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A primer on resolving the nanoscale structure of the
plasma membrane with light and electron

microscopy

Justin W. Taraska®

The plasma membrane separates a cell from its external environment. All materials and signals that enter or leave the cell
must cross this hydrophobic barrier. Understanding the architecture and dynamics of the plasma membrane has been a central
focus of general cellular physiology. Both light and electron microscopy have been fundamental in this endeavor and have
been used to reveal the dense, complex, and dynamic nanoscale landscape of the plasma membrane. Here, | review classic and
recent developments in the methods used to image and study the structure of the plasma membrane, particularly light,
electron, and correlative microscopies. | will discuss their history and use for mapping the plasma membrane and focus on
how these tools have provided a structural framework for understanding the membrane at the scale of molecules. Finally, |
will describe how these studies provide a roadmap for determining the nanoscale architecture of other organelles and entire
cells in order to bridge the gap between cellular form and function.

Introduction

All cellular life is surrounded by a thin bilayer made of phos-
pholipids (Robertson, 1981, 2018). This hydrophobic barrier
compartmentalizes and concentrates the complex chemical re-
actions of the cell. It is a vital feature of life. Evidence that this
structure was made out of a thin sheet of hydrophobic molecules
(a membrane) was obtained ~100 yr ago with electrical and
chemical measurements of cells (Fricke, 1925; Fricke and Morse,
1925; Gorter and Grendel, 1925; Danielli, 1935). Fast forward 20
yr and the first images of cells and tissues at the nanoscale were
made with the electron microscope (Porter et al., 1945; Satir,
1997). These early studies revealed that a simple molecular bi-
layer is the primary cellular barrier. Thus, all transport and
communication between cells and their environment must in-
volve the movement of signals and materials across this mem-
brane. Decades of study have led to a deep understanding of the
structure of the plasma membrane and its roles in biology and
physiology (Singer and Nicolson, 1972; Singer, 1974; Robertson,
1981, 2018; Kusumi et al., 2012). Microscopy has been central to
revealing these foundations.

Here, I will review several key classic and recent develop-
ments in light and EM that have been used to map the structure
of the plasma membrane and study its biology. In this context, I
will discuss the physical and practical aspects of these methods,

what was learned from their use, and their future development
and extension to understand the general physiology of the
plasma membrane and other organelles. Throughout the review,
I will emphasize how key features of the plasma membrane have
allowed it to be a testbed for new microscopies. This is due to
two primary features of the plasma membrane: (1) It is the most
exterior cellular organelle and thus more easily probed with new
measurement tools, and (2) it is, for all practical purposes, a 2-D
system that makes wide-field visualization, analysis, and mod-
eling simpler than that for 3-D systems. Thus, the history of
plasma membrane imaging can provide a roadmap for how fu-
ture work can be designed and leveraged to gain a comprehen-
sive global map of the molecular structure of entire cells, tissues,
and organisms (Taraska, 2015).

EM

The earliest views of the plasma membrane were obtained
through the combined development of the electron microscope
and electron-dense cellular stains and fixatives (Hall et al., 1945;
Porter et al., 1945; Watson, 1958a,b; Moberg, 1995). Why are
stains and fixatives important for EM? For an electron micro-
scope to visualize a sample, the electrons passing through or
scattering off the sample must interact with the material. Elec-
trons interact only weakly with carbon-based matter, and thus,
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Figure 1. Thin-section transmission electron micrographs of cells.
(a) Cultured rat Ins-1 cell showing the (1) nucleus, (2) cytoplasm, and (3)
extracellular space around the cell. (b) Zoomed view of a PC12 cell plasma
membrane showing the stained bilayer and a single dense-core vesicle.
(c) Magnified section of two Ins-1 cells showing the (1) plasma membrane, (2)
clathrin-coated pit, (3) internal membranes, and (4) dense core vesicle. Cells
were prepared and imaged using methods similar to those described previ-
ously (Graffe et al,, 2015).

most biological objects have very little inherent contrast in an
electron microscope. However, heavy metals, with their densely
packed nuclei, interact strongly with passing electrons. Thus,
early physiologists seeking contrast in EM at achievable electron
voltages began to use heavy metal salts such as lead, osmium,
and uranium as stains and fixatives for biological samples
(Watson, 1958a,b). A cellular structure that reacts particularly
well with stains is the phospholipid bilayer (Fig. 1). When
combined with plastic embedding techniques and ultramicro-
tome cutting to trim thin sections of cells, these methods re-
vealed in never-before-seen detail that cells are surrounded by
an ultrathin bilayer of phospholipids (Porter and Blum, 1953;
Glauert et al., 1956; Glauert and Glauert, 1958; Watson, 1958a,b).
These early EM images clearly showed the complexity and to-
pography of the membrane enwrapping cells. Thin finger-like
processes, many pits and invaginations, and associated vesicles
were evident, suggesting a dynamic membrane system at the
cell’s edge (Fig. 1; Roth and Porter, 1964).

