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Abstract

Over the last several decades, an impressive array of advanced microscopic and analytical tools,
such as single particle tracking and nanoscopic fluorescence correlation spectroscopy, has been
applied to characterize the lateral organization and mobility of components in the plasma
membrane. Such analysis can tell researchers about the local dynamic composition and structure
of membranes and is important for predicting the outcome of membrane-based reactions.
However, owing to the unresolved complexity of the membrane and the structures peripheral to it,
identification of the detailed molecular origin of the interactions that regulate the organization and
mobility of the membrane has not proceeded quickly. This review presents an overview of how
cell surface structure may give rise to the types of lateral mobility that are observed and some
potentially fruitful future directions to elucidate the architecture of these structures in more
molecular detail.
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Introduction

Biological membranes, in general, are fluids meaning that the component proteins and lipids
can translate laterally in the plane of the membrane. Measurements of the lateral mobility of
membrane proteins and lipids, which includes both random and directed movements,
provide information that is useful in two ways (Zhang et al., 1993). First, functionally
speaking, the lateral mobility of membrane proteins and lipids is often required, and in some
cases, is rate-limiting, in membrane-based reactions. For example, some ligands bound to
receptors must laterally diffuse to coated pits prior to receptor mediated endocytosis.
Second, lateral mobility is related to, and therefore provides a probe for, the local dynamic
composition and structure of the membrane. Indeed, five decades of research have
demonstrated that membrane associated cytoskeleton and pericellular matrix immediate
external to the cell restrain lateral mobility in the plasma membrane as recognized early on
(Nicolson, 1976). Exploration of these factors has been enhanced by numerous new imaging
and analytic techniques, including microscopic techniques such as single particle tracking
and nanoscopic fluorescence correlation spectroscopy (FCS), and sophisticated data analysis
tools.

Despite progress, it remains difficult to identify the molecular origin of many of those
interactions that dictate the dynamic lateral organization and mobility of membrane proteins.
This lack of molecular detail contrasts with other areas of cell biology where impressive
progress has been made in identifying molecules involved in many phenomena. To a large
extent, this impasse is due to the inherent and unresolved complexity of the composition and
dynamic structure of the membrane, including the impact of membrane trafficking (Gheber,
2018; Goiko et al., 2018), and the subjacent actomyosin cortex and pericellular matrix
(Figure 1). Even when some generic structural specificity is conferred on models for
membrane organization on the nanoscale and the lateral mobility of membrane components,
the molecular nature of the restraining structures cannot be specified in much detail. In this
review, we present current views of the organization of plasma membranes, indicating
interpretations in need of modification to accommodate the full range of observations, and
the challenge of elucidating the molecular structures responsible for this dynamic
organization together with some avenues that are likely to yield progress.

Plasma membrane lateral organization and dynamics

Several excellent and comprehensive reviews of membrane structure have recently been
published (Kusumi et al., 2012; Nicolson, 2014; Sezgin et al., 2017). Membrane components
exist in a variety of motional states ranging from immobilized and, in some cases, essentially
stationary, to fully laterally and rotationally mobile (with axis of rotation normal to the
membrane plane) as was emphasized in the original Singer-Nicolson Fluid Mosaic model in
which integral membrane proteins were envisioned to be embedded in a lipid bilayer sea
(Singer and Nicolson, 1972). These motional states are more fully described below in the
section “Types of Lateral Mobility” and in Figure 2. The organization and mobility of
membrane components is dictated by both intramembrane lipid-protein interactions and
associations with structures peripheral to the membrane: the actomyosin cortex underlying
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the plasma membrane and the pericellular matrix abutting the external face of the membrane
(Figure 1).

Plasma membrane lateral organization

In general, because the interaction affinities of various components are not identical, the
membrane is not a homogeneous random mixture of lipids and proteins; rather, it is laterally
heterogeneous in that the membrane is characterized by compartmentalization into domains
in which the local composition, lateral organization and/or dynamics differ in some way
from the average membrane properties. Domain dimensions can range from ~ 100 nm or less
(e.g. clathrin coated pits and lipid envelope virus budding sites) to several microns (e.g. focal
adhesions, the immune synapse, junctional complexes and apical and basolateral domains in
epithelial cells). Domain constituents enter or leave on a range of time scales depending on
the function of the domain; for example, the aligned connexon pores permitting passage of
small molecules from one cell to another in gap junctions must be stable whereas the
receptor and ligand complex must enter coated pits on a much shorter time scale for efficient
receptor mediated endocytosis.

For over two decades, the study of nanoscopic lipid lateral heterogeneity has been motivated
by the concept of lipid rafts: lipid-driven membrane regions whose lipid component,
enriched in saturated lipids, cholesterol and sphingomyelin, is in the liquid-ordered state
(Lingwood and Simons, 2010). It now appears that lipid rafts in the plasma membranes are
predominantly very small (10-200nm) (Pike, 2006), transient, or both (Eggeling et al., 2009)
but that these can increase in size and stability during membrane trafficking, signal
transduction, or the addition of clustering agents that bring small domains together
(Raghunathan and Kenworthy, 2018; Sezgin et al., 2017). Thus, these tiny clusters in resting
cells probably arise from short-range transient ordering imposed upon lipids by a high
concentration of transmembrane proteins (Jacobson et al., 2007) as opposed to discrete lipid
phase separations. In general, transmembrane proteins must be solvated in the bilayer and
the molecular details of such lipid solvation--ranging from specifically bound lipids to much
less specific annular lipid--have been reviewed recently (Lee, 2011).

Nanoclusters of membrane proteins interacting with lipids have emerged as a dominant
theme in the lateral organization of membranes on the sub 100nm length scale; plausible
ideas exist concerning the functional significance of such clusters (Garcia-Parajo et al.,
2014), particularly with respect to the immune response (Dustin and Choudhuri, 2016) and
Ras signaling (Zhou and Hancock, 2015). For example, transmembrane C-type lectin
receptors are found in nanoclusters and provide immune recognition of a variety of
pathogens on dendritic cells by binding specific polysaccharide structures on a wide range of
pathogenic agents. One such receptor, dendritic cell-SIGN or DC-SIGN (specific
intercellular adhesion molecule-3-grabbing non-integrin, also termed CD209), is found near
the leading edge of dendritic cells patrolling peripheral tissues where they first encounter
pathogens (Neumann et al., 2008). The extracellular repeat domains of DC-SIGN are
thought to promote its tetramerization (Feinberg et al., 2005). In the plane of the plasma
membrane, a hierarchical organization of DC-SIGN exists (Garcia-Parajo et al., 2014)
ranging from nanoclusters containing 1-3 tetramers (Itano et al., 2012) to mesoscale
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microdomains over a micron in dimension (Neumann et al., 2008). Clustering tetramers into
nanodomains may enhance the capture of small viruses (Manzo et al., 2012) and further
clustering of dendritic cell-SIGN nanodomains into microdomains appears to be required for
efficient pathogen binding and internalization (Cambi et al., 2004; Itano et al., 2014),
presumably because it increases the avidity to multivalent ligands that are presented by
pathogens.

Glycosyl phosphatidylinositol-anchored proteins (GPI-APs) are a broad group of lipid-
linked proteins, including the folate receptor and Thy-1, that are tethered to the outer-leaflet
of the plasma membrane by the phospholipid tail; this class of membrane proteins is often
found in nanoclusters (Varma and Mayor, 1998; van Zanten et al., 2009). An important
question is what gives rise to these nanoclusters in addition to membrane lipid-protein
interactions. Gowrishankar et al. (Gowrishankar et al., 2012) proposed that F-actin asters
just beneath the plasma membrane drive lipid-anchored proteins into nanoclusters, perhaps
via myosin-based contraction. Asters are composed of short (~1 um), dynamic F-actin
filaments arrayed in a spoke-like fashion about a nucleating center containing the Arp2/3
complex (Fritzsche et al., 2017). Raghupathy et a/. (Raghupathy et al., 2015) showed that
longer chain outer leaflet GPI-APs are coupled to complementary inner leaflet nanodomains
consisting of lipids such as phosphatidylserine via chain interdigitation. However, the nature
of the /n vivo coupling between inner leaflet and actin, including possible adaptor proteins,
remains to be elucidated (Sezgin et al., 2017).

Structures peripheral to the plasma membrane

Membrane components must interact with the subjacent actomyosin cortex and the
pericellular matrix; thus, these peripheral structures will play a role in the lateral
organization and dynamics (Figure 1). Indeed, the coupling of peripheral structures to the
plasma membrane strongly suggests a continuum of connectivity between the extracellular
and intracellular environments (Nicolson, 2014). At the inner leaflet of the plasma
membrane, part of this connectivity is mediated by the plethora of regulatory proteins
competing for sites on the cytoplasmic domains of transmembrane proteins and
phosphosinostide lipid head groups (Sheetz, 2001). A consequence of this connectivity is
that the active cortex plays a role in laterally organizing components of the plasma
membrane (Krapf, 2018; Rao and Mayor, 2014).

Detailed knowledge of the cortical layer immediately beneath the plasma membrane
originated with studies of the red cell cytoskeleton, a well-defined meshwork of spectrin and
actin that underlies the erythrocyte (red blood cell) plasma membrane (Branton et al., 1981,
Fowler, 2013). An analogous structure, termed the “membrane skeleton fence”, has also
been observed by electron microscopy in nucleated mammalian cells (Kusumi et al., 2012).
A different but related structure underlies the axonal plasma membrane in which rings of F-
actin, perpendicular to the long axis of the axon, are periodically spaced alone the axon as
observed using 3D STORM (Stochastic Optical Reconstruction Microscopy) super
resolution microscopy (Xu et al., 2013). Spectrin tetramers oriented parallel to the long axis
appear to connect these rings. Finally, septin filaments assemble at the inner leaflet of the
membrane possibly to sense curvature and establish diffusion barriers (Mostowy and
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Cossart, 2012). Families of adaptor proteins serve to connect the membrane associated
cytoskeleton to the plasma membrane. Chief among these are the ankryin family (Bennett
and Lorenzo, 2016), the ezrin-radixin-moesin (ERM) family (Fehon et al., 2010), and the
catenin families (Ostrowski et al., 2016).

By contrast, progress in understanding the structure and properties of the more amorphous
pericellular matrix or glycocaylx has been made but not on the molecular scale (e.g (Wilusz
et al., 2014)). The pericellular matrix consists of a collection of macromolecules whose
proportion depends on the cell and tissue context; these include collagens, long chain
polysaccharides such as hyaluronic acid as well as proteoglycans, including heparin sulfate
proteoglycan and glycoproteins such as fibronectin and heavily glycosylated mucins. Such
components are often linked to receptors in the plasma membrane. The pericellular matrix
may affect the organization and mobility of membrane components. For example, the
complete loss of observable DC-SIGN microdomains on the cell surface was observed
following removal of the carbohydrate recognition domain in its ectodomain, suggesting that
this domain might interact directly with components of the pericellular matrix while removal
of the cytoplasmic domain had little effect on microdomain formation (Liu et al., 2012).
Binding of largely immobile, pericellular hyaluronic acid bound to its receptor, CD44, was
also found to reduce the mobility of Fc receptors in macrophages (Freeman et al., 2018).

These examples illustrate the importance of structures peripheral to the plasma membrane in
regulating its dynamic organization.

Types of lateral mobility

Lateral heterogeneity in membrane organization presumably gives rise to different modes of
lateral mobility (Figure 2). The visual appearance of a given trajectory is dependent on how
frequently and for how long the particle path is sampled (Figure 3). In addition, the
appearance of the trajectory is also dependent on how precisely the particle position can be
measured; the impact of finite spatial precision in ‘blurring’ the trajectory is discussed in
Supplemental Information.

