

Gao, R., Yu, C.-C., Gao, L., Piatkevich, K. D., Neve, R. L., Upadhyayula, S., et al.
(2019). A highly homogeneous expansion microscopy polymer composed of
tetrahedron-like monomers. Nature Nanotechnology, 16, 6 doi:10.1101/814111%
JbioRxiv 814111

Georgieva, M., Cattoni, D. I., Fiche, J. B., Mutin, T., Chamousset, D., and
Nollmann, M. (2016). Nanometer resolved single-molecule colocalization of
nuclear factors by two-color super resolution microscopy imaging. Methods 105,
44–55. doi:10.1016/j.ymeth.2016.03.029

Golfetto, O., Hinde, E., and Gratton, E. (2013). Laurdan fluorescence lifetime
discriminates cholesterol content from changes in fluidity in living cell membranes.
Biophys. J. 104 (6), 1238–1247. doi:10.1016/j.bpj.2012.12.057

Goswami, D., Gowrishankar, K., Bilgrami, S., Ghosh, S., Raghupathy, R., Chadda,
R., et al. (2008). Nanoclusters of GPI-anchored proteins are formed by cortical
actin-driven activity. Cell 135 (6), 1085–1097. doi:10.1016/j.cell.2008.11.032

Grabner, C. P., Jansen, I., Neef, J., Weihs, T., Schmidt, R., Riedel, D., et al. (2022).
Resolving the molecular architecture of the photoreceptor active zone with 3D-
MINFLUX. Sci. Adv. 8 (28), eabl7560. doi:10.1126/sciadv.abl7560

Gronemeyer, T., Chidley, C., Juillerat, A., Heinis, C., and Johnsson, K. (2006).
Directed evolution of O6-alkylguanine-DNA alkyltransferase for applications in
protein labeling. Protein Eng. Des. Sel. 19 (7), 309–316. doi:10.1093/protein/gzl014

Gunther, G., Malacrida, L., Jameson, D. M., Gratton, E., and Sánchez, S. A. (2021).
LAURDAN since weber: The quest for visualizing membrane heterogeneity. Acc.
Chem. Res. 54 (4), 976–987. doi:10.1021/acs.accounts.0c00687

Gwosch, K., Balzarotti, F., Pape, J. K., Hoess, P., Ellenberg, J., Ries, J., et al. (2022).
Assessment of 3D MINFLUX data for quantitative structural biology in cells
revisited. bioRxiv, 491065. doi:10.1101/2022.05.13.491065

Gwosch, K. C., Pape, J. K., Balzarotti, F., Hoess, P., Ellenberg, J., Ries, J., et al.
(2020). MINFLUX nanoscopy delivers 3Dmulticolor nanometer resolution in cells.
Nat. Methods 17, 217–224. doi:10.1038/s41592-019-0688-0

Frontiers in Molecular Biosciences frontiersin.org15

Barrantes 10.3389/fmolb.2022.1014659

https://doi.org/10.1038/nrn1077
https://doi.org/10.1038/nmeth.3833
https://doi.org/10.1126/science.1239053
https://doi.org/10.1038/s41592-019-0657-7
https://doi.org/10.1021/bi00727a026
https://doi.org/10.1021/bi00748a008
https://doi.org/10.1016/j.ydbio.2014.11.025
https://doi.org/10.1021/bi00258a015
https://doi.org/10.1021/bi00258a015
https://doi.org/10.1021/bi00266a004
https://doi.org/10.1021/bi00266a004
https://doi.org/10.1016/s0968-0004(00)89099-4
https://doi.org/10.3791/50680
https://doi.org/10.1080/09687860600703613
https://doi.org/10.1016/S0006-3495(04)74284-8
https://doi.org/10.1080/09687680310001605352
https://doi.org/10.1002/mrc.1326
https://doi.org/10.1002/mrc.1326
https://doi.org/10.1038/nmeth.1768
https://doi.org/10.1016/0005-2736(93)90400-t
https://doi.org/10.1021/bi00459a041
https://doi.org/10.1529/biophysj.107.104497
https://doi.org/10.1529/biophysj.107.104497
https://doi.org/10.1111/j.1471-4159.1976.tb00337.x
https://doi.org/10.1111/j.1471-4159.1976.tb00337.x
https://doi.org/10.1056/nejm197805182982004
https://doi.org/10.1073/pnas.1801672115
https://doi.org/10.1002/9780470720721.ch12
https://doi.org/10.1002/9780470720721.ch12
https://doi.org/10.1016/j.chembiol.2019.01.003
https://doi.org/10.1016/S0006-3495(93)81249-9
https://doi.org/10.1016/S0006-3495(01)76245-5
https://doi.org/10.1523/JNEUROSCI.6236-09.2010
https://doi.org/10.1038/nrm2531
https://doi.org/10.1038/nrm2531
https://doi.org/10.1083/jcb.69.1.144
https://doi.org/10.1021/acs.jpclett.9b02184
https://doi.org/10.1021/acs.jpclett.9b02184
https://doi.org/10.1021/acs.jpcb.0c04721
https://doi.org/10.1016/j.bbrc.2013.09.101
https://doi.org/10.1016/0009-3084(80)90036-5
https://doi.org/10.1021/acsnano.8b00776
https://doi.org/10.1101/814111%JbioRxiv
https://doi.org/10.1101/814111%JbioRxiv
https://doi.org/10.1016/j.ymeth.2016.03.029
https://doi.org/10.1016/j.bpj.2012.12.057
https://doi.org/10.1016/j.cell.2008.11.032
https://doi.org/10.1126/sciadv.abl7560
https://doi.org/10.1093/protein/gzl014
https://doi.org/10.1021/acs.accounts.0c00687
https://doi.org/10.1101/2022.05.13.491065
https://doi.org/10.1038/s41592-019-0688-0
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1014659


Hell, S. W. (2015). Nanoscopy with focused light (nobel lecture). Angew. Chem.
Int. Ed. Engl. 54, 8054–8066. doi:10.1002/anie.201504181

Hell, S. W., and Wichmann, J. (1994). Breaking the diffraction resolution limit by
stimulated emission: Stimulated-emission-depletion fluorescence microscopy. Opt.
Lett. 19, 780–782. doi:10.1364/ol.19.000780

Helmerich, D. A., Beliu, G., Taban, D., Meub, M., Streit, M., Kuhlemann, A., et al.
(2022). Photoswitching fingerprint analysis bypasses the 10-nm resolution barrier.
Nat. Methods 19 (8), 986–994. doi:10.1038/s41592-022-01548-6

Henault, C.M., Govaerts, C., Spurny, R., Brams,M., Estrada-Mondragon, A., Lynch, J.,
et al. (2019). A lipid site shapes the agonist response of a pentameric ligand-gated ion
channel. Nat. Chem. Biol. 15, 1156–1164. doi:10.1038/s41589-019-0369-4

Hénin, J., Salari, R., Murlidaran, S., and Brannigan, G. (2014). A predicted
binding site for cholesterol on the GABAA receptor. Biophys. J. 106, 1938–1949.
doi:10.1016/j.bpj.2014.03.024

Higley, M. J., and Picciotto, M. R. (2014). Neuromodulation by acetylcholine:
Examples from schizophrenia and depression. Curr. Opin. Neurobiol. 29, 88–95.
doi:10.1016/j.conb.2014.06.004

Hinterer, F., Schneider, M. C., Hubmer, S., López-Martinez, M., Zelger, P.,
Jesacher, A., et al. (2022). Robust and bias-free localization of individual fixed
dipole emitters achieving the Cramér Rao bound for applications in cryo-single
molecule localization microscopy. PLOS ONE 17 (2), e0263500. doi:10.1371/
journal.pone.0263500

Hofmann, M., Eggeling, C., Jakobs, S., and Hell, S. W. (2005). Breaking the
diffraction barrier in fluorescence microscopy at low light intensities by using
reversibly photoswitchable proteins. Proc. Natl. Acad. Sci. U. S. A. 102 (49),
17565–17569. doi:10.1073/pnas.0506010102