Recent developments have revolutionized thin-section EM.
Previously, it was difficult to obtain extensive 3-D data of cells
with serial-section EM techniques, because they were done
mostly by the trained hand of an experienced microtomist
(Harris et al., 2006). New automated microtome-enabled scan-
ning electron microscopes, tape-based section capture ma-
chines, and focused ion beam milling instruments now allow
samples to be sectioned and imaged repeatedly with a voxel size
approaching 5 nm across entire cells (Kizilyaprak et al., 2018).
Thus, the complete 3-D structure of many external and internal
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membrane systems and even entire cells and tissues are now
being tracked (Briggman et al., 2011; Briggman and Bock, 2012;
Helmstaedter et al., 2013; Glancy et al., 2015). These images are
dense with information about the topography of the plasma
membrane and how it relates to other cellular structures. As
these datasets become developed and full 3-D models of cells are
built, a detailed understanding of the cell’s complex membrane
architecture will be gained. This is currently a major knowledge
gap in general cellular physiology.

Although thin-section EM provides resolution at the nano-
meter scale, it does not show the dense protein components of
the cell as clearly as it does the membrane (Fig. 1). This is due to
two general reasons. First, many EM stains interact better with
phospholipids and darkly stain the membrane. Second, the
dense packing and continuity of the membrane produces one
extended resolvable object. Long continuous objects are easier to
distinguish in an image; as an example, one notices a jet’s con-
trail in the sky more than a single small puffy cloud. Thus, thin-
section EM techniques were (and are) best used to reveal the
topography of extended membranes, but not the particulate
proteinaceous components of those membranes (e.g., cytoskel-
eton, membrane proteins, and membrane coats). For example,
endocytic invaginations, including clathrin-coated pits or cave-
olae, can be identified in cross sections of the cell's plasma
membrane (Fig. 1; Roth and Porter, 1964; Heuser and Reese,
1981), yet much of the protein machinery associated with
these membrane organelles are generally difficult to see.

Early in the development of EM, the making of metal replicas
was rapidly adopted (Williams and Wyckoff, 1945a,b). Metal
replicas are made by coating samples with a thin layer of
electron-dense metal such as gold or platinum. This produces a
metal “replica” of the sample’s surface (Fig. 2). In fact, the bio-
logical material is generally dissolved away, leaving behind just
the metal coating. Replicas are usually further coated with a thin
layer of carbon to stabilize the samples. These replicas are re-
sistant to damage by electrons, provide high contrast in EM and
are stable for decades. Thus, metal/carbon-coated samples can
be repeatedly imaged with high contrast and high resolution
with transmission or scanning EM (Heuser, 2014). With replicas,
even single isolated proteins were seen >70 yr ago (Williams and
Wyckoff, 1945a,b). Platinum replica EM is still the gold standard
for visualizing the dense protein-based structure of the plasma
membrane and even deep into the cell with freeze-fracture
techniques (Meier and Beckmann, 2018). Other exotic metals
or carbon itself might produce even better resolution (Cabezas
and Risco, 2006; Krystofiak et al., 2019). Furthermore, when
metals are evaporated on the sample from one side, the metal
shadow cast by the height of the sample produces a contrast
effect that makes the replicas appear 3-D (Williams and
Wyckoff, 1946). In a sense, samples appear to have stage light-
ing (Fig. 2). This effect has been used to study at the shape and
size of biomolecules in EM (Williams and Wyckoff, 1945a,b).

Because of these advantages, metal replica EM has been
instrumental in showing the nanoscale structure of the
plasma membrane with all its associated filaments, organ-
elles, and proteins (Fig. 2; Heuser, 2014). To access the inside
of the cell with replicas, however, additional treatments must
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Figure 2. Platinum replica electron micrographs of unroofed cells. (a) An entire Hela cell plasma membrane showing (1) the inner surface of the plasma
membrane and (2) outside the cell. (b) Zoomed view of an unroofed Hela cell showing the (1) outer surface of the plasma membrane and (2) inner surface of
the plasma membrane. (c) Zoomed view of a Hela cell plasma membrane showing (1) clathrin-coated sites and (2) the actin cortex. (d) Image of a U-87
glioblastoma cell plasma membrane with numerous (1) caveolae. Cells were prepared and imaged using methods similar to those described previously

(Sochacki et al., 2012, 2017).

be employed. One of the primary methods used to expose the
cell’s interior for metal coating is freeze fracture (Meier and
Beckmann, 2018). In freeze fracture, frozen cells are hit with a
cold knife to “fracture” apart continuous pieces of cell. Because
membranes are a weak point, the cell can split or fracture be-
tween planes of the membrane, exposing this surface, which can
be coated with metal. Specifically, four different surfaces of the
cell's membrane system can be exposed for metal coating and
imaging (E surface, extracellular membrane side; E face, internal
side of the extracellular bilayer; P surface, intracellular side of
the membrane; and P face, internal side of the bilayer from the
cytoplasmic side; Meier and Beckmann, 2018). This is unique to
freeze-fracture EM and allowed for the membrane to be viewed
in ways that other methods could not show. Similar to other
samples, these replicas can be imaged with transmission or
scanning EM to produce an image.

