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State of the field

The complexity of biological membranes has motivated the development of a wide variety of
simpler model systems whose size, geometry, and composition can be tailored with great
precision. Approaches highlighted in this review are illustrated in Figure 1 including vesicles,
supported bilayers, and hybrid membrane systems. These have been used to study problems
ranging from phase behavior to membrane fusion. Experimental membrane models continue
to advance in complexity with respect to architecture, size, and composition, as do computer
simulations of their properties and dynamics. Analytical techniques such as imaging secondary
ion mass spectrometry have also been developed and refined to give increasing spatial
resolution and information content on membrane composition and dynamics.

Introduction

The most basic function of biological membranes is to define a boundary, whether between or
within cells and organelles (Figure 1, center). Many cellular processes depend upon the
membrane’s ability to separate different areas while allowing communication and tightly
regulated transport within and across membranes to occur. All cell-cell communication and
further assembly into tissues, organs and organisms are mediated by such interactions.
Biological membranes vary tremendously in composition even within a eukaryotic cell, and
their organization must be dynamic in order to mediate and modulate conformational changes,
signaling, trafficking, and recognition. Because they play such a fundamental role and because
natural membranes are so complex, many different model systems have been created that retain
the essential lipid bilayer structure, but simplify the system so that the roles of individual
components can be assessed and that their organization and dynamics can be visualized.

Model systems and approaches that have seen great progress in the last few years are shown
schematically in Figure 1 in the order (clockwise) that we will discuss them. These include:
bilayers in the form of vesicles ranging in size from tens of nanometers (small unilamellar
vesicles, SUV’s) to tens of microns (giant unilamellar vesicles, GUV’s) that are either free-
standing or tethered to supports; planar supported bilayers either interacting directly with a
solid substrate or tethered to the substrate; bilayer islands wrapped by proteins; and fragments
from natural cell membranes. In many cases, detailed reviews about these systems have been
published in the last two years, and these are referenced along with specific advances that are
highlighted. Nearly every imaging method has been applied to model and native membranes,
especially in the planar format which matches well with surface-sensitive techniques originally
developed for studies in materials science, electronic materials, geochemistry, and catalysis.
Because even the simplest model systems involve the self assembly of many lipid molecules
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in water, they push the limits of atomistic simulations and have led to attempts to marry fully
atomistic models with coarse grained or continuum approaches. A strong synergy between
simulations on all length scales and experiments is a major driver of this field.

Free-standing vesicles, giant vesicles and discs (A-D)

Giant unilamellar vesicles (GUV’s) have diameters on the order of one to ten microns and have
been instrumental in determining the phase behavior of binary and ternary lipid mixtures in
bilayers. Phase separation (see Fig 1A) is often visualized by the partitioning of fluorescent
probes into gel, liquid-ordered (1,), and liquid-disordered (l4) phases [1]. A comparison of 26
probe molecules reveals that their behavior is highly dependent on the identity of the
fluorophore as well as of the membrane anchor [2¢]. Furthermore, the composition of the phase
domain can result in different dye-partitioning properties. For instance, Dil dyes with long,
saturated tail groups partition into the I, phase of ternary mixtures of DSPC, DOPC, and
cholesterol, but into the I4 phase in mixtures of sphingomyelin, DOPC, and cholesterol. The
balance among these factors is difficult to predict, which indicates that caution is necessary
when conducting experiments and interpreting results obtained by fluorescence.

GUV’s are typically created using well-defined mixtures of pure lipids, but still unclear is the
relationship between the behavior of these model systems and actual biological membranes
which are much more complex mixtures of lipids, proteins, and saccharides. Reconstitution of
proteins into giant vesicles is challenging due to a dehydration step that is common to most
protocols to form GUV’s from lipid stocks. Methods for addressing this problem include only
partially drying the lipid-protein mixture before electroformation [3] or adding sucrose to
stabilize proteins against denaturation during the process [4]. Giant plasma membrane vesicles
(GPMV’s), or blebs, are a more direct source of biological lipid material. In response to
chemical stresses, the plasma membrane of cells protrudes and detaches to form these blebs,
which resemble GUV’s and can be manipulated using many of the same techniques. The lipid
composition of blebs is thought to resemble that of the parent cell; they also contain membrane
proteins which diffuse into the detached area during bleb formation. Dye partitioning of
incorporated fluorescently-labeled lipids indicates that GPMV’s derived from rat basal
leukemia mast cells can separate into co-existing | and l4 phases, though at sub-physiological
temperatures [5¢]. The phase partitioning behaviors of fluorescently labeled membrane proteins
such as and IgE receptor and Lyn-kinase were observed, sometimes disagreeing with the
expected behavior based on detergent extraction studies.

GUV’s have also been used as the basis for novel lipid architectures. Orwar’s group has used
micromanipulation to form networks of GUV’s connected by lipid tubules with diameters
roughly 100-300 nm that can be used to study reaction dynamics in confined volumes [6e].
Two vesicles are connected by a single lipid tubule and contain two reactants which are mixed
by allowing the connected GUV’s to merge. Because a connection has already been made via
the lipid tubule, no further disruption of the lipid layers is necessary to achieve fusion and
content is retained. These networks approximate the compartmentalization of cellular functions
in separate organelles (they may be closely related to recently observed structures [7]), and can
be made to be as complex as needed (see Fig 1B). Lipid tubules can also be pulled from GUV’s
by motor proteins [8] or optical tweezers [9¢], and the growth of these structures can be related
to mechanical properties and phase behavior of the membrane source material. Networks can
also be formed using material from blebs, allowing manipulation of complex lipid mixtures,
as well as potentially cytoplasmic content [10].

When exposed to supported lipid bilayers (SLB’s), GUV’s can rupture to form unilamellar
membrane flakes that interact transiently with the SLB [11]. These membrane flakes have been
used to study the reorganization dynamics of proteins between the two bilayers, approximating
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inter-cellular junctions (see Fig 1C). As GUV’s were ruptured over fluorescently labeled
proteins bound to a SLB, the protein distribution changed from even coverage to form separated
aggregates on the surface [12]. The resulting pattern can be related to the fluctuation dynamics
of the ruptured GUV and the protein mobility in the SLB. This work is highly relevant to
questions of cell-cell communication, such as in the immunological synapse [13¢] where
ligand-receptor binding at the membrane results in reorganization of proteins and initiation of
an immune response.

Free-standing membranes consisting of a circular area of lipid bilayer surrounded by a
membrane scaffolding protein (MSP) derived from apolipoprotein A-I, known as nanodiscs,
have been developed for isolating and displaying integral membrane proteins [14-16]. The
diameters of nanodiscs are very uniform for any given preparation and range from 8-13 nm
depending on the sequence of the recombinant MSP used (Fig 1D). By themselves, nanodiscs
fail to define an internal and external volume and are thus unable to probe questions of transport
across membranes; however, they provide a controlled and homogeneous environment that is
well suited for measurements of ligand binding. Also, since a controlled number of membrane
proteins can be captured (though not necessarily oriented in the same way), the possible
consequences of protein associations can be probed, e.g. the importance (or lack thereof) of
dimerization of G-protein coupled receptors (GPCRs). To date, bacteriorhodopsin, GPCRs,
and ion channel monomers have been successfully inserted into these structures. Alami et al.
use nanodiscs to study the binding of the membrane protein complex SecYEG to the cytosolic
protein SecA, which is implicated in translocon transport [17¢].

Membranes on solid supports (E-G)

The supported lipid bilayer (SLB) is typically formed by vesicle fusion or Langmuir transfer
to a suitable surface. The mechanism of vesicle fusion continues to be studied with respect to
the vesicle lipid composition and surface properties of the solid support [18,19¢]. SLB’s offer
many advantages to an experimentalist, including ease of preparation, stability, patterning
[20], and the availability of a wide variety of surface sensitive techniques for characterization.
Our lab has recently applied a specialized type of imaging secondary ion mass spectrometry
(SIMS) using the NanoSIMS to obtain high spatial resolution images of SLB’s with high
sensitivity and composition information [21,22¢¢]. Because the Cs*-ion primary beam used to
generate negative secondary ions fragments the target molecules into atomic or small molecular
ions, the lipids or proteins in the SLB must be specifically isotopically labeled in order to assign
aparticular mass (i.e. 13CH™ or C15N") to its parent molecule. This method is able to distinguish
co-existing gel and liquid phases at a resolution of roughly 100 nm as well as determine the
mole fractions of the two lipid components within each phase (see Fig 1E). One advantage of
these experiments is that fluorescent labels, which have been shown to influence phase
behavior, are not needed to visualize the sample. The high sensitivity of the NanoSIMS
instrument makes it possible to detect small amounts of membrane incorporated or associated
proteins as well as lipids. Other groups have used time-of-flight (TOF)-SIMS measurements
to study the organization of lipid components in supported monolayers [23]. TOF-SIMS offers
the advantage that larger molecular fragments are obtained, obviating the need for isotopic
labeling with the trade-off of lower sensitivity and spatial resolution compared to the
NanoSIMS. In a remarkable paper, Ostrowski et al. were able to detect the accumulation of a
particular lipid component at the junctions of mating protozoan cells [24ee]. This example
illustrates the great potential of SIMS to complement other imaging methods by providing a
genuine chemical analysis of membranes with high spatial resolution.

To create supported membranes taken from biological sources, Vogel uses a coverslip coated
with poly-L-lysine to rip off fragments of the upper cell membrane (see Fig 1F) [25,26¢]. If a
substrate machined to have arrays of 500 nm holes is used, the technique creates sets of free-
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standing membranes which seal the holes. This allows independent access to either side of the
cell membrane for measurements of transport across the bilayer or other directional reactions.
A complementary method has also been developed to mount the basal cellular membrane by
sonicating an adhered cell [27]. Using an appropriate support and biosynthetic incorporation
of isotopic labels, cell membrane lipids and proteins could potentially be analyzed using SIMS
to allow composition imaging.

A major shortcoming of solid supported bilayers is that incorporation of trans-membrane
proteins often leads to loss of their lateral mobility and function. Several strategies have been
developed to address this problem, including variations on the membranes over holes approach
described above. One is to assemble bilayers on softer supports such as polymer cushions
[28]. Ongoing work by the Tamm group uses Langmuir transfers and/or vesicle fusion to create
polymer supported bilayers with different lipid mixtures in the two leaflets [29¢]. They
deposited such an asymmetric bilayer where the lipid composition, if used to make symmetric
bilayers, is expected to lead to phase separation in the proximal leaflet but not the distal.
Depending on the specific combinations used, domain formation in the former can induce
domain formation in the latter, suggesting a mechanism for similar behavior in biological
systems whose membranes are similarly asymmetric.

Another strategy for forming bilayers to preserve protein function is to use long-chain tethers
to remove the membrane from the solid support (see Fig 1G). These tethered bilayers can be
formed on a variety of surfaces (e.g. silica or gold) by modifying the anchoring molecule using
surface coupling chemistry (silane or thiol, respectively) [30]. When using a metal support,
electrical measurements can be performed to monitor the activity of ion channels incorporated
into the bilayer. VVockenroth et al. have developed such a system to incorporate the M2 domain
of the nicotinic acetylcholine receptor, pentamers of which form an ion channel which allow
cations to traverse the membrane selectively based on their size [31¢]. This work is directed
towards making devices for electrical measurements of ion channels [32]. Free-standing planar
bilayers such as black lipid membranes are an incredibly fruitful model system for studying
membrane proteins. We focus here on progress towards forming such structures on scaffolds
suitable for use as sensors or other devices. Although conventional free-standing membranes
formed over solid substrates with holes are only moderately stable, hole sizes can be scaled
down and the membrane surrounded by polymers such as an agarose matrix [33¢]. This has
recently been described as an approach to making electric sensors using single alpha hemolysin
(«HL) pore proteins to act as voltage gates which can be modified to recognize specific
analytes. Taken together, this collection of carefully designed and assembled interfaces
suggests that the long-sought goal of constructing artificial devices based on membrane
components and exploiting their exquisite sensitivity and selectivity may be realized.

Complex assemblies: tethered vesicles (H)

Several groups have tethered lipid vesicles to solid supported bilayers using DNA hybridization
[34,35¢,36] or biotin-streptavidin [37+¢,38—40] recognition elements. These approaches
combine many of the advantages of a supported bilayer, now in a supporting role, with free-
standing systems. In particular, proteins incorporated into tethered vesicles are shielded from
the solid support by the presence of the SLB. Our group and others have shown that DNA-
tethered vesicles (see Fig 1H) are constrained to diffuse in two dimensions in a plane parallel
to the surface with a diffusion constant roughly five times less than that of fluorescently labeled
lipids [41]. Interactions between vesicles displaying reactive membrane components such as
DNA or proteins can be observed as vesicles diffuse and collide with each other, and this begins
to approximate the next level of reaction and organization (Y-HM Chan et al., unpublished).
Complex behavior is observed when charged vesicles are tethered onto a patterned SLB
containing charged lipids and then subjected to an electric field parallel to the bilayer surface
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[42<]. The competition between electroosmotic and electrophoretic forces on the vesicles,
coupled to the rearrangement of the charged lipids in the SLB, can lead to a focusing effect
where a vesicle’s position depends on its charge. This raises the potential to use these vesicles
to detect binding of membrane receptors to ligands if the net charge on the vesicle changes.

Vesicles tethered with biotin-streptavidin coupling via biotinylated lipids are often observed
not to diffuse, so this system is not useful for studying interactions between tethered vesicles;
however, this can be an excellent system for encapsulating reactants in small volumes for
fluorescence measurements down to the single-molecule level [38—40]. Also, these tethered
vesicles can react with free vesicles flowed over the surface from bulk solution, and this was
recently used to study lipid mixing between single pairs of vesicles mediated by yeast SNARE
proteins [37+¢]. The stages of vesicle fusion were distinguished by the extent of Forster resonant
energy transfer (FRET) due to mixing of fluorescently labeled lipids from the two vesicles,
though content mixing was not demonstrated. Time traces indicate several pathways from
docking to outer and inner leaflet mixing, with many displaying a hemifusion intermediate
and/or kiss-and-run behavior.

In addition to acting as tethers, DNA oligomers can also act as recognition elements to mediate
fusion between lipid vesicles. This is achieved when the orientations of the complementary
DNA incorporated into separate SUV’s are such that hybridization brings the bilayer surfaces
in close proximity (as is believed to occur with SNARE proteins). Stengel et al. show that
cholesterol anchored DNA in small unilamellar vesicles can lead to lipid mixing as visualized
by FRET donor dequenching, though content mixing was not reported [43¢]. Independent
experiments in our lab using the lipid anchor described in [35¢] also lead to lipid and content
mixing. The ability to change DNA sequence gives great control over the properties of
hybridization reaction, potentially making it a powerful tool for studying membrane fusion.

Multi-scale simulations (1)

Computational modeling of lipid membranes ranges in complexity from continuum to full-
atomistic descriptions, and the level of detail is typically chosen based on the size of the system
being studied. Many problems in membrane biology, however, involve interactions and
dynamics over a large range of length-scales. Multi-scale simulations (see Fig 11) bridge this
range by modeling different components of membranes at various levels of complexity [44,
45¢,46]. This approach has been used to model membrane proteins, with a full-atomistic model
for the protein and a mesoscopic [45¢] or coarse-grained [46] model for the lipid bilayer and
solvent. This gives a balance between retaining enough detail to describe the salient features
of the system while allowing larger scale simulations to run with limited computing power.

Atomistic [47<] and coarse-grained [48¢] simulations have been performed on the fusion of
vesicles roughly 15 nm in diameter. These suggest that upon stalk formation, lipid mixing
proceeds through several hemifusion intermediates to achieve full fusion on the order of nano-
to microseconds, which is substantially faster than is observed experimentally. Future
improvements to these models could include achieving larger vesicle sizes and the
incorporation of membrane proteins, and these papers highlight the demand for increasingly
complex simulations in order to address this important problem.

Conclusions and Outlook

The model systems and analytical techniques presented in this review provide only a small

sample of the diversity and creativity of research being performed on model membranes. Each
system has individual advantages when probing questions of basic science or used for device
applications. As the ability to manipulate membranes improves, continuing challenges include
incorporating and observing complex membrane protein assemblies, device multiplexing and
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robustness, and connecting experimental and theoretical results. It is likely that the next
generation of model systems will involve more complex compositions (lipids and proteins)
and combinations of the assemblies illustrated in Figure 1, leading to insights into essential
biological processes such as membrane fusion and trafficking, signaling, cell-cell recognition,
and organization into tissue, as well as insight into the origins of life [49] and the creation of
entirely artificial entities that may capture essential features of living systems.
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Figure 1. Model membrane systems

A collection of model lipid membrane systems discussed in this review and surrounding a
schematic diagram of a cell, drawn by Tomo Narashima, that emphasizes the large number of
different membrane surfaces. In clockwise order, beginning from the upper left: (A) Giant
unilamellar vesicles and blebs; (B) Networks of giant vesicles connected by lipid microtubules;
(C) Ruptured GUV’s on solid supported bilayers; (D) Membrane nanodiscs containing
transmembrane proteins; (E) Supported lipid bilayers analyzed by NanoSIMS; (F) Ruptured
cell membranes on solid supports; (G) Bilayers tethered to a solid support containing ion
channels; (H) Vesicles tethered to a supported lipid bilayer by DNA,; (1) Visual representation
of multi-scale simulations.
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