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Abstract The eukaryotic cell membrane is connected to a dense actin rich cortex. We present
FCS and STED experiments showing that dense membrane bound actin networks have severe
influence on lipid phase separation. A minimal actin cortex was bound to a supported lipid bilayer
via biotinylated lipid streptavidin complexes (pinning sites). In general, actin binding to ternary
membranes prevented macroscopic liquid-ordered and liquid-disordered domain formation, even at
low temperature. Instead, depending on the type of pinning lipid, an actin correlated multi-domain
pattern was observed. FCS measurements revealed hindered diffusion of lipids in the presence of
an actin network. To explain our experimental findings, a new simulation model is proposed, in
which the membrane composition, the membrane curvature, and the actin pinning sites are all
coupled. Our results reveal a mechanism how cells may prevent macroscopic demixing of their
membrane components, while at the same time regulate the local membrane composition.

DOI: 10.7554/eLife.01671.001

Introduction

The lateral heterogeneity of lipids and proteins in the plasma membrane of eukaryotic cells is an
important feature for regulating biological function. The most prominent concept for membrane
organization, the lipid raft theory, relates lipid phase separation (driven by interactions between
cholesterol, sphingolipids, and saturated phospholipids) to membrane protein partitioning and
regulation (Simons and lkonen, 1997; Simons et al., 2011). Consequently, understanding lipid phase
separation in membranes is a topic of extreme interest. A convenient starting point is to envision
the membrane as a two-dimensional (2D) fluid environment through which the various membrane
components freely diffuse. This simple picture successfully captures ternary model membranes con-
taining two phospholipid species and cholesterol. At low temperature, these systems macroscopically
phase separate into liquid-ordered (Lo) and liquid-disordered (Ld) domains (Veatch and Keller,
2003) and the nature of the transition is consistent with that of a 2D fluid (Honerkamp-Smith et al.,
2008, 2009). Similar behavior was observed in plasma membrane-derived vesicles (Baumgart et al.,
2007; Sezgin et al., 2012).

Despite these successes for model membranes, there is growing consensus that this simple picture
needs to be refined for the plasma membrane. For example, a remaining puzzle is that the Lo/Ld
domains observed in model membranes grow macroscopic in size (micrometers), whereas lipid
domains in plasma membrane are postulated to be tiny (nanometers) (Lenne and Nicolas, 2009).
Additionally, the temperature T. below which Lo/Ld domains start to form in plasma membrane
derived vesicles is distinctly below T = 37°C (Sezgin et al., 2012), and so its relevance at physiological
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elLife digest All cells are surrounded by a lipid membrane that protects the cell, controls the
movement of molecules into and out of the cell, and passes messages about environmental
conditions to the cell. This membrane is made of two layers of molecules called lipids, with various
proteins embedded in it. There are many different types of lipid molecules that together help to
keep the membrane flexible. Moreover, lipid molecules of particular types can also come together
to form ‘rafts’ that help the membrane to carry out its various roles.

Given the complexity of the cell membrane, cell biologists often use simpler model membranes
and computer simulations to explore how the different types of lipid molecules are organized within
the membrane. According to the ‘picket fence’ model the cell membrane is divided into small
compartments as a result of its interaction with the dense network of actin fibers that acts as a
skeleton inside the cell.

Recent computer simulations have predicted that these interactions can influence the
distribution of lipids and proteins within the membrane. In particular, they can prevent the drastic
re-arrangement of lipids into regions of high and low viscosity at low temperature. This temperature
dependent re-arrangement of the membrane is known as lipid phase separation.

Honigmann et al. have now used computer simulations and two advanced techniques—
super-resolution optical STED microscopy and fluorescence correlation spectroscopy—to explore
the properties of a model membrane in the presence of a dense network of actin fibers in fine
detail. The results show that, in agreement with the simulation predictions of the ‘picket fence’
model, the actin fibers bound to the membrane prevent lipid phase separation happening at low
temperatures. Moreover, the actin fibers also help to organize the distribution of lipids and proteins
within the membrane at physiological temperatures. Honigmann et al. also suggest that the actin
fibers cause the membrane to curve in a way that can reinforce the influence of the ‘picket fence’.

The results show that the ‘raft’ and ‘picket fence’ models are connected, and that a cell can
control the properties of its membrane by controlling the interactions between the membrane and
the actin fibers that make up the skeleton of the cell.

DOI: 10.7554/eLife.01671.002

temperature requires further justification. In the case of a free-standing membrane (i.e., in the absence
of an actin cortex), experiments have shown that lipid domains at temperatures above T, can be
induced by crosslinking low abundant membrane constituents (Hammond et al., 2005; Lingwood
et al., 2008). Furthermore, there are numerous theoretical proposals of how a finite domain size above
T. might be accounted for: vicinity of a critical point (Honerkamp-Smith et al., 2009), hybrid lipids
(Palmieri and Safran, 2013), coupling between composition and membrane curvature (Schick, 2012),
electrostatic forces (Liu et al., 2005).

In addition to this, the cortical cytoskeleton has also been identified as a key player affecting mem-
brane domain formation (Kusumi et al., 2005). The latter is a dense fiber network of actin and spectrin
on the cytoplasmic side of the eukaryotic plasma membrane. This network is connected to the mem-
brane via pinning sites, such as lipid-binding proteins, transmembrane proteins, or membrane-attached
proteins (Janmey, 1998; Mangeat et al., 1999, Janmey and Lindberg, 2004; Saarikangas et al., 2010).
This has led to the hypothesis of the membrane being laterally compartmentalized: the pinning sites
structure the membrane into small compartments whose perimeters are defined by the underlying
actin network (the so-called ‘picket-fence’ model). This picket-fence network then acts as a barrier to
diffusion, which elegantly accounts for confined diffusion of lipids and proteins observed in a single
molecule tracking experiments (Kusumi et al., 2005). In a recent series of simulations, it was subse-
quently shown that a picket-fence network also acts as a barrier to macroscopic phase separation of
lipids (Ehrig et al., 2011; Fischer and Vink, 2011; Machta et al., 2011). Instead, a stable mosaic of
Lo and Ld domains is predicted, with a domain structure that strongly correlates to the actin fibers.
Moreover, this mosaic structure already appears at physiological temperatures. These simulation find-
ings are promising in view of the lipid raft hypothesis, since rafts are postulated to be small, as
opposed to macroscopic.

In this paper, we present the first experimental confirmation of these simulation results. To this end,
we use an in vitro model system consisting of a supported lipid bilayer bound to an actin network.
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Complementing previous studies (Liu and Fletcher, 2006; Subramaniam et al., 2012; Heinemann
et al., 2013; Vogel et al., 2013), our system enables direct observation of Lo/Ld domain formation in
the presence of a lipid bound actin network using superresolution STED microscopy (Hell and
Wichmann, 1994, Hell, 2007) and fluorescence correlation spectroscopy (FCS) (Magde et al., 1972,
Kim et al., 2007). Based on our results, we propose an extension of the picket-fence model by
including a coupling of the local membrane curvature to the membrane composition. Computer simu-
lations of this extended model show that the pinning effect of the actin network is dramatically
enhanced by such a coupling. These results imply that even a low density of pinning sites can induce
significant structuring of lipids and proteins in the plasma membrane.

Results

Experimental results

Domain formation in membranes without actin

Our model system is a lipid mixture of unsaturated DOPC, saturated DPPC, and cholesterol. Such
ternary mixtures are routinely used to approximate the complex lipid composition of the eukaryotic
plasma membrane (Dimova et al., 2006). The phase diagram for this system in the absence of actin is
well known (Veatch and Keller, 2003). For a large range of compositions this system reveals macro-
scopic Lo/Ld phase coexistence below the transition temperature T, while above T, they are homog-
enously mixed. The size, shape, and the exact phase transition temperature of Lo/Ld domains
depend on the specific model membrane system used. Domains grow largest in unsupported mem-
branes (Honigmann et al., 2010), they are smaller in Mica supported membranes (Jensen et al.,
2007) and are below the diffraction limit on glass-supported membranes (Honigmann et al., 2013).
Depending on the composition, the transition to the coexistence region can be first-order, or contin-
uous passing through a critical point. In the present work, we choose a composition ratio of
(DOPC:DPPC:cholesterol) = (35:35:30) mol%, including 1 mol% of a biotinylated lipid (DOPE-biotin) to
eventually connect the membrane to an actin network. To facilitate high-resolution microscopy flat,
single membranes of that mixture were prepared on a Mica support. After membrane preparation the
sample was heated to T = 37°C for 15 min to equilibrate the bilayer in the mixed phase. At this stage,
the connector protein streptavidin was bound to the biotinylated lipid (but not yet to actin). After this
preparation the membrane was slowly cooled and the distribution of the red fluorescent Ld-marker
(DPPE-KK114) was determined by superresolution STED imaging. Visual inspection of images revealed
that, upon cooling, there is a well-defined temperature at which Lo/Ld domains became visible
(Figure 1A). This temperature is around T, = 28°C and thus marks the transition between the mixed
one-phase state at high temperature, and the low-temperature two-phase coexistence state. This
phase transition temperature is close but slightly decreased compared to the reported value for
lipid vesicles made of the same mixture (T, ~ 30°C [Veatch et al., 2004]). At T., domains were con-
stantly forming and re-forming, implying that the line tension is small, and so the transition is close to
critical. The transition from a one-phase to a Lo/Ld separated two-phase membrane can be analyzed
more quantitatively via the cumulant U, of the images (see ‘Materials and methods’ for definition). In
the one-phase region, U, = 1/2, whereas for a two-phase system U, = 1 (Binder, 1981; Fischer and
Vink, 2011). As shown in Figure 1C, U; markedly dropped toward unity below T.. Once the membrane
enters the two-phase region, domains were seen to coarsen within a couple of minutes. The typical
domain size R was obtained from the radial distribution function g(r) of the images. As shown in
Figure 1D, R increased rapidly at T, from <75 nm to >200 nm, and continued to grow into the near
micrometer range as the temperature was lowered further. These findings are consistent with atomic
force microscopy experiments (Connell et al., 2013), where the transition was shown to be continuous
as well. The observation that the domains do not fully coalesce at low temperature (as opposed to
free-standing membranes) can be attributed to the interaction of the membrane with the mica support
(Jensen et al., 2007). Our data do not allow the nature of the transition to be unambiguously identi-
fied. We emphasize, however, that this does not affect the overall conclusions of our work. All that we
require is that the system without actin reveals two-phase coexistence at low temperatures.

Domain formation in membranes with actin
Having characterized the phase behavior of the membrane without actin, we heated the same
membrane back to the mixed state at T = 37°C to bind actin fibers via phalloidin-biotin to the
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Figure 1. Binding of an actin network to ternary membranes dramatically affects lipid domain structure. (A) In the
absence of actin, our Mica supported model membrane revealed a phase transition at T. ~ 28°C, below which
macroscopic Lo/Ld phase separation was observed. The membrane was stained with the Ld-marker DPPE-KK114
(magenta), and imaged by STED-microscopy with a lateral resolution of 70 nm. (B) The same membrane as in
(A) but now in the presence of an actin network (green) bound to the membrane via a streptavidin linker. The Ld
domains were strongly correlated to the actin network, as can be seen in the overlay, resulting in a meshwork like
structure of Ld channels. This structure was stable even at temperatures above T.. (C) Variation of the cumulant

U, of the images with temperature T in the absence of actin (red) and presence (blue). In the absence of actin, there
is a transition toward a two-phase coexistence region at low temperature, as manifested by a pronounced drop of
U, toward unity. The transition occurs at T. ~ 28°C. In the presence of actin, no such transition is detected. (D)
Typical domain size R as a function of T. In the absence of actin, there was pronounced domain coarsening below
T.. In the presence of actin, R was essentially temperature independent, and restricted to at most 90 nm. Note that
R could not be measured for temperatures above T = 32°C as the contrast of the domains became too low. (E)
Pearson correlation coefficient (PCC) between Ld domains and actin vs temperature. This coefficient
measures the degree of correlation between Ld domains and the actin fibers. The correlation is largest at low
temperature, but it persists at high temperature also, including the physiological temperature T = 37°C. Inset
shows the graphical representation of the correlation between high intensities in the actin channel with high
intensities in the lipid channel (Id phase). For another example of phase reorganization by actin binding

see Figure 1—figure supplement 1. For actin meshwork binding to single component DOPC membranes

see Figure 1—figure supplement 2.

DOI: 10.7554/eLife.01671.003

The following figure supplements are available for figure 1:

Figure supplement 1. Phase organization by the actin-network.

DOI: 10.7554/eLife.01671.004

Figure supplement 2. Actin-network density and lipid diffusion dependence on the concentration of biotinylated
lipids. The data refer to a single lipid species (DOPC) supported bilayer at T = 22°C.

DOI: 10.7554/eLife.01671.005

Figure supplement 3. Molecular sketch of the assembled components in our model system.

DOI: 10.7554/eLife.01671.006

Figure supplement 4. Optical setup for STED imaging and scanning FCS with pulsed excitation and pulsed STED
laser and according beam paths (excitation orange/blue and STED dark red).

DOI: 10.7554/eLife.01671.007
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streptavidin-biotin-lipid complexes (a molecular sketch is provided in Figure 1—figure supplement 3).
The resulting binding sites strongly attract the Ld phase with a partitioning value of Lo% = 10 for
DOPE-biotin (Figure 3—figure supplement 1). The actin fibers were stained with a green fluorescent
phalloidin. After the actin meshwork was bound to the membrane, the temperature was again
decreased, and the distributions of the Ld marker DPPE-KK114 and the actin were imaged simultane-
ously using (superresolution) STED and (diffraction limited) confocal microscopy, respectively. Visual
inspection of images (Figure 1B) revealed that, with actin, domains already appeared at T ~ 37°C. The
spatial domain structure, however, was very different compared to the actin-free case. We observed a
partitioning of the membrane into compartments of Lo-enriched domains, separated by ‘channels’ of
Ld-enriched domains. These channels were clearly correlated to the actin fibers (middle row), as shown
in the overlay (lower row). This correlation was analyzed quantitatively via the Pearson measure (PCC),
which is an estimate of the colocalization between the Ld domains and the actin fibers (see ‘Materials
and methods’ for definition). In general, a large value PCC>0 indicates a pronounced overlay of struc-
tures, PCC = 0 indicates randomly distributed objects, whereas PCC<0 represents inverted features
(i.e., anti-correlations). We observed that PCC is largest at low temperature, implying that the correla-
tion between Ld domains and actin is strongest there (Figure 1E). However, PCC remains finite at high
temperatures also, with a significant correlation up to our highest accessible temperatures of T = 37°C,
which is a stunning 9°C above T, of the actin-free membrane. For T > 28°C, the decrease of PCC is
approximately linear. This decrease was caused by an increasingly even partitioning of the Ld-marker,
and not by a redistribution of Ld domains away from the actin fibers (as follows from Figure 1B, where
correlated domains remain clearly visible at T = 37°C). In contrast to the actin-free case, our data sug-
gest that there is no phase transition associated with the formation of the domain structure: Neither
the cumulant nor the domain size revealed any pronounced temperature dependence (Figure 1C,D).
Also the variation of PCC with temperature is entirely smooth, and does not indicate a transition either.
Furthermore, in the presence of actin, the average domain size was significantly smaller, R ~ 90 nm at
most, and no coarsening was observed. Our conclusion is that the phase transition of the actin-free
membrane is effectively eliminated by the actin network, in line with theoretical expectations (Fischer
and Vink, 2011; Machta et al., 2011).

As control experiment, we also considered a single component bilayer (DOPC) bound to actin. In this
case, no domains were induced by the actin (Figure 1—figure supplement 2). Additionally, we excluded
the possibility that the actin-correlated phases were induced by the green-fluorescent phalloidin. To this
end, we stained the membrane with the Ld-marker (red) and the Lo marker (green) but not the actin itself.
The result was a comparable structure as observed in Figure 1B, see Figure 1—figure supplement 1.

The lateral diffusion of lipids is restricted by actin-organized domains

To determine the lateral movement of lipids in the membrane in relation to the actin fibers, we applied
scanning FCS (Digman et al., 2005; Ries and Schwille, 2006; Digman and Gratton, 2009). We used
the same system as described above, but now with a lower density of actin such that single fibers could
be resolved by confocal microscopy. The temperature was set to T = 32°C, that is slightly above T, of
the actin-free membrane. As a control, we started with actin fibers on a single component DOPC
membrane including 1 mol% DOPE-biotin (compare Figure 1—figure supplement 2B). A small circle
(diameter d = 500 nm) was scanned over a single actin fiber, as depicted in Figure 2E. For each posi-
tion on the circle, the diffusion of the Ld-marker was determined by standard FCS analysis (Kim et al.,
2007). The upper panel in Figure 2A shows the intensity of the Ld-marker (red) and of the actin marker
(green) along the scan circle for the single component membrane (A). The intensity maximum of the
green channel indicates the position of the actin fiber (corresponding to 0 and 180°), the intensity of
the red channel shows the corresponding distribution of the Ld marker. In the single component mem-
brane, the Ld marker was homogenously distributed. The lower panels of Figure 2A shows the decay
of the autocorrelation function of the Ld marker measured along the scan circle, with the color repre-
senting the amplitude of the correlation. For the single component membrane, the autocorrelation
analysis revealed no significant differences in mobility between areas with actin and without. Next, we
used the same data to determine the diffusion of lipids across the scanning circle by calculating the
pair-correlation function of ‘opposing’ pixels on the scanning circle, that is pixel pairs that are sepa-
rated by a rotation of 180° (Cardarelli et al., 2012). This correlation measures how long the probe on
average needs to diffuse across the circle and is therefore more sensitive to detect diffusion barriers
than the autocorrelation analysis of a single excitation spot. The resulting pair-correlation is shown in
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Figure 2. Lipid diffusion was restricted by actin-organized domains. (A) Scanning-FCS (mobility) analysis of the

Ld marker DPPE-KK114 in a single component DOPC membrane in the presence of a low density actin meshwork.
The upper panel shows the intensity of the green channel (actin) and red channel (Ld marker), indicating the
position of the actin fiber on the scan orbit (perpendicular lines). The lower panel depicts the auto-correlation
decay for each pixel along the circular scan orbit with a diameter of d = 500 nm. The normalized auto-correlation
amplitude is represented by the color. The mean transit time through the excitation spot (mobility) can be
estimated by the transition from yellow to green. As expected the mobility along the scan orbit was homogenous.
(B) Pair-correlation analysis of the same data as in A for opposing pixels on the scan orbit. The maxima in the
pair-correlation represent the average time the probes need to move across the scan orbit. No significant direc-
tional dependence of the mobility was observed in case of simple one component membranes. (C) Same as in (A)
but for ternary membranes (same composition as in Figure 1). (D) While the auto-correlation analysis seemed to be
homogenous a distinct directional dependence of diffusion was revealed by the pair-correlation. In the direction
along the actin fiber, a distinct correlation peak is visible with a maximum at T~ 40 ms. In the perpendicular
direction, the correlation amplitude is reduced, which indicates a diffusion barrier along this axis. (E) Representation
of the scanning orbit over a single actin fiber bound to the membrane. The numbers represent the angles of the
orbit (F). Qualitative representation summarizing the results of the pair-correlation analysis with pronounced
diffusion along (drawn arrow) and restricted diffusion perpendicular to the actin fiber (dashed arrow).

DOI: 10.7554/eLife.01671.008

Figure 2B. For the single component membrane, the amplitude and correlation time revealed no clear
directional dependence. The average correlation time across the circle was T ~ 30 ms, indicating that
the pinning of the actin filament imposed no significant diffusion barrier for lipids. These results are in
agreement with point FCS measurements on single component membranes in the presence of increas-
ing actin densities, which are reported in Figure 1—figure supplement 2E. Also here, the lateral dif-
fusion was remarkably insensitive to the presence of actin.

In contrast to the single component membrane, a pronounced directional dependence of lipid
diffusion was observed in the ternary system. The intensity distribution of the Ld-marker showed
a slight increase at the position of the actin fiber (upper panel Figure 2C), indicating a stabilized
Ld phase along the actin fiber. While the autocorrelation analysis along the scan trajectory indicated
no clear heterogeneities (lower panel Figure 2C), the pair-correlation function revealed strong peaks
at 0 and 180° (i.e., along the actin filament) at delay times T ~ 30-50 ms (Figure 2D). In the direction
perpendicular to the actin fiber, a much weaker amplitude was observed, with the peak shifted to
longer times T > 50ms. This indicates that the actin stabilized Ld domains favored the diffusion of the
Ld marker within the domain (and thus along the actin fiber), while restricting diffusion across domain
boundaries. These findings strikingly confirm the simulation prediction of Machta et al. (2011), where
lipid domains stabilized by actin pinning were also found to ‘compartmentalize’ lipid diffusion.

Influence of the type of lipid-pinning site on domain structure
We next consider how domain formation is affected when different pinning sites are used to bind the
membrane to the actin network. To this end, we compared three biotinylated lipids with different
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partitioning values: DOPE-biotin (i.e., the same as used in the experiment of Figure 1) that partitions
strongly into the Ld phase (Lo% = 11 = 2), DSPE-PEG-biotin that partitions predominantly in the
Lo phase (Lo% = 78 + 7), and DPPE-biotin that partitions almost equally in both phases (but with a
small preference toward the Lo phase, Lo% = 59 + 5). The experimental procedure to determine the
Lo% is outlined in Figure 3—figure supplement 1. In Figure 3A, we show confocal images of the
domain structure for the Ld-preferring pinning lipid DOPE-biotin. The figure confirms the previous
experiment of Figure 1B: We again observe the formation of Ld domains along the actin fibers, as
expressed by a positive Pearson coefficient PCC = 0.55 = 0.02. Pinning of the Lo-preferring lipid
DSPE-PEG-biotin induced an ‘inverted’ domain structure, yielding a negative PCC = —0.37 = 0.04

Ld Marker

Lo/Ld pinni‘ng Ld pinning

Lo pinning

2pm

Figure 3. The type of pinning site used to bind actin to the membrane strongly affects the domain structure. The
Ld phase (left column, magenta) were stained with DSPE-KK114, while actin (middle column, green) was stained
with phalloidin-488. The right column shows the overlay of both images. The membrane was imaged by confocal
microscopy at T = 19°C, using the same lipid composition as in Figure 1. (A) Binding of actin to the Ld preferring
lipid DOPE-biotin resulted in Ld domains along the actin fibers (as in Figure 1B, PCC = 0.55 + 0.02). (B) When actin
was bound to DPPE-biotin, the correlation of domains with the actin fibers was significantly reduced, but remained
detectable, with a slightly positive Pearson coefficient (PCC = 0.07 + 0.03). (C) Binding of actin to the Lo preferring
lipid DSPE-PEG-biotin resulted in correlated Lo domains along the actin fibers, that is the ‘inverse’ structure of (A).
In this case, the Pearson coefficient was negative (PCC = —0.37 + 0.04). For the lipid phase partitioning values of
the biotinylated lipids used in this experiment see Figure 3—figure supplement 1.

DOI: 10.7554/eLife.01671.009

The following figure supplements are available for figure 3:

Figure supplement 1. Lipid phase partitioning of biotinylated lipid-streptavidin complexes without actin.

DOI: 10.7554/eLife.01671.010
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(Figure 3C). The binding of actin to DPPE-biotin did not result in a strong localization of lipid domains
along the fibers, as manifested by a small ‘but positive’ PCC = 0.07 + 0.03 (Figure 3B). The result of
Figure 3B is surprising, since DPPE-biotin slightly prefers the Lo phase, and so a ‘negative’ PCC was
expected. Notwithstanding that several mechanisms could be responsible for this (e.g., streptavidin
binding to biotinylated lipids may induce lipid disorder by steric or electrostatic interactions with the
membrane), it is interesting that a coupling between membrane composition and curvature also brings
about this effect. To illustrate this point, we resort to computer simulations, where important parame-
ters such as pinning density and phase partitioning of pinning sites can be systematically varied.