While less commonly practiced today, the structures revealed
in early freeze-fracture images are mysterious and evocative.
For example, some embedded membrane proteins are clearly
exposed. Thus, clustering, packing, ordering, and interactions of
membrane proteins could be studied in their native context.
Smaller protein complexes, along with larger structures such as
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the nuclear pore and gap junctions, could be resolved at the
nanoscale and across hundreds of square microns of space
(Heuser and Salpeter, 1979). One specific example is the study of
the neuromuscular junction of a motor terminal (Heuser and
Reese, 1981). In these classic images, aligned rows of mem-
brane embedded particles could be seen to organize alongside
exocytic fusion sites in the synaptic terminal (Heuser and Reese,
1981). Vesicles appeared to fuse near these “tracks” of proteins.
Thus, the fusion machinery and calcium channels that trigger
exocytosis were hypothesized to organize into nanoscale do-
mains in the synapse. The molecular identities of these struc-
tures are still an area of study.

Another common approach to access the inside of the cell is a
technique called “unroofing” (Clarke et al., 1975; Mazia et al.,
1975; Vacquier, 1975; Avery et al., 2000; Heuser, 2000). Here,
cells that are attached to a substrate are opened with a sheering
force either by sonication or a jet of liquid. This treatment re-
moves the top of the cell and organelles and cytoplasm not as-
sociated with the adherent plasma membrane. Specifically, the
nucleus, Golgi, and ER are mostly washed away. What remains is
the exposed inner adherent plasma membrane, associated pro-
teins, and organelles (Fig. 2). If the sample is fixed during
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unroofing, it can then be frozen or dried and coated with metal
in a vacuum to create a replica. These samples have been used to
produce some of the highest resolution and strikingly beautiful
images of molecular complexes at the cell's plasma membrane
(Heuser, 2000; Fig. 2).

What one notices immediately with a metal replica trans-
mission electron microscope image of an unroofed cell is the
unbelievable complexity and density of the inner plasma mem-
brane (Fig. 2). For example, the outer membrane looks essen-
tially homogenous, containing a fairly uniform coating of small
bumps, domes, and pits (Fig. 2). The inner membrane, however,
is dense with honeycomb clathrin-coated structures in many
shapes and sizes, both flat and curved caveolae with their
watermelon-striped coat, and numerous distinct filament sys-
tems that are densely packed, branched, and woven together
(Fig. 2). Only a limited number of small cleared nanoscale
patches of empty membrane can be seen without noticeable
molecular detail. Even these patches of plasma membranes,
however, commonly contain clustered or single particles likely
corresponding to membrane-embedded proteins like receptors
or ion channels. Many unknown or unidentified structures are
visible in these images; their names and functions a mystery.
These include large smooth membrane invaginations and vesi-
cles, uniquely shaped smaller vesicles that form teardrops or
crescents, complex bundled filaments, cross-links, and clusters
of proteins. A future understanding of these unidentified objects
will require linking a protein or activity to these specific physical
structures (Taraska, 2015).

In the process of making a replica, the metal coats the cell
evenly, revealing the shape of all the material that is present in
the sample. Because the objects are visible, but the individual
molecular species are hard to identify, replicas have been pri-
marily used to study the structure of organelles and complexes
that can be clearly identified by their shapes alone. For ex-
ample, because clathrin creates a fine lattice of regular hex-
agons and pentagons, the clathrin coat has been a favorite topic
of study for platinum replica EM (Fig. 2; Heuser, 1980, 1989;
Heuser and Keen, 1988; Collins et al., 2011; Sochacki et al., 2012;
Vassilopoulos et al., 2014). The same is true for caveolae, en-
dosomal sorting complexes required for transport (ESCRTS),
and the structure of the membrane-associated cytoskeleton
(Heuser and Kirschner, 1980; Heuser, 1986; Rothberg et al.,
1992; Morone et al.,, 2006; Hanson et al.,, 2008). The actin
cortex and its association with the membrane can be studied
across entire cells at the nanoscale with specialized stabiliza-
tion and extraction methods (Ishikawa et al., 1982; Tsukita
et al., 1982; Svitkina and Borisy, 1999; Morone et al., 2006;
Yang and Svitkina, 2019). Here, the branching patterns, fila-
ment lengths, bundling, and local distributions and associations
of filaments with membranes have been extensively investi-
gated with replicas in neurons and other cultured cells
(Svitkina et al., 1986; Svitkina and Borisy, 1999; Morone et al.,
2006; Yang and Svitkina, 2011, 2019). However, the same
limitations to all of EM apply to replicas. Namely, the image is a
single snapshot of one moment, one time, in the cell. Specifi-
cally, to prepare samples, they must be fixed or frozen and
stabilized for imaging. Thus, time-dependent changes in these
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structures must be inferred from their relative numbers and
assumptions about their kinetics and pathways of growth. To
obtain time-domain information, other methods must be used.

Over the last decade, EM has experienced a sea change (Milne
et al,, 2013; Cheng, 2018; Ognjenovi¢ et al., 2019). With the de-
velopment of direct-electron detector cameras and new image
processing tools to video, enhance, select, and average low-
contrast EM images, the field has made major leaps forward in
resolution and contrast (Henderson, 2015). Many of these de-
velopments have been aimed at determining the structure of
single molecules by particle averaging (Cheng, 2018). But par-
allel and equally exciting developments have occurred for 3-D
imaging and reconstruction of cryo-frozen cells known as cryo-
electron tomography (cryo-ET; Gan and Jensen, 2012; Villa et al.,
2013; Beck and Baumeister, 2016; Oikonomou and Jensen, 2017).
The major advantage of cryo-ET over replicas and other 3-D
methods is that cells can be imaged close to their native states.
Specifically, because cells can be rapidly frozen, crystalline ice
cannot form, and the cell is incased in vitreous frozen water. In
these experiments, no contrast agents are added and the cell can
be imaged at very low temperatures. With the addition of phase
plates, these images can be striking (Glaeser, 2013). Similar to
platinum-replica EM, these samples can resolve the protein and
membrane structures that make up the cell. Combined with
subtomogram averaging (e.g. selection, alignment, and averag-
ing of similar areas of a structure within an image), these
methods allow for the determination of the dense “native-like”
structure of the membrane and surrounding proteins at atomic
resolution (Schur et al., 2013; Wan and Briggs, 2016; Bykov et al.,
2017). However, the lack of additional stains means that all
contrast must be obtained from the cellular material itself,
which can be dim (Milne et al., 2013). Thus, alternative contrast-
generating mechanisms, including phase contrast or averaging,
need to be used to study these samples. The samples are also
very delicate, and the EM beam can rapidly heat and damage the
sample, making imaging tricky. Finally, similar to platinum-
replica EM, because all carbon-based objects in the sample
produce contrast, these images can be dense and difficult to
segment. Currently, there is no easy way to tag and identity all of
the components that make up these images. Thus, other protein-
specific labeling methods need to be developed in the future.
Nonetheless, cryo-EM and cryo-ET have recently produced
amazing images of close-to living cells in their native states. A
few notable examples are the structure of the proteasome in
neurons, the intraflagellar transport motor complex in cilia,
chloroplasts, nuclear membranes, microtubules, and the COP
coat (Engel et al., 2015; Mahamid et al., 2016; Bykov et al., 2017;
Jordan et al., 2018; Kovtun et al., 2018). Future improvements in
the fitting of heterogenous shapes into EM densities will likely
be key to allowing for the native search for protein structures in
dense samples (Nickell et al., 2006; Villa and Lasker, 2014; Xu
et al., 2019).

While EM produces beautiful images and much development
has been aimed at improving the hardware and protocols for
physical imaging, methods designed at quantitative measure-
ment and analysis of those images is equally important for bi-
ological discovery (Myers, 2012). Image analysis tools, however,

Journal of General Physiology
https://doi.org/10.1085/jgp.201812227

920z Arenuged 20 uo1senb Aq ypd-22zz1810Z dbl/L.E€0081/v26/8/15 1 /4pd-8jonie/dbl/Bio sseidny//:dpy wouy pepeojumoq

977


https://doi.org/10.1085/jgp.201812227

have in some ways lagged behind. To this day, a great deal of
image processing and analysis in the biological and medical
sciences is done with manual identification and segmentation of
objects from micrographs. The availability of many open-source,
free, powerful, and community-centered image processing tools,
however, is fundamentally increasing the speed and distribution
of automated, semiautomated, and quantitative image analysis
pipelines (Walter et al., 2010; de Chaumont et al., 2012; Eliceiri
et al., 2012; Schindelin et al., 2012; Mastronarde and Held, 2017;
Schorb et al., 2019; Xu et al., 2019). The first and possibly most
pressing analysis challenge for EM is the segmentation of images
into their relevant measurable objects. Segmentation can be
incredibly difficult where objects of interest reside in a sea of
other objects of equal contrast with similar shapes and densities
(Briggman and Bock, 2012). Thus, extracting specific objects is a
challenge. However, recent improvements in machine learning
or other more classical image processing methods are rapidly
advancing the field of image segmentation (Moen et al., 2019).
Thus, a future where images can be mined and analyzed at scale
is hopefully near at hand. One fast-moving area is the automated
segmentation and processing of single-particle cryo-EM data to
solve the atomic structure of purified proteins (Henderson,
2015). Similar gains in segmenting, measuring, and extracting
data from complex images of cells and tissues would provide
massive benefits to our understanding of the structure of the
plasma membrane and other organelles across cells and tissues.

Light microscopy

EM in all its forms is well suited to resolving the nanoscale
structure of the plasma membrane. The membrane is, however,
a dynamic space made of specific molecules with specific func-
tions. Organelles grow and dissolve, filaments extend and
branch, and different proteins rapidly move through this com-
plex environment over the course of milliseconds to minutes to
hours. Proteins interact in heterogeneous, transient, and dy-
namic complexes. Understanding these properties (the dynamic
protein-specific functional architecture of the membrane) is key
to understanding the design and regulation of the system as a
whole. Fluorescence microscopy, which can label and track
chosen biomolecules, is well suited to follow identified proteins
in living cells (Taraska and Zagotta, 2010; Crivat and Taraska,
2012). Clearly, there are thousands of papers and hundreds of
years of study that have used light to track the physical structure
of the membrane. Indeed, the first description of the cell as
a compartmentalized membrane-bound object was made with
a simple light microscope >350 yr ago (Hooke, 1665). A deep
understanding of the proteins associated with the plasma
membrane and their dynamics has been obtained with bright-
field, polarization, and fluorescence microscopy. Classic optical
fluorescence microscopy, however, whether confocal illumina-
tion or epifluorescence illumination, is limited in resolution to
the optical diffraction limit (Huang et al., 2009). Resolution is
the distance at which two structures can be distinguished as
separate. This limit generally hovers around 200 nm in the
transverse plane and <500 nm in the axial plane when a high-
numerical-aperture microscope objective is used (Sigal et al.,
2018). This is larger than the size of many key biological
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a GFP-CLC Overlay

FCHO2-mCherry
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c mCherry-CLC FCHO2-GFP

d FCHO2-GFP 1000 nm
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Figure 3. Fluorescence micrographs of the plasma membrane. (a) TIRF
image of an intact live PC12 cell expressing clathrin light chain (CLC; green)
and FCHO2 (red) and the overlay image (Larson et al., 2014). (b) Zoomed
images from white boxes in panel a. (c) TIRF-SIM image of intact HeLa cell
expressing clathrin (green) and FCHO2 (red) and the overlay image (Sochacki
et al,, 2017). (d) Superresolution direct stochastic optical reconstruction
microscopy (dSTORM) localization image of Alexa Fluor 647/nanobody-
labeled FCHO2 expressed in an unroofed Hela cell (Sochacki et al., 2017).

objects on the plasma membrane. For example, clathrin-coated
pits are ~150 nm in diameter and caveolae are ~90 nm. Thus,
other methods needed to be developed to image at a scale that
matches the structure of objects on the membrane.

One of the first fluorescence methods developed to study the
real-time dynamics of the plasma membrane was TIRF, also
known as evanescent field microscopy (Fig. 3; Axelrod, 1981,
2013; Steyer and Almers, 2001). TIRF, while producing a con-
ventional resolution in the transverse plane, breaks the dif-
fraction limit in the axial dimension to illuminate cells with a
subwavelength (~100 nm deep) field of excitation light
(Axelrod, 1981). This field illuminates the membrane vicinity but
leaves the rest of the cell dark, producing a high-contrast, low-
background image of the attached plasma membrane (Fig. 3;
Axelrod, 2013). With ultrahigh-numerical-aperture objectives,
this field can be as shallow as 50 nm, the size of some of the
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smallest organelles at the plasma membrane such as synaptic
vesicles (Zenisek et al., 2000).

TIRF has exploded in use over the last 20 yr (Steyer and
Almers, 2001; Mattheyses et al., 2010). Its ease of application,
commercial development, and superior image contrast have
made it the primary imaging mode for tracking fluorescently
labeled structures at the plasma membrane. Its ability to
uniquely image single molecules has also enabled the devel-
opment of localization-based superresolution methods (dis-
cussed below). Furthermore, the development of new, brighter,
multicolor, genetic, organic, and semisynthetic fusion tags has
allowed for the tracking of multiple different organelles and
proteins (Wysocki and Lavis, 2011; Crivat and Taraska, 2012;
Specht et al., 2017). Dozens of groundbreaking papers over the
years have revealed the local dynamics of plasma membrane
structures with TIRF at millisecond time resolutions in living
cells. These have included the tracking of single vesicles fusing
with the plasma membrane, endocytic vesicles retrieving
cargo, single-receptor dynamics, and adhesion structure dy-
namics, to name a few (Steyer and Almers, 2001; Mattheyses
et al., 2010). In these studies, the complexity of the proteins
that assemble and regulate these biological systems is large.
Tracking how and when they arrive, how they assemble to-
gether, and what they do is the next step in understanding how
they work in health and malfunction in disease.

Unique electromagnetic features of evanescent fields have
been harnessed to characterize the behavior of molecules and
organelles at the plasma membrane. For example, by varying the
angle of the excitation beam, the evanescent field can be made
shallow or deep across a set of images. Comparing these images
allows for the 3-D position of labeled organelles to be mapped
(Olveczky et al., 1997; Rohrbach, 2000). These “multiangle” TIRF
experiments have the potential to track the dynamics of or-
ganelles and even single molecules at the nanometer scale in
live cells.

A second modification of TIRF that has been used to monitor
the structure of the plasma membrane is varying the polariza-
tion of the excitation beam (Sund et al., 1999). When a polarized
laser is used to generate an evanescent field, the resulting ex-
citation field is polarized (Sund et al., 1999). This polarization
selectively excites the absorption dipoles of dyes that are aligned
with the direction of polarization. Thus, the orientation of those
fluorophores can be mapped by tracking the resulting emission
generated by two oppositely polarized fields (Zenisek et al.,
2002; Taraska and Almers, 2004). Recently, this method has
gained traction to image the behavior of exocytic and endocytic
vesicles at the plasma membrane (Anantharam et al., 2010, 2011;
Passmore et al., 2014; Scott et al., 2018). For example, the real-
time shape of exocytic vesicles has been monitored when dense
core vesicles fuse with the membrane in chromaffin cells and
when clathrin-coated pits curve (Anantharam et al., 2010, 2011;
Scott et al., 2018). These studies have provided direct insights
into how membranes bend during membrane fusion and fission
events, showing the dynamic heterogeneity of these plasma
membrane/organelle systems in live cells.

