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The spatiotemporal organization of proteins and lipids on the cell surface has direct func-
tional consequences for signaling, sorting, and endocytosis. Earlier studies have shown
that multiple types of membrane proteins, including transmembrane proteins that have
cytoplasmic actin binding capacity and lipid-tethered glycosylphosphatidylinositol-
anchored proteins (GPI-APs), form nanoscale clusters driven by active contractile flows
generated by the actin cortex. To gain insight into the role of lipids in organizing
membrane domains in living cells, we study the molecular interactions that promote
the actively generated nanoclusters of GPI-APs and transmembrane proteins. This
motivates a theoretical description, wherein a combination of active contractile stresses
and transbilayer coupling drives the creation of active emulsions, mesoscale liquid order
(lo) domains of the GPI-APs and lipids, at temperatures greater than equilibrium lipid
phase segregation. To test these ideas, we use spatial imaging of molecular clustering
combined with local membrane order, and we demonstrate that mesoscopic domains
enriched in nanoclusters of GPI-APs are maintained by cortical actin activity and
transbilayer interactions and exhibit significant lipid order, consistent with predictions
of the active composite model.

nanoscale | mesoscale | plasma membrane | membrane ordering | active mechanics

An outstanding issue in modern cell biology is the spatiotemporal organization of
composition. The plasma membrane of a living cell with its diversity of proteins and lipids
is an archetypal example (1). Numerous studies have revealed that molecular organization
at the cell surface, ranging from 10 to 10% nm in space and 107 to 10 s in time, has
direct functional consequences for signaling reactions, molecular sorting, and endocytosis
(2, 3). Following the fluid-mosaic model (4), several equilibrium models, such as the
lipid—shell model (5) and the lipid—raft model (6), have been proposed to describe the
lateral organization of the cell membrane. More recently, it has been shown that many cell
surface proteins and lipids form dynamic nanoclusters driven by the activity of actomyosin
at the cell cortex (7-12). This not only identifies a novel molecular organizer of local
plasma membrane composition, namely cortical actomyosin (13—15), but also, a new
mechanism, highlighting the role of nonequilibrium, energy-consuming “active” processes
(16) in driving local compositional heterogeneities (17).

This is the motivation for the active composite cell surface model (8, 17-19), a
juxtaposition of the membrane bilayer and the actomyosin cortex where membrane
components that couple to the cortical elements are subject to fluctuating actomyosin
contractile stresses that drive flows in localized regions (20-23), leading to the formation
of dynamic (nano-)clusters on the cell surface (7, 8). Predictions from this model have
been verified in high-resolution fluorescence experiments in living cells (7, 8, 23) and in
in vitro reconstitution of the active composite, viz actomyosin layered atop a planar bilayer
membrane (19, 24).

The active nanoclustering appears to be a general phenomenon (3, 13); it is exhib-
ited by transmembrane proteins that directly bind to actin, such as model proteins
that consist of actin binding motifs at their cytoplasmic tails [transmembrane with
actin binding domain (TMABD) (8)], and by naturally occurring proteins, such as
E-Cadherin and CD44, that recruit actin binding modules to bind to cortical actin
(10, 11). Further, lipid-tethered membrane proteins, such as outer-leaflet GPI-anchored
proteins (GPI-APs) (7, 25, 26), glycolipids (12), and inner-leaflet Ras (27), also exhibit
actin-dependent nanoclustering. While direct association with actin provides a mecha-
nism for membrane molecules to couple to the actomyosin cortex, coupling between
outer-leaflet GPI-APs or glycolipids and dynamic cortical actin filaments at the inner
leaflet is mediated by transbilayer acyl-chain interactions involving long acyl chain—
containing GPI anchors, inner-leaflec phosphatidylserine (PS), and cholesterol (28).
Sphingolipids (SMs) have also been implicated in the maintenance of these nanoclusters
(25). A necessary condition for the local stability of the transbilayer interaction at
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physiological temperatures was found to be the immobilization
of PS at the inner leaflet together with the interdigitation of long
acyl-chain lipids across the bilayer and the presence of adequate
levels of cholesterol and SMs, predicting a nanoenvironment with
local liquid order (lo) (28).