Simulation results

We simulated a phase separating membrane coupled to a picket-fence network resembling actin using
a model similar to Machta et al. (2011) but extended to include membrane curvature. The energy
contains three terms: H,;,, = Hyepin + Higing + H, (‘Materials and methods’). The first term describes the
membrane elastic properties using the Helfrich form (Helfrich, 1973), with bending rigidity k, and
surface tension g, the second term describes the phase separation using a conserved order parameter
Ising model; the third term couples the phases to the local membrane curvature. The strength of the
curvature coupling is proportional to the product of k and the spontaneous curvature difference
between Lo and Ld domains (‘Materials and methods’). Since there is a substantial range in the
experimentally reported values of k and 0, a large uncertainty (about one order of magnitude) in the
strength of the curvature coupling is implied (Schick, 2012). For this reason, we allow the curvature
coupling strength to be scaled by a (dimensionless) factor g in our analysis. The latter is defined such
that, for g > 0, regions of positive curvature favor unsaturated lipids, that is Ld domains. For g = 0 our
model reduces to the one of Machta et al. (2011). In situations where curvature coupling is known to
occur, one should restrict g to finite positive values. The influence of the actin network is incorporated
via (immobile) pinning sites, which are distributed randomly along the actin fibers (linear pinning
density p,). At the pinning sites, there is a preferred energetic attraction to one of the lipid species
(set by the Lo%). The pinning sites also locally fix the membrane height h, which we model by keeping
h =0 at these locations (we assume the actin network to lie in a flat plane, providing the reference
from which the membrane height is measured). Additionally, there is a steric repulsion between the
membrane and the actin: directly underneath the actin fibers, the membrane height is restricted to
negative values h < 0.

We first consider DPPE-biotin pinning sites that slightly prefer Lo domains (Lo% = 59 * 5).
Interestingly, the corresponding experiment (Figure 3B) revealed a positive PCC, implying a weak
alignment of Ld domains along the actin fibers instead. This contradiction can be rationalized, how-
ever, when one considers the membrane curvature. In Figure 4G, we show how the simulated PCC
varies with the curvature coupling parameter g, using pinning density p, = 0.1/nm, corresponding to
20% of the total actin network being pinned. The key observation is that, at g ~ 20, the PCC changes
sign and crosses the experimental value. We emphasize that the simulation data were not corrected
for the optical point spread function (PSF) of the experiment; by artificially broadening the simulation
images, lower values g ~ 10 were obtained, precluding a precise determination. In addition, the value
of g, where the PCC changes sign also depends on the pinning density: by increasing p,, also g must
increase to result in a positive PCC. In qualitative terms, the change of sign in the PCC reflects a com-
petition between two effects: an energetic attraction between DPPE-biotin and saturated lipids, favor-
ing alignment of Lo domains, vs a curvature-induced repulsion of these lipids away from the actin
fibers. Due to the steric repulsion between the membrane and the actin fibers, the preferred curvature
around the fibers is positive on average, thereby favoring Ld domains. At large g, the latter effect
dominates, yielding a positive Pearson coefficient. In Figure 4E, we show a typical snapshot corre-
sponding to g = 20 and p, = 0.1/nm. In agreement with the experiment of Figure 3B, we observe a
structure of small domains. In contrast, by using g = 0, the domains grow to be much larger (Figure 4B),
contradicting the experimental observations.

Our model also predicts that, in the presence of curvature coupling, the pinning density required
to induce domain alignment along the actin fibers can be much smaller. Previous simulations corre-
sponding to g = 0 (Ehrig et al., 2011; Machta et al., 2011) required rather large pinning densities,
Pp ~ 0.2 = 1.25/nm, in order to achieve this. In Figure 4A, we show a typical domain structure using
DOPE-biotin pinning sites (Lo% = 11 * 2) at pinning density p, = 0.1/nm in the absence of coupling to
curvature (g = 0). Figure 4D shows the corresponding snapshot in the presence of curvature coupling,
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Figure 4. Simulation analysis of the influence of pinning and curvature coupling on lipid phase organization. All
data refer to T = 19°C. The Ld lipids are shown as magenta, the Lo lipids as black, and the actin network is shown in
green as an overlay. The pinning density p, = 0.1/nm. (A-C) Simulation snapshots obtained without coupling to
curvature (g = 0) for the three species of pinning sites used in the experiments: Lo% = 11 + 2 (A), Lo% = 59 + 5 (B),
and Lo% =78 + 7 (C). No significant influence of the actin network is apparent. (D-F) Same as (A-C) but in the
presence of curvature coupling (g = 20). For snapshots (D) and (F), the lipid domains strongly correlate to the actin
network, with Ld domains favoring actin in (D), and the inverse pattern in (F). The lower panels show height profiles
of the images (D-F) scanned horizontally along the center of the image; the green dots indicate the positions of
the actin fibers. (G) Pearson correlation coefficient PCC vs the curvature coupling g for the pinning species with
Lo% = 59 + 5. For weak curvature coupling, the PCC is negative indicating alignment of Lo domains along actin.
By increasing the curvature coupling, the PCC becomes positive and ‘'meets’ the experimentally observed value
(conform Figure 4B).

DOI: 10.7554/eLife.01671.011

using g = 20, which is the value of Figure 4G where the PCC changed sign. To reproduce the experi-
mentally observed domain structure (Figure 3A) at low pinning densities, curvature coupling is thus
essential. In Figure 4D, the average Ld domain size Ry, ~ 40 nm, which is somewhat below R,, = 90 nm
of the experiment (Figure 1D). Note, however, that the experimental value likely presents an
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upper-bound, due to broadening by the PSF. The case of DSPE-PEG-biotin pinning sites (Lo% = 78 = 7) is
considered in Figure 4C,F. Again, curvature coupling is required to reproduce the (now inverted)
domain structure of the experiment (Figure 3C). In the presence of curvature coupling, the length
scale over which the effect of a pinning site propagates is thus enhanced dramatically. This is due to
the elastic properties of the membrane: the bending rigidity and the surface tension define a
length &, = (k/0)'? (Schick, 2012), which sets the scale over which the membrane height deformations
propagate (for our model parameters & ~ 100 nm). When g > 0, this scale couples to the composition,
in which case a reduced pinning density already suffices to induce domain alignment. We emphasize
that &, is essentially independent of temperature, and so it is not necessary for the membrane to be
close to a critical point.

Also included in Figure 4 are typical membrane height profiles for the snapshots with curvature
coupling (D,E,F) scanned along a horizontal line through the center of each image. These profiles
qualitatively illustrate the curvature coupling effect: Ld domains (magenta) reveal positive curvature on
average, while for Lo domains (black) the curvature is on average negative. In the absence of coupling
to actin and g = 0, the typical root-mean-square height fluctuation is h ~ 3.6 nm. In the presence of
actin and curvature coupling, these fluctuations are significantly reduced to h ~ 2nm, which is very
close to the value reported in Speck et al. (2010).

Discussion

We have presented an experimental model system in which the response of membrane organiza-
tion to a bound actin network can be accurately probed using superresolution STED microscopy and
FCS. The application of our model system to a single component liquid-disordered membrane
shows that actin has only a minor influence on the lateral distribution and dynamics of lipids
(Figure 1—figure supplement 2, as well as Figure 2A,B). In contrast, under the same conditions
using a ternary membrane, the effects are dramatic. In particular, by binding actin using pinning sites
that attract the Ld phase, earlier simulation predictions (Ehrig et al., 2011; Fischer and Vink, 2011,
Machta et al., 2011) could finally be put to a stringent test. In agreement with these simulations,
our experiments confirm the absence of macroscopic phase separation in the presence of actin.
Additionally, our experiments revealed the alignment of Ld domains along the actin fibers, leading to
a channel-like domain structure very similar to structures observed in simulations (Ehrig et al., 2011;
Fischer and Vink, 2011; Machta et al., 2011). Finally, in agreement with the simulations of Machta
et al. (2011), the enhanced diffusion of unsaturated lipids along the Ld channels, and the hindered
diffusion of these lipids in directions perpendicular, was confirmed. These findings demonstrate that
relatively simple simulation models are capable to capture key essentials of lateral membrane organi-
zation and dynamics.

However, by using pinning sites that weakly attract the Lo phase, our experiments also uncover
phenomena that cannot be explained using these simulation models. The paradox is that, for the latter
type of pinning site, one still observes alignment of Ld domains along the actin fibers, albeit weak. This
indicates that there must be additional mechanisms at play—beyond the level of the pinning-lipid
energetic interaction—playing a role in the lateral organization of the membrane. As possible candi-
date for such a mechanism, we considered the local membrane curvature, and a coupling of the latter
to the lipid composition (Schick, 2012). A simulation model that incorporates these ingredients is able
to reproduce the experimentally observed alignment of Ld domains, even when the pinning sites
themselves energetically favor the Lo phase. The physical explanation is that the actin network locally
induces regions with non-zero average curvature. The coupling of the curvature to the composition
then causes these regions to prefer certain types of lipids. Provided the coupling is strong enough, it
can overcome the pinning-lipid energetic interaction, which is how we interpret the experimental
result. An additional finding is that, in the presence of curvature coupling, the effect of a pinning site
extends over a much greater distance (set by the elastic properties of the membrane). Hence, the
pinning density can be much lower compared to models where such a coupling is absent. We empha-
size once more that curvature coupling is not the only conceivable mechanism that could account for
our experimental findings. However, a recent experimental study (Kaizuka and Groves, 2010) of
membrane phase separation using intermembrane junctions did uncover a very pronounced curvature
coupling, making this a likely candidate.

There are interesting implications of our results concerning the in vivo organization of the plasma
membrane. Our experiments show that the type of lipid domain selected to be stabilized depends
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sensitively on the properties of the pinning species. A similar phenomenon, albeit on a larger scale,
was observed by crosslinking GM1 with cholera toxin B (Hammond et al., 2005; Lingwood et al.,
2008). Since the stabilized phase is determined by the properties of the pinning species, cells could
locally sort their membrane components in this way. Moreover, this sorting mechanism persists to
physiological temperatures, that is above the temperature of phase separation. At the same time, the
pinning sites would naturally prevent the plasma membrane from phase separating at low tempera-
tures. In the presence of curvature coupling, these effects are enhanced. We note that the proposed
curvature effect in our experiments was likely limited by the Mica support. However, since the energy
cost of lipid extraction far exceeds that of membrane de-adhesion from the support (Helm et al.,
1991; Lipowsky and Seifert, 1991), we still expect some effect. In free-standing membranes, or in cell
membranes, the curvature-coupling is anticipated to be stronger. The recent findings of Kaizuka and
Groves (2010) seem to support this view.

Materials and methods

Preparation of mica supported membranes

Mica (Muscovite, Pelco, Ted Pella, Inc., Redding, CA) was cleaved into thin layers (~10 pm) and glued
(optical UV adhesive No. 88, Norland Products Inc., Cranbury, NJ) onto clean glass cover slides. Immediately
before spin-coating the lipid solution, the MICA on top of the glass was cleaved again to yield a thin
(~1 um) and clean layer. Next, 30 pl of 2 g/l lipid solution in Methanol/Chloroform (1:1) were spin-coated
(2000 rpm, for 30 s) on top of the MICA. To remove residual solvent, the cover slide was put under vacuum
for 20 min. The supported lipid bilayer was hydrated with warm (50°C) buffer (150 mM NaCl Tris pH 7.5)
for 10 min and then rinsed several times to remove excess membranes until a single clean bilayer
remained on the surface. All lipids were purchased from Avanti Polar Lipids, Inc., AL USA. The Ld
phase was stained with far-red fluorescent DPPE-KK114 (Kolmakov et al., 2010) or green fluorescent
DPPE-OregonGreen-488 (Invitrogen, Darmstadt, Germany). The Lo phase was stained with DSPE-
PEG(2000)-KK114 or DSPE-PEG(2000)-Cromeo-488 (Honigmann et al., 2013). For imaging experiments,
the concentration of fluorescent lipids was ~0.1 mol%,; for FCS experiments ~0.01 mol% was used.

Actin binding to supported membranes

Supported lipid bilayers were doped with biotinylated lipids (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(cap biotinyl) (DOPE-biotin), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-(cap biotinyl) (DPPE-biotin), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene
glycol)-2000] (DSPE-PEG-biotin), also purchased from Avanti) that were used to bind actin fibers
to the membrane. The following procedure was performed at 37°C to keep the membrane in the one
phase region: The bilayer was incubated with 200 ul of 0.1 g/I streptavidin for 10 min and then rinsed
several times to remove unbound streptavidin. Next, the membrane was incubated with 200 pl of 1 yM
biotinylated phalloidin (Sigma-Aldrich, Steinheim, Germany) for 10 min and then rinsed several times
to remove unbound phalloidin. Pre-polymerized actin fibers (500 pl with 7 pg/ml actin; Cytoskeleton
Inc., Denver, USA) were then incubated with the membrane for 20 min and then rinsed several
times to remove unbound actin. In case actin fibers were imaged, the actin was stained with green
fluorescent phalloidin (Cytoskeleton Inc.). The membrane bound actin network was stable for at
least 24 hr. The density of the actin network was controlled by the amount of biotinylated lipids in
the membrane (Figure 1—figure supplement 2).

Simulation model

The local membrane height h(x,y) is a function of the lateral coordinates x and y, which are discretized
on the sites of a LxL periodic lattice, L = 400a, with lattice constant a = 2 nm. The membrane elastic
energy Hoicn = Zaz(/-c(vzh)2 +U(Vh)2)/2, with the sum over all lattice sites, and V the gradient oper-
ator (Helfrich, 1973). The first term is the bending energy; the second term reflects the cost of
area deformations. We use typical values, k ~ 2.7 x 10=""Nm and g ~ 2 x 10—°N/m, at the same time
emphasizing that there is a considerable spread in the reported values of these quantities (Schick,
2012). This holds especially true for g, whose value near a support may well be different. This, in turn,
implies a large spread in the coupling to curvature strength (Schick, 2012). As stated before, we adopt
the approach keeping k and ofixed, while allowing the curvature coupling strength to vary. To describe
phase separation, we introduce the local composition s(x,y), which reflects the lipid composition
at site (x,y). Experiments indicate that phase separation in membranes (without actin) is compatible
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with the universality class of the Ising model (Magde et al., 1972, Honerkamp-Smith et al., 2009). We
therefore use a two-state description, s(x,y) = +1, where the positive (negative) sign indicates that the
site is occupied by a saturated (unsaturated) lipid, leading to H,, = -JYs(x,y)s(x,y), with the sum
over all pairs of nearest-neighboring sites, and coupling constant J > 0. To match the phase transition
temperature of the Ising model to the experiment (Machta et al., 2011), we choose J = 0.44k;T,, with
T. = (273 + 28)K the transition temperature of the membrane without actin, and kg the Boltzmann
constant. It has also been shown experimentally that the membrane height and composition are
coupled via the local curvature (Baumgart et al., 2003; Parthasarathy et al., 2006; Yoon et al.,
2006; Parthasarathy and Groves, 2007, Kaizuka and Groves, 2010). This motivates the term
H, = gK5Ca225V2h, with the sum over all lattice sites, dC ~ 10°m~" the difference in the spontaneous
curvature between Lo and Ld domains (Leibler and Andelman, 1987, Liu et al., 2005; Schick, 2012),
andg > 0 the dimensionless parameter introduced previously to reflect the fact that the model param-
eters are not known very precisely.

To include actin, a network of line segments (line thickness a) was superimposed on the lattice, with
a typical compartment size ~100 nm, close to the experimental value (Figure 1—figure supplement 2F).
This network was the Voronoi tessellation of a random set of points (Ehrig et al., 2011, Machta et al.,
2011). The network was fixed to the membrane via pinning sites, which were immobile, and distrib-
uted randomly along the fibers. The actin network and the pinning sites couple to both the composi-
tion and the membrane height. To realize the former, we replaced the composition variable at each
pinning site by a fixed value s(x,y) = Lo%/50 — 1, where Lo% is the partitioning fraction of the pinning
lipid derived experimentally (Figure 3—figure supplement 1). To couple the pinning sites to the
membrane height, we imposed h(x,y) = 0 at the pinning sites (Speck and Vink, 2012). Additionally, we
included a steric repulsion between the membrane and the actin fibers: lattice sites underneath an
actin fiber have their corresponding height variable restricted to negative values.

Monte Carlo simulation procedure
The model H,

.m Was simulated using the Monte Carlo method. To compute the gradient and Laplace
operators, standard finite-difference expressions were used. The simulations were performed at con-
served order parameter, using equal numbers of saturated and unsaturated lipids. Two types of
Monte Carlo move were used. The first was a Kawasaki move (Newman and Barkema, 1999), whereby
two sites of different composition were chosen randomly, and then ‘swapped’. This move was
accepted conform the Metropolis probability, P, . = min['l ,e'AH’""/"BT], with AH,,  the energy difference,

kg the Boltzmann constant, and T the temperature. The second move was a height move, whereby a

cc

new height was proposed for a randomly selected site; this height was optimally selected from a
Gaussian distribution, as explained in Speck and Vink, 2012. We emphasize that the moves were not
applied to pinning sites. In addition, there is the steric repulsion constraint at sites that overlap with
the actin network: for these sites, height moves proposing a positive value were rejected. Kawasaki
and height moves were attempted with equal a priori probability, with production runs typically lasting
2-10% sweeps, prior of which the system was equilibrated for 4-10° sweeps (one sweep is defined
as L2 attempted moves).

Temperature control of the membrane

The temperature of the membrane and the surrounding buffer was controlled by a water cooled
Peltier heat and cooling stage which was mounted on the microscope (Warner Instruments, Hamden,
CT, USA). The achievable temperature range with this configuration was between 7 and 45°C, with a
precision of 0.3°C. The actual temperature directly over the membrane was measured by a small
thermo-sensor (P605, Pt100, Dostmann electronic GmbH, Wertheim-Reicholzheim, Germany).

Microscopy

All experiments were performed on a confocal custom-built STED microscope whose main features
are depicted in Figure 1—figure supplement 4. The confocal unit of the STED nanoscope con-
sisted of an excitation and detection beam path. Two fiber-coupled pulsed laser diode operating
at Aexc = 635 nm and Aexc = 485 nm with a pulse length of 80 ps (LDH-P-635; PicoQuant, Berlin,
Germany) were used for excitation of the green and far red fluorescence respectively. After leaving the
fiber, the excitation beams were expanded and focused into the sample using an oil immersion objec-
tive (HCXPLAPO 100x, NA = 1.4, Leica Microsystems). The fluorescence emitted by the sample was
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collected by the same objective lens and separated from the excitation light by a custom-designed
dichroic mirror (AHF Analysentechnik, Tuebingen, Germany). In the following, the fluorescence was
focused onto a multi-mode fiber splitter (Fiber Optic Network Technology, Surrey, Canada). The aper-
ture of the fiber acted as a confocal pinhole of 0.78 of the diameter of the back-projected Airy
disk. In addition, the fiber 50:50 split the fluorescence signal, which was then detected by two single-
photon counting modules (APD, SPCM-AQR-13-FC, Perkin EImer Optoelectronics, Fremont, CA). The
detector signals were acquired by a single-photon-counting PC card (SPC 830, Becker&Hickl, Berlin,
Germany). The confocal setup was extended by integrating a STED laser beam. A modelocked
Titanium:Sapphire laser (Ti:Sa, MaiTai, Spectra-Physics, Mountain View, USA) acted as the STED
laser emitting sub-picosecond pulses around ASTED = 780 nm with a repetition rate of 80 MHz. The
pulses of the STED laser were stretched to 250-350 ps by dispersion in a SF6 glass rod of 50 cm length
and a 120 m long polarization maintaining single-mode fiber (PMS, OZ Optics, Ontario, CA). After the
fiber, the STED beam passed through a polymeric phase plate (RPC Photonics, Rochester, NY), which
introduced a linear helical phase ramp 0 < @ < 21 across the beam diameter. This wavefront modifica-
tion gave rise to the doughnut-shaped focal intensity distribution featuring a central intensity zero.
The temporal synchronization of the excitation and STED pulses was achieved by triggering the pulses
of the excitation laser using the trigger signal from an internal photodiode inside the STED laser and
a home-built electronic delay unit, which allowed a manual adjustment of the delay with a temporal
resolution of 25 ps. The circular polarization of the STED and excitation laser light in the focal plane
was maintained by a combination of a A/2 and A/4 retardation plates in both beam paths (B Halle,
Berlin, Germany). Integration of a fast scanning unit enabled rapid scanning of the excitation and STED
beam across the sample plane. A digital galvanometric two mirror-scanning unit (Yanus digital scan
head; TILL Photonics, Gréfeling, Germany) was used for this purpose. The combination of an achro-
matic scan lens and a tube lens in a 4f-configuration (f = 50 mm and f = 240 mm, Leica, Wetzlar,
Germany) realized a stationary beam position in the back aperture of the objective, preventing periph-
eral darkening within the focal plane at large scan ranges, such as vignetting. The maximal frequency
of the Yanus scanner depended on the scan amplitude and varied between 2 and 6 kHz for scan ampli-
tudes up to 150 pm, respectively. The hardware and data acquisition was controlled by the software
package ImSpector (http://www.imspector.de/).

Image analysis

To analyze the temperature-driven phase separation of the membrane (Figure 1C), we calculated the
cumulant U, = [XZ]/“ x|’ where the square brackets [-] denote an average over all pixel values x in the
image. The latter were normalized beforehand such that the mean [x]=0 and the standard deviation
[xz] - [x]2 =1. The average domain size R (Figure 1D) was extracted from the radial distribution function
g(r) of the lipid intensity image, which represents the intensity correlations between two points of
distance r. We observed that g(r) was largest at r = 0, and decayed for r > 0. As a measure of the
domain size R, we used the criterion g(R) = 0.5 x g(0). The Pearson correlation coefficient (PCC)
between the actin and the lipid channels (Figure 1E) was calculated as the covariance of both channels
divided by the product of the standard deviations of both channels. For each temperature up to
5 images from different parts of the sample were analyzed. Vesicles on top of the supported bilayer
(which were visible in the lipid channel as round bright structures) were excluded from the analysis.

Scanning FCS and pair correlation analysis

For the analysis of Figure 2, circular orbits 0.5-1.2 pm in diameter were scanned, at scanning fre-
quency 4 kHz. The scanning orbit was subdivided into 64 pixels. For each pixel i, the fluorescence intensity
F(t) was recorded as a function of time t for a duration of 3060 s. The correlation between two pixels,
i and j, was computed via the pair correlation function (PCF) G, (7)=F(t)F,(t+7)/F (t)F(t)-1,
where () denotes a time average. Figure 2A,C shows the autocorrelation (i = j) of each pixel along the
orbit, whereas Figure 2B,D shows the correlation between pairs of pixels i and j separated by a rota-
tion of 180°. The maximum of the PCF yields an estimate of how long the fluorescent probes on
average need to diffuse from i to j (Digman and Gratton, 2009). To avoid crosstalk between the two
excitation spots, the distance between pairs (i.e., the diameter of the scanning orbit) was at least twice
the size of the observation spot. In case of free Brownian diffusion, the PCF is homogenous around the
scan orbit. In case the diffusion is hindered by obstacles, the maximum of the PCF is shifted to longer
times, and its amplitude is decreased.

Honigmann et al. eLife 2014;3:e01671. DOI: 10.7554/eLife.01671 13 0of 16


http://dx.doi.org/10.7554/eLife.01671
http://www.imspector.de/

e LI FE Research article Biophysics and structural biology

Acknowledgements

We thank Vladimir Belov and Gyuzel Mitronova (MPI Géttingen) for the synthesis of the fluorescent
lipid analogous, and Marcus Miiller (Institute of Theoretical Physics, University of Géttingen) for stim-
ulating discussions.

Additional information

Funding

Funder Grant reference number  Author

German Research SFB-937 (Project A6) Alf Honigmann,

Foundation Sina Sadeghi,
Christian Eggeling,
Richard Vink

Emmy Noether Program  VI-483 Richard Vink

The funders had no role in study design, data collection and interpretation,
or the decision to submit the work for publication.

Author contributions

AH, RV, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or
revising the article; SS, Conception and design, Acquisition of data, Analysis and interpretation of
data; JK, Analysis and interpretation of data, Drafting or revising the article; SWH, Conception
and design, Drafting or revising the article; CE, Conception and design, Analysis and interpretation
of data, Drafting or revising the article

References

Baumgart T, Hess ST, Webb WW. 2003. Imaging coexisting fluid domains in biomembrane models coupling
curvature and line tension. Nature 425:821-824. doi: 10.1038/nature02013.

Baumgart T, Hammond AT, Sengupta P, Hess ST, Holowka DA, Baird BA, Webb WW. 2007. Large-scale
fluid/fluid phase separation of proteins and lipids in giant plasma membrane vesicles. Proceedings of
the National Academy of Sciences of the United States of America 104:3165-3170. doi: 10.1073/pnas.
0611357104.

Binder K. 1981. Finite size scaling analysis of ising model block distribution functions. Zeitschrift for Physik B
Condensed Matter 43:119-140. doi: 10.1007/BF01293604.

Cardarelli F, Lanzano L, Gratton E. 2012. Capturing directed molecular motion in the nuclear pore complex
of live cells. Proceedings of the National Academy of Sciences of the United States of America 109:9863-9868.
doi: 10.1073/pnas.1200486109.

Connell SD, Heath G, Olmsted PD, Kisil A. 2013. Critical point fluctuations in supported lipid membranes.
Faraday Discuss 161:91-111. doi: 10.1039/c2fd20119d.

Digman MA, Gratton E. 2009. Imaging barriers to diffusion by pair correlation functions. Biophysical Journal
97:665-673. doi: 10.1016/j.bpj.2009.04.048.

Digman MA, Brown CM, Sengupta P, Wiseman PW, Horwitz AR, Gratton E. 2005. Measuring fast dynamics in
solutions and cells with a laser scanning microscope. Biophysical Journal 89:1317-1327. doi: 10.1529/
biophysj.105.062836.

Dimova R, Aranda S, Bezlyepkina N, Nikolov V, Riske KA, Lipowsky R. 2006. A practical guide to giant vesicles.
Probing the membrane nanoregime via optical microscopy. Journal of Physics Condensed Matter: an Institute of
Physics Journal 18:51151-51176. doi: 10.1088/0953-8984/18/28/S04.

Ehrig J, Petrov EP, Schwille P. 2011. Near-critical fluctuations and cytoskeleton-assisted phase separation lead to
subdiffusion in cell membranes. Biophysical Journal 100:80-89.

Fischer T, Vink RLC. 2011. Domain formation in membranes with quenched protein obstacles: lateral
heterogeneity and the connection to universality classes. The Journal of Chemical Physics 134:55106.
doi: 10.1063/1.3530587.

Hammond AT, Heberle FA, Baumgart T, Holowka D, Baird B, Feigenson GW. 2005. Crosslinking a lipid raft
component triggers liquid ordered-liquid disordered phase separation in model plasma membranes.
Proceedings of the National Academy of Sciences of the United States of America 102:6320-6325. doi: 10.1073/
pnas.0405654102.

Heinemann F, Vogel SK, Schwille P. 2013. Lateral membrane diffusion modulated by a minimal actin cortex.
Biophysical Journal 104:1465-1475. doi: 10.1016/j.bpj.2010.11.002.

Helfrich W. 1973. Elastic properties of lipid bilayers: theory and possible experiments. Zeitschrift fir
Naturforschung C, A Journal of Biosciences 28:693-703.

Honigmann et al. eLife 2014;3:e01671. DOI: 10.7554/eLife.01671 14 of 16


http://dx.doi.org/10.7554/eLife.01671
http://dx.doi.org/10.1038/nature02013
http://dx.doi.org/10.1073/pnas.0611357104
http://dx.doi.org/10.1073/pnas.0611357104
http://dx.doi.org/10.1007/BF01293604
http://dx.doi.org/10.1073/pnas.1200486109
http://dx.doi.org/10.1039/c2fd20119d
http://dx.doi.org/10.1016/j.bpj.2009.04.048
http://dx.doi.org/10.1529/biophysj.105.062836
http://dx.doi.org/10.1529/biophysj.105.062836
http://dx.doi.org/10.1088/0953-8984/18/28/S04
http://dx.doi.org/10.1063/1.3530587
http://dx.doi.org/10.1073/pnas.0405654102
http://dx.doi.org/10.1073/pnas.0405654102
http://dx.doi.org/10.1016/j.bpj.2010.11.002

e LI FE Research article

Biophysics and structural biology

Hell SW, Wichmann J. 1994. Breaking the diffraction resolution limit by stimulated emission: stimulated-emission-
depletion fluorescence microscopy. Optics Letters 19:780-782.

Hell SW. 2007. Far-field optical nanoscopy. Science 316:1153-1158. doi: 10.1364/0L.19.000780.

Helm CA, Knoll W, Israelachvili JN. 1991. Measurement of ligand-receptor interactions. Proceedings of the
National Academy of Sciences of the United States of America 88:8169-8173. doi: 10.1073/pnas.88.18.8169.

Honerkamp-Smith AR, Cicuta P, Collins MD, Veatch SL, den Nijs M, Schick M, Keller SL. 2008. Line tensions,
correlation lengths, and critical exponents in lipid membranes near critical points. Biophysical Journal
95:236-246.

Honerkamp-Smith AR, Veatch SL, Keller SL. 2009. An introduction to critical points for biophysicists; observations
of compositional heterogeneity in lipid membranes. Biochimica et Biophysica Acta 1788:53-63. doi: 10.1016/
j-bbamem.2008.09.010.

Honigmann A, Walter C, Erdmann F, Eggeling C, Wagner R. 2010. Characterization of horizontal lipid bilayers as a
model system to study lipid phase separation. Biophysical Journal 98:2886-2894. doi: 10.1016/j.bpj.2010.03.033.

Honigmann A, Mueller V, Hell SW, Eggeling C. 2013. STED microscopy detects and quantifies liquid phase
separation in lipid membranes using a new far-red emitting fluorescent phosphoglycerolipid analogue. Faraday
Discuss 161:77-89. doi: 10.1039/c2fd20107k.

Janmey PA, Lindberg U. 2004. Cytoskeletal regulation: rich in lipids. Nature Reviews Molecular Cell Biology
5:658-666. doi: 10.1038/nrm1434.

Janmey PA. 1998. The cytoskeleton and cell signaling: component localization and mechanical coupling.
Physiological Reviews 78:763-781.

Jensen MH, Morris EJ, Simonsen AC. 2007. Domain shapes, coarsening, and random patterns in ternary
membranes. Langmuir: the ACS Journal of Surfaces Colloids 23:8135-8141. doi: 10.1021/1a700647v.

Kaizuka Y, Groves JT. 2010. Bending-mediated superstructural organizations in phase-separated lipid mem-
branes. New Journal of Physics 12:095001. doi: 10.1088/1367-2630/12/9/095001.

Kim SA, Heinze KG, Schwille P. 2007. Fluorescence correlation spectroscopy in living cells. Nature Methods
4:963-973. doi: 10.1038/nmeth1104.

Kolmakov K, Belov VN, Bierwagen J, Ringemann C, Miiller V, Eggeling C, Hell SW. 2010. Red-emitting rhoda-
mine dyes for fluorescence microscopy and nanoscopy. Chemistry 16:158-166. doi: 10.1002/chem.200902309.

Kusumi A, Nakada C, Ritchie K, Murase K, Suzuki K, Murakoshi H, Kasai RS, Kondo J, Fujiwara T. 2005. Paradigm
shift of the plasma membrane concept from the two-dimensional continuum fluid to the partitioned fluid:
high-speed single-molecule tracking of membrane molecules. Annual Review Biophysics Biomolecular Structure
34:351-378. doi: 10.1146/annurev.biophys.34.040204.144637.

Leibler S, Andelman D. 1987. Ordered and curved meso-structures in membranes and amphiphilic films. Journal
of Physics 48:2013-2018. doi: 10.1051/jphys:0198700480110201300.

Lenne P-F, Nicolas A. 2009. Physics puzzles on membrane domains posed by cell biology. Soft Matter 5:
2841-2848. doi: 10.1039/b822956b.

Lingwood D, Ries J, Schwille P, Simons K. 2008. Plasma membranes are poised for activation of raft phase
coalescence at physiological temperature. Proceedings of the National Academy of Sciences of the United
States of America 105:10005-10010.

Lipowsky R, Seifert U. 1991. Adhesion of vesicles and membranes. Molecular Crystals and Liquid Crystals
202:17-25. doi: 10.1080/00268949108035656.

Liu AP, Fletcher DA. 2006. Actin polymerization serves as a membrane domain Switch in model lipid bilayers.
Biophysical Journal 91:4064-4070. doi: 10.1529/biophys].106.090852.

Liu J, Qi S, Groves JT, Chakraborty AK. 2005. Phase segregation on different length scales in a model cell
membrane system. The Journal of Physical Chemistry B 109:19960-19969. doi: 10.1073/pnas.0804374105.

Machta BB, Papanikolaou S, Sethna JP, Veatch SL. 2011. Minimal model of plasma membrane heterogeneity
requires coupling cortical actin to criticality. Biophysical Journal 100:1668-1677. doi: 10.1016/j.bpj.2011.02.029.

Magde D, Elson E, Webb WW. 1972. Thermodynamic fluctuations in a reacting system—measurement by
fluorescence correlation spectroscopy. Physical Review Letters 29:705-708. doi: 10.1103/PhysRevlLett.29.705.

Mangeat P, Roy C, Martin M. 1999. ERM proteins in cell adhesion and membrane dynamics. Trends in Cell
Biology 9:187-192. doi: 10.1016/50962-8924(99)01544-5.

Newman MEJ, Barkema GT. 1999. Monte Carlo methods in statistical physics. Oxford [u.a.]: Clarendon Press.

Palmieri B, Safran SA. 2013. Hybrid lipids increase the probability of fluctuating nanodomains in mixed mem-
branes. Langmuir 29:5246-5261.

Parthasarathy R, Groves JT. 2007. Curvature and spatial organization in biological membranes. Soft Matter
3:24-33. doi: 10.1039/b608631d.

Parthasarathy R, Yu C, Groves JT. 2006. Curvature-modulated phase separation in lipid bilayer membranes.
Langmuir 22:5095-5099. doi: 10.1021/1a0603%900.

Ries J, Schwille P. 2006. Studying slow membrane dynamics with continuous wave scanning fluorescence
correlation spectroscopy. Biophysical Journal 91:1915-1924. doi: 10.1529/biophys|.106.082297.

Saarikangas J, Zhao H, Lappalainen P. 2010. Regulation of the actin cytoskeleton-plasma membrane interplay by
phosphoinositides. Physiological Reviews 90:259-289. doi: 10.1152/physrev.00036.2009.

Schick M. 2012. Membrane heterogeneity: Manifestation of a curvature-induced microemulsion. Physical Review E,
Statistical, Nonlinear, and Soft Matter Physics 85:031902.

Sezgin E, Kaiser H-J, Baumgart T, Schwille P, Simons K, Levental I. 2012. Elucidating membrane structure and
protein behavior using giant plasma membrane vesicles. Nature Protocols 7:1042-1051. doi: 10.1038/
nprot.2012.059.

Honigmann et al. eLife 2014;3:e01671. DOI: 10.7554/eLife.01671 15 of 16


http://dx.doi.org/10.7554/eLife.01671
http://dx.doi.org/10.1364/OL.19.000780
http://dx.doi.org/10.1073/pnas.88.18.8169
http://dx.doi.org/10.1016/j.bbamem.2008.09.010
http://dx.doi.org/10.1016/j.bbamem.2008.09.010
http://dx.doi.org/10.1016/j.bpj.2010.03.033
http://dx.doi.org/10.1039/c2fd20107k
http://dx.doi.org/10.1038/nrm1434
http://dx.doi.org/10.1021/la700647v
http://dx.doi.org/10.1088/1367-2630/12/9/095001
http://dx.doi.org/10.1038/nmeth1104
http://dx.doi.org/10.1002/chem.200902309
http://dx.doi.org/10.1146/annurev.biophys.34.040204.144637
http://dx.doi.org/10.1051/jphys:0198700480110201300
http://dx.doi.org/10.1039/b822956b
http://dx.doi.org/10.1080/00268949108035656
http://dx.doi.org/10.1529/biophysj.106.090852
http://dx.doi.org/10.1073/pnas.0804374105
http://dx.doi.org/10.1016/j.bpj.2011.02.029
http://dx.doi.org/10.1103/PhysRevLett.29.705
http://dx.doi.org/10.1016/S0962-8924(99)01544-5
http://dx.doi.org/10.1039/b608631d
http://dx.doi.org/10.1021/la060390o
http://dx.doi.org/10.1529/biophysj.106.082297
http://dx.doi.org/10.1152/physrev.00036.2009
http://dx.doi.org/10.1038/nprot.2012.059
http://dx.doi.org/10.1038/nprot.2012.059

e LI FE Research article

Biophysics and structural biology

Simons K, lkonen E. 1997. Functional rafts in cell membranes. Nature 387:569-572. doi: 10.1038/42408.

Simons K, Sampaio JL. 2011. Membrane organization and lipid rafts. Cold Spring Harbour Perspectives Biology
3:a004697. doi: 10.1101/cshperspect.a004697.

Speck T, Vink RLC. 2012. Random pinning limits the size of membrane adhesion domains. Physical Review E,
Statistical, Nonlinear, and Soft Matter Physics 86:031923.

Speck T, Reister E, Seifert U. 2010. Specific adhesion of membranes: Mapping to an effective bond lattice gas.
Physical Review E, Statistical, Nonlinear, and Soft Matter Physics 82:021923.

Subramaniam AB, Guidotti G, Manoharan VN, Stone HA. 2012. Glycans pattern the phase behavior of lipid
membranes. Nature Materials 12:128-133. doi: 10.1038/nmat3492.

Veatch SL, Keller SL. 2003. Separation of liquid phases in giant vesicles of ternary mixtures of phospholipids and
cholesterol. Biophysical Journal 85:3074-3083. doi: 10.1016/S0006-3495(03)74726-2.

Veatch SL, Polozov IV, Gawrisch K, Keller SL. 2004. Liquid domains in vesicles investigated by NMR and fluores-
cence microscopy. Biophysical Journal 86:2910-2922. doi: 10.1016/S0006-3495(04)74342-8.

Vogel SK, Petrasek Z, Heinemann F, Schwille P. 2013. Myosin motors fragment and compact membrane-bound
actin filaments. eLife 2:e00116. doi: 10.7554/eLife.00116.

Yoon T-Y, Jeong C, Lee S-W, Kim JH, Choi MC, Kim S-J, Kim MW, Lee S-D. 2006. Topographic control of lipid-raft
reconstitution in model membranes. Nature Materials 5:281-285. doi: 10.1038/nmat1618.

Honigmann et al. eLife 2014;3:e01671. DOI: 10.7554/eLife.01671 16 of 16


http://dx.doi.org/10.7554/eLife.01671
http://dx.doi.org/10.1038/42408
http://dx.doi.org/10.1101/cshperspect.a004697
http://dx.doi.org/10.1038/nmat3492
http://dx.doi.org/10.1016/S0006-3495(03)74726-2
http://dx.doi.org/10.1016/S0006-3495(04)74342-8
http://dx.doi.org/10.7554/eLife.00116
http://dx.doi.org/10.1038/nmat1618