TIRF provides a major advantage over classical fluorescence
methods: the ability to clearly image single molecules (Funatsu
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et al., 1995). TIRF can do this primarily due to its extreme
signal-to-noise advantage. With modern scientific cameras, a
fluorophore resting in the evanescent field at low density
appears as a bright diffraction-limited spot (Thompson et al.,
2002; Yildiz et al., 2003). This fact, paired with the devel-
opment of photoactivatable or “blinking” fluorophores, has
ushered in the development of superresolution localization-
based imaging methods (Patterson and Lippincott-Schwartz,
2002; Patterson et al., 2010). The major leap that occurred in
the development of these methods was the realization that if a
single molecule could be imaged, and if it was certain that this
was a single molecule, then a Gaussian function could be fit to
the point-spread function of the single fluorescent spot to
estimate the center of this emitting molecule with nanometer
precision (Betzig, 1995; Thompson et al., 2002; Yildiz et al.,
2003). This idea was used to track single molecules moving in
nanometer steps (Yildiz et al., 2003, 2004). When paired with
photoactivatable molecules that could be switched on and off
with light or with chemicals, these methods allowed for the
production of images of entire cells with fluorescent locali-
zation precisions well below the traditional diffraction limit
(Fig. 3; Patterson and Lippincott-Schwartz, 2002; Betzig et al.,
2006; Hess et al., 2006; Rust et al., 2006).

Because most superresolution localization-based methods
rely on TIRF to achieve the incredibly high contrast necessary to
image single molecules, many of the experimental studies using
superresolution light imaging have focused on studying the or-
ganization or dynamics of proteins at the plasma membrane (Ji
et al., 2008; Huang et al., 2010; Patterson et al., 2010; Hauser
et al.,, 2017; Stone et al., 2017; Sigal et al., 2018). There are now
many studies that have used superresolution methods to explore
the nanoscale structure of proteins at the plasma membrane
(Stone et al., 2017; Sigal et al., 2018; Jacobson et al., 2019). Ex-
amples include the structure of the cytoskeleton in neurons,
receptor dynamics at the plasma membrane, and the organiza-
tion of individual organelles. In each of these cases, the complex
architecture of the proteins is being revealed (Ji et al.,, 2008;
Sigal et al., 2018). These studies have been done both in live and
fixed cells, and new combinations of superresolution methods
are being used to explore the structure and behavior of proteins
faster and for longer periods of time (Winter and Shroff, 2014;
Wu and Shroff, 2018).

Another modification of TIRF that has gained prominence
over the last decade is the merger of structured illumination
microscopy (SIM) and evanescent field illumination (Fig. 3;
Gustafsson, 2000; Kner et al., 2009; Guo et al., 2018). This
method, called TIRF-SIM, is able to break the diffraction limit by
using patterned illumination that can be reconstructed to pro-
duce an image with a resolution that is twice as good as that of a
conventional TIRF microscope (Gustafsson, 2000; Kner et al.,
2009). As a result, objects like filaments and vesicles that have
structures below the diffraction limit can be tracked and studied
over time in multiple colors. Thus, both structure and dynamics
can be observed.

Finally, other point-scanning fluorescent methods like
stimulated-emission depletion and minimal emission fluxes
(MINFLUX) imaging have been able to break the diffraction

Journal of General Physiology
https://doi.org/10.1085/jgp.201812227

920z Arenuged 20 uo1senb Aq ypd-22zz1810Z dbl/L.E€0081/v26/8/15 1 /4pd-8jonie/dbl/Bio sseidny//:dpy wouy pepeojumoq

979


https://doi.org/10.1085/jgp.201812227

limit to image single events at the plasma membrane in live cells
(Hell and Wichmann, 1994; Egner and Hell, 2005; Balzarotti
et al., 2017). Recent examples include imaging the flow of lip-
ids into and out of vesicles fusing with the membrane in chro-
maffin cells and the shape, size, and dynamics of fusion pores
(Zhao et al., 2016; Shin et al., 2018). Again, the dynamics of
single types of proteins can be imaged over time in live cells
below the diffraction limit.

What has been discovered with superresolution fluorescent
imaging of the membrane (Sigal et al., 2018; Jacobson et al.,
2019)? One major advantage of fluorescence over EM is its
ability to produce distinctive and quantitative signals from a
single species in the dense environment of intact cells. For ex-
ample, a protein can be tagged with a dye and imaged with high
contrast, leaving the rest of the cell in the dark (Crivat and
Taraska, 2012). Thus, specific patterns or structures built by
individual proteins can be more easily segmented and quanti-
tatively measured than with EM (Walter et al., 2010; Eliceiri
et al., 2012; Myers, 2012; Coltharp et al., 2014; Caicedo et al.,
2017). Recent developments and distributions of new image
processing tools and pipelines are accelerating biological dis-
covery with these types of statistical and quantitative mea-
surement tools. The combined use of high-throughput, machine
learning, and mathematical analysis of images will further speed
this process (Walter et al., 2010; Eliceiri et al., 2012; Levet et al.,
2015; Beghin et al., 2017; Caicedo et al., 2017, Weigert et al.,
2018). With these analysis methods, previously unseen period-
ic rings of actin were seen in the axons of neurons (Xu et al.,
2013; Leterrier et al., 2017). Likewise, the trafficking and diffu-
sion patterns of receptors were observed on the surface of cells
and the distribution of protein on organelles were observed with
molecular resolution (Manley et al., 2008; Kanchanawong et al.,
2010; Picco et al., 2015; Penn et al., 2017; Stone et al., 2017; Mund
et al.,, 2018). What these studies have shown is that at the
nanoscale, many processes have distinct structures that influ-
ence their behaviors (Kusumi et al., 2012). In essence, the design
of the cell is built at the scale of molecules. Understanding the
behavior of cells requires tools that can clearly identify and map
this molecular design.

Correlative light and EM (CLEM)
What is missing in a fluorescent image? What is missing is the
dense unlabeled components of the cell invisible to the fluor-
escent microscope: the dark material. The material surrounding
the fluorophore, however, can be provided by other nonfluo-
rescent imaging modalities (de Boer et al., 2015; Loussert Fonta
and Humbel, 2015; Karreman et al., 2016; Hauser et al., 2017).
These can include bright-field white light imaging, phase con-
trast, differential interference contrast, reflection interference
contrast imaging, EM, and many other methods. The combina-
tion of more than one imaging modality to provide context and
added structural or molecular information to a sample is com-
monly called correlative microscopy and, in the specific case of
light and EM, CLEM (Fig. 4).

Investigations into the structure of the membrane are a place
where CLEM has shone (de Boer et al., 2015; Loussert Fonta and
Humbel, 2015; Hauser et al., 2017; Kopek et al., 2017; Russell
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500 nm

Figure 4. Correlative micrograph of the plasma membrane. Correlative
superresolution light and platinum replica EM image of Alexa Fluor 647/
nanobody-labeled FCHO2 (magenta, fluorescence) and the inner plasma
membrane (gray, transmission EM) in an unroofed HeLa cell (Sochacki et al,,
2017).

et al., 2017). This is due to several features of CLEM. First, for
EM, the membrane is one of the most salient features. Specifi-
cally, in thin-section EM, the plasma and internal membranes
are darkly stained with high contrast, making them clearly
visible at the nanometer scale across the entire cell (Fig. 1). The
protein material is, however, less evident. This allows for the
structure of the membrane and its topography to be studied
(Watanabe et al., 2011; Kopek et al., 2013). By combining the
location of proteins with fluorescence and the structure of the
membrane with EM, a more complete view of the cell is ob-
tained. The weakness is that while the bilayer is visible in EM,
most other cellular objects other than DNA and ribosomes
are not darkly stained and thus not clearly visible in thin-
section EM.

In platinum replica EM, however, the complete dense
structure of the cell is resolved at nanometer scale in a stable
sample that is resistant to EM damage (Figs. 2 and 4; Sochacki
et al., 2014). Thus, the combination of light and platinum replica
EM has been particularly fruitful in studying the structure of the
membrane and membrane-associated complexes (Sochacki
et al., 2014; Sochacki and Taraska, 2017). This is mostly a re-
sult of the fact that the atomic coating of metal adheres to cel-
lular material evenly, revealing the surface structure of all
molecules associated with the membrane. As mentioned above,
EM samples mostly lack information about the identity of the
proteins that make up these structures. A few proteins that as-
semble as distinctive lattices including clathrin, cavins/cav-
eolins, or ESCRT proteins are exceptions (Heuser, 1980;
Rothberg et al., 1992; Hanson et al., 2008). However, unroofed
samples that are useful for EM are also suitable for high-
resolution fluorescence imaging. The thin membranes (<100
nm thick) with no cellular background make for ultrasharp
fluorescence images. Here, individual proteins can be localized
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at the nanoscale (Sochacki et al., 2014). Current technical limi-
tations make it such that only one to three different proteins can
reasonably be imaged in each sample, yet these images allow for
the annotated landscape of the membrane to be mapped
(Sochacki et al., 2017).

CLEM and EM methods are rapidly opening new ways of
mapping the cellular landscape. Below, I will present several
recent examples of CLEM being used to map the structure of
molecular events at the plasma membrane. These studies fo-
cused on the structural dynamics of endocytosis in both yeast
and mammalian cells. Here, the units of study are small, 100-nm
endocytic vesicles that grow and form at the plasma membrane.
These are below the diffraction limit for a conventional light
microscope. Furthermore, these structures grow and curve in
three dimensions. Thus, the use of CLEM to map the dynamic
assembly of the coat and how the membrane curves and its re-
lationship to the surrounding cellular architecture is key to
understanding the system (Fig. 4). In this regard, endocytosis is
a system that is excellent to explore with CLEM.