In this study, we use high-resolution fluorescence-based assays
to study more closely the role of lipidic interactions, both trans-
bilayer and lateral, in the active organization of the lipid-tethered
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is in Fig. 1A4). These observations provide the motivation for
an active segregation model of a multicomponent fluid bilayer
membrane comprising outer-leaflet GPI-AP, inner-leaflet PS, and
lo- and Id-preferring lipids in both leaflets. We show that the com-
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GPI-AP and TMABD nanoclusters arise from different intermolecular interactions. (A) The schematic shows that actomyosin activity drives cell surface

molecules, like GPI-AP and TMABD, into respective nanoscale clusters (Right). Note that while TMABD can directly couple to juxtamembrane f-actin, outer-
leaflet GPI-APs can only do so via transbilayer coupling with inner-leaflet PS. (B-E) Representative confocal spinning disk images (B and D) showing fluorescence
intensity (B i-iii, D i-iii) and anisotropy images (B iiii, D i-iii’) of CHO cells expressing FR-GPI (B) or FR-TMABD (D) and labeled with PLB either untreated (control,

plots (C and E) of anisotropy values from the indicated treatments show that formin perturbation (red lines) leads to significant (P < 0.01, KS test) increases
in anisotropy of both FR-GPI and FR-TMABD, suggesting a reduction in nanoscale clustering, whereas Arp2/3 perturbation (blue lines) has no significant (using
Kolmogorov-Smirnov [KS] test) effects on anisotropy. (Scale bars: B and D, 10 um.) (F and G) Cumulative frequency plots of anisotropy values of CHO cells
expressing EGFP-GPI (F) or FR-TMABD (G; labeled with PLB) from either untreated cells (control) or cells that were depleted of cholesterol (MBCD) or SM (FB1).
Note that only GPI-AP anisotropy (but not TMABD) increases upon these perturbations. Data were pooled from at least 15 to 20 cells across independent
replicates (2, 3) in each condition; statistical significance was tested with the two-sample KS test.
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the mesoscale organization of GPI-APs at temperatures above
the lo—Id phase segregation temperature. Such actively segregated
mesoscale domains or active emulsions are expected to exhibit
anomalous growth dynamics and fluctuations that are unique to
the nonequilibrium steady state (29, 30).

To test these theoretical ideas, we use a combination of high-
resolution maps of homo-Forsters Resonance Energy Transfer
(FRET) (31) and local membrane order (32) to quantify the
mesoscale organization of GPI-AP and TMABD nanoclusters and
their correlation with the lipid environment. We find mesoscale
domains of size ~0.1 wm* enriched in GPI-AP nanoclusters,
which in turn, coregister with inner-leaflet PS and are associated
with higher lipid order, while mesoscale domains of TMABD
nanoclusters are uncorrelated with lipid order. Importantly,
disruption of key drivers of activity, viz the dynamic actin-filament
nucleator formin, and mediators of GPI-AP binding to actin,
viz transbilayer coupling of GPI-AP to PS, lead to a loss of lo-
mesoscale domains. These results show how the interplay between
active stresses (due to actomyosin contractility) and short-range
passive forces (here represented by transbilayer coupling and weak
lateral lipid-lipid interactions) provides the driving force for
the formation of active emulsions at physiological temperatures,
qualitatively and quantitatively consistent with predictions from
our theoretical model.

