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Abstract

Lipids and the membranes they form are fundamental building blocks of cellular life, and their
geometry and chemical properties distinguish membranes from other cellular environments.
Collective processes occurring within membranes strongly impact cellular behavior and
biochemistry, and understanding these processes presents unique challenges due to the often
complex and myriad interactions between membrane components. Super-resolution microscopy
offers a significant gain in resolution over traditional optical microscopy, enabling the localization
of individual molecules even in densely labeled samples and in cellular and tissue environments.
These microscopy techniques have been used to examine the organization and dynamics of plasma
membrane components, providing insight into the fundamental interactions that determine
membrane functions. Here, we broadly introduce the structure and organization of the mammalian
plasma membrane and review recent applications of super-resolution microscopy to the study of
membranes. We then highlight some inherent challenges faced when using super-resolution
microscopy to study membranes, and we discuss recent technical advancements that promise
further improvements to super-resolution microscopy and its application to the plasma membrane.
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1 Introduction

The cell membrane is a complex mixture of lipids and proteins in close contact with the
cortical cytoskeleton and the extracellular matrix, whose composition and dynamics is
highly regulated through a vast array of cellular processes. In addition to its function as an
electrical and physical barrier, the plasma membrane is the site of diverse cellular
biochemistry responsible for regulating how the cell interacts with and responds to its
environment. Signals that originate at the plasma membrane play a critical role in cell
growth, differentiation, secretion, autocrine and paracrine signaling, and immunity, for
example. While many of the protein players in these vital pathways have been identified, a
more complete picture will illustrate how these molecules interact in time and space, and
will describe the ways in which the complex landscape of the membrane modulates these
interactions. Recent advances in fluorescence microscopy, single molecule and super-
resolution imaging have contributed new information to these vital questions, and hold
enormous promise for elucidating many features of the plasma membrane.

In the following pages, we provide an overview of the organizing principles that underlie
plasma membrane structure and function, review how super-resolution microscopy
approaches have shed light on processes occurring within membranes, and discuss some
limitations faced by these methods when applied to studies of plasma membrane processes.
Single molecule and super-resolution fluorescence microscopy has a long history within the
study of membranes, where some of the earliest single molecule studies pioneered the
observation of the motion and nanoscale organization of plasma membrane proteins. We
briefly discuss this history and provide an extensive review of more recent work that
characterizes plasma membrane structure and function through fluorescence-based super-
resolution imaging methods. The plasma membrane imposes some specific challenges for
experiments, and thus we discuss several technical considerations that are particularly
applicable to super-resolution imaging of membranes, emphasizing the challenges in
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observing clustering and co-localization of membrane components. Within this context, we
present simple simulations illustrating the challenges and caveats of super-resolution
localization microscopy with emphasis on quantitative data analysis using correlation
functions. Recent advances in fluorescent probes, imaging technology, and data
quantification have pushed the limits of super-resolution microscopy, and we conclude with
our view on how these and other developments will shape future studies.

1.1 Anatomy of the mammalian plasma membrane

In their simplest form, bilayer membranes are composed of lipids surrounded by an aqueous
fluid. Lipids are amphiphilic molecules with a hydrophilic headgroup and typically two
hydrophobic hydrocarbon chains that collectively self-assemble into bilayer structures when
placed in excess water. Lipid chains themselves are short polymers that can take on many
confirmations within the hydrophobic core of the bilayer, helping to maintain the membrane
as a two-dimensional fluid. Lipid headgroups are anchored at the oil-water interface,
shielding the membrane core from the surrounding water and ions, and actin as the
molecular interface with the surrounding fluids. Lipids in bilayers can be in a variety of
physical states, with characteristic levels of mobility and molecular ordering. Bilayers can be
in a rigid solid-like state often referred to as the gel phase, or in one of two more fluid liquid
phases, or can contain mixtures of these phases~>. The two liquid phases, called liquid-
ordered and liquid-disordered are distinguished by their composition and physical properties
such as membrane thickness and the extension of lipid hydrocarbon chains. Lipids can also
assemble into non-bilayer topologies, including the highly curved inverse-hexagonal phase
and cubic phases important for both biological processes and crystalizing membrane
proteins612 These natural tendencies of lipids and lipid mixtures to self-organize in
different ways provides the cell with a flexible toolbox, with the ability to tune membrane
spontaneous curvature and stiffness, viscosity, ion permeability, and to even organize
components within the membrane plane.

There is large chemical diversity of lipids in cellular membranes. This diversity is most
easily seen in the lipid headgroups, which can vary in size, charge, and surface chemistry.
There are two dominate types of linkages connecting headgroups to hydrophaobic acyl
chains, and the chains themselves can vary dramatically in length (number of carbons) and
level of unsaturation. These chemical variations are combinatorically varied by enzymes
involved in lipid metabolism, and as a result there are at least 800 distinct lipid species in a
typical mammalian plasma membranel3. Cholesterol is by far the most abundant single lipid
in the plasma membrane of mammalian cells, sometimes exceeding 40 mol% of total
lipid1415, The chemical structure of cholesterol is distinct from other cellular lipids: it is
more hydrophobic, contains fused planar rings and a single short hydrocarbon chainl®.
Lipids can also be covalently modified with sugars or proteins, or can bind with high affinity
to soluble proteins. This broad chemical diversity is highly regulated by cells in order to tune
a broad array of physical and biological properties that are vital to its function. The
molecular composition of lipids varies dramatically within cellular organelles and even
within leaflets of the same bilayer, due to both lipid trafficking and biogenesis?. Recent
efforts to quantitatively map lipid components using mass spectrometry have highlighted the
vast diversity and interconnectivity of lipids!3:16:17_ In addition to acting as ligands and
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signaling molecules, the molecular composition of lipids establishes collective physical
properties of the membrane as a whole — properties such as electrical resistance, viscosity,
bending rigidity, and electrostatic chargel8.

The plasma membrane also contains nearly 50% mass fraction of proteins!®. These take the
form of proteins that span the plasma membrane through a single alpha helical segment,
proteins that traverse the membrane multiple times, and those that associate only with a
single membrane leaflet?C as illustrated graphically in Figure 1A. Many plasma membrane
proteins are post-translationally modified with lipid chains, and some of these can be
dynamically added and removed by enzymes resident within the plasma membrane itself 21.
The membrane association of soluble and peripheral proteins can be achieved through
directly binding to lipids or membrane-embedded proteins, and is often regulated through
enzymatic modification (e.g. phosphorylation) of both lipid and protein species?2-24. Some
proteins can bend or even break membranes, playing important roles in endocytosis and
exocytosis, as well as viral fusion?>26, As with plasma membrane lipids, the protein content
of the PM is highly regulated and dynamic. Both plasma membrane lipid and protein
components can vary dramatically between cell types and during different stages of cellular
development?’.

The plasma membrane is in direct physical contact with both the extracellular matrix and
cortical cytoskeleton, depicted in Figure 1A. This association acts to add mechanical
strength to the cellular interface, provides a means to control cell shape and mobility, and
can dictate interactions with other cells or extracellular factors28. Association with these
elements also influences the localization and dynamics of some membrane constituents.
Many lipids and proteins facing the extracellular space are modified with sugars that directly
intercalate into the extracellular matrix. The plasma membrane is also conjugated to the rigid
protein filaments that make up the cortical cytoskeleton. This occurs through direct protein-
protein and protein-lipid binding as well as through indirect coupling through electrostatics
or fluid dynamics?%-32, Inversely, membrane proteins and dynamics can influence the
polymerization and reorganization of cytoskeletal networks, through the binding of actin-
modifying proteins to phosphoinositides, for example membrane-bound WASP33, Taken
together, the plasma membrane is a complex molecular assembly which is directly coupled
to both the extracellular and intracellular spaces.

Membrane phases are also thought to influence the spatial organization of membrane
components, and are conceptually shown in Figure 1A. Bilayer membranes made of purified
lipids can undergo phase transitions between more ordered and more disordered fluid states,
where more ordered phases have acyl chains that are more aligned resulting in tighter
packing and a slightly thicker bilayer. These liquid-ordered and liquid-disordered phases can
coexist in the same phase-separated membrane, similar to oil and water de-mixing in three
dimensions. It is proposed that similar forces influence the lateral organization of intact
plasma membranes34, and in support of this cellular plasma membranes exhibit phase
separation when isolated and examined at low temperature3®. The concept that lipids can
help organize proteins within cellular membranes is commonly referred to as the lipid raft
hypothesis36, and remains controversial in part due to the lack of reliable experimental
methods to probe these membrane structures37:38. However, biophysical investigations have

Chem Rev. Author manuscript; available in PMC 2018 June 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stone et al.

Page 5

provided support that the membrane can exhibit domains of relatively ordered or disordered
membrane, especially around clustered proteins and receptors3®. It is also thought that the
tendency for plasma membrane lipids to assemble into non-lamellar phases can play
important roles in functional processes that require membrane bending®. Understanding the
impact of phase effects in the plasma membrane is an important goal for membrane
research, as these subtle effects may influence a variety of processes occurring at the plasma
membrane.

Membrane properties influence the nature of interactions between proteins that reside within
the bilayer. Just like soluble proteins, membrane proteins can form complexes through
electrostatic and Van der Waals interactions. Membranes tend to orient embedded protein
binding sites, often lowering the entropic free energy cost to binding. These direct
associations are responsible for the stability of many multi-protein complexes present among
plasma membrane proteins. In membranes, proteins can also interact indirectly via
interactions mediated through the membrane itself, as shown in FigurelA. These
interactions tend to be weaker than those accessible through direct binding, but can act over
larger distances. Examples include protein associations due to a shared preference for a
specific membrane curvature, bilayer thickness, or membrane composition. Plasma
membrane proteins and lipids are also often organized via interactions outside of the
membrane plane. These can include interactions mediated through adhesion to another
membrane surface??, to protein assemblies proximal to the membrane*?, or through direct
interactions with cytoskeletal or extracellular matrix components*243. In a living membrane,
biochemistry occurs within this complex and dynamic environment to provide a wide array
of cellular functions.

Interactions between membrane components such as those detailed above can be cooperative
and complex, and relevant biological events often exhibit a mixture of these interactions as
shown in Figure 1B. Experimental investigation of membrane physical chemistry has thus
been greatly aided by techniques that provide specific molecular information in the context
of the intact membrane. Further, experimental methods that are compatible with cellular
plasma membranes are of very high value due to the practically impossible task of
reproducing the complex membrane environment /n vitro. Among these methods, single
molecule and super-resolution microscopy stands out due to their ability to observe the
localization and dynamics of individual molecules and thus interpret the molecular
interactions that are acting upon the molecule of interest.

1.2 Early single molecule and super-resolution investigations of the plasma membrane

Cell plasma membranes are particularly well-suited for single molecule and super-resolution
studies. The plasma membrane is inherently two dimensional (2D), and it is often possible to
orient the sample such that the 2D motion occurs entirely within a single focal plane of an
optical microscope. Also, many membrane-bound lipids and proteins can be visualized
through binding to modified ligands or antibodies that are simply incubated with live cells.
Finally, the membrane has higher viscosity than the surrounding cytoplasm or extracellular
space, slowing the motions of its membrane-bound constituents. These features enabled
numerous early studies of the organization and mobility of membrane components.
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In the first single particle tracking (SPT) studies in live cells, Barak and Webb reported on
the motion of low density lipoprotein (LDL) receptors when bound to LDL particles pre-
loaded with a lipophilic fluorescent dye**4°. Soon after, several groups established methods
to visualize the motion of gold beads bound to membrane components with nanometer-scale
accuracy*®-48. The robust scattering of gold particles could be imaged using standard or
differential interference contrast (DIC) microscopy over extended time-periods since gold
particles do not exhibit photobleaching, allowing the tracking of particles at fast frame rates
and for arbitrarily long times. Early experiments with gold probes were highly non-specific,
such as colloidal gold conjugated to poly-L-lysine*® or ConA%0. Greater specificity for target
labeling was achieved by coating beads with specific ligands, such as transferrin and a.2-
macroglobulin receptor®?, as well as EGF and E-cadherin®2.

Over the years, improvements in labeling, imaging, and camera technologies have made it
such that most single molecule and SPT measurements are accomplished through
fluorescence detection. The now common use of expressible fluorescent protein conjugates
allow for specific and non-perturbative labeling of membrane proteins, and further
developments in single molecule methods allowed the localization and tracking of proteins
of interest labeled with GFP53-56, The development and commercialization of total internal
reflection (TIR) microscopy has played an important role in this revolution®7:58, making it
possible to confine illumination of fluorophores to within roughly 100nm of a glass surface.
This allows for selective illumination of the plasma membrane of adherent cells while
reducing background fluorescence, improving the detection of single fluorophores. Finally,
driven largely by applications in astronomy, cameras have become more sensitive and
efficient, and are now commonly able to detect single photons with increasingly fast
acquisition rates. With modern cameras and imaging platforms, it has become routine to
image and track the single molecule mobility of membrane proteins in a wide range of
contexts. These studies have uncovered heterogeneity of motion within and between
membrane components, and highlight the complexity of the plasma membrane
environment?9:60,

Plasma membrane-associated proteins and lipids were among the initial targets for
fluorescence-based super-resolution imaging methodologies since they allowed investigators
to observe both the spatial distribution and dynamics of membrane components. The
clustered spatial distributions of the viral membrane proteins Gag®! and hemagglutinin62
were observed with (fluorescence) photoactivation light microscopy ((f)PALM), and the
2D63 and 3D%4 supramolecular structure of clathrin-coated vesicles was measured using
stochastic optical reconstruction microscopy (STORM). The high resolution geometries of
model membranes were also shown by Point Accumulation for Imaging in Nanoscale
Topology (PAINT) with membrane partitioning fluorophores®. Dynamic maps of
membrane component location and diffusion could now be produced from super-resolution
point localization data, as was shown for the viral proteins VSVG and Gag %8 and adhesion
complexes 87. Further, stimulated emission depletion (STED) microscopy can create
diffraction-unlimited excitation volumes, allowing for STED-fluorescence correlation
spectroscopy (FCS) measurements of membrane component diffusion to elucidate
nanometer scale trapping and non-linear diffusion of individual membrane components in
live cells®8. Since then, super-resolution fluorescence microscopy methods have been
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broadly applied to the study of plasma and other membranes, resolving the spatial
distribution and dynamics of important membrane components.

2 Super-resolution investigations of biological membranes

The plasma membrane has proved to be a useful system to demonstrate the power of single
molecule and super-resolution approaches in cells. These methods have been applied to the
study of numerous biological processes at the cell surface. Many structures present within
the plasma membrane have characteristic length scales between 10 and 100 nm. This
dimension is larger than the individual proteins and lipids that make up the membrane but
smaller than the diffraction limit. Super-resolution microscopy enables the direct imaging of
these structures, enabling their investigation in the context of intact, and often living cells. In
this section, we review a subset of more recent work where super-resolution fluorescence
microscopy techniques have been applied to better understand membrane receptors,
membrane curvature, and lipid-mediated heterogeneity within membranes.

2.1 Membrane receptors

Membrane receptors allow the cell to sense its environment by translating varied
extracellular stimuli into intracellular chemical signals. Drug therapies often target
membrane receptors due to their accessibility on the external surface of the cell and because
of the impact of signaling cascades on many facets of cellular behavior. Receptor signaling
is carefully controlled by regulatory factors that can have diverse mechanisms, including
direct interaction with specific signaling partners, assembly of signaling complexes around
receptors, and receptor internalization. The local physical environment of the plasma
membrane around receptors can influence these biochemical processes through both the
distinct partitioning and activity of proteins within these environments. Fluorescence
microscopy of receptors in their native membrane environment plays an important role in
elucidating the function and interactions between receptors and regulatory proteins, and
super-resolution microscopy gives high resolution information on receptor dynamics and
spatial organization. Here we focus on recent applications of super-resolution microscopy to
two broad classes of plasma membrane receptors, G protein coupled receptors (GPCRs) and
immunoreceptors.

2.1.1 GPCRs—GPCRs are an important class of receptors as they mediate a wide variety
of signaling outcomes and are also a widely-used target for drug therapies. GPCR
conformational states determine the nature of interactions with heterotrimeric G proteins as
well as signaling regulators such as arrestins®-72. There is growing evidence that the proper
functioning of many GPCRs is dependent on their local membrane environment. This can
take the form of modulation of receptor interactions with allosteric regulators, G proteins, or
even local lipids. There is also active debate regarding the oligomeric state of many GPCRs
and how this influences their function. These topics are being actively investigated using
single-molecule and super-resolution approaches, and various labeling methods for GPCRs
have been extensively reviewed’ and include incorporation of unnatural amino acids into
proteins, fluorescent labeling of GPCR ligands, and the use of nanobodies for labeling
GPCRs.
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B2AR is a GPCR expressed in many cell types that mediates a diverse set of functions
including blood vessel dilation, smooth muscle relaxation, and insulin secretion.
Dimerization, oligomerization, and higher-order clustering has been implicated in the
functional regulation of B,AR function’473, Early super-resolution studies using near field
scanning optical microscopy (NSOM) reported self-clustering of B,AR and association of
clustered receptors with caveolae’8. BoAR was an early target for experiments aimed at
molecular counting by PALM?7, and appears highly self-clustered in cardiomyocytes but not
in other cell types where PALM microscopy was used to reconstruct super-resolved images
of receptor positions’8. The dynamics of B,AR have also been studied extensively using
single particle tracking methods, which find evidence for oligomerization’9:80 as well as a
mechanistic role for the cytoskeleton in clustering and confinement of receptor motion®.

Another commonly studied GPCR is the chemokine receptor CCR5, which is expressed on
T-cells and also functions as a co-receptor for HIV. The spatial organization of the GPCR
CCRS5 was observed using D,O-enhanced dSTORM microscopy, where DO was used to
increase the fluorescence quantum yield and thus the precision of single particle
localizations®2. Other studies have probed CCR5-dependent changes in regulators of CCR5
signaling such as beta arrestin, which is involved in the removal of CCR5 from the plasma
membrane®3:84, and have provided evidence that GPCR internalization is correlated with
arrestin clustering independent of GPCR signaling. Super-resolution techniques have been
used to investigate the spatial distribution of other GPCRSs, such as CB185, which was shown
to have a uniform spatial distribution within presynaptic boutons of various types, and
luteinizing hormone receptor8®, for which functionally relevant mutations were suggested to
exhibit distinct oligomerization patterns.

2.1.2 Immune receptors—Immune receptors recognize a wide array of antigens and are
vital to the specific recognition and clearance of microbiological invasion. Since immune
receptors function to direct inflammatory responses, they also play a role in many auto-
immune diseases. Innate immune receptors such as the NOD and Toll-like receptors
recognize specific antigens, whereas adaptive immune receptors undergo genetic adaptation
and selection, which allow for the recognition of new antigens and pathogens. Cellular
context and mesoscale organization of immune receptors are thought to influence their
function, and this feature is reflected in the formation of the T cell- B cell immune synapse
where multiple signaling molecules including the receptor are organized in a concentric
manner87:88, Super-resolution imaging is an appropriate tool for studying the spatial
organization in this system and thus it has been applied to many different immunoreceptor
signaling systems.

T cell receptors (TCR) recognize antigen fragments bound within MHC proteins. Signaling
through the TCR is regulated by a diverse array of adaptor and signaling proteins, and
clustering of the receptor is thought to impact its function. The spatial organization of TCR
and its signaling partner Linker for Activation of T cells (LAT)89, the adaptor protein
SLP-76, and the kinase ZAP-70%, were examined using PALM. These experiments suggest
that TCR and LAT exist in a self-clustered state prior to TCR activation and provide
evidence that the spatial distributions of LAT, SLP-76, and ZAP-70 respond to TCR
ligation89:90, The phosphorylation state of the receptor and associated signaling molecules
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have also been investigated using super-resolution localization microscopy®1:92, and the
correlation of cluster size and density with colocalization with phosphorylation suggests
spatial distribution of TCR impacts its signaling®l. Recent technical advances combining
light sheet illumination and dSTORM imaging have also enabled high resolution imaging of
the TCR within lymph nodes, and this study also suggests that TCR exists in a self-clustered
distribution prior to binding antigen%3.

B cells are another crucial player in the adaptive immune system. The B cell receptor (BCR)
recognizes intact antigen in the blood and lymph, and the successful maturation of B cells
leads to the production of antibodies from former BCRs. Clustering of the BCR is known to
be important for its function, as well as the interaction between BCR, the cytoskeleton, and
adaptor proteins4. The spatial distribution of IgM, 1gD, and IgG BCRs prior to and after
receptor clustering by antigen has been investigated by several groups with dSTORM5-97,
These studies suggest that BCR is self-clustered prior to binding antigen, and that clustering
behavior is distinct for IgM vs IgD and IgM vs 1gG BCRs. Additionally, the diffusion of
BCR and CD19 were measured in wild type and CD81 knockout cells, suggesting that the
diffusion of these proteins is influenced by an actin and tetraspannin network. BCR
clustering and diffusion was also shown to be dependent on Ezrin expression in primary B
cells®, supporting the hypothesis that the actin network influences BCR organization and
dynamics. The spatial colocalization and dynamics of BCR and Lyn in live cells was
investigated with two color simultaneous STORM and PALM?9°, which measured direct
binding of Lyn to BCR through the reduction of Lyn mobility and colocalization with BCR
following antigen stimulation.

Another well studied immune receptor is FceRI, expressed primarily in mast cells and
basophils, which binds 1:1 to soluble IgE antibodies and becomes activated upon receptor
clustering. The organization and dynamics of FceRI have been targets of single molecule
and super-resolution investigation for decades190-103, One application of STORM
simultaneously probed the mobility and localization of receptors in live cells undergoing
signaling!%4, and showed that slowdown and clustering of receptors in response to antigen
begins prior to calcium release in these cells. FceRI mobility and dynamics have also been
studied utilizing FceRI labeled with Fluorogen-activating proteins (FAPs)193, Similar to
PAINT microscopy®®, FAP labels “blink” through transient binding of a cognate fluorogenic
dyel05, Single molecule tracking showed that the dynamics of the signal-transducing y
subunit of FceRlI is controlled by the IgE-binding a. subunit. Additionally, a recent multi-
color study in chemically fixed cells probed interactions between FceRI and the kinase Lyn,
showing that drug-induced perturbation of actin networks leads to increased interaction
between receptors and Lyn106,

Innate immune receptors have also been the target of super-resolution microscopy
investigations. For example, the interaction between the immune receptor NOD1, its kinase
RIP2, and bacterial peptidoglycan in early endosomes was observed using STORM
microscopy07. Further, the clustering and co-clustering of the C-type lectins CD-SIGN and
CD206, which mediate the uptake of pathogens, was investigated with Blink microscopyl98.
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2.1.3 Other receptors—Many receptors have also been studied using super-resolution
techniques. Glycine receptor is a ligand gated ion channel important for neuronal
polarization, and splice variant a3L comprising of a 15 AA intracellular insert alters the
receptor’s gating and desensitization. It was shown that this longer splice variant exhibits a
highly clustered membrane distribution in contrast to the shorter variant a3R109, Epidermal
growth factor receptor (EGFR) mediates many aspects of cell growth and proliferation, and
its function has been linked to its oligomerization and dimerization. EGFR dimerization was
studied using a PAINT approach where fluorescently labeled EGF binding and unbinding
served as the PAINT probel10, Further, EGFR clustering has been shown to be distinct
between apical and basal membrane surfaces, suggesting that these two membrane
environments play distinct roles in EGFR clustering!1L. Finally, natural killer T cells are
crucially dependent upon their namesake receptor in order to deliver cytolytic granules to
target cells. The spatial distribution of the cortical actin meshwork around Natural Killer
TCR clusters was observed using 3D structured illumination microscopy (SIM)112.113
which showed that the membrane-proximal actin meshwork is actively re-modeled in these
cells to allow secretion of lytic granules.

2.1.4 General notes on the use of super-resolution microscopy to query
receptor self-clustering—As evidenced by the wealth of research reviewed above,
receptor clustering and spatial organization is a focal point for investigations into the
signaling and regulation of many types of membrane receptors. Self-clustering of receptors,
co-clustering of receptors with effector proteins and signaling partners, and other modes of
spatial patterning can create specialized microenvironments where specific biochemical
processes can be favored or suppressed. Although super-resolution fluorescence microscopy
has been extensively used to query the clustering of receptors and effector proteins, distinct
challenges prevent the simple interpretation of this data because it is difficult to simply
distinguish monomers from small self-clustered oligomers by this method. This is a topic
discussed more extensively in Sections 3.1 and 3.2 below.

2.2 Membrane organizational modes

Membranes are often organized over distances much longer than the sizes of individual
molecules through cooperative interactions between membrane components. For example,
membranes curve through the actions of numerous proteins and lipids}14, and the collective
tendency for membrane components to phase separate leads to heterogeneity on the 10—
100nm length-scale in both model membranes and cells11®. Interactions between the plasma
membrane, cortical cytoskeleton, and extracellular matrix are thought to be important in
regulating the structures arising from collective interactions within the membrane plane,
including the maintenance of overall cell shape and plasticity. Super-resolution fluorescence
microscopy techniques are well suited for probing membrane organization on intermediate
length-scales, and hold promise for revealing how individual molecules and their
interactions shape the large-scale processes and collective behavior of the membrane.

2.2.1 Curvature—Curvature plays a role in a diverse set of processes occurring at the

plasma membrane and within membrane-bound organelles. One important question is how
this curvature arises and how proteins and lipids react to and maintain membrane curvature.
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Super-resolution allows the location of individual proteins to be resolved with respect to the
local membrane curvature, and can illuminate membrane curvature in areas that are difficult
to reach with traditional microscopy.

Individual proteins are generally much smaller than the length scale of relevant membrane
curvature, yet it has been suggested that they can both sense and localize to sites of
curvature, and can also stabilize the formation of large membrane deformations when
working in tandem 114, This distinction between curvature sensing and active membrane
remodeling was explored using 3D SIM in the context of the behavior of the septin CDC11.
Here, SIM allowed for collection of high resolution images of membrane topology and
protein spatial distribution, enabling geometric classification of membrane regions and
colocalization analysis 116, CDC11 proteins were found to localize to areas of high positive
curvature, and polymerization of CDC11 stabilzes its association with the membrane.
Similarly, SIM imaging of the negative curvature-preferring ESCRT complex found that
ESCRT proteins preferentially localized to high negative curvature regions of a supported
bilayer system, and assembled a ring of enrichment where negative curvature was the
highest!17. These experiments illustrate that highly curved membrane structures involve a
combination of complex nucleation through sensing of existing curvature and co-operative
assembly of curvature-favoring proteins. Caveolae are poorly characterized invaginated
membrane structures that exhibit high curvature18, The caveolin Cav-1 was imaged in the
context of living zebrafish embryos!1® and with respect to cytokine receptort20 using PALM
microscopy, which showed that assembly of caveolae was important for initiation of receptor
signaling. Curvature is also involved in the assembly of structures on the membrane, such as
in viral budding and virion formation, which requires deformation of the membrane. The
immune system has adapted mechanisms to sense this deformation through expression of the
protein tetherin, and super-resolution localization techniques have been used to clarify the
role of curvature in its mechanism of action to inhibit formation of the virion121,

Super-resolution microscopy can also shed light on membrane deformation events and large
scale membrane shape changes that occur in the context of the plasma membrane and
internal organelles through labeling of the lipid bilayer itself. The size distribution of
mitochondria and ER organelles, the diffusion of individual dye molecules within these
structures, and the fusion and fission between the mitochondrial and ER membranes was
queried with STORM using lipophilic membrane dyes 122, The restricted orientation of
lipophilic dyes in the lipid bilayer can also be used to examine the orientation and topology
of the membrane using fluorescent molecule localization under polarized light123. This
scheme is an extension of pTIRFM, which is able to differentiate between membrane
orientations by selecting dye molecules based on their alignment with a polarized TIRF
excitation field124,

2.2.2 Phase-like membrane heterogeneity—It has been hypothesized that
heterogeneous distributions of membrane components can arise within plasma membranes
as a consequence of favorable interactions between particular classes of lipids. Originally
referred to as ‘lipid rafts’ 36, these membrane heterogeneities are now understood to be
highly transient and very small (10-100nm), making them difficult to study by conventional
fluorescence means3?. Super-resolution microscopy has been applied to observe the spatial
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distribution as well as dynamics of membrane components that are hypothesized to be
heterogeneously sorted into membrane domains.

Numerous measurements have explored raft heterogeneity by monitoring the self-clustering
of membrane associated proteins, for example125-128 Another more robust method to
monitor partitioning into ordered domains is to localize a protein of interest alongside a
marker known to partition with ordered lipids. Two common markers are GPI-linked
proteins and cholera toxin B subunit (CTxB)12%, Multicolor STORM and PALM have shown
non-random spatial correlation between clustered GPI and actin130, CTxB and EGFR111, as
well as between GPI and the p-opioid receptor!3!, suggesting that these proteins have
favorable interactions with order-preferring lipids. We have also showed the exclusion of a
disordered favoring probe from BCR clusters in live cells, supporting the hypothesis that
ordered domains exist around BCR clusters®®. Additionally, ordered membrane domains are
thought to have slightly increased hydrophobic thickness, and dual-color STED microscopy
was used to show the co-clustering of SNARE proteins as a function of their transmembrane
domain length132,

The diffusion of membrane components is thought to be different in the ordered and
disordered domains, and thus trapping and anomalous diffusion have also been used as
proxies for membrane domains'28.133-135 However, recent work has shown that viscosity
and compositional differences between the two domains may be small compared to what is
observed in purified membranes, and diffusion is more strongly influenced by the
cytoskeleton and other factors 43. This may explain why one recent study did not detect
evidence for “rafts” when monitoring the mobility or distribution of probes in a plasma
membrane adhered to a patterned support 136, STED-FCS can measure molecular diffusion
within small areas of the plasma membrane spanning only a few tens of nanometers. This
technique revealed that the sphingomyelin lipids, but not other lipid types, are transiently
immobilized in the plasma membrane 43137, This pinning is cytoskeleton-dependent, and
suggests a general mechanism through which cytoskeleton pinning sites may template
ordered and disordered domains in the plasma membranel38. In reconstituted systems,
similar coupling between membrane and cytoskeletal elements acts to modulate membrane
domains when imaged using STED microscopy!3°.

Separate from ordered and disordered domain demixing, it has been suggested that
electrostatic interactions between certain acidic phospholipids can meditate their clustering
and domain formation40, Super-resolution STED microscopy was used to observe the
clustering of P1(4,5)P, in PC12 membrane sheets#1. This study also provides evidence that
P1(4,5)P, acts to regulate the clustering of proteins containing polybasic domains, such as
those containing polybasic sequences. The clustering of these proteins being mediated by
P1(4,5)P; is also supported by work in model membranes!41142. The spatial distribution of
P1(4,5)P, and PI(3,4,5)P3 was also examined using STORM microscopy, where authors have
reported contrasting results of both a clustered43 and uniform144 distribution of these lipids
in the plasma membrane. Future work will be necessary to reveal the true spatial distribution
of this biochemically important class of lipids.
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2.2.3 The cortical cytoskeletal and its regulation of membrane structure—The
integrity of cell morphology depends on the anchorage of the plasma membrane to the
cytoskeletal architecture. Complex co-ordination of both the cytoskeleton and membrane are
required for large-scale changes in cell morphology such as those that occur during cell
migration and cytokinesis. Furthermore, certain cell types may contain complex structures
incorporating the cytoskeleton and the membrane in order to perform specialized tasks.
Interactions between the membrane lipids and the cytoskeleton can have varying degrees of
specificity; certain lipids can interact strongly with immobilized cytoskeletal elements
through specific binding sites, and some proteins bind to the plasma membrane by less
specific mechanisms such as charge and hydrophobic embedding. Super-resolution
microscopy techniques reveal the detailed ultrastructure of the membrane and cytoskeleton
and indicate the nature of the interactions.

Specialized cellular structures often require complex coordination between the cytoskeleton
and membrane. Dual objective STORM was employed to observe the 3D ultrastructure of
the cortical actin cytoskeleton, revealing distinctions between the dorsal and ventral

layers 145, Sensitive STED-FCS experiments have been be used to infer the size of the actin
meshwork and show that cortical actin restricts phospholipid diffusion in a manner that
depends upon the actin remodeling protein Arp2/3 146, Liver sinusoidal endothelial cells
exhibit a pore-like structure which allows the filtration of objects between the blot and
hepatocytes based on size selection. The spatial distribution of the cytoskeleton and plasma
membrane was observed in liver sinusoidal endothelial cells using combination 3D-SIM and
STORM microscopy, revealing a close association between the membrane and

cytoskeleton 147, A periodic structure of actin, spectrin, ankyrin and sodium channels was
shown in neuronal axons using STORM microscopy, revealing a strikingly regular assembly
of these cytoskeletal elements148. This periodic actin structure was also observed in both the
axons and dendrites of living neurons using STED4°. Axons also are often wrapped by
myelin, multiple membranes that form a sheath around axons, helping to protect axons and
assisting in nerve pulse propagation. STED-FCS also showed that lipid diffusion was faster
and less confined in myelin, possibly due to the lack of cytoskeletal networks in these
structures 10, Further, the mobility of the viral protein hemagglutinin (HA) is restricted by
membrane-proximal actin, and the spatial organization of actin-binding proteins around HA
clusters suggests a dynamic co-regulation of the cytoskeleton and viral proteins®l,

Large scale shape changes within the cytoskeletal and membrane network are vital for the
growth and maturation of cells and tissues and play important roles in cancer metastasis as
well as normal cellular development. Cytoskeletal fibers conduct contractility forces along
the cell, however, determining the forces acting on specific fiber classes has proven difficult.
3D SIM was employed to observe the spatial patterning of stress fibers during motility and
large scale shape changes, allowing for the forces acting on specific cytoskeletal elements to
be mapped!®2. Related to this, the molecular spatial composition of cell adhesions were also
mapped using iPALM133, Further, new applications of STED to traction force microscopy
allow for increased resolution for measuring the forces that cells exert on extracellular
substrates 124,
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3 Promise and challenges of super-resolution imaging applied to complex
biological membranes

As a two-dimensional fluid comprised of a complex mixture of lipids and proteins, the
plasma membrane provides a unique environment which cells utilize to accomplish a broad
array of functions, a few of which are described above. This environment also presents
unique challenges to experimental investigations. In the sections below, we describe several
features of membranes and super-resolution imaging methods that present specific
experimental obstacles, with a focus on fluorescence localization based super-resolution
techniques. We also suggest how advances in super-resolution fluorescence microscopy may
provide new approaches to overcome these obstacles.

3.1 Obstacles to molecular counting in super-resolved images

A common theme in membrane biology is that nano-sized assemblies of membrane
components are often required to accomplish some cellular function1®5. These assemblies
can be protein homo- or hetero dimers, small oligomers, or complexes where direct binding
occurs between proteins and lipids, and these complexes can additionally be highly dynamic.
The detailed stoichiometry of these complexes can impact the functional regulation of the
proteins involved, and characterizing the stoichiometry of these assemblies is often
considered important for understanding their molecular mechanisms.

Several robust fluorescence-based methods exist for counting molecules within protein
complexes when complexes are well separated on the cell surfacel®®. These include
inferring the copy number of proteins present by calibrating the molecular brightness of
single fluorophores and the variance of the fluorescence signal. Another routinely used
method is to observe the sequential step-wise photobleaching of labeled proteins within
complexes. In this method, one counts the molecular constituents by counting quantized
decreases in brightness with the help of filtering algorithms and statistical methods. Both
methods require that fluorophores are conjugated to target proteins at a 1:1 ratio, which is
often accomplished by expressing the protein conjugated to a single fluorescent protein.
Both of these methods have been applied successfully in a range of contexts 157-160 pyt
require that individual oligomers are separated by distances much greater than the diffraction
limit of visible light. Super-resolution methods such as stimulated emission or STED
microscopy reduce this resolution limit and therefore enable this type of quantitative
imaging on more densely labeled samples.

Molecular counting in super-resolution fluorescence localization microscopy measurements
has proven to be more challenging®62. This is because most fluorophores used for
localization microscopy either blink reversibly, or are capable of activating multiple times
before being bleached into an irreversible dark state. This effect is compounded if target
molecules are labeled with proteins or antibodies that can be conjugated with multiple
fluorophores, or if antibodies can bind to multiple sites on single target proteins. We refer to
this effect as over-counting, since a single labeled molecule is observed several times in the
same position. Fluorophores can also under-count the components they label. This can occur
when activation occurs stochastically and data are not acquired for a long enough time to
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fully sample all fluorophores. There are well documented situations where fluorophores are
systematically under-counted. For example, there is often a finite population of photo-
activatable or photo-switchable fluorophores that do not activate or switch into an
observable state162-166 and reductive caging of organic fluorophores often leads to some
probes losing their ability to activate67. Also, some fluorophores quench when in close
proximity to protein residues or other fluorophores68-170, These issues with over and
under- counting are not limited to investigations of membrane proteins, but have been
studied mostly in this context. Some examples of mechanisms that can give rise to over- and
under-counting are shown in Figure 2A.

Several methods have been developed to compensate for the systematic over- and under-
counting of single probes when a large number of target proteins are imaged. One method is
to simply calibrate the average number of times a given probe is observed in a sparsely
labeled sample imaged under the same conditions39171, When probes are sparsely
distributed, it is often assumed that all times a fluorophore is localized in the same position,
it occurs due to multiple observations of the same target protein. This experiment can be
used to calibrate the average number of probes localized within regions of interest in a more
densely labeled sample as long as antibodies can only bind target proteins at single sites.
Regions within a super-resolved image can be segmented using clustering algorithms such
as DBSCAN172, ClusterViSul’3, or other home-built algorithms74, which are used to define
extended objects within point resolved images.

More statistically sophisticated methods to count the average number of probes present in a
segmented region have been devised, however most require some calibration of probe photo-
physics and reactivation statistics1’>:176, These methods report on the stoichiometry of the
average cluster because each individual observation has an intrinsically high variance. In
cases where probe blinking is irreversible, or is reversible only within a finite time-window,
and proteins are labeled with single fluorophores, it is in principle possible to count the
number of proteins in complexes, although currently this is only reported for a small subset
of proteins and fluorophores?7:178, A simulated example that graphically highlights some of
the pitfalls facing molecular counting in super-resolution fluorescence localization data is
shown in Figure 2B. When stoichiometry and over-counting are low, the relative variation on
the number of events in a given complex is high, making estimation of true stoichiometry
within individual complexes difficult.

3.2 Labels appear self-clustered when super-resolved images are under-sampled and over-

counted

The properties of fluorophores and labeling strategies that result in over-counting artifacts
are also part of what make them useful for localization microscopy — if for some reason a
label is not localized in one image frame, there is a finite probability that a label originating
from the same labeled molecule will be observed on a second (or third) occasion if the
sample is imaged over time. Observing single labeled molecules multiple times also
produces more visually pleasing reconstructed images (Figure 2B), and provides a means to
estimate localization precision from a dataset without relying on the outputs of fitting
algorithms179180_ As discussed above, a negative consequence of over-counting is that it is

Chem Rev. Author manuscript; available in PMC 2018 June 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stone et al.

Page 16

difficult to distinguish single labeled molecules from small clusters of labeled molecules.
While this has the obvious implications for molecular counting discussed above, it has
analogous effects on measures of self-clustering that are less appreciated in the literature.
Over-counting impacts measures of self-clustering even when each labeled molecule is
observed only once on average. This is because the probability of observing the same
molecule multiple times always increases (and often dominates) the probability of detecting
several localizations in the same super-resolved position 179,

Another important aspect that determines the quality of super-resolved images is spatial
sampling, or how well the labeled molecules sample the underlying structures present in the
system. An example is shown graphically in Figure 3A. Most super-resolved images of
membranes are under-sampled, in that labeled molecules are separated by distances that are
much greater than the localization precision of the measurement. This will be discussed in
the particular context of compositionally complex membranes in section 3.6 below. Figure
3B shows simulated super-resolved images of the same structure at both low and high spatial
sampling. The most visually pleasing and statistically significant images are obtained under
conditions of high spatial sampling and high over-counting. Most often, super-resolved
images of membranes are made up of components that are over-counted and poorly sample
space. These images resemble collections of self-clustered spots that often require careful
statistical analysis in order to extract information regarding the lateral distributions of the
objects that they are labeling.

There are several methods available to quantify average self-clustering and co-clustering
from super-resolved images that do not rely on molecular counting. Pair correlation
functions quantify the average local density as a function of distance around an average
probel30.179 A related measure, the Ripley’s K or H functions, quantify the local density
within a given radius and reports its statistical significance away from a random
distribution127:181 Both of these measures are impacted by over-counting when only a
single color is imaged 179, although in some cases it is possible to estimate and correct for
the contributions of over-counting. Figure 3B and C show how single color images and their
quantifications are impacted by over-counting, with over-counting producing higher levels of
aberrant self-clustering when images are poorly sampled in space. This effect can be thought
of intuitively: at low spatial sampling, the image only contains information on the location
and apparent size of a few labeled molecules, while at high spatial sampling, the underlying
structure begins to emerge.

Conveniently, over-counting does not impact quantifications of colocalization when two
distinguishable probes are imaged!”®. This is demonstrated in Figure 3E, where the cross-
correlation between two distinguishable probes remains consistent for a wide range of
sampling densities, beyond effects on signal-to-noise. Over-counting and under-sampling
also impacts the sensitivity of quantitative super-resolution measurements, which is
discussed in detail in subsequent sections and figures.

3.3 Labeling lipids and membranes often alters their function

Lipids are small biomolecules that contain both hydrophobic and hydrophilic regions and
rely on subtle variation in chemical structure to convey different physical and biological
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properties. Because of this, it is often not possible to label lipids with a fluorophore while
retaining its full functional identity. Several considerations for labeling lipids applicable to
conventional and super-resolution fluorescence imaging are discussed below.

It is possible to directly conjugate certain lipids to fluorophores via headgroup modifications
(most commonly for the case of PE, but also for other lipids), or through fluorescent
conjugation of fatty acid chains. In both cases, the addition of the fluorophore dramatically
alters lipid structure, both in the addition of bulk and in the modification of chemical and
physical properties. The molecular weight of a typical lipid is roughly 750 g/mol, which is
not much larger than even small fluorophores such as fluorescein (323 g/mol) or rhodamine
(479 g/mol). When using chain-modified lipids it is important to consider that fluorophore
structures do not resemble the linear hydrocarbon acyl chains that they replace and will
greatly impact physical properties. For the case of headgroup-modified lipids, the
hydrophaobic nature of many fluorophores can lead to surprising changes in lipid physical
properties. For example, most headgroup-labeled lipid probes partition with more disordered
lipids even when the unconjugated form is expected to prefer the ordered phase35:182,
Similar results are found for unmodified vs. fluorescently modified cholesterol. One
successful strategy to overcome this perturbation is to instead conjugate the fluorophore via
an extended hydrophilic linker182-184 |n this case the resulting probe does not closely
resemble the specific molecular structure of the lipid being emulated, but it can capture
components of its behavior.

Another common strategy is to fluorescently tag proteins that bind to specific lipid
headgroups. Examples include bacterial or fungal toxins that can be labeled and added
exogenously and that bind specifically to outer leaflet lipids such as gangliosides or
cholesterol. Lipid-binding peptides or proteins conjugated to fluorescent proteins or tags can
also be expressed in cells. Several considerations need to be made when using proteins to tag
lipids. First, a protein-bound lipid has dramatically different structural and physical
properties than a free lipid, so its localization or dynamics may not accurately represent that
of the free lipid. For example, a P1(4,5)P, lipid usually caries a charge of —3185, but this
electrostatic charge is shielded by divalent cations8, and may mediate PI(4,5)P, clustering
and higher order interactions!®’. P1(4,5)P, binding domains compete for binding with
divalent cations!®8, and can thus alter the behavior of PI(4,5)P,. Also, many toxins that bind
gangliosides tend to bind multivalently, clustering their bound lipids. An example is cholera
toxin B subunit (CTxB) which can bind to up to 5 GM1 lipids!8°. In model membranes,
CTxB binding can induce the formation of ordered membrane domains190.191 and there is
evidence that simply labeling the plasma membrane with CTxB can invoke a cellular
signaling response192-194,

A separate concern is that labeling lipids through protein binding acts to prevent the specific
lipid component from participating in its normal function. A good example of this
phenomenon is cholesterol binding by the fungal toxin Filipin, which is used to both label
and perturb cholesterol in cells19. Another example is phosphatidylinositol (PI) binding
domains. PI lipids bound by the probe are no longer able to bind to other endogenous protein
domains, resulting in altered rates of hydrolysis and possibly other biochemical functions96,
One strategy to overcome potential complications evoked by lipid-binding proteins and
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peptides is to probe membranes with proteins that bind with low affinity, although there is
some evidence that lower affinity probes are more likely to oligomerize upon membrane
binding, which is also perturbative?3. This perturbation is worsened in the case of high over-
expression, thus expressing proteins at endogenous levels using CRISPR/CAS9 genetic
knock-in techniques is an attractive potential solution97. In all cases, care needs to be taken
in the design and interpretation of experiments where lipids are labeled.

Of special relevance to super-resolution microscopy studies of membranes, many fluorescent
proteins themselves tend to oligomerize, which can significantly change the behavior of
labeled proteins. The photoactivatable protein mEos2 is a popular PALM probe due to its
brightness, photostability, and compatibility with buffers needed for STORM and organic
fluorophore photoswitching98. However, it has been shown to form homodimers66:199,
This dimerization behavior can be accentuated in membranes, where binding sites are
oriented and the probability of collisions between labeled proteins is often increased due to
the reduced dimensionality of this system290.201 The photoactivatable proteins mE0s3.2,
Dronpa2, and mMaple3 were shown to be relatively free of this dimerization potential using
a ClpP reporter clustering assay166, however this does not rule out dimerization of these
fluorescent proteins.

3.4 Membrane components are not easily chemically fixed

The vast majority of super-resolution imaging experiments are conducted on chemically
fixed cells, since it often takes tens of seconds to tens of minutes to acquire a single
reconstructed image. Most chemical fixation techniques work by using aldehydes to form
chemical cross-links between reactive lysine groups abundant on proteins. Most lipids are
not strongly reactive with aldehydes and therefore remain mobile even after chemical
fixation. Exceptions to this are those lipids that contain amine groups (such as
phosphoethanolamine and phosphoserine), and the production of unstable hemiacetals
during reactions between alcohols and aldehydes. Membrane proteins and peptides also tend
to be less accessible to chemical fixatives and require harsher fixation methods than are
typically required for studies involving soluble proteins292. Another problem is fixation
protocols that involve ‘cytosolic washout’ steps. These usually involve co-incubation of
samples with a weak fixative and a detergent such as TritonX-100. TritonX-100 is well
known to partition into membranes and selectively solubilize certain membrane
components203204 therefore can dramatically alter membrane structure.

It remains an open question if chemical fixation produces structure within membranes.
Fixation itself can induce large-scale vesiculation of the plasma membrane2%°. In our
experience, we obtain good quantitative agreement in colocalization measurements
conducted in live cells and in cells chemically fixed with paraformaldehyde and
glutaraldehyde in the absence of calcium®, suggesting that fixation does not impact
membrane organization at least in this specific context. Another common sample preparation
procedure is to produce membrane sheets by sheering adherent cells off a surface prior to
chemical fixation89-206, Although this method can preserve many structural aspects
membranes when done quickly2%7, it is still not known how it impacts the subtle structure
that super-resolution methods have the sensitivity to detect. Finally, incomplete fixation with
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only paraformaldehyde and followed by primary antibody labeling can lead to spurious
clustering of membrane proteins detected by super-resolution microscopy 2%8. Importantly,
addition of glutaraldehyde can prevent post-fixation antibody-induced clustering. Care
should be taken when interpreting super-resolution microscopy data from chemically fixed
cells, and when possible observed spatial distributions should be compared to measurements
in live cells or between fixation conditions.

3.5 Super-resolution imaging of the dynamic membrane

Super-resolution microscopy in live cells offers a wealth of data on the dynamics of
biological structures and as well as the components that comprise the structures, however
temporal resolution limits and harsh experimental conditions need to be carefully considered
when applying these techniques to live cells. Biological structures have a variety of
characteristic lifetimes that can depend on cellular and environmental contexts. For example,
even in the absence of cell motility and chemoattractant stimulation, cortical actin filaments
in Dictyostelium discoideum undergo rearrangements on the scale of seconds or longer2%9,
whereas rapidly diffusing individual lipids diffuse at around 4um?/s and are only rarely
immobilized in one location!3’. Super-resolution microscopy image reconstruction has an
intrinsically limited temporal resolution, since subsets of molecules must be observed
independently in STORM, PALM, and STED methodologies.

Advancements in STED microscopy allow for images to be reconstructed in 0.2s using a
beam-scanning variant of STED210, and advances to SCMOS camera technology and
analysis algorithms have allowed for reconstruction of super-resolved images at high frame
rates?!1. However, super-resolution microscopy can also lend important information that
does not rely upon reconstructing images of particle locations. The single molecule
dynamics and cross-correlation between two diffusing super-resolved objects can be
obtained simultaneously using steady-state cross-correlation methodologies which compile
correlation functions over a time window?9. Additionally, the dynamics of individual
molecules can be queried with extremely high temporal and spatial resolution using STED-
FCS137, These correlation functions should be averaged over time windows ideally smaller
than the timescales of any cellular process being investigated. The specialized buffers and
high illumination powers required for some modes of super-resolution imaging can also
stress live cells, leading to altered behaviors?12:213, |n cases where systems under
investigation are not amenable to super-resolution imaging or single particle tracking,
dynamics can also be queried using correlative variants of traditional microscopy, such as
Bayesian Total Internal Reflection Fluorescence Correlation Spectroscopy (TIR-FCS)214
and spatiotemporal image correlation spectroscopy (STICS)?15,

3.6 Membranes contain thousands of different molecular species

A major characteristic of the plasma membrane is its vast molecular diversity. There are
nearly 800 distinct lipid species in a typical plasma membranel3, and roughly half of the
membrane by weight is made up of proteins®. This differs dramatically from other cellular
structures frequently visualized by super-resolution microscopy such as microtubules and
other cytoskeletal elements or clathrin-coated pits, where a single protein species or a small
collection of proteins makes up the majority of a given structure. The consequence of this
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molecular diversity is that imaging any one element will necessarily produce a picture of the
plasma membrane that appears under-sampled as long as probes are immobile. For example,
if an experiment is imaging an abundant membrane protein present at several hundred per
square micron (for example an immune receptor that is highly expressed on an immune cell
surface), then these proteins would be on average 10-50nm apart if they are all randomly
distributed. A less abundant protein might be present at ten copies per square micron, and
these would be separated by on average 300nm if randomly distributed. One consequence of
this inherent under-sampling is that super-resolved images of membrane proteins often
resemble a collection of spots rather than filled in structures, as illustrated in Figures 2 and
3. Another consequence of low molecular density is that image quantification methods
aimed at examining colocalization will have reduced signal-to-noise when interactions are
weak or occur on short length-scales.

3.7 Membranes are not always flat

One major advantage of studying the plasma membrane with light microscopy is that it tends
to spread into a relatively flat sheet at the glass-water interface of a microscope cover-glass
and can be forced to adhere to surfaces by coating them with adhesion molecules. This
geometry is well suited to TIR microscopy, in which excitation light penetrates only a few
hundred nanometers past the substrate. This approach provides a significant increase in
signal-to-noise and enables quantitative localization and tracking of labeled membrane
components.

Although the membrane of adherent cells tends to be flat, many topological features may
still exist that complicate this interpretation, especially with the resolution and sensitivity
provided by super-resolution imaging methods. For example, cellular structures such as
podosomes?16, microvilli?17:218 and filopodia21® can create significant topology that can
lead to the false interpretation of organization within the membrane plane when only a 2D
projection is imaged. Consideration of membrane topology may be particularly important in
phagocytes and other cells which have natural ruffling and excess membrane to
accommodate large scale membrane and cellular shape transitions and bending 218. Three-
dimensional STORM®4, PALM, iPALM 220, and STED 22! can be applied for this purpose,
and sequential photobleaching using multi-angle TIRF imaging also yields axial
resolution?22, For example, STORM was utilized®* to resolve the half-spherical structure of
clathrin coated pits with a diameter of 180 nm. However, some topological features may not
be resolvable by these techniques because the resolution achieved by STORM and PALM
with commonly used fluorophores may be less than the radius of curvature of interest.
Finally, it is important to note that membrane topology and curvature can affect the
measurement of membrane protein diffusion, clustering, and co-clustering as reviewed
elsewhere 223,

3.8 Weak interactions have low contrast

In addition to the strongly associated protein-protein and protein-lipid complexes described

above, functional processes that occur in membranes also exploit weak associations, such as
those driven by curvature, electrostatics, or compositional heterogeneity often referred to as
“lipid rafts”. The interaction energies involved in these processes tend to be less than the
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thermal energy (1 kgT, where kg is the Boltzman constant and T is temperature in units of
Kelvin). This is much smaller than typical protein-protein interactions, such as the binding
of SH2 domains to phosphorylated peptides, which vary from 6 to 15 kgT224, although some
soluble proteins bind to lipids with energies approaching these values?2°. While membrane-
mediated interactions may be weak, they can impact cellular biochemistry because
individual molecules can act collectively to maintain robust structures. Nonetheless,
membrane components that interact weakly will necessarily be less co-localized than those
that interact strongly, and this presents some complications in the execution and
interpretation of experimental results. This is highlighted in Figure 4, which shows that
apparent co-clustering and calculated correlation functions depend on both density of
colocalized structures (Figure 4A,B) and the strength of partitioning of each molecule into
these structures (Figure 4C,D). Figure 4A,B demonstrates that co-clusters need to be
sparsely distributed with respect to the localization precision in order to be detected. Figure
4C,D illustrates that colocalization within even sparse complexes can be difficult to detect
when a large percentage of labeled molecules are present outside of complexes. Overall,
colocalization is often hard to simply visualize in an image due effects such as spatial under-
sampling, over-counting, weak interactions, and low molecular density. Consequently,
measurements of colocalization generally require quantification methods that involve
averaging over multiple areas or multiple cells to reach statistical significance.

When imaging with a single color, apparent self-clustering arising from over-counting of
single target molecules often dominates measurements when probing weak signals like those
described above. This is because it is often much more likely for a single fluorophore to
blink multiple times within a 20nm radius than for there to be multiple molecules within that
radius, especially if molecules are distributed uniformly. The exception would be if the
molecules were present at very high local densities, such as occurs after a receptor has been
cross-linked with a multivalent ligand or when membrane-associated proteins assemble into
macromolecular structures such as a nascent viral bud or clathrin-coated pit. While there are
methods to correct for counting effects, this component usually dominates self-clustering
observations in a way that makes it difficult to accurately account for in post processing. A
better strategy is to produce distinguishable molecules labeled with different colors. In this
case, when two differently colored events are observed in the same location, there is no
ambiguity with regards to whether the two signals originated from different labeled
molecules vs. the same molecule.

Colocalization within multi-color images can suffer from systematic errors when there is
spectral overlap between the probes used. For example, problems can arise when the
emission of blue-shifted fluorophores bleeds into the emission channel for a second red-
shifted probe. In extreme cases, bleed through can lead to misidentification of signals
observed in the red-shifted channel. In less extreme cases, the presence of weak fluorescence
emission intensity in the red-shifted channel can bias the localization of a true red-shifted
probe detected simultaneously. This is of particular relevance for live cell imaging, when it
is often most useful to probe localizations detected simultaneously or nearly
simultaneously®®. We have also encountered unexpected sources of cross-talk in point
localized super-resolution imaging measurements, such as far red probes detected in our
near-red emission channel due to imperfect filters, anti-Stokes shifts, and fluorescent
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impurities®9:226, In addition, commonly used BODIPY fluorophores can undergo
photoconversion in the presence of high laser intensity, altering the chemical nature and
photophysical behavior of the dye?2”. Overall, it is vital to control for all sources of cross-
talk and to make estimates on how even minimal bleed-through levels impact experimental
outcomes.

The cross-talk artifacts described above will tend to produce results indicating more co-
localization than is present in actual molecular distributions. One way to gain confidence in
a result of clustering or co-clustering is to include controls expected to produce less
coclustering, random codistributions or exclusion while utilizing the same fluorescent
probes. For example, the vast majority of existing data supporting the concept of lipid rafts
only probes the self-clustering or co-clustering of membrane components. We have been
able to recently show that disordered-favoring markers are weakly excluded from BCR
clusters, and Lyn is less strongly recruited to BCR upon kinase inhibition treatment®®. These
observations generate additional confidence in the imaging and analysis methods used, and
do not rely upon observations of cluster size or density.

3.9 Higher resolution gives better sensitivity

Localization-based super-resolution microscopy provides an order of magnitude increase in
resolution compared to traditional microscopy. However, this method has not yet achieved
resolution on the order of the size of individual proteins or molecules. Super-resolution
particle localization methods such as STORM and PALM rely upon isolating individual
fluorescent events and estimating the center of the fluorophore from the intensity
distribution of this event. The precision of this localization scales by the inverse square of
the number of photons recorded from the fluorescent event?18, Thus, a four-fold increase in
fluorophore brightness will yield a two-fold increase spatial resolution. Advances in the
quantum efficiency of photon detection, increases in fluorescent molecule brightness and
photostability, as well as improved control over the fraction of probes in dark states all result
in better resolution. Other factors also contribute to reducing image resolution from this
theoretical limit, and addressing these issues improves resolution. These factors include
stage drift229, fluorophore orientation effects?30, the finite size of labeling antibodies?3!, and
registration error between emission channels232,

Just as in diffraction limited microscopy, better resolution does not simply improve the
ability to observe small structures. Instead, it improves the ability to distinguish two
structures situated in close proximity. This principal is illustrated in Figure 5A,B where co-
clustering of two components in a crowded field of molecular complexes becomes easier to
detect as resolution is improved. When structures are small, higher resolution also acts to
improve image contrast, since signals detected from the small structure are spread out over a
smaller area. This improves contrast because the total number of detected signals remains
constant, as does the total area represented by the cross-correlation function. This principal
is illustrated in Figure 5C,D where the partial co-clustering of two components in a sparse
field of molecular complexes becomes easier to detect as resolution is improved.
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4 Future outlook

Over the past decade, super-resolution imaging methods have enabled an important step
forward in how researchers view and investigate biological membranes, providing relatively
simple access to length-scales relevant to macromolecular biological assemblies within
intact cells and tissues. This high resolution view of the cell membrane has led to both
elucidation of existing questions in membrane research as well as the development of new
questions regarding the molecular underpinnings of membrane structure and function.
Advances in imaging hardware, fluorescent probes, and analyses algorithms push resolution
limits to even smaller length scales.

Super-resolution microscopy has the potential to benefit many aspects of membrane biology
and biophysics research, and the relative ease of these experimental systems allows simple
implementation for researchers with a range of backgrounds. Super-resolution microscopes,
including those for STED, STORM, PALM, and SIM have been commercialized, and can
practically be used “off the shelf”. Faster and more robust image processing algorithms
make these methods more computationally feasible than ever before, and broadly distributed
image software exists for a wide range of experimental data. Further, solid-state lasers have
become available in a wider range of wavelengths and with higher output power. These
models are smaller, less expensive, and simpler to handle over time, allowing for even
modest microscope setups to take advantage of some modern super-resolution techniques.

Major technological advances in recent years hold great promise for improving the
resolution and sensitivity of point localization based super-resolution methods. For one,
SCMOS based detection modalities allow for large fields of view to be imaged at fast
acquisition rates, enabling video rate image reconstruction for live cell imaging?!!. Each
year brings new improvements in this image acquisition technology, with recent
commercially available detectors incorporating back-illuminated chips with quantum
efficiency approaching 95% in the visible range. Recent years have also seen the
development of new synthetic and protein based fluorescent probes. These probes have
improved photo-physical properties, are more membrane permeable, and extend further over
the spectral range, enabling the detection of more distinct labels with higher localization
precision and at higher molecular densities233:234, Some synthetic probes are now available
in a caged, non-fluorescent form233.235 that can be selectively activated with a UV light-
source. This feature provides another knob for the experimenter to turn to optimize imaging
conditions for particular applications and allows better signal-to-noise of single molecule
detection without the need for high readout illumination intensity. There have also been
some notable improvements in the illumination of samples. For one, higher power
continuous wave lasers are becoming more accessible, making it easier to control the
blinking characteristics of existing synthetic fluorophores, improving their localization
precision and enhancing the labeling densities accessible to experiments. Further, the use of
ultrahigh numerical aperture and TIRF excitation has achieved large improvements in SIM
resolution236. As shown in Figures 4 and 5, these resolution gains help to not only see
smaller objects, but also to resolve interactions between weakly associating components in
dense environments. Super-resolution modalities are being combined to yield novel
methodologies, such as structured illumination microscopy with structured
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photoactivation?3%, light sheet microscopy with two photon excitation237, and structured
illumination microscopy with two photon excitationZ38, allowing for improved spatial
resolution and the ability to image deep into thick samples. Finally, there have been large
improvements in the technology for localizing fluorophores in the third dimension. These
include phase retrieval23%-241 point spread function engineering242:243, and interferometric
PALM microscopy?44, some of which are straight forward to implement on an existing
super-resolution microscope.

Together, these technical improvements have the potential to push resolution and sensitivity
to new levels, enabling scientists to ask and answer new questions. In the context of the
plasma membrane, continuous improvements to these tools could enable the observation and
quantification of molecular interactions between individual membrane components, even
when these interactions are weak or collective. Improved resolution in three dimensions will
allow for researchers to fully map out the macromolecular organization of signaling
complexes or other membrane associated structures, allowing the identification of conserved
higher order structures within molecular complexes. Utilizing these tools in live cells will
allow for the study of functional processes in their native context. Current technology is
already advancing how we think about the behavior of individual molecules in membranes
even as we must think critically about limits of this technology, as well as the realities
associated with molecular diversity, stochasticity, and the need to incorporate statistical
models for understanding cellular processes. Finally, pushing these tools into live cells will
allow for the study of processes in their native context at an unprecedented level of detail,
allowing researchers to probe the physical mechanisms underlying biological functions. In
the light of these technical advances, the underlying details of macromolecular membrane
structure can begin to come into focus.
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Figure 1. Fundamental inter actions between membrane components are the building blocks for

lar ge-scale co-oper ative events

A) Fundamental interactions between membrane components include protein-protein
interactions, lipid-lipid and lipid-protein interactions, electrostatic interactions, and
membrane curvature-based interactions. B) A sample of large-scale cooperative events

occurring at the membrane are shown here, including membrane adhesion, immune receptor
activation, cytoskeleton corralling, and membrane vesiculation and budding. These events

are comprised of many fundamental interactions between components.
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Figure 2. Over-counting in super-resolution fluorescence localization microscopy
(A) Several schematic examples of how individual labeled molecules can be under- or over-

counted in a super-resolution fluorescence localization microscopy measurement. (B)
Simulations of molecular counting in complexes. First, either 3 (left) or 20 (right) molecular
locations were chosen at positions within each of the blue circles representing complexes
with radii of 40nm. When present, the white numbers in corners represent the counts
detected in each complex divided by the number of times each molecule is detected on
average. Molecular positions were converted into a probability distribution function (PDF)
by blurring with a Gaussian function with standard deviation equal to the localization
precision (20nm). The bottom panels show this PDF stochastically sampled according to
different rules alongside the reconstructed image associated with this sampling. In the case
of “‘no over-counting’ the Gaussian point spread function (PSF) is sampled exactly once for
each molecular position. This sampling accurately counts the stoichiometry of the complex.
For the case of ‘low over-counting’, each PSF is sampled on average once, or the entire PDF
is sampled either 12 (left) or 80 (right) times. Here, the counts detected per complex vary
widely, with greater relative variance when the stoichiometry is low. For the case of ‘high
over-counting’, each PSF is sampled on average 20 times. High over-counting reduces the
variance in molecules detected per complex and produces reconstructed images that more
closely resemble the original PDF.
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Figure 3. Spatial sampling and over-counting impact the quality and quantitation of super-
resolved images
(A) A schematic representation of low and high spatial sampling of a membrane structure.

(B) Increased spatial sampling greatly improves the quality and information content of
reconstructed super-resolution images. The underlying structure shown at the top left is
made up of randomly placed circles with radius of 50nm. This structure is randomly
sampled at the surface density indicated (without replacement) to select labeled molecules.
This molecular distribution is then used to generate a PDF (not shown) by blurring centers
with a Gaussian shaped PSF with standard deviation of 20nm. This PDF is resampled to
simulate over-counting, such that the average molecule is localized 5 times, then
localizations are blurred by the same PSF to generate the reconstructed images shown. More
under-sampled images appear more self-clustered because the eye is drawn to individual
over-counted components rather than the underlying structure. (C) Autocorrelation functions
for the conditions shown in A, where error-bars indicate the standard error of the mean
between 5 trials. Autocorrelation functions provide a quantitative measure of self-clustering
where a value of 1 indicates a random distribution, and values greater than one indicate self-
clustering. Autocorrelation functions are influenced by over-counting in a spatial sampling
dependent manor42, with lower spatial sampling giving rise to more apparent self-
clustering. (D) Images are generated in the same way as in A, but with the underlying
structure sampled by two distinguishable target molecules (without replacement) at the
densities indicated. Note that co-clustering is not apparent by eye at the lower sampling
densities shown. (E) Cross-correlation functions tabulated between distinguishable probes
for the examples shown in C. In contrast to autocorrelations, crosscorrelations do not depend
on spatial sampling density beyond affecting signal to noise142. Scale-bars are 100nm.
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Figure 4. M easurements of co-clustering require greater sensitivity when co-clustersare
distributed at high average density and when co-clustering isincomplete

(A) Reconstructed images of molecular complexes containing two distinguishable
components that are constitutively associated and randomly distributed at the indicated
surface density. (B) Cross-correlation functions from simulations like those shown in A
indicate that co-clustering is more easily observed when molecular complexes are sparsely
distributed at the lateral resolution probed. (C) Reconstructed images of molecular
complexes at a density of 100/um? (as indicated in A by red box) containing two
distinguishable components that are partially associated, where the percentage of molecules
present in complexes varies as indicated. (D) Cross-correlation functions from simulations
like those shown in C indicate that co-clustering can be hard to detect when the fraction of
labeled molecules in complexes is low. For A and C, the top image is a simulation where
aggregates are both under-sampled and probes are over-counted as described in Figure 3.
The bottom images represent what would be observed with perfect sampling and extensive
over-counting with a 20nm localization precision. In these simulations, structures are 4nm?
objects distributed randomly at the indicated surface density. Each point is observed on
average 5 times. Scale-bars are 100nm.
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Figure 5. Improved resolution enhances sensitivity and contrast
(A) Reconstructed images of molecular complexes containing two distinguishable

components present at high surface density (2000/um?2). Simulations sample identical
underlying structures generated at the localization precisions shown. (B) Cross-correlation
functions from simulations like those shown in A have a higher amplitude at short distances
with improved resolution. This occurs because complexes present at a fixed surface density
become more distinguishable as the resolution improves. (C) Reconstructed images of
molecular complexes present at a low surface density (100/um?2) where only 25% of
components reside within complexes. Simulations sample identical underlying structures are
generated at the localization precisions shown. (D) Cross-correlation functions from
simulations like those shown in C have higher amplitude at short distances with improved
resolution. This occurs because the complexed proteins have higher contrast compared to the
bulk as the localization precision improves. Simulations are conducted exactly as described
for Figure 4 with the exception that over-counting peaks and images are blurred by a
Gaussian with the specified standard deviation. Scale-bars are 100nm.
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