CLEM’s power rests in combining the advantages of two
complementary imaging modes. Light microscopy’s advantages
are the ability to measure the same event directly through time
and space and the ability to label and identify specific proteins
with ease. This allows for dynamic events to be sequenced and
protein types to be tracked both temporally and spatially in a
living cell. This is inherently difficult to do with EM, where the
time domain has been notoriously hard to access and labeling,
detection, and counting of specific proteins are challenging in
dense EM samples. In a clever set of papers, a method for
imaging thin cellular sections prepared for EM with epifluor-
escence in two colors was developed (Kukulski et al., 2011, 2012,
2016). Next, the authors relied on the fact that a set of proteins
could be used in combination to specifically mark the stages of
endocytosis in yeast. Thus, colocalizing spots in fluorescence
were used to determine the location of endocytic vesicles at
different stages of endocytosis. Thus, the curvature and shape of
organelles at the plasma membrane could be measured with EM
(Kukulski et al., 2012). Taken together, they were able to map
the structural transitions that occur at the plasma membrane
during single endocytic events, a spectacular achievement. In-
terestingly, the fluorescent imaging in this work was diffraction
limited epifluorescence and far above the resolution needed to
see the structure of each vesicle, yet the patches of fluorescence
used to locate and identify the areas to image in EM were good
enough to map them with specificity. Here, the power of com-
bining fluorescence with the benefits of EM is clear. A later
study used the same method to track the curvature of endocytic
structure in mammalian cells (Avinoam et al., 2015). From these
images, the authors propose a pathway for plasma membrane
curvature during single clathrin-mediated endocytic events.

In diffraction limited CLEM (e.g., epifluorescence, confocal,
TIRF microscopy) the proteins that are associated with subcel-
lular structures cannot be mapped with nanoscale precision.
This is where the combination of superresolution light and EM
has become a powerful method (Chang et al., 2014; de Boer et al.,
2015; Hauser et al., 2017; Kopek et al., 2017). Because the pre-
cision of superresolution light microscopy (8-50 nm and
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sometimes better) aligns well with the resolution of EM (1 nm or
better), single fluorophore-labeled proteins can be overlaid di-
rectly on cellular ultrastructure. This has been done for thin-
section, cryo-EM, and platinum replica EM using localization
microscopy-based super resolution imaging (Hauser et al., 2017;
Kopek et al., 2017).

Determining the structure of the clathrin coat has been a
particularly fruitful system to explore with CLEM (Fig. 4;
Sochacki et al., 2014, 2017). Here, clathrin is proposed to as-
semble as a local complex of adaptors, cargo, and clathrin tris-
kelia. This nascent lattice grows, loads additional cargo, and
curves (Sochacki and Taraska, 2019). The domed membrane
vesicle continues to curve into a sphere when the mecha-
noenzyme dynamin is recruited, assembles as a polymer, and
cuts the neck of the pit to form a sealed endocytic vesicle. Dozens
of proteins regulate stages of this process at the nanoscale, but
the nanoscale structure and assembly of all the factors was un-
known (Haucke and Kozlov, 2018; Sochacki and Taraska, 2019).

Because superresolution is useful to map individual proteins
at the nanoscale and platinum replica EM can show the location,
shape, lattice pattern, and curvature of the clathrin coat, com-
bining both methods has given a detailed view into the assembly
of proteins around the growing lattice. These studies have
shown that a set of proteins assemble exclusively at the rim of
the clathrin coat to form a ring of proteins (Sochacki et al., 2017).
In the center of the vesicle, cargo and cargo adapters concentrate
as the pit curves. A class of proteins including AP2 inhabits both
the edge and center zone and transit between them as vesicles
curve. Lastly, a group of proteins bridge the outer zone with the
surrounding membrane and likely act as link between vesicles
and the actin cortex. Determining this nanoscale organization
has allowed for the interactions and mechanistic roles of these
proteins to be placed into a local structural context. These data
give a dynamic working model of how individual organelles
grow and form at the membrane. As CLEM becomes more
common, other organelles such as exocytic vesicle, caveolae, the
actin cortex, microtubules, and adhesion complexes will simi-
larly gain a curated dynamic molecular structure (Taraska,
2015).

Future directions

Combining the power of multiple imaging modes will allow for a
deeper exploration of the structure of the plasma membrane and
its associated organelles. While techniques keep improving, it is
worth noting that many classic, established, or even underutil-
ized methods can be combined with modern fluorescence tech-
niques to produce incredibly rich images. To accomplish this,
pipelines that allow for smooth transitions between techniques
that preserve the quality and alignment of the samples between
the imaging modes need to be developed (Svitkina and Borisy,
1998; Kukulski et al., 2011; Watanabe et al., 2011; Sochacki et al.,
2014; Spiegelhalter et al., 2014; de Boer et al., 2015; Kopek et al.,
2017; Paul-Gilloteaux et al., 2017; Peddie et al., 2017). Future work
matching dynamic high-resolution live-cell fluorescence with
EM and atomic force microscopy should be even more infor-
mative. Clearly, the future is bright for exploring the structure of
the membrane and its protein landscape.
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The plasma membrane was one of the first biological struc-
tures to be examined in detail with a resolution that matches its
molecular components. The early application of EM to the
plasma membrane allowed for the topography of the membrane
and its associated structures to be mapped. The plasma mem-
brane’s accessibility further facilitated these investigations.
Future work localizing the full complement of molecules that
drive the biology of the plasma membrane, including lipids,
sugars, and all the known and unknown proteins of the system,
will provide a dynamic map of how this unique organelle
functions in both health and disease. Studying these structures
across many different cells, tissues, organisms, and states will
reveal the basic fundamental rules of the plasma membrane and
how these activities and structures are adapted to the myriad
functions of life. Imaging will certainly lead the way toward this
ultimate goal.
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