Results

GPI-APs and Transmembrane Proteins Form Active Nanoclus-
ters, Albeit with Different Intermolecular Interactions. In
earlier studies, we and others showed that GPI-AP and TMABD
form nanoclusters, which depend on dynamic cortical actin
(7, 8, 25, 26, 33). Actin nucleation via formins but not Arp2/3
was identified to be involved in generating these filaments (23),
which drive both steady-state and receptor signaling—triggered
nanoclustering (34). Here, using homo-FRET imaging at high
resolution to identify nanoclustering of fluorescently labeled
proteins (31, 35), we confirm that GPI-AP and TMABD exhibit
nanoscale clusters contingent on the same actin nucleator, formin,
rather than Arp2/3 (34) (Fig. 1). Treatment of Chinese hamster
ovary (CHO) cells expressing GPI-anchored folate receptor
(FR-GPI) or folate receptor-tagged TMABD (FR-TMABD)
labeled with Na-pteroyl-Ne-BodipyTMR-L-lysine (PLB) (8)
with small molecule inhibitor of formin homology 2 domains
[SMIFH2 (36)] but not inhibitors of Arp2/3 [CK666 (37)]
disrupted the nanoscale clustering of both FR-GPI (Fig. 1B and
C) and FR-TMABD (Fig. 1D and E). The cytoplasmic actin-
filament binding domain (ABD) allows FR-TMABD to bind
directly to actin (8). A single-point mutation in the cytosolic
ABD (R579A; ABD*) abrogates actin binding and resulted in a
complete loss of the formation of actin-driven nanoclusters (8).
The binding of GPI-AP is, however, indirect via a transbilayer
coupling to PS at the inner leaflet and cytoplasmic actin (28).
Consequently, perturbations of PS abrogate nanoclustering of
GPI-APs (28) but not of FR-TMABD (38). Furthermore, deple-
tion of cholesterol or SM levels abrogates the nanoscale organi-
zation of GPI-AP (Fig. 1F and SI Appendix, Fig. S1A4) (23, 25,
39) but has no effect on the nanoclustering of TMABD (Fig. 1G
and SI Appendix, Fig. S1B), consistent with the idea that both
GPI-AP and TMABD engage with the active contractile machin-

ery via distinct molecular interactions.

Theoretical Description of Active Segregation Involving Active
Contractile Stresses and Transbilayer Coupling. These observa-
tions motivate a theoretical description of active segregation of
the components of an asymmetric bilayer membrane that involves
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combining the nonequilibrium effects of actomyosin contractility
with passive lipidic forces, namely the lateral interactions with lo-
lipid components and transbilayer interactions with lower-leaflet
PS (Fig. 24).

Taking a coarse-grained view, we represent the asymmetric
bilayer membrane by different components that include the
primary players under discussion (SIAppendix, Fig. S24)—
1) GPI-AP in the upper leaflet; 2) the lo component in the upper
leaflet comprising SM and cholesterol; 3) lower-leaflet PS together
with other long-chain saturated lipids and cholesterol; the Id com-
ponent in 4) the upper leaflet and 5) the lower leaflet comprising
short chain or unsaturated lipids; and whenever applicable, a sixth
component: 6) transmembrane protein TMABD. The membrane
bilayer adjoins a layer of cortical actomyosin, which represents the
source of the fluctuating active contractile stresses o localized over
a spatial scale £ and a lifetime 7 (8, 16, 18) and directly affects the
lower-leaflet PS and the transmembrane TMABD, proportional
to their binding affinity with cortical actin.

Here, we find it convenient to realize this active dynamics using
a kinetic Monte Carlo simulation. A brief description of the active
segregation in the asymmetric bilayer membrane with these com-
ponents and their dynamics is presented in Materials and Methods,
with further details in 87 Appendix and SI Appendix, Fig. S2A. The
transition rates associated with passive dynamics are determined
from an energy function that depends on the short-range in-
teraction potentials between the coarse-grained membrane com-
ponents and obey detailed balance (S7 Appendix, Fig. S2A4). The
transition rates associated with active dynamics correspond to
two features first, the fluctuations of the active contractile stress
represented by birth—death stochastic processes of contractile re-
gions and second, centripetal contractile flows of PS and TMABD
determined by local gradients of the active stress and violate the
detailed balance (S/ Appendix, Fig. S2B). These active transition
rates depend on the following tunable parameters: 1) relative
binding affinities of PS and TMABD to actin; 2) fluctuation
statistics of the active contractile stress, viz the correlation length
¢ and correlation time 7; 3) magnitude of contractile stress
characterized by a Péclet number Pe or relative magnitude of active
advective transport to diffusion outside; and 4) the extent of the
activity or the fraction of the region influenced by active stresses.
This generalizes a recent theoretical study (29, 30) of the coarse-
grained dynamics of segregation of a two-component fluid driven
by fluctuating active contractile stresses.