Holopainen, J. M., Lehtonen, J. Y., and Kinnunen, P. K. (1997). Lipid
microdomains in dimyristoylphosphatidylcholine-ceramide liposomes. Chem.
Phys. Lipids 88 (1), 1–13. doi:10.1016/s0009-3084(97)00040-6

Hölttä-Vuori, M., Uronen, R. L., Repakova, J., Salonen, E., Vattulainen, I., Panula,
P., et al. (2008). BODIPY-Cholesterol: A new tool to visualize sterol trafficking in
living cells and organisms. Traffic 9 (11), 1839–1849. doi:10.1111/j.1600-0854.2008.
00801.x

Huang, H., McIntosh, A. L., Atshaves, B. P., Ohno-Iwashita, Y., Kier, A. B., and
Schroeder, F. (2010). Use of dansyl-cholestanol as a probe of cholesterol behavior in
membranes of living cells. J. Lipid Res. 51 (5), 1157–1172. doi:10.1194/jlr.M003244

Hullin-Matsuda, F., and Kobayashi, T. (2007). Monitoring the distribution and
dynamics of signaling microdomains in living cells with lipid-specific probes. Cell.
Mol. Life Sci. 64 (19-20), 2492–2504. doi:10.1007/s00018-007-7281-x

Hunter, P., Payne-Dwyer, A. L., Shaw, M. J., Signoret, N., and Leake, M. C. (2022).
Super-resolved imaging deciphers ligand dependent membrane behaviour of the
onco-immunogenic CCR5 receptor. bioRxiv 2005, 492692. doi:10.1101/2022.05.19.
492692

Ishitsuka, R., Sato, S. B., and Kobayashi, T. (2005). Imaging lipid rafts. J. Biochem.
137 (3), 249–254. doi:10.1093/jb/mvi041

Jacobson, K., and Wobschall, D. (1974). Rotation of fluorescent probes localized
within lipid bilayer membranes. Chem. Phys. Lipids 12 (2), 117–131. doi:10.1016/
0009-3084(74)90049-8

Jameson, D. M., Gratton, E., and Hall, R. D. (1984). The measurement and
analysis of heterogeneous emissions by multifrequency phase and modulation
fluorometry. Appl. Spectrosc. Rev. 20, 55–106. doi:10.1080/05704928408081716

Jamin, N., Neumann, J. M., Ostuni, M. A., Vu, T. K., Yao, Z. X., Murail, S., et al.
(2005). Characterization of the cholesterol recognition amino acid consensus
sequence of the peripheral-type benzodiazepine receptor. Mol. Endocrinol. 19
(3), 588–594. doi:10.1210/me.2004-0308

Jin, L., Millard, A. C., Wuskell, J. P., Clark, H. A., and Loew, L. M. (2005).
Cholesterol-enriched lipid domains can be visualized by di-4-ANEPPDHQ with
linear and nonlinear optics. Biophys. J. 89 (1), L04–L06. doi:10.1529/biophysj.105.
064816

Kain, S. R., Adams, M., Kondepudi, A., Yang, T.-T., Ward, W.W., and Kitts, P. A.
(1995). Green fluorescent protein as a reporter of gene expression and protein
localization. BioTechniques 19 (4), 650–655.

Kalisvaart, D., Cnossen, J., Hung, S.-T., Stallinga, S., Verhaegen, M., and Smith,
C. S. (2022). Precision in iterative modulation enhanced single-molecule
localization microscopy. Biophys. J. 121 (12), 2279–2289. doi:10.1016/j.bpj.
2022.05.027

Kamerbeek, C. B., Borroni, V., Pediconi, M. F., Sato, S. B., Kobayashi, T., and
Barrantes, F. J. (2013). Antibody-induced acetylcholine receptor clusters inhabit
liquid-ordered and liquid-disordered domains. Biophys. J. 105 (7), 1601–1611.
doi:10.1016/j.bpj.2013.08.039

Karlin, A. (2002). Emerging structure of the nicotinic acetylcholine receptors.
Nat. Rev. Neurosci. 3, 102–114. doi:10.1038/nrn731

Kawato, S., and Kinosita, K., Jr (1981). Time-dependent absorption anisotropy
and rotational diffusion of proteins in membranes. Biophys. J. 36 (1), 277–296.
doi:10.1016/S0006-3495(81)84728-5

Kellner, R. R., Baier, C. J., Willig, K. I., Hell, S. W., and Barrantes, F. J. (2007).
Nanoscale organization of nicotinic acetylcholine receptors revealed by stimulated
emission depletion microscopy. Neuroscience 144 (1), 135–143. doi:10.1016/j.
neuroscience.2006.08.071

Keppler, A., Gendreizig, S., Gronemeyer, T., Pick, H., Vogel, H., and Johnsson, K.
(2003). A general method for the covalent labeling of fusion proteins with small
molecules in vivo. Nat. Biotechnol. 21 (1), 86–89. doi:10.1038/nbt765

Killian, J. A., Salemink, I., de Planque, M. R. R., Lidblom, G., Koeppe, R. E., and
Greathouse, D. V. (1996). Induction of nonbilayer structures in
diacylphosphatidylcholine model membranes by transmembrane α-helical
peptides: Importance of hydrophobic mismatch and proposed role of
tryptophans. Biochemistry 35 (3), 1037–1045. doi:10.1021/bi9519258

Klymchenko, A. S. (2017). Solvatochromic and fluorogenic dyes as environment-
sensitive probes: Design and biological applications. Acc. Chem. Res. 50 (2),
366–375. doi:10.1021/acs.accounts.6b00517

Knopp, J. A., and Weber, G. (1969). Fluorescence polarization of
pyrenebutyric-bovine serum albumin and pyrenebutyric-human
macroglobulin conjugates. J. Biol. Chem. 244 (23), 6309–6315. doi:10.1016/
s0021-9258(18)63467-2

Kolb, H. C., Finn, M. G., and Sharpless, K. B. (2001). Click chemistry: Diverse
chemical function from a few good reactions. Angew. Chem. Int. Ed. Engl. 40
(11), 2004–2021. doi:10.1002/1521-3773(20010601)40:11<2004:aid-
anie2004>3.3.co;2-x
Koster, D. V., Husain, K., Iljazi, E., Bhat, A., Bieling, P., Mullins, R. D., et al.

(2016). Actomyosin dynamics drive local membrane component organization in an
in vitro active composite layer. Proc. Natl. Acad. Sci. U. S. A. 113 (12), E1645–E1654.
doi:10.1073/pnas.1514030113

Koster, D. V., and Mayor, S. (2016). Cortical actin and the plasma membrane:
Inextricably intertwined. Curr. Opin. Cell Biol. 38, 81–89. doi:10.1016/j.ceb.2016.
02.021

Koyama-Honda, I., Ritchie, K., Fujiwara, T., Iino, R., Murakoshi, H., Kasai, R. S.,
et al. (2005). Fluorescence imaging for monitoring the colocalization of two single
molecules in living cells. Biophys. J. 88 (3), 2126–2136. doi:10.1529/biophysj.104.
048967

Kumari, S., Borroni, V., Chaudhry, A., Chanda, B., Massol, R., Mayor, S., et al.
(2008). Nicotinic acetylcholine receptor is internalized via a Rac-dependent,
dynamin-independent endocytic pathway. J. Cell Biol. 181 (7), 1179–1193.
doi:10.1083/jcb.200709086

Lagane, B., Mazeres, S., Le Grimellec, C., Cezanne, L., and Lopez, A. (2002).
Lateral distribution of cholesterol in membranes probed by means of a pyrene-
labelled cholesterol: Effects of acyl chain unsaturation. Biophys. Chem. 95 (1), 7–22.
doi:10.1016/s0301-4622(01)00235-6

Land, B. R., Podleski, T. R., Salpeter, E. E., and Salpeter, M. M. (1977).
Acetylcholine receptor distribution on myotubes in culture correlated to
acetylcholine sensitivity. J. Physiol. 269 (1), 155–176. doi:10.1113/jphysiol.1977.
sp011897

Le Novère, N., and Changeux, J.-P. (1995). Molecular evolution of the nicotinic
acetylcholine receptor: An example of multigene family in excitable cells. J. Mol.
Evol. 40, 155–172. doi:10.1007/BF00167110

Lee, A. G. (2021). Interfacial binding sites for cholesterol on GABAA receptors
and competition with neurosteroids. Biophys. J. 120, 2710–2722. doi:10.1016/j.bpj.
2021.05.009

Lee, A. G. (2003). Lipid-protein interactions in biological membranes: A
structural perspective. Biochim. Biophys. Acta 1612 (1), 1–40. doi:10.1016/s0005-
2736(03)00056-7

Lee, H., Yu, C. C., Boyden, E. S., Zhuang, X., and Kosuri, P. (2021). Tetra-gel
enables superior accuracy in combined super-resolution imaging and
expansion microscopy. Sci. Rep. 11 (1), 16944. doi:10.1038/s41598-021-
96258-y

Lemmer, P., Gunkel, M., Weiland, Y., Muller, P., Baddeley, D., Kaufmann, R.,
et al. (2009). Using conventional fluorescent markers for far-field fluorescence
localization nanoscopy allows resolution in the 10-nm range. J. Microsc. 235 (2),
163–171. doi:10.1111/j.1365-2818.2009.03196.x

Li, H., Warden, A. R., He, J., Shen, G., and Ding, X. (2022a). Expansion
microscopy with ninefold swelling (NIFS) hydrogel permits cellular
ultrastructure imaging on conventional microscope. Sci. Adv. 8 (18), eabm4006.
doi:10.1126/sciadv.abm4006

Li, M., Shang, M., Li, L., Wang, Y., Song, Q., Zhou, Z., et al. (2022b). Real-time
image resolution measurement for single molecule localization microscopy. Opt.
Express 30 (15), 28079–28090. doi:10.1364/OE.463996

Frontiers in Molecular Biosciences frontiersin.org16

Barrantes 10.3389/fmolb.2022.1014659

https://doi.org/10.1002/anie.201504181
https://doi.org/10.1364/ol.19.000780
https://doi.org/10.1038/s41592-022-01548-6
https://doi.org/10.1038/s41589-019-0369-4
https://doi.org/10.1016/j.bpj.2014.03.024
https://doi.org/10.1016/j.conb.2014.06.004
https://doi.org/10.1371/journal.pone.0263500
https://doi.org/10.1371/journal.pone.0263500
https://doi.org/10.1073/pnas.0506010102
https://doi.org/10.1016/s0009-3084(97)00040-6
https://doi.org/10.1111/j.1600-0854.2008.00801.x
https://doi.org/10.1111/j.1600-0854.2008.00801.x
https://doi.org/10.1194/jlr.M003244
https://doi.org/10.1007/s00018-007-7281-x
https://doi.org/10.1101/2022.05.19.492692
https://doi.org/10.1101/2022.05.19.492692
https://doi.org/10.1093/jb/mvi041
https://doi.org/10.1016/0009-3084(74)90049-8
https://doi.org/10.1016/0009-3084(74)90049-8
https://doi.org/10.1080/05704928408081716
https://doi.org/10.1210/me.2004-0308
https://doi.org/10.1529/biophysj.105.064816
https://doi.org/10.1529/biophysj.105.064816
https://doi.org/10.1016/j.bpj.2022.05.027
https://doi.org/10.1016/j.bpj.2022.05.027
https://doi.org/10.1016/j.bpj.2013.08.039
https://doi.org/10.1038/nrn731
https://doi.org/10.1016/S0006-3495(81)84728-5
https://doi.org/10.1016/j.neuroscience.2006.08.071
https://doi.org/10.1016/j.neuroscience.2006.08.071
https://doi.org/10.1038/nbt765
https://doi.org/10.1021/bi9519258
https://doi.org/10.1021/acs.accounts.6b00517
https://doi.org/10.1016/s0021-9258(18)63467-2
https://doi.org/10.1016/s0021-9258(18)63467-2
https://doi.org/10.1002/1521-3773(20010601)40:11<2004:aid-anie2004>3.3.co;2-x
https://doi.org/10.1002/1521-3773(20010601)40:11<2004:aid-anie2004>3.3.co;2-x
https://doi.org/10.1073/pnas.1514030113
https://doi.org/10.1016/j.ceb.2016.02.021
https://doi.org/10.1016/j.ceb.2016.02.021
https://doi.org/10.1529/biophysj.104.048967
https://doi.org/10.1529/biophysj.104.048967
https://doi.org/10.1083/jcb.200709086
https://doi.org/10.1016/s0301-4622(01)00235-6
https://doi.org/10.1113/jphysiol.1977.sp011897
https://doi.org/10.1113/jphysiol.1977.sp011897
https://doi.org/10.1007/BF00167110
https://doi.org/10.1016/j.bpj.2021.05.009
https://doi.org/10.1016/j.bpj.2021.05.009
https://doi.org/10.1016/s0005-2736(03)00056-7
https://doi.org/10.1016/s0005-2736(03)00056-7
https://doi.org/10.1038/s41598-021-96258-y
https://doi.org/10.1038/s41598-021-96258-y
https://doi.org/10.1111/j.1365-2818.2009.03196.x
https://doi.org/10.1126/sciadv.abm4006
https://doi.org/10.1364/OE.463996
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1014659


Li, Z., and Bittman, R. (2007). Synthesis and spectral properties of cholesterol-
and FTY720-containing boron dipyrromethene dyes. J. Org. Chem. 72 (22),
8376–8382. doi:10.1021/jo701475q

Li, Z., Mintzer, E., and Bittman, R. (2006). First synthesis of free cholesterol-
BODIPY conjugates. J. Org. Chem. 71, 1718–1721. doi:10.1021/jo052029x

Lichtman, J. W., and Sanes, J. R. (2003). Watching the neuromuscular junction.
J. Neurocytol. 32 (5-8), 767–775. doi:10.1023/b:Neur.0000020622.58471.37

Lin, W. C., Blanchette, C. D., and Longo, M. L. (2007). Fluid-phase chain unsaturation
controlling domainmicrostructure and phase in ternary lipid bilayers containing GalCer
and cholesterol. Biophys. J. 92 (8), 2831–2841. doi:10.1529/biophysj.106.095422

Liu, S. L., Sheng, R., Jung, J. H., Wang, L., Stec, E., O'Connor, M. J., et al. (2017).
Orthogonal lipid sensors identify transbilayer asymmetry of plasma membrane
cholesterol. Nat. Chem. Biol. 13(3), 268–274. doi:10.1038/nchembio.2268

Lorizate, M., Terrones, O., Nieto-Garai, J. A., Rojo-Bartolomé, I., Ciceri, D.,
Morana, O., et al. (2021). Super-Resolution Microscopy Using a Bioorthogonal-
Based Cholesterol Probe Provides Unprecedented Capabilities for Imaging
Nanoscale Lipid Heterogeneity in Living Cells. Small Meth. 2100430. doi:10.
1002/smtd.202100430

Lukinavičius, G., Reymond, L., and Johnsson, K. (2015). Fluorescent labeling of
SNAP-tagged proteins in cells.Methods Mol. Biol. 1266, 107–118. doi:10.1007/978-
1-4939-2272-7_7

Lukinavičius, G., Reymond, L., Umezawa, K., Sallin, O., D’Este, E., Gottfert, F.,
et al. (2016). Fluorogenic probes for multicolor imaging in living cells. J. Am. Chem.
Soc. 138 (30), 9365–9368. doi:10.1021/jacs.6b04782

Maiwald, A., Bauer, O., and Gimpl, G. (2017). Synthesis and characterization of a
novel rhodamine labeled cholesterol reporter. Biochim. Biophys. Acta. Biomembr.
1859 (6), 1099–1113. doi:10.1016/j.bbamem.2017.02.018

Mangeat, T., Labouesse, S., Allain, M., Negash, A., Martin, E., Guénolé, A., et al.
(2021). Super-resolved live-cell imaging using random illumination microscopy.
Cell Rep. Methods 1 (1), 100009. doi:10.1016/j.crmeth.2021.100009

Manzo, C., Torreno-Pina, J. A., Massignan, P., Lepeyre, G. J. J., Lewenstein, M.,
and Garcia-Parajo, M. F. (2015). Weak ergodicity breaking of receptor motion in
living cells stemming from random diffusivity. Phys. Rev. X 5, 011021. doi:10.1103/
physrevx.5.011021

Marchand, S., Devillers-Thiery, A., Pons, S., Changeux, J. P., and Cartaud, J.
(2002). Rapsyn escorts the nicotinic acetylcholine receptor along the exocytic
pathway via association with lipid rafts. J. Neurosci. 22 (20), 8891–8901. doi:10.
1523/JNEUROSCI.22-20-08891.2002

Marks, D. L., Bittman, R., and Pagano, R. E. (2008). Use of Bodipy-labeled
sphingolipid and cholesterol analogs to examine membrane microdomains in cells.
Histochem. Cell Biol. 130 (5), 819–832. doi:10.1007/s00418-008-0509-5

Markwirth, A., Lachetta, M., Mönkemöller, V., Heintzmann, R., Hübner, W.,
Huser, T., et al. (2019). Video-rate multi-color structured illumination microscopy
with simultaneous real-time reconstruction. Nat. Commun. 10 (1), 4315. doi:10.
1038/s41467-019-12165-x

Marsh, D. (2008a). Energetics of hydrophobic matching in lipid-protein
interactions. Biophys. J. 94 (10), 3996–4013. doi:10.1529/biophysj.107.121475

Marsh, D. (2008b). Protein modulation of lipids, and vice-versa, in membranes.
Biochim. Biophys. Acta 1778 (7-8), 1545–1575. doi:10.1016/j.bbamem.2008.01.015

Masullo, L. A., Steiner, F., Zähringer, J., Lopez, L. F., Bohlen, J., Richter, L., et al.
(2021). Pulsed interleaved MINFLUX. Nano Lett. 21 (1), 840–846. doi:10.1021/acs.
nanolett.0c04600

Matos, A. L. L., Keller, F., Wegner, T., Del Castillo, C. E. C., Grill, D., Kudruk, S.,
et al. (2021). CHIMs are versatile cholesterol analogs mimicking and visualizing
cholesterol behavior in lipid bilayers and cells. Commun. Biol. 4 (1), 720. doi:10.
1038/s42003-021-02252-5

Mazhul, V. M., Shcharbin, D. G., Ivin, I. V., Zaitseva, E. M., and Driamov, S. V. (1999).
“Room Temperature Tryptophan Phosphorescence as monitor of internal dynamics of
isolated human erythrocyte membranes proteins,” in Spectroscopy of biological molecules:
New directions: 8th European conference on the spectroscopy of biological molecules,
29 august–2 september 1999, enschede, The Netherlands. Editors J. Greve, G. J. Puppels,
and C. Otto (Dordrecht: Springer Netherlands), 21–22.

McCann, C. M., Tapia, J. C., Kim, H., Coggan, J. S., and Lichtman, J. W. (2008).
Rapid and modifiable neurotransmitter receptor dynamics at a neuronal synapse in
vivo. Nat. Neurosci. 11 (7), 807–815. doi:10.1038/nn.2145

McKinley, J. W., Shi, Z., Kawikova, I., Hur, M., Bamford, I. J., Sudarsana Devi, S.
P., et al. (2019). Dopamine deficiency reduces striatal cholinergic interneuron
function in models of Parkinson’s disease.Neuron 103 (6), 1056e1056–1072. doi:10.
1016/j.neuron.2019.06.013

Mihaila, T. S., Bäte, C., Ostersehlt, L. M., Pape, J. K., Keller-Findeisen, J., Sahl, S. J.,
et al. (2022). Enhanced incorporation of subnanometer tags into cellular proteins

for fluorescence nanoscopy via optimized genetic code expansion. Proc. Natl. Acad.
Sci. U. S. A. 119 (29), e2201861119. doi:10.1073/pnas.2201861119

Milovanovic, D., Honigmann, A., Koike, S., Gottfert, F., Pahler, G., Junius, M.,
et al. (2015). Hydrophobic mismatch sorts SNARE proteins into distinct membrane
domains. Nat. Commun. 6, 5984. doi:10.1038/ncomms6984

Möckl, L., Roy, A. R., Petrov, P. N., and Moerner, W. E. (2019). Accurate and
rapid background estimation in single-molecule localization microscopy using the
deep neural network BGnet. Proceedings of the National Academy of Sciences.
doi:10.1073/pnas.1916219117%J

Moerner, W. E., Shechtman, Y., and Wang, Q. (2015). Single-molecule
spectroscopy and imaging over the decades. Faraday Discuss. 184, 9–36. doi:10.
1039/c5fd00149h

Moerner, W. E. (2015). Single-molecule spectroscopy, imaging, and
photocontrol: Foundations for super-resolution microscopy (nobel lecture).
Angew. Chem. Int. Ed. Engl. 54, 8067–8093. doi:10.1002/anie.201501949

Mosqueira, A., Camino, P. A., and Barrantes, F. J. (2020). Antibody-induced
crosslinking and cholesterol-sensitive, anomalous diffusion of nicotinic
acetylcholine receptors. J. Neurochem. 152 (6), 663–674. doi:10.1111/jnc.14905

Mosqueira, A., Camino, P. A., and Barrantes, F. J. (2018). Cholesterol modulates
acetylcholine receptor diffusion by tuning confinement sojourns and nanocluster
stability. Sci. Rep. 8 (1), 11974. doi:10.1038/s41598-018-30384-y

Munro, I., García, E., Yan, M., Guldbrand, S., Kumar, S., Kwakwa, K., et al. (2019).
Accelerating single molecule localization microscopy through parallel processing
on a high-performance computing cluster. J. Microsc. 273 (2), 148–160. doi:10.
1111/jmi.12772

Nakane, T., Kotecha, A., Sente, A., McMullan, G., Masiulis, S., Brown, P. M. G. E.,
et al. (2020). Single-particle cryo-EM at atomic resolution. Nature 586, 152–156.
doi:10.1038/s41586-020-2829-0

Narayanan, R., and Balaram, P. (1978). Homologous cholinergic fluorescent
probes. Synthesis and fluorescence properties. FEBS Lett. 93 (1), 38–42. doi:10.1016/
0014-5793(78)80799-6

Nielsen, C., Goulian, M., and Andersen, O. S. (1998). Energetics of inclusion-
induced bilayer deformations. Biophys. J. 74 (4), 1966–1983. doi:10.1016/S0006-
3495(98)77904-4

Obaid, A. L., Loew, L. M., Wuskell, J. P., and Salzberg, B. M. (2004). Novel
naphthylstyryl-pyridium potentiometric dyes offer advantages for neural network
analysis. J. Neurosci. Methods 134 (2), 179–190. doi:10.1016/j.jneumeth.2003.11.011

Olek, A. J., Krikorian, J. G., and Daniels, M. P. (1986a). Early stages in the
formation and stabilization of acetylcholine receptor aggregates on cultured
myotubes: Sensitivity to temperature and azide. Dev. Biol. 117 (1), 24–34.
doi:10.1016/0012-1606(86)90344-1

Olek, A. J., Ling, A., and Daniels, M. P. (1986b). Development of ultrastructural
specializations during the formation of acetylcholine receptor aggregates on
cultured myotubes. J. Neurosci. 6 (2), 487–497. doi:10.1523/jneurosci.06-02-
00487.1986

Ortells, M. O., and Barrantes, F. J. (1998). “Evolution of the AChR and ligand-
gated ion channels,” in The nicotinic acetylcholine receptor: Current views and future
trends Austin, Texas: Landes Bioscience), 11–30.

Ortells, M. O., Cockcroft, V. B., Lunt, G. G., Marsh, D., and Barrantes, F. J. (1992).
“The nicotinic acetylcholine receptor and its lipid microenvironment,” in
Membrane proteins: Structures, interactions and models. Editors A. Pullman,
J. Jortner, and B. Pullman Dordrecht/Boston/London: Kluwer Academic
Publishers), 185–198.

Oshikawa, J., Toya, Y., Fujita, T., Egawa, M., Kawabe, J., Umemura, S., et al.
(2003). Nicotinic acetylcholine receptor alpha7 regulates cAMP signal within lipid
rafts. Am. J. Physiol. Cell Physiol. 285, C567–C574. doi:10.1152/ajpcell.00422.2002

Parasassi, T., Conti, F., and Gratton, E. (1986). Time-resolved fluorescence
emission spectra of Laurdan in phospholipid vesicles by multifrequency phase
and modulation fluorometry. Cell. Mol. Biol. 32 (1), 103–108.

Parasassi, T., De Stasio, G., Ravagnan, G., Rusch, R. M., and Gratton, E. (1991).
Quantitation of lipid phases in phospholipid vesicles by the generalized polarization
of Laurdan fluorescence. Biophys. J. 60, 179–189. doi:10.1016/S0006-3495(91)
82041-0

Parasassi, T., and Gratton, E. (1992). Packing of phospholipid vesicles studied by
oxygen quenching of Laurdan fluorescence. J. Fluoresc. 2, 167–174. doi:10.1007/
BF00866931

Paz, M. L., and Barrantes, F. J. (2019). Autoimmune attack of the neuromuscular
junction in myasthenia gravis: Nicotinic acetylcholine receptors and other targets.
ACS Chem. Neurosci. 10 (5), 2186–2194. doi:10.1021/acschemneuro.9b00041

Paz, M. L., and Barrantes, F. J. (2021). Cholesterol in myasthenia gravis. Arch.
Biochem. Biophys. 701, 108788. doi:10.1016/j.abb.2021.108788

Frontiers in Molecular Biosciences frontiersin.org17

Barrantes 10.3389/fmolb.2022.1014659

https://doi.org/10.1021/jo701475q
https://doi.org/10.1021/jo052029x
https://doi.org/10.1023/b:Neur.0000020622.58471.37
https://doi.org/10.1529/biophysj.106.095422
https://doi.org/10.1038/nchembio.2268
https://doi.org/10.1002/smtd.202100430
https://doi.org/10.1002/smtd.202100430
https://doi.org/10.1007/978-1-4939-2272-7_7
https://doi.org/10.1007/978-1-4939-2272-7_7
https://doi.org/10.1021/jacs.6b04782
https://doi.org/10.1016/j.bbamem.2017.02.018
https://doi.org/10.1016/j.crmeth.2021.100009
https://doi.org/10.1103/physrevx.5.011021
https://doi.org/10.1103/physrevx.5.011021
https://doi.org/10.1523/JNEUROSCI.22-20-08891.2002
https://doi.org/10.1523/JNEUROSCI.22-20-08891.2002
https://doi.org/10.1007/s00418-008-0509-5
https://doi.org/10.1038/s41467-019-12165-x
https://doi.org/10.1038/s41467-019-12165-x
https://doi.org/10.1529/biophysj.107.121475
https://doi.org/10.1016/j.bbamem.2008.01.015
https://doi.org/10.1021/acs.nanolett.0c04600
https://doi.org/10.1021/acs.nanolett.0c04600
https://doi.org/10.1038/s42003-021-02252-5
https://doi.org/10.1038/s42003-021-02252-5
https://doi.org/10.1038/nn.2145
https://doi.org/10.1016/j.neuron.2019.06.013
https://doi.org/10.1016/j.neuron.2019.06.013
https://doi.org/10.1073/pnas.2201861119
https://doi.org/10.1038/ncomms6984
https://doi.org/10.1073/pnas.1916219117%J
https://doi.org/10.1039/c5fd00149h
https://doi.org/10.1039/c5fd00149h
https://doi.org/10.1002/anie.201501949
https://doi.org/10.1111/jnc.14905
https://doi.org/10.1038/s41598-018-30384-y
https://doi.org/10.1111/jmi.12772
https://doi.org/10.1111/jmi.12772
https://doi.org/10.1038/s41586-020-2829-0
https://doi.org/10.1016/0014-5793(78)80799-6
https://doi.org/10.1016/0014-5793(78)80799-6
https://doi.org/10.1016/S0006-3495(98)77904-4
https://doi.org/10.1016/S0006-3495(98)77904-4
https://doi.org/10.1016/j.jneumeth.2003.11.011
https://doi.org/10.1016/0012-1606(86)90344-1
https://doi.org/10.1523/jneurosci.06-02-00487.1986
https://doi.org/10.1523/jneurosci.06-02-00487.1986
https://doi.org/10.1152/ajpcell.00422.2002
https://doi.org/10.1016/S0006-3495(91)82041-0
https://doi.org/10.1016/S0006-3495(91)82041-0
https://doi.org/10.1007/BF00866931
https://doi.org/10.1007/BF00866931
https://doi.org/10.1021/acschemneuro.9b00041
https://doi.org/10.1016/j.abb.2021.108788
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1014659


Perez-Lloret, S., and Barrantes, F. J. (2016). Deficits in cholinergic
neurotransmission and their clinical correlates in Parkinson’s disease. NPJ Park.
Dis. 2 (1), 16001. doi:10.1038/npjparkd.2016.1

Perozo, E., Kloda, A., Cortes, D. M., and Martinac, B. (2002). Physical
principles underlying the transduction of bilayer deformation forces during
mechanosensitive channel gating. Nat. Struct. Biol. 9 (9), 696–703. doi:10.1038/
nsb827

Qiao, C., Li, D., Guo, Y., Liu, C., Jiang, T., Dai, Q., et al. (2021). Evaluation and
development of deep neural networks for image super-resolution in optical
microscopy. Nat. Methods 18 (2), 194–202. doi:10.1038/s41592-020-01048-5

Rakers, L., Grill, D., Matos, A. L. L., Wulff, S., Wang, D., Börgel, J., et al. (2018).
Addressable cholesterol analogs for live imaging of cellular membranes. Cell Chem.
Biol. 25 (8), 952952–952961. doi:10.1016/j.chembiol.2018.04.015

Ramadurai, S., Duurkens, R., Krasnikov, V. V., and Poolman, B. (2010).
Lateral diffusion of membrane proteins: Consequences of hydrophobic
mismatch and lipid composition. Biophys. J. 99 (5), 1482–1489. doi:10.
1016/j.bpj.2010.06.036

Ranjit, S., Malacrida, L., Jameson, D. M., and Gratton, E. (2018). Fit-free analysis
of fluorescence lifetime imaging data using the phasor approach.Nat. Protoc. 13 (9),
1979–2004. doi:10.1038/s41596-018-0026-5

Razi Naqvi, K., Gonzalez-Rodriguez, J., Cherry, R. J., and Chapman, D. (1973).
Spectroscopic technique for studying protein rotation in membranes.Nat. New Biol.
245 (147), 249–251. doi:10.1038/newbio245249a0

Rittweger, E., Ranking, B. R., Westphal, V., and Hell, S. W. (2007). Fluorescence
depletion mechanisms in super-resolving STED microscopy. Chem. Phys. Lett. 442,
483–487. doi:10.1016/j.cplett.2007.06.017

Roccamo, A. M., Pediconi, M. F., Aztiria, E., Zanello, L., Wolstenholme, A., and
Barrantes, F. J. (1999). Cells defective in sphingolipids biosynthesis express low
amounts of muscle nicotinic acetylcholine receptor. Eur. J. Neurosci. 11 (5),
1615–1623. doi:10.1046/j.1460-9568.1999.00574.x

Saffman, P. G., and Delbrück, M. (1975). Brownian motion in biological
membranes. Proc. Natl. Acad. Sci. U. S. A. 72 (8), 3111–3113. doi:10.1073/pnas.
72.8.3111

Sahl, S. J., and Hell, S. W. (2019). “High-resolution 3D light microscopy with
STED and RESOLFT,” in High resolution imaging in microscopy and
ophthalmology: New frontiers in biomedical optics. Editor J. F. Bille Cham:
Springer International Publishing, 3–32.

Sahu, I. D., and Lorigan, G. A. (2020). Electron paramagnetic resonance as a tool
for studying membrane proteins. Biomolecules 10 (5), E763. doi:10.3390/
biom10050763

Sanchez, S. A., Tricerri, M. A., and Gratton, E. (2012). Laurdan generalized
polarization fluctuations measures membrane packing micro-heterogeneity in vivo.
Proc. Natl. Acad. Sci. U. S. A. 109 (19), 7314–7319. doi:10.1073/pnas.1118288109

Sanes, J. R., and Lichtman, J. W. (2001). Induction, assembly, maturation and
maintenance of a postsynaptic apparatus. Nat. Rev. Neurosci. 2 (11), 791–805.
doi:10.1038/35097557

Sassaroli, M., Vauhkonen, M., Perry, D., and Eisinger, J. (1990). Lateral diffusivity
of lipid analogue excimeric probes in dimyristoylphosphatidylcholine bilayers.
Biophys. J. 57, 281–290. doi:10.1016/S0006-3495(90)82530-3

Sato, S. B., Ishii, K., Makino, A., Iwabuchi, K., Yamaji-Hasegawa, A., Senoh, Y.,
et al. (2004). Distribution and transport of cholesterol-rich membrane domains
monitored by a membrane-impermeant fluorescent polyethylene glycol-derivatized
cholesterol. J. Biol. Chem. 279 (22), 23790–23796. doi:10.1074/jbc.M313568200

Scheible, M. B., and Tinnefeld, P. (2018). Quantifying expansion microscopy with
DNA origami expansion nanorulers. bioRxiv. doi:10.1101/265405

Schneider, M. C., Telschow, R., Mercier, G., Lopez-Martinez, M., Scherzer, O.,
and Schütz, G. (2020). A workflow for sizing oligomeric biomolecules based on cryo
single molecule localization microscopy. PloS one, 16, 253567, 1, doi:10.1101/2020.
08.17.253567%JbioRxiv

Schnitzbauer, J., Strauss, M. T., Schlichthaerle, T., Schueder, F., and Jungmann, R.
(2017). Super-resolution microscopy with DNA-PAINT. Nat. Protoc. 12 (6),
1198–1228. doi:10.1038/nprot.2017.024

Shaw, T. R., Fazekas, F. J., Kim, S., Flanagan-Natoli, J. C., Sumrall, E. R., and
Veatch, S. L. (2022). Estimating the localization spread function of static single-
molecule localization microscopy images. Biophys. J. 121 (15), 2906–2920. doi:10.
1016/j.bpj.2022.06.036

Shi, X., Li, Q., Dai, Z., Tran, A. A., Feng, S., Ramirez, A. D., et al. (2021). Label-
retention expansion microscopy. J. Cell Biol. 220 (9), e202105067. doi:10.1083/jcb.
202105067

Shieh, P., Hill, M. R., Zhang, W., Kristufek, S. L., and Johnson, J. A. (2021). Clip
chemistry: Diverse (Bio)(macro)molecular and material function through breaking
covalent bonds. Chem. Rev. 121 (12), 7059–7121. doi:10.1021/acs.chemrev.0c01282

Shinitzky, M., Dianoux, A. C., Gitler, C., and Weber, G. (1971). Microviscosity
and order in the hydrocarbon region of micelles and membranes determined with
fluorescent probes. I. Synthetic micelles. Biochemistry 10 (11), 2106–2113. doi:10.
1021/bi00787a023

Shinomura, O. (2005). The discovery of aequorin and green fluorescent protein.
J. Microsc. 217, 1–15. doi:10.1111/j.0022-2720.2005.01441.x

Sil, P., Mateos, N., Nath, S., Buschow, S., Manzo, C., Suzuki, K. G. N., et al. (2020).
Dynamic actin-mediated nano-scale clustering of CD44 regulates its meso-scale
organization at the plasma membrane.Mol. Biol. Cell 31 (7), 561–579. doi:10.1091/
mbc.E18-11-0715

Smith, C. S., Slotman, J. A., Schermelleh, L., Chakrova, N., Hari, S., Vos, Y., et al.
(2021). Structured illumination microscopy with noise-controlled image
reconstructions. Nat. Methods 18 (7), 821–828. doi:10.1038/s41592-021-01167-7

Solanko, L. M., Honigmann, A., Midtiby, H. S., Lund, F. W., Brewer, J. R., Dekaris, V.,
et al. (2013). Membrane orientation and lateral diffusion of BODIPY-cholesterol as a
function of probe structure. Biophys. J. 105 (9), 2082–2092. doi:10.1016/j.bpj.2013.09.031

Somerharju, P. J., Virtanen, J. A., Eklund, K. K., Vainio, P., and Kinnunen, P. K.
(1985). 1-Palmitoyl-2-pyrenedecanoyl glycerophospholipids as membrane probes:
Evidence for regular distribution in liquid-crystalline phosphatidylcholine bilayers.
Biochemistry 24 (11), 2773–2781. doi:10.1021/bi00332a027

Somerharju, P. (2002). Pyrene-labeled lipids as tools in membrane biophysics and
cell biology. Chem. Phys. Lipids 116 (1-2), 57–74. doi:10.1016/s0009-3084(02)
00020-8

Stopar, D., Strancar, J., Spruijt, R. B., and Hemminga, M. A. (2006). Motional
restrictions of membrane proteins: A site-directed spin labeling study. Biophys. J. 91
(9), 3341–3348. doi:10.1529/biophysj.106.090308

Strambini, G. B., and Gonnelli, M. (2010). Acrylonitrile quenching of trp
phosphorescence in proteins: A probe of the internal flexibility of the globular
fold. Biophys. J. 99 (3), 944–952. doi:10.1016/j.bpj.2010.05.022

Strambini, G. B., and Gonnelli, M. (1985). The indole nucleus triplet-state lifetime
and its dependence on solvent microviscosity. Chem. Phys. Lett. 115 (2), 196–200.
doi:10.1016/0009-2614(85)80678-3

Strambini, G. B. (1989). Tryptophan phosphorescence as a monitor of protein
flexibility. J. Mol. Liq. 42, 155–165. doi:10.1016/0167-7322(89)80031-5

Stroud, R. M., and Finer-Moore, J. (1985). Acetylcholine receptor structure,
function, and evolution. Annu. Rev. Cell Biol. 1, 317–351. doi:10.1146/annurev.cb.
01.110185.001533

Taly, A., Corringer, P. J., Guedin, D., Lestage, P., and Changeux, J. P. (2009).
Nicotinic receptors: allosteric transitions and therapeutic targets in the nervous
system. Nat. Rev. Drug Discov. 8, 733–750. doi:10.1038/nrd2927

Tejedor, V., Benichou, O., Voituriez, R., Jungmann, R., Simmel, F., Selhuber-Unkel, C.,
et al. (2010). Quantitative analysis of single particle trajectories: Meanmaximal excursion
method. Biophys. J. 98 (7), 1364–1372. doi:10.1016/j.bpj.2009.12.4282

Tessier, C. J. G., Emlaw, J. R., Cao, Z. Q., Javier Perez-Areales, F., Salameh, J. J.,
Prinston, J. E., et al. (2017). Back to the future: Rational maps for exploring
acetylcholine receptor space and time. Biochim. Biophys. Acta. Proteins Proteom.
1865, 1522–1528. doi:10.1016/j.bbapap.2017.08.006

Testa, I., Urban, N. T., Jakobs, S., Eggeling, C., Willig, K. I., and Hell, S. W. (2012).
Nanoscopy of living brain slices with low light levels. Neuron 75 (6), 992–1000.
doi:10.1016/j.neuron.2012.07.028

Thomas, D. D., Dalton, L. R., and Hyde, J. S. (1976). Rotational diffusion studied
by passage saturation transfer electron paramagnetic resonance. J. Chem. Phys. 65
(8), 3006–3024. doi:10.1063/1.433512

Tillberg, P. W., Chen, F., Piatkevich, K. D., Zhao, Y., Yu, C. C., English, B. P., et al.
(2016). Protein-retention expansion microscopy of cells and tissues labeled using
standard fluorescent proteins and antibodies. Nat. Biotechnol. 34 (9), 987–992.
doi:10.1038/nbt.3625

Tornøe, C. W., Christensen, C., and Meldal, M. (2002). Peptidotriazoles on solid
phase: [1, 2, 3]-triazoles by regiospecific copper(i)-catalyzed 1, 3-dipolar
cycloadditions of terminal alkynes to azides. J. Org. Chem. 67 (9), 3057–3064.
doi:10.1021/jo011148j

Triller, A., and Choquet, D. (2005). Surface trafficking of receptors between
synaptic and extrasynaptic membranes: And yet they do move. Trends Neurosci. 28
(3), 133–139. doi:10.1016/j.tins.2005.01.001

Tsien, R. Y., and Miyawaki, A. (1998). Seeing the machinery of live cells. Science
280, 1954–1955. doi:10.1126/science.280.5371.1954

Tsien, R. Y. (2010). Nobel lecture: Constructing and exploiting the fluorescent
protein paintbox. Integr. Biol. 2 (2-3), 77–93. doi:10.1039/b926500g

Tsien, R. Y. (1998). The green fluorescent protein. Annu. Rev. Biochem. 67,
509–544. doi:10.1146/annurev.biochem.67.1.509

Frontiers in Molecular Biosciences frontiersin.org18

Barrantes 10.3389/fmolb.2022.1014659

https://doi.org/10.1038/npjparkd.2016.1
https://doi.org/10.1038/nsb827
https://doi.org/10.1038/nsb827
https://doi.org/10.1038/s41592-020-01048-5
https://doi.org/10.1016/j.chembiol.2018.04.015
https://doi.org/10.1016/j.bpj.2010.06.036
https://doi.org/10.1016/j.bpj.2010.06.036
https://doi.org/10.1038/s41596-018-0026-5
https://doi.org/10.1038/newbio245249a0
https://doi.org/10.1016/j.cplett.2007.06.017
https://doi.org/10.1046/j.1460-9568.1999.00574.x
https://doi.org/10.1073/pnas.72.8.3111
https://doi.org/10.1073/pnas.72.8.3111
https://doi.org/10.3390/biom10050763
https://doi.org/10.3390/biom10050763
https://doi.org/10.1073/pnas.1118288109
https://doi.org/10.1038/35097557
https://doi.org/10.1016/S0006-3495(90)82530-3
https://doi.org/10.1074/jbc.M313568200
https://doi.org/10.1101/265405
https://doi.org/10.1101/2020.08.17.253567%JbioRxiv
https://doi.org/10.1101/2020.08.17.253567%JbioRxiv
https://doi.org/10.1038/nprot.2017.024
https://doi.org/10.1016/j.bpj.2022.06.036
https://doi.org/10.1016/j.bpj.2022.06.036
https://doi.org/10.1083/jcb.202105067
https://doi.org/10.1083/jcb.202105067
https://doi.org/10.1021/acs.chemrev.0c01282
https://doi.org/10.1021/bi00787a023
https://doi.org/10.1021/bi00787a023
https://doi.org/10.1111/j.0022-2720.2005.01441.x
https://doi.org/10.1091/mbc.E18-11-0715
https://doi.org/10.1091/mbc.E18-11-0715
https://doi.org/10.1038/s41592-021-01167-7
https://doi.org/10.1016/j.bpj.2013.09.031
https://doi.org/10.1021/bi00332a027
https://doi.org/10.1016/s0009-3084(02)00020-8
https://doi.org/10.1016/s0009-3084(02)00020-8
https://doi.org/10.1529/biophysj.106.090308
https://doi.org/10.1016/j.bpj.2010.05.022
https://doi.org/10.1016/0009-2614(85)80678-3
https://doi.org/10.1016/0167-7322(89)80031-5
https://doi.org/10.1146/annurev.cb.01.110185.001533
https://doi.org/10.1146/annurev.cb.01.110185.001533
https://doi.org/10.1038/nrd2927
https://doi.org/10.1016/j.bpj.2009.12.4282
https://doi.org/10.1016/j.bbapap.2017.08.006
https://doi.org/10.1016/j.neuron.2012.07.028
https://doi.org/10.1063/1.433512
https://doi.org/10.1038/nbt.3625
https://doi.org/10.1021/jo011148j
https://doi.org/10.1016/j.tins.2005.01.001
https://doi.org/10.1126/science.280.5371.1954
https://doi.org/10.1039/b926500g
https://doi.org/10.1146/annurev.biochem.67.1.509
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1014659


Tzartos, S. J., and Lindstrom, J. M. (1980). Monoclonal antibodies used to probe
acetylcholine receptor structure: Localization of the main immunogenic region and
detection of similarities between subunits. Proc. Natl. Acad. Sci. U. S. A. 77 (2),
755–759. doi:10.1073/pnas.77.2.755

Tzartos, S. J., Rand, D. E., Einarson, B. L., and Lindstrom, J. M. (1981). Mapping
of surface structures of electrophorus acetylcholine receptor using monoclonal
antibodies. J. Biol. Chem. 256 (16), 8635–8645. doi:10.1016/s0021-9258(19)68891-5

Vallés, A. S., and Barrantes, F. J. (2021). Dysregulation of neuronal nicotinic
acetylcholine receptor–cholesterol crosstalk in autism spectrum disorder. Front.
Mol. Neurosci. 14 (232), 744597. doi:10.3389/fnmol.2021.744597

Vanderkooi, J. M., and Berger, J. M. (1989). Excited triplet states used to study
biological macromolecules at room temperature. Biochim. Biophys. Acta 97 (6),
1–27. doi:10.1016/s0005-2728(89)80185-9

Vaughan, W. M., andWeber, G. (1970). Oxygen quenching of pyrenebutyric acid
fluorescence in water. A dynamic probe of the microenvironment. Biochemistry 9
(3), 464–473. doi:10.1021/bi00805a003

Venable, R. M., Ingólfsson, H. I., Lerner, M. G., Perrin, B. S., Jr., Camley, B. A.,
Marrink, S. J., et al. (2017). Lipid and peptide diffusion in bilayers: The saffman-
delbrück model and periodic boundary conditions. J. Phys. Chem. B 121 (15),
3443–3457. doi:10.1021/acs.jpcb.6b09111

Vögele, M., Köfinger, J., and Hummer, G. (2019). Finite-size-corrected rotational
diffusion coefficients of membrane proteins and carbon nanotubes from molecular
dynamics simulations. J. Phys. Chem. B 123 (24), 5099–5106. doi:10.1021/acs.jpcb.
9b01656

Weber, G., Borris, D. P., De Robertis, E., Barrantes, F. J., La Torre, J. L., and
Llorente de Carlin, M. C. (1971). The use of a cholinergic fluorescent probe for the
study of the receptor proteolipid. Mol. Pharmacol. 7 (5), 530–537.

Weber, G., and Farris, F. J. (1979). Synthesis and spectral properties of a
hydrophobic fluorescent probe: 6-propionyl-2-(dimethylamino)naphthalene.
Biochemistry 18 (14), 3075–3078. doi:10.1021/bi00581a025

Weber, G. (1952b). Polarization of the fluorescence of macromolecules. II.
Fluorescent conjugates of ovalbumin and bovine serum albumin. Biochem. J. 51
(2), 155–167. doi:10.1042/bj0510155

Weber, G. (1952a). Polarization of the fluorescence of macromolecules. I. Theory
and experimental method. Biochem. J. 51 (2), 145–155. doi:10.1042/bj0510145

Weber, M., Leutenegger, M., Stoldt, S., Jakobs, S., Mihaila, T. S., Butkevich, A. N.,
et al. (2021). MINSTED fluorescence localization and nanoscopy.Nat. Photonics 15,
361–366. doi:10.1038/s41566-021-00774-2

Weisenburger, S., Jing, B., Hänni, D., Reymond, L., Schuler, B., Renn, A., et al.
(2014). Cryogenic colocalization microscopy for nanometer-distance
measurements. ChemPhysChem 15 (4), 763–770. doi:10.1002/cphc.201301080

Wen, G., Vanheusden, M., Acke, A., Valli, D., Neely, R. K., Leen, V., et al. (2020).
Evaluation of direct grafting strategies via trivalent anchoring for enabling lipid
membrane and cytoskeleton staining in expansion microscopy. ACS Nano 14,
7860–7867. doi:10.1021/acsnano.9b09259

Wenz, J. J., and Barrantes, F. J. (2005). Nicotinic acetylcholine receptor induces
lateral segregation of phosphatidic acid and phosphatidylcholine in reconstituted
membranes. Biochemistry 44 (1), 398–410. doi:10.1021/bi048026g

Wenz, J. J., and Barrantes, F. J. (2003). Steroid structural requirements for
stabilizing or disrupting lipid domains. Biochemistry 42 (48), 14267–14276.
doi:10.1021/bi035759c

Wiegand, V., Chang, T. Y., Strauss, J. F., 3rd, Fahrenholz, F., and Gimpl, G.
(2003). Transport of plasma membrane-derived cholesterol and the function of
Niemann-Pick C1 Protein. Faseb J. 17 (6), 782–784. doi:10.1096/fj.02-0818fje

Wilhelm, J., Kühn, S., Tarnawski, M., Gotthard, G., Tünnermann, J., Tänzer, T.,
et al. (2021). Kinetic and structural characterization of the self-labeling protein tags
HaloTag7, SNAP-tag, and CLIP-tag. Biochemistry 60 (33), 2560–2575. doi:10.1021/
acs.biochem.1c00258

Willems, J., and MacGillavry, H. D. (2022). A coordinate-based co-
localization index to quantify and visualize spatial associations in single-
molecule localization microscopy. Sci. Rep. 12 (1), 4676. doi:10.1038/s41598-
022-08746-4

Wüstner, D., Lund, F. W., Röhrl, C., and Stangl, H. (2016). Potential of
BODIPY-cholesterol for analysis of cholesterol transport and diffusion in
living cells. Chem. Phys. Lipids 194, 12–28. doi:10.1016/j.chemphyslip.2015.
08.007

Xu, H., Tong, Z., Ye, Q., Sun, T., Hong, Z., Zhang, L., et al. (2019). Molecular
organization of mammalian meiotic chromosome axis revealed by expansion
STORM microscopy. Proc. Natl. Acad. Sci. U. S. A. 116 (37), 18423–18428.
doi:10.1073/pnas.1902440116

Yang, Y., Broto-Ribas, A., Ortín-Rubio, B., Imaz, I., Gándara, F., Carné-Sánchez,
A., et al. (2022). Clip-off chemistry: Synthesis by programmed disassembly of
reticular materials. Angew. Chem. Int. Ed. Engl. 61 (4), e202111228. doi:10.1002/
anie.202111228

Yip, K. M., Fischer, N., Paknia, E., Chari, A., and Stark, H. (2020). Atomic-
resolution protein structure determination by cryo-EM. Nature 586, 157–161.
doi:10.1038/s41586-020-2833-4

Zhan, Z., Li, C., Liu, X., Sun, X., He, C., Kuang, C., et al. (2022). Simultaneous
super-resolution estimation of single-molecule position and orientation with
minimal photon fluxes. Opt. Express 30 (12), 22051–22065. doi:10.1364/OE.
456557

Zhanghao, K., Chen, X., Liu, W., Li, M., Liu, Y., Wang, Y., et al. (2019). Super-
resolution imaging of fluorescent dipoles via polarized structured illumination
microscopy. Nat. Commun. 10 (1), 4694. doi:10.1038/s41467-019-12681-w

Zhu, D., Xiong, W. C., andMei, L. (2006). Lipid rafts serve as a signaling platform
for nicotinic acetylcholine receptor clustering. J. Neurosci. 26 (18), 4841–4851.
doi:10.1523/JNEUROSCI.2807-05.2006

Zoli, M., Pucci, S., Vilella, A., and Gotti, C. (2018). Neuronal and extraneuronal
nicotinic acetylcholine receptors. Curr. Neuropharmacol. 16 (4), 338–349. doi:10.
2174/1570159x15666170912110450

Zwettler, F. U., Reinhard, S., Gambarotto, D., Bell, T. D. M., Hamel, V., Guichard, P.,
et al. (2020). Molecular resolution imaging by post-labeling expansion single molecule
localization microscopy. Ex-SMLM. doi:10.1101/2020.03.12.988923%JbioRxiv

Frontiers in Molecular Biosciences frontiersin.org19

Barrantes 10.3389/fmolb.2022.1014659

https://doi.org/10.1073/pnas.77.2.755
https://doi.org/10.1016/s0021-9258(19)68891-5
https://doi.org/10.3389/fnmol.2021.744597
https://doi.org/10.1016/s0005-2728(89)80185-9
https://doi.org/10.1021/bi00805a003
https://doi.org/10.1021/acs.jpcb.6b09111
https://doi.org/10.1021/acs.jpcb.9b01656
https://doi.org/10.1021/acs.jpcb.9b01656
https://doi.org/10.1021/bi00581a025
https://doi.org/10.1042/bj0510155
https://doi.org/10.1042/bj0510145
https://doi.org/10.1038/s41566-021-00774-2
https://doi.org/10.1002/cphc.201301080
https://doi.org/10.1021/acsnano.9b09259
https://doi.org/10.1021/bi048026g
https://doi.org/10.1021/bi035759c
https://doi.org/10.1096/fj.02-0818fje
https://doi.org/10.1021/acs.biochem.1c00258
https://doi.org/10.1021/acs.biochem.1c00258
https://doi.org/10.1038/s41598-022-08746-4
https://doi.org/10.1038/s41598-022-08746-4
https://doi.org/10.1016/j.chemphyslip.2015.08.007
https://doi.org/10.1016/j.chemphyslip.2015.08.007
https://doi.org/10.1073/pnas.1902440116
https://doi.org/10.1002/anie.202111228
https://doi.org/10.1002/anie.202111228
https://doi.org/10.1038/s41586-020-2833-4
https://doi.org/10.1364/OE.456557
https://doi.org/10.1364/OE.456557
https://doi.org/10.1038/s41467-019-12681-w
https://doi.org/10.1523/JNEUROSCI.2807-05.2006
https://doi.org/10.2174/1570159x15666170912110450
https://doi.org/10.2174/1570159x15666170912110450
https://doi.org/10.1101/2020.03.12.988923%JbioRxiv
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1014659

	Fluorescence microscopy imaging of a neurotransmitter receptor and its cell membrane lipid milieu
	1 Introduction
	2 Exploring the physico-chemical properties of the nAChR lipid milieu
	2.1 Fluorescent cholesterol sensors and membrane probes
	2.2 Fluorescent probes designed for the cholinergic system and its membrane environment

	3 Breaking the diffraction barrier in light microscopy
	4 Fluorescence microscopy to study the nanoscale and mesoscale dynamics of nAChRs in the plasmalemma
	4.1 Translational dynamics
	4.2 Rotational dynamics
	4.3 Tilt of transmembrane segments and wobbling motion

	5 Future prospects
	5.1 Expansion microscopy
	5.2 Click, bioorthogonal, clip, snAP, and halo-tag organic chemistry reactions*
	5.3 The new challenges of superresolution microscopy

	6 Concluding remarks
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