The most elementary mode of mobility, and which we would expect in, for example, a
perfectly homogeneous membrane, is simple Brownian translational diffusion in the plane of
the membrane, colorfully described as the random walk of a drunken sailor around a lamp
post (Figure 3 A). A measure of the distance moved by the diffusing particle in its random
walk during a given time interval is the square root of the mean squared displacement
(MSD) over that interval. (The squared displacement is calculated because over a long
enough time, the net displacement will be zero.) The relationship between the MSD and the
time interval over which the particle is observed in the case of a random walk in a two
dimensional plane is:

MS ]:4Dnt

Dt heory[n tlag lag

(1) where D is the diffusion coefficient, n is the number of time lags, tj5g, between specific
positions of a diffusant that were observed at a sampling frequency of (1/tjag). The product n
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lag1s the time over which the diffusion particle is observed. In the case of pure Brownian
motion, D is thus independent of the how frequently or for how long the trajectory is
sampled. In such cases, results between different studies can be compared even though the
data may have been obtained at vastly different sampling frequencies.

The observation of time-independent diffusion of molecules in the plasma membrane is,
however, the exception rather than the rule because in practice many impediments to
Brownian diffusion exist. These impediments result in more complex mean squared
displacement versus time curves (Figure 2 and Supplementary Table 1). Important for these
more complex cases is that the resulting diffusion coefficient is time-dependent such that
quantitative comparisons between results, that have been obtained by different fitting models
(Supplementary Table 1), is only possible at specific time points.

Examples of more complex lateral diffusion include the extreme case of completely confined
or corralled diffusion such that diffusant is laterally mobile but confined to a domain where
escape is not possible. A more typical observed result is a form of anomalous diffusion that
will occur if the diffusant encounters, in its trajectory, a wide distribution of trapping or
binding times. For example, the diffusant may encounter obstructions (Saxton and Jacobson,
1997) that are caused by high concentrations of membrane proteins; some of these may be
anchored or very slowly diffusing and serve to impede the diffusant by either sterically
trapping it or transiently binding to it.

Cytoskeletal barriers arranged as a network of juxtaposed corrals just under the membrane
may also obstruct ‘free’ diffusion by virtue of the cytoplasmic domains of transmembrane
proteins interacting with the filaments composing the network; a case in point is hop
diffusion discussed below where the diffusant is transiently trapped within a corral with a
probability of escape (Phop) that that distinguishes weak (Figure 3B) and strong hop
diffusion (Figure 3C) (Lagerholm et al., 2017). Note that weak hop diffusion (Ppop =0.1;
Figure 3B) can be difficult to discern from free diffusion (Figure 3A) from the appearance of
the trajectory alone at fast sampling frequencies and short time duration (compare left panels
of Figure 3A and 3B) but that the difference is much more apparent at lower sampling
frequencies and longer time durations (compare right panel of Figure 3A to right panel of
Figure 3B); by contrast, strong hop diffusion (Pnqp =0.01; Figure 3C) can be readily
discerned from free diffusion in both cases that are shown. Cytoskeletal factors can also
transiently anchor the diffusant (Figure 3D). Diffusion can also be obstructed such that it is
effectively confined to one dimension, termed channeled diffusion (Figure 3E). In some
cases, the diffusing particle goes farther than expected when compared to free diffusion; this
can be due to an underlying flow augmenting diffusive transport or completely directed
movement (Figure 3F), say, powered by a cytoplasmic motor associated with an underlying
filament.

Regulation of lateral mobility in the plasma membrane

The anchored picket fence model and hop diffusion

The anchored picket fence model has been the most prominent scheme to explain the
regulation of plasma membrane lateral mobility for two decades. The attributes of this

Cell. Author manuscript; available in PMC 2020 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jacobson et al.

Page 7

model, introduced by Kusumi and his co-workers, have been documented in a series of
seminal and elegant papers and authoritative reviews on the topic that offer interesting
speculations (e.g. (Kusumi et al., 2012)). This model had forerunners, one being the
relationship of the red cell spectrin-actin cytoskeleton to its plasma membrane (Branton et
al., 1981; Sheetz et al., 1980). And, it was in this era that the notion of membrane posts was
first proposed though in a somewhat different context. Picket-like posts, termed “protein-X”,
were first proposed by Bourguignon and Singer (Bourguignon and Singer, 1977) to trap or
otherwise interact with patches of cross-linked membrane proteins serving to couple the
patches to a retrograde flowing actin cytoskeleton.

The anchored picket fence model by Kusumi et al. (Kusumi et al., 2012) envisioned a
relatively static network of adjacent, connected corrals bounded by cortical filaments
immediately underneath the membrane that undergo thermally driven fluctuations. This view
was bolstered by electron microscopy studies showing that apparent corrals bounded by
cytoskeletal filaments, presumably F-actin, had a similar size distribution as those
determined by single particle tracking studies (Fujiwara et al., 2016; Kusumi et al., 2012).
The fundamental “membrane skeleton fence” was postulated to cover the entire cell surface
with a network of corrals and, within the corrals, diffusion (as measured at sub millisecond
time scales) was controversially interpreted as very rapid, approaching or even exceeding
values for membrane proteins and lipids in pure bilayers, i.e. 5-10 pm?2/s. By contrast,
diffusion over larger spatiotemporal scales (from about a few tens to over a hundred
nanometers and a few to tens of milliseconds) was ~20-fold slower because the diffusant had
to surmount the membrane skeleton fence barriers.

To account for the fact that lipids also displayed hop diffusion (Fujiwara et al., 2002), the
model further postulated that subpopulation of largely unidentified transmembrane proteins
(see below) are attached to the membrane skeleton fence and formed “pickets”, i.e. the
anchored picket fence. Hop diffusion of lipids is caused by the picket proteins in three
possible ways. First, the pickets create steric hindrance to the diffusing lipid. Second, the
diffusing lipid may transiently bind to the pickets. Third, because the immobilized picket
proteins may bind lipid, the inter-picket space was assumed to be of greater viscosity than
other parts of the membrane further contributing to the barrier action of the picket fence.
Importantly, the anchored picket fence model does not rule out the existence of other plasma
membrane organizing principles such as lipid rafts (Lingwood and Simons, 2010) but the
actin-based membrane skeleton fence and transmembrane protein pickets anchored to the
fence provides an effective barrier against large-scale coalescence of lipid rafts (Kusumi et
al., 2012). Indeed, large scale phase separation of proteins and lipids can occur in giant
plasma membrane vesicles that are devoid of cortical actin (Baumgart et al., 2007).

Much of the definitive work by Kusumi and colleagues that produced the anchored picket
fence model was conducted using 40nm gold particle tracking. The “hopping” transitions
between adjacent corrals could only be detected in gold single particle tracking data
acquired at sufficiently fast sampling frequencies. Single molecule tracking which measures
diffusion coefficients on a longer spatial scale (~ tens of milliseconds to seconds) is then
used to back calculate the hopping probability between corrals (see, for example, (Fujiwara
et al., 2016)); it is the hopping between corrals that is the rate limiting step which determines
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the magnitude of the long-range (over 100s of nm to um) lateral diffusion coefficient. Thus,
the proposed upwards of 20-fold difference between the intra-corral diffusion coefficient and
the inter-corral diffusion coefficient suggests very tight confinement resembling the strong
hop diffusion case in Figure 3C with a hopping probability Prop=0.01, i.e. that on/y'1 out of
100 collisions with the corral boundary results in an escape from a confining corral, severely
limiting long-range diffusion.

There have been relatively few efforts to independently corroborate Kusumi and colleagues’
findings. Wieser et al measured (Wieser et al., 2007) the plasma membrane diffusion of a
GPI-AP, CD59, by single molecule tracking, using Fab fragments to label the protein. While
these investigators did not directly observe hop diffusion, they concluded that this could be
due to two possible scenarios: either strong confinement existed but with a confinement size
<60nm or weak confinement and much larger confinement zones occurred. A more recent
effort, using the complementary technique, fluorescence correlation spectroscopy using the
super-resolution modality, stimulated emission-depletion microscopy (STED-FCS), with
variable beam radii (Andrade et al., 2015), modeled the results by constructing a simulation
of compartmentalized diffusion with different compartment sizes and barrier hopping
probabilities. Importantly, this study employed only fluorescent lipid analogs so no larger
particle label was involved. The results were consistent with compartmentalized hop
diffusion but with much weaker confinement (i.e. the probability of lipid crossing a
cytoskeletal barrier was higher than previously indicated by Kusumi et al. and resembled the
weak hop diffusion case in Figure 3B). Part of these results have also been cross-validated
by single particle tracking with Quantum dot (Qdot) tracking (Lagerholm et al., 2017). This
study indicated that faster, intracorral diffusion, occurred over distances of about 100nm and
times less than ~ 5ms time whereas above this spatiotemporal regime slower, intercorral
diffusion, was measured as a consequence of the rate limiting step of crossing barriers
between corrals. In a second example, diffusion of ectopically expressed GPI-APs in the
axon initial segment is largely confined to the 190nm spectrin-rich spacing between actin
rings as discussed above; this confinement reduces the macroscopic diffusion coefficient by
up to an order of magnitude compared that between the rings (Albrecht et al., 2016). Thus,
studies on lipid and lipid-anchored protein diffusion at least partially corroborate the
anchored picket fence model but plausibly suggest that, in some cases, experiments using
40nm gold particles at very fast sampling frequencies significantly exaggerates the degree of
confinement, presumably because the size of the gold particle-antibody complex sterically
hinders passage through the picket fence and possibly by under-estimating the influence of
experimental errors in the data analysis.

Recent studies on transmembrane proteins have provided further corroboration for the
anchored picket fence model. Sadegh et al., (2017), using Qdot tracking, albeit at much
reduced sampling frequency of 50Hz, and molecular localization microscopy, presented a
convincing demonstration of how lateral diffusion of a plasma membrane protein, the
potassium channel, expressed in HEK cells, is obstructed by interactions with the subjacent
and compartmentalized actin cytoskeleton. Confined compartment trajectories, in which the
diffusant sometimes hops to an adjacent compartment, are suggestively delimited by cortical
actin filaments visualized by photoactivation localization microscopy (PALM). Hop
diffusion was also observed for Qdot labelled G protein coupled receptors (GPCR) in
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primary ciliary membranes with large intracompartment D values (~3 um/sec?) but larger
residence times (~700ms) than Kusumi et al (Kusumi et al., 2012) found for the basic
corrals; surprisingly, actin disruption did not affect corral size but rather increased hop rate
(Lee et al., 2018). These studies offer both intuitive and quantitative support for membrane
skeleton fence regulation of the lateral diffusion of transmembrane proteins, albeit with
some unexpected results that await further explanation.

Transient anchorage

The lateral diffusion of complexes in the plasma membrane may be transiently anchored
(i.e.transiently immobilized) (Figure 3 D), likely as a prelude to a signal transduction event.
Suzuki et al (Suzuki et al., 2007b) showed that a low degree of clustering (<10 molecules) of
outer leaflet GPI-AP CD59 mediated by 40nm gold particles, induces transient association
of inner leaflet Lyn kinase with the cluster. Gia.2 also briefly associates with the cluster and
when it does, it activates Lyn and shortly thereafter (within fractions of a second) a STALL
(stimulation-induced temporary arrest of lateral diffusion) event occurs whereby the cluster
is transiently immobilized. This event presumably requires linkage to the underlying
cytoskeleton by yet undefined mechanisms. A STALL event leads to calcium signaling via
PLCy recruitment to the cluster (Suzuki et al., 2007a).

Chen et al (Chen et al., 2009) partially elucidated how transient anchorage occurs in
molecular terms. Clusters of cross-linked Thy-1, a GPI-AP, formed on the addition of 40 nm
streptavidin coated gold particles or Qdots to cells incubated with biotinconjugated anti
Thy-1 antibody followed by addition of an anti Ig antibody. The lateral diffusion of such
complexes was interrupted by episodes of transient anchorage of similar durations as
STALLSs; these events were mediated by a Src-regulatable transmembrane adaptor, csk
binding protein (CBP), that was linked to ezrin binding protein 50 and presumably to the
cytoskeleton via ERM proteins. Similar to STALL, Thy-1 transient anchorage was
dependent on cholesterol.

Channeled diffusion

An example of channeled diffusion, in which the diffusing particle undergoes effectively one
dimensional diffusion confined by parallel barriers, was discovered by McConnell and co-
workers who found the diffusion of lectin receptors was highly anisotropic with the fast
direction being parallel to actin stress fibers (Smith et al., 1979). Much more recently,
Jagaman et al. also found that the diffusion of a fraction of the population of CD36, a
scavenger receptor, was likewise channeled possibly by microtubules proximate to the inner
leaflet of the plasma membrane (Jagaman et al., 2011) (Figure 3E).

Active, directed movement

Directed lateral movement of cross-linked membrane proteins has been observed in the
plasma membrane for nearly half a century. In the case of relatively slow actin associated
directed movements, such as the phenomenon of capping, cross-linked membrane protein
patches (and even lipids (Schroit and Pagano, 1981) undergo active, retrograde directed
movement at speeds of ~1 um/min in the plane of membrane towards the posterior portion of
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lymphocytes (Taylor et al., 1971) or the boundary between the lamella and perinuclear zone,
termed the null border, of mesenchymal cells (Holifield et al., 1990).

Much more rapid directed movement in the plane of the membrane has been observed that
appears to be associated with microtubules just under the cytoplasmic leaflet of the plasma
membrane; this movement is distinct from rapid intracellular vesicular movement involving
microtubules. Intraflagellar transport (Kozminski et al., 1993), where transport of TRPV
(transient receptor potential channels of the vanilloid subtype) channels in the membranes of
cilia occurs with velocities exceeding 1000 nm/s (Qin et al., 2005), is the most prominent
example and is dependent on ciliary microtubules.

Other examples of this intriguing, very rapid directed movement exist. After T cells
recognize foreign peptides displayed by major histocompatibility complexes on antigen
presenting cells, T-cell receptors move in a highly directed fashion and with initially very
high velocities towards the center of the immune synapse; this directed movement is along
microtubule tracks and driven by the microtubule motor, dynein (Hashimoto-Tane et al.,
2011). In addition, surface DC-SIGN nanoclusters were observed to undergo directed
retrograde transport at high speeds of ~ 1000 nm/s (Neumann et al., 2008). A small fraction
of dendritic cell- SIGN clusters underwent microtubule-dependent directed transport in the
plane of the plasma membrane at speeds well over 1000 nm/s in both dendritic cells and in
murine fibroblasts expressing human DC-SIGN (Liu et al., 2017) (Figure 3F). Rapid,
directed rearward movement of DC-SIGN could bring bound pathogens on the leading edge
and projections of dendritic cells to the perinuclear region for internalization and processing
in a manner that is much more efficient than lateral diffusion.

Fundamental questions about the dynamic organization of the plasma

membrane

While the anchored picket fence model may represent the most general way to view control
of lateral mobility in the plasma membrane, at least at small spatiotemporal scales, there are
several key issues that must be resolved to produce a more complete understanding of the
plasma membrane in terms of its dynamic structure. These include whether the lateral
density of proteins in the membrane is sufficient to provide the number of pickets required to
form the picket fence and the identity of pickets. And, how a universal anchored picket
fence, with small inter-picket spacings, can accommaodate the lateral diffusion of
nanoclusters and the directed transport of membrane components.

Important, broader issues exist that we will not discuss in detail. First, whether the anchored
picket fence model applies similarly to cells of mesenchymal, epithelial and myeloid origin
where the membrane skeleton may be more static or dynamic. Second, how are meso-
microscale specializations constructed in the presence of the anchored picket fence? For
example, the cell surface must be locally modified to permit phagocytosis of larger particles
(Ostrowski et al., 2016); by contrast, micron-sized spectrin-ankryin-G domains patrolling
the lateral membrane of epithelial cells resist endocytosis (Jenkins et al., 2015). As another
example, micron-sized preferential localizations of DC-SIGN have been discovered by
molecular cartography (Garcia-Parajo et al., 2014). Third, the discovery of local cortical
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actin asters coupled to the plasma membrane thereby forming an “active membrane
composite” (Gowrishankar et al., 2012; Rao and Mayor, 2014) prompts the question of
whether such composites may be related to an interconnected membrane associated
cytoskeleton that can, via local stimuli, propagate changes in lateral mobility over the entire
cell surface; this latter phenomenon has been termed “anchorage modulation” (Henis and
Elson, 1981; Rutishauser et al., 1974). And lastly, how different are plasma membrane
organization and dynamics in differentiated cells in tissue (Gall and Edelman, 1981) from
commonly used secondary cell culture (Bennett and Lorenzo, 2016).

The high concentration of membrane proteins: implications for plasma membrane

organization

The original Singer-Nicolson Fluid Mosaic model (Singer and Nicolson, 1972) and
numerous subsequent schematic illustrations depict a concentration of membrane proteins
that is far too low (Engleman, 2005; Yeagle, 1989). When protein concentration estimates
taken from literature (Jacobson et al., 2007) are considered, in fact, the lipid bilayer is chock
full of membrane proteins (Dupuy and Engelman, 2008; Takamori et al., 2006) such that
little “free” lipid outside of the solvating lipid shell (Lee, 2011) exists. Roughly 30,000
proteins/um? are in the plasma membrane of a typical cultured mammalian cell (Jacobson et
al., 2007). Thus, the membrane should be envisioned as a “protein-lipid composite material”
with little “free lipid” as opposed to a lipid bilayer with proteins embedded at a relatively
low lateral concentration, as is frequently depicted. One consequence of this high density of
membrane proteins, particularly those that are attached to the membrane associated
cytoskeleton, is that membrane lipids largely resist flow leading to the proposition that the
plasma membrane, while fluid on the nanoscale, is more gel-like on the mesoscale; as a
result, local tension changes are not propagated globally via the plasma membrane but rather
are transmitted by cytoplasmic mediators such as calcium (Shi et al., 2018).

While biophysical studies with pure and mixed bilayers are obviously important to
investigate the properties of liquid crystalline systems and to provide mechanistic insights
into reactions occurring at the membrane (McLean et al., 2018; Nair et al., 2011), they
cannot fully capture the general reality of biomembrane organization. Clearly, if we are to
use the model systems to gain insight into biomembranes, these systems should reflect the
presumed high lateral concentration of proteins, as giant plasma membrane vesicles
probably do (Sezgin et al., 2017). As a consequence, domains of selected components must
exist within these protein-lipid composites rather than as isolated entities in a lipid bilayer
sea.

What molecular details are lacking in the anchored picket fence model?

Number of pickets required to form the picket fence: A back of the envelope
calculation suggests that roughly 3x108 pickets would be needed for a “square” fibroblast
40pum on a side covered by 100nm square compartments underlying the plasma membrane.
This translates to ~ 20 picket proteins per compartment because of common sides, assuming
each picket is 2nm in diameter and is 8nm from the next picket (Kusumi et al., 2012). Thus,
even though a putative picket, CD44 (see below) is expressed at about 10° copies per cell
(Freeman et al., 2018), it is likely that different types of membrane proteins must also be
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able to play the role of pickets. Using the estimate above (Jacobson et al., 2007), there are ~
300 proteins in square compartments 100nm on a side meaning that pickets comprise only a
few percent of the total membrane proteins in 100nm square compartments. This suggests
that the very high intracompartment lipid diffusion coefficients reported by Kusumi et al.
(Kusumi et al., 2012) are probably overestimated; this is possibly the result of the difficulty
in obtaining accurate diffusion coefficients at faster sampling rates due to increased
influence of measurement noise (Supplementary Information). Indeed, more recent diffusion
measurements that yield lower numbers probably reflect diffusion through the smallest,
protein-rich compartments defined by the anchored picket fence (Andrade et al., 2015;
Lagerholm et al., 2017; Wieser et al., 2007).

Identity of pickets and adaptors: Recently, Freeman et a/ (Freeman et al., 2018) found
that anchored CD-44 pickets, in macrophages, interact with diffusing proteins sterically
and/or via chemical interactions to hinder diffusion and sometimes corral the diffusant.
While the size of the corrals is similar to those in the anchored picket fence model (Kusumi
et al., 2012), they seemingly occur “randomly” presumably due to their transient nature
dictated by cytoskeletal dynamics as noted by the authors. This begs the question of what
determines where CD44 mediated corrals appear.

The overall dynamics that permit lateral diffusion of both non-picket and picket proteins are
complex, involving thermally derived fluctuations of the membrane-fence separation as well
as association-dissociation kinetics of the ezrin mediated fence-CD44 linkage. Thus, CD44
exists in three states with respect to lateral diffusion: it can be an immobile membrane picket
but, when released from the fence, it may be transiently confined to corrals consisting of
other CD44 pickets and/or other candidate picket proteins. Between states of transient
confinement, it may also undergo long-range “freely mobile Brownian diffusion” with D ~
0.1 um?/s. Proponents of the anchored picket fence model would argue that the “freely
mobile” CD44 diffusion is not really free but actually consists of hop diffusion (Kusumi et
al., 2012) obscured by the lower time resolution of the authors’ measurements [(30ms (Qdot
single particle tracking) & 100 ms (single molecule tracking) vs 25 ps (for gold single
particle tracking)]. As mentioned above, it is important to inquire whether the anchored
picket fence model applies not only to mesenchymal cells but also to cells of myeloid and
epithelial origin. In this regard, a key test will be to see if, at high time resolution, CD44 hop
diffusion, prevails in those parts of the trajectories that exhibit, at lower time resolution,
“freely mobile” diffusion in macrophages which are of myeloid origin.

Could cell surface topography compartmentalize diffusion?—Other effects could
replace or augment the anchored picket fence in producing compartmentalizing diffusion.
For example, blebs, largely devoid of any membrane associated cytoskeleton, are initiated by
the local loss of linkages between the actomyosin cortex and the plasma membrane (Charras,
2008). In addition, especially in cells that are not attached, excess surface area is stored in
complex bleb-like morphologies as seen in mitotic cells and cells that have been detached
from the substrate (Kapustina et al., 2016). Such morphologies could in effect produce
compartmentalized diffusion: diffusion would be more rapid in a bleb or bleb-like protrusion
than near the base of these structures where they connect to the cortex proper in regions of
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higher curvature (Figure 4A, B). It is also possible that the membrane skeleton fence could
imprint the plasma membrane with subtle curvature induced where the fence is closest to the
inner leaflet to provide weak confinement that would complement the effects of pickets
(Adler et al., 2010).

To what extent do nanoclusters hop diffuse?

Given the apparent prevalence of nanoclusters of membrane proteins (Garcia-Parajo et al.,
2014), how do these clusters laterally diffuse to subserve biological functions in the context
of the anchored picket fence model? Indeed, a main tenet of this model is that clustering
leads to oligomerization-induced trapping whereby oligomers are too big to squeeze through
the interpacket spaces leading to trapping within the compartments defined by the anchored
picket fence. This effective immobilization is hypothesized to provide a way to localize
membrane components for downstream signal transduction events (Kusumi et al., 2012).
And, a recent single molecule tracking study showing compartmentalization for GPCRs and
G, by both actin, clathrin coated pits and microtubules furnished independent support for
this notion (Sungkaworn et al., 2017).

But some nanoclusters can laterally diffuse. For example, DC-SIGN nanoclusters laterally
diffuse with a median diffusion coefficient of ~0.065 pm?2/s (Manzo et al., 2012) yet these
nanoclusters are composed of, on average, about two tetramers (Itano et al., 2012) having a
minimal diameter of ~20nm. The formula for lattice diffusion in two dimensions, D=1/4
vAZ, where v is the hop frequency from lattice site to lattice site and A is the lattice
constant, can be used to estimate hop frequencies between adjacent compartments given D~
0.065 um?/s; this yields a residence time (v~1) in a 100nm corral provided by the anchored
picket fence of ~40 ms. This dwell time in a corral is similar to the longer times found for
membrane proteins in the presence of a complete picket fence (Kusumi et al., 2012). Thus,
for long range diffusion to occur, selected pickets must be dynamically or permanently
removed to permit passage of a DC-SIGN nanocluster from one compartment to an adjacent
one at a frequency of ~25 times per second.

How does directed, active lateral transport in the plasma membrane occur in the presence
of the underlying membrane skeleton fence?

Actin or microtubule based directed movements raise the issue of how such movement
occurs in the presence of a universal, subjacent membrane cytoskeleton fence. Actomyosin-
based capping of cross-linked (patched) antigens proceeds with a relatively slow velocity
(~1 um/min), a time scale that permits cytoskeletal remodeling. In this case, two extreme
possibilities exist. First, the entire fence could move being coupled to a retrograde moving
cortical cytoskeleton in which patched antigens are entrapped akin to “oligomerization
induced trapping”. Alternatively, a variety of patched antigens could be indirectly coupled to
a retrograde cortical cytoskeletal flow through lateral interaction with a subset of integral
membrane proteins that possess a specific, stable anchorage to moving cytoskeletal elements
that function like the tines of a rake (Bourguignon and Singer, 1977; Holifield et al., 1990).
Patches could be moved if such “tine” membrane proteins were entrapped within the patch
of immunoaggregated protein during its formation or simply caught between the tines of the
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rake; however, the tines would need to slice through the membrane skeleton fence, a task
made possible by the thermally labile fence structure ((Kusumi et al., 2012) and see below).

In the case of the more rapid microtubule-base transport, presumably microtubules must be
close enough to the plasma membrane so that putative microtubule motors can interact with
the proteins to be transported. How might this occur? One possibility is that membrane
skeleton fence coupled to the underlying cortex is locally dissociated from the plasma
membrane creating narrow channels that contain the microtubules and the motor driving
DC-SIGN cluster directed movement (Figure 4C). In this regard, effective one-dimensional
diffusion of CD36 is mediated by channels in the cortex that are associated with membrane
proximate microtubules (Jagaman et al., 2011). Another possibility (Figure 4D) is based on
the fact that network connections within the membrane skeleton fence are opening and
closing owing to thermal energy so that the microtubule motor could drive the cluster
through the anchored picket fence (Kusumi et al., 2012; Liu et al., 2017). This is plausible
because microtubule motors can generate typically 5-7pN of force (Nicholas et al., 2015;
Valentine et al., 2006) but it only requires forces as weak as 0.25 pN to drag the transferrin
receptor through the labile membrane skeleton fence (Sako and Kusumi, 1995).

Future directions

Composition and structure of stable nanodomains.

With respect to determining molecular composition of plasma membranes and their
associated peripheral structures, there seem to be few alternatives to well-designed, validated
proteomics efforts or screens especially in the case of stable membrane protein clusters or
isolated, authentic membrane domains. And new reagents including amphipathic
copolymers promise more faithful extraction of membrane protein- lipid complexes than
detergents (Jamshad et al., 2011). The affinity purification-mass spectrometry/proteomic
approach has, for example, identified and corroborated binding partners of B-cell receptor
clusters, including dynein, dynactin and tubulin subunits (Schnyder et al., 2011).
Complementing this approach, there are several enzyme catalyzed proximity-based labeling
approaches to detect nearest neighbors /7 vivo (Rees et al., 2015). Such methods
promiscuously label neighboring proteins making them suitable for detecting weak,
transient, or even indirect protein-protein interactions within the surface nanodomains;
however, this approach can result in many species being labelled resulting in the need for a
biased pare down of possibly relevant targets for further analysis. Thus, the use of
complementary methods to confirm the importance of certain binding partners is desirable
(Rees et al., 2015).

In certain cases, membrane domains can be assembled or isolated and peripheral binding
partners screened or identified. For example, expression of caveolae | in the cell free system
results in the assembly of caveolae like structures in which caveolin 1 is correctly inserted in
membranes (Jung et al., 2018). Putative caveolin 1 binding partners could then be tested for
actual caveolin 1 binding in a native environment. Membrane blebs can be generated and
harvested to ask what peripheral, cortical components are bound to the bleb membrane by
proteomic analysis (Biro et al., 2013) followed by RNA interference screens to test for
functionality of candidate proteins (Bovellan et al., 2014; Chugh et al., 2017)
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On the horizon are non-microscopic methods, involving DNA origami technology, for
detecting components associated with the protein of interest and their spatial arrangements
on the 100 nm scale. These methods produce scaffolds of known architecture to which other
nucleic acid molecules and antibodies can be conjugated at known positions (Shaw et al.,
2014). The new technology shifts the analysis from the membrane proteins directly as in
microscopy and proteomics to the analysis of the released origami structure and the tags
affixed to it that encode positional and component information employing the sequencing
methods now available. Thus, the DNA origami structures serve as nanoscale templates of
defined size and provide a novel way to approach the stoichiometry, relative size and
organization of clustered membrane proteins on the 100nm length scale but in a high
throughput fashion, capable of resolving different organizational states of the nanoclusters as
population averages.

Elucidation of the structures peripheral to the membrane

In general, the overall structure of the cortex underlying the plasma membrane is far from
being completely understood (Chugh and Paluch, 2018; Svitkina, 2018) although progress
has been made on the membrane associated cytoskeleton (Kusumi et al., 2012; Xu et al.,
2013). Ultrastructural studies of the actin network near the plasma membrane using electron
microscopy began almost a half century ago. But now we can expect recent developments in
cryoelectron microscopy (Mahamid et al., 2016) will afford the opportunity to understand
the cortical structures underlying the plasma membrane (and the pericellular matrix) in
much greater detail. First, vitrification by rapid freezing so that water does not crystallize
will better preserve the living state largely removing fixation artifacts. Second, focused ion
beam milling permits sections previously too thick for imaging to be thinned so that they can
be examined (Mahamid et al., 2016) and new contrast enhancement techniques for lower
spatial frequencies improves the interpretation of the images (Fukuda et al., 2015). Lastly,
while electron microscopy has provided important insights into actin-filament organization,
standard TEM images are two-dimensional projections where features are superimposed
upon one another in the direction of the electron beam; this limits resolution and makes it
difficult to study the three-dimensional organization of complex filament networks. By
contrast, tomographic techniques acquire projections of the object as viewed from different
directions and then merge them computationally into a 3D reconstruction. Such tomograms
provide an unprecedented look into the 3D structure of the cortex underlying the plasma
membrane (Fujiwara et al., 2016). Combining immunogold and aptamer labeling with such
tomographic images will permit the location of specific components, including those
identified in proteomic searches and shRNA screens.

Closing remarks

At this juncture, it is clear that there are experimental and computational roads (Ingélfsson et
al., 2016; Sezgin et al., 2017) to investigating the structure and composition of the
membrane and structures peripheral to it that remain to be fully exploited and thereby
complement the outstanding progress in the biophysical analysis of restraints to lateral
mobility. Such knowledge will be an important precursor to the clearly crucial topic of how
the non-equilibrium (Rao and Mayor, 2014) membrane dynamic structure changes directly
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via mechanical and electrical ques and indirectly through metabolism affecting lipid and
protein composition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The Plasma Membrane
The cell surface defined as the plasma membrane and associated peripheral structures:

schematic cross-sectional view of the plasma membrane, the subjacent membrane skeleton
fence and the associated actin cortex, and the pericellular matrix. Components labeled by
letters include: A, collagen. B, cross-shaped laminin. C, proteoglycan. D, fibronectin. E,
integrin. F. ion channel. G, single pass transmembrane protein. H, transmembrane protein
dimers. I, integral membrane proteoglycan J, GCPR. K, GPI-AP. L, M and N, adaptor
proteins. O, spectrin. P, F actin. Q, MT. R, non-muscle myosin. This figure has been inspired
and adapted, in part, from the drawings of David Goodsell (The Machinery of Life, second
edition, Copernicus Books, NY).
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Figure 2. Modes of lateral mobility in the plasma membrane of live cells.
(A) Single particle tracking measurements in live cells indicate that the lateral mobility in

the plasma membrane is heterogeneous. This is exemplified by the experimental trajectories
in the plasma membrane of a live NIH 3T3 fibroblast of the sphingolipid Gy1, (red); CD59
(green), and the transmembrane protein epidermal growth factor receptor (EGFR) (blue).
These molecules were simultaneously labelled, with distinct, differently emitting Qdot
conjugates and imaged as described previously (Clausen et al., 2014). This data set, from a
portion of the cell whose edges are indicated in a black solid line, includes apparent
examples of (a) free diffusion, (b) confined diffusion, (c) channeled diffusion, (d) directed
motion, and (e) diffusion interrupted by periods of transient anchorage (STALL) (Bar =5
um). (B) Different modes of lateral mobility can be quantitatively differentiated in
traditional MSD versus time plots and subsequent analysis by curve fitting to a range of
diffusion models. Shown are the cases for Brownian (free) diffusion (black); directed flow
(MSD is proportional to t2; red); anomalous sub diffusion (blue); effectively 1-dimensional
channeled diffusion (purple); transiently confined diffusion (green), and the extreme case of
totally confined diffusion (yellow). (C) Time ranges over which different modes of lateral
mobility can be observed in relation to physiological processes occurring at the plasma
membrane. For flow (directed motion), the lower limit of time range is estimated for a
particle with a velocity of ~2.5 pm/s (Liu et al, 2017) to move a detectable 500nm; the upper
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limit is for a particle undergoing retrograde flow at 1um/min for a distance of 10um (as in
capping of antibody cross-linked antigens). The rectangular boxes at the top indicate order
of magnitude time ranges for signal transduction events across the plasma membrane and for
endo-and exocytotic events at membrane spanning the range from receptor mediated
endocytosis to phagocytosis. For most of these phenomena, lateral diffusion (e.g. soluble
membrane ligand finding membrane receptor or membrane receptor moving to site of
endocytosis) is an obligatory, but not necessarily a rate limiting, step.
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B: Weak hop diffusion (D=0.8 um?/s; L=160 nm; Rip=10.1)
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Figure 3. Simulated trajectories for various modes of lateral mobility.

(A) “free’ diffusion, (B) weak hop diffusion, (C) strong hop diffusion, (D) diffusion
interrupted by periods of transient anchorage (STALL; dashed circles), (E) channeled
diffusion, and (F) directed motion. All trajectories were simulated in Mathematica for the
specified sampling frequencies without positional uncertainty error. Parameters (as noted in
the Figure) are chosen to resemble various examples from literature for cases of hop
diffusion (Kusumi et al., 2012; Lagerholm et al., 2017), transient anchorage/STALL (with
anchorage times ~2s) (Chen et al., 2009; Suzuki et al., 2007a), channeled diffusion (Jagaman
etal., 2011), and directed motion (Liu et al., 2017). Scale bars as indicated; time evolution

of trajectory indicated by color bars.
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Figure 4. The cortical cytoskeleton and its effects on mobility.
A. Bleb-like protrusions on the surface of CHO cells in the process of spreading on a

substrate as imaged by scanning electron microscopy. B. How blebs and/or bleb-like
protrusions could compartmentalize lateral diffusion (see text for discussion). The labels in
panel B are: A, ion channel; B, single pass transmembrane protein; C, GCPR; D, GPI-AP; E,
transmembrane protein dimer; F, F-actin; G, spectrin; H, non-muscle myosin. C,D. How
rapid, MT-based directed transport might occur in the presence of the membrane skeleton
fence (see text for discussion). C. Cortex deforms to allow MT and its associated motor(s)
direct access to PM protein cluster. The labels in panel C are: A-D are the same as in panel
B; E, oligomeric transmembrane protein, such as DC-SIGN, coupled to a MT motor; F,
transmembrane protein dimer; G, adaptor protein, H, motor protein; I, MT; J, F-actin; K,
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spectrin. D. MT and associated motor (s) proximate to the inner leaflet is able to slice
through the membrane skeleton fence due to motor force and thermally activated breaks in
the fence. The labels in panel D are: A-K are the same as in panel C. Panels B,C and D have
been inspired and adapted, in part, from the drawings of David Goodsell (The Machinery of
Life, second edition, Copernicus Books, NY)
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