Our results (Fig. 2 B—E) show that a combination of active
stress fluctuations and strong transbilayer coupling can induce
mesoscale cosegregation of lo components, including GPI-APs,
relative to Id components at a physiological temperature of 310 K,
which is above the equilibrium lo-ld phase segregation tem-
perature of 293 K determined empirically from giant plasma
membrane vesicles (40). Fig. 2B shows a comparison between
a typical snapshot of a steady-state configuration of the com-
ponents in the absence of and with active contractile stresses at
temperatures above the phase segregation temperature. The extent
of segregation measured by the probability distribution of the
segregation order parameter P(¢) (Fig. 2C and D) and their
spatial profiles (Fig. 2E) depends on the binding affinity of PS
with actin (Fig. 2C) and the strength of the transbilayer coupling
(Fig. 2D and E).

The panels in Fig. 2F show the active cosegregation of the
lo domains with GPI-AP in the upper leaflet of the membrane
and their coregistry with PS in the lower leaflet. We see that the
GPI-AP—enriched regions are predominantly surrounded by the
lo component in the upper leaflet. The extent of segregation and
coregistry increases with the affinity of PS to actin. The results on
the active cosegregation of lo components and GPI-AP relative to
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Fig. 2. Kinetic Monte Carlo simulation of a multicomponent model of an active composite cell surface predicts nano- to mesoscale lipid ordering and
segregation of proteins driven by active contractile stresses generated by the actomyosin cortex. (A) Schematic of the three principal ingredients of the
multicomponent model of the cell surface. For simplicity, we leave out showing the transmembrane protein TMABD, whose presence in the membrane does
not make a qualitative difference to the GPI-AP-associated lo domains (S/ Appendix, Fig. S2 has details). (B) Spatial profiles of the lo-Id segregation parameter
¢ (Right) in the presence of active contractile stresses and (Left) in their absence (all other parameters being fixed) at temperatures (T) higher than the critical
temperature T of equilibrium lo-Id phase separation. ¢ is defined as ¢ = (pi — pia)/ (P10 + p1d), Where pj, and pyy are the local number densities of the lo and
Id components, respectively. All simulation data correspond to T = 1.05T¢, close to the physiological temperature of the cell. (C) Dependence of the probability
density functions of the segregation parameter ¢ on actin binding affinity of PS, Kps (S/ Appendix, SI Text has details). (D) Heat map of the order parameter, (¢),
as a function of the transbilayer coupling and Kps. The angular brackets represent an average over multiple spatial locations and time frames. The transbilayer
coupling is defined as the energy scale of PS (inner leaflet) - SM (outer leaflet) interaction Usy_ps expressed in units of kgT (Boltzmann constant kg times
the absolute temperature T). (E) Time-averaged spatial profiles of ¢ (Top) and number densities of GPI-AP (Middle) and PS (Bottom) at increasing Kps (marked by
numbers in £, Top and in D). In each case, the contours of ¢ are also shown as a guide. All the number densities are normalized by the maximum density possible
on a grid point. (Scale bars: Band E, 0.1 um.) (F) Distribution of the sizes of lo domains (s) with increasing Kps. (G) Distribution of the sizes of /o domains (s) with
increasing value of A, the area fraction of active contractile stress. In F and G, the solid lines are the fits to a model distribution, As~% exp[—s/so]. The values of
fitting parameter Ag, exponent 6, and the cutoff sy are provided in S/ Appendix, Table S1. Here, the unit of s is set by the unit grid area, which is 0.03 x 0.03 um.

1d components continue to hold when an additional component,
viz TMABD, is introduced, which only engages sterically with
the other components but is driven by similar contractile stresses
(SI Appendix, Fig. S2 C and D). The TMABD-enriched domains
are segregated from lo domains and PS (87 Appendix, Fig. S2E).
The extent of mesoscale segregation and the mesoscale domains
depend on the fluctuating active contractile stresses and appear
at temperatures above equilibrium phase separation. Since the
actomyosin-induced active stresses are contractile, localized re-
gions of contractility will be drawn to each other depending on
the gradient of contractile stress (21, 30). This paints a picture
of an active emulsion driven by active stirring from the cortical
medium, requiring inner-leaflet PS and outer-leaflet SM with
cholesterol as a glue. While this is completely consistent with all
our observations so far at the nanoscale, this description makes
both qualitative and quantitative predictions about mesoscopic

https://doi.org/10.1073/pnas.2123056119

domains enriched in these nanoclusters, which we verify in ex-
periments described below.

Evidence for Mesoscale Organization of GPI-AP Nanoclusters.
A very clear prediction from the theoretical model is that GPI-AP
nanoclusters will form mesoscale domains enriched in these enti-
ties. To explore the larger-scale organization of these nanoclusters,
we repurposed our custom-built total internal reflection fluores-
cence (TIRF) and confocal spinning disk microscopes (31, 35)
to obtain high-resolution spatial anisotropy maps of the labeled
proteins over a scale of 300 to 1,000 nm. We identify optically
resolvable domains enriched (or depleted) in these nanoclusters
from spatial maps of fluorescence emission anisotropy (Fig. 34) by
thresholding the anisotropy at one SD from the mean (Materials
and Methods and SI Appendix; the schematic is in S/ Appendix,
Fig. S34). The thresholded anisotropy map of enhanced green
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Fig. 3. Mesoscale organization of GPI-AP nanoclusters. (A) Boxes represent 6- x 6-um patches of anisotropy map (Upper) and corresponding thresholded
binary maps (Lower; showing mesoscale domains enriched in nanoclusters) taken from CHO cells expressing EGFP-GPI that were untreated (control) or depleted
of cholesterol (MBCD) or SM (FB1). Notched box plots (B) of the domain area fraction obtained from several images like A show that mesoscale GPI-AP domains
are significantly reduced upon these lipid perturbations (P < 0.001, one-way ANOVA with Tukey mean comparison). (C) Distribution of the domain area in the
indicated conditions; the solid line represent the corresponding fits to a model distribution, As~? exp[—s/so]. The characteristic area of GPI-AP domains in
the control scenario is estimated to be 0.1 umz (dashed vertical line), which translates to a domain diameter of ~360 nm, while both the lipid perturbations
mark a shift toward smaller domain area as indicated by the decrease in the frequency P(s) of larger domains (s > 0.1 um?). (D-F) PS-deficient PSA3 cells
transiently expressing EGFP-GPI were grown in PS+ or PS— conditions. Anisotropy and binary domain maps (D; 6-um x 6-pm boxes) show that PS depletion
led to a reduction in the domain area fraction (£; P < 0.001, Mann-Whitney test), and domain area distributions (F) show a shift toward smaller domain areas
for PS-depleted cells (red circles and the dotted fit line). (G-/) Boxes (G) show 6 x 6 um anisotropy and binarized domain maps of PLB-labeled FR-GPI obtained
from untreated cells (control) or cells treated with inhibitors of formin (SMI) or Arp2/3 (CK66). The notched box plot (H) of the domain area fraction shows
that only formin perturbation leads to loss of these domains and led to a marked shift to smaller s in domain area distributions (/). Statistical significance was
determined at P < 0.001 using one-way ANOVA with Tukey mean comparison. At least 30 to 60 thresholded binary maps were pooled from 10 to 15 cells across

two independent replicates for the analyses of each condition.

fluorescent protein (EGFP) tagged GPI (EGFP-GPI) (Fig. 34)
or FR-GPI bound to fluorescent ligands (S Appendix, Fig. S3B)
shows a nanocluster fraction in excess of ~10 to 15% of the
mapped area and mean domain area ~0.1 pm? (control in Fig. 38
and C), consistent with previous work (7). The dependence of
GPI-AP nanoclustering on adequate levels of cholesterol and
SM is consistent with their depletion severely perturbing the
mesoscale domains (Fig. 34-C). The mesoscale domains of GPI-
ADs are also lost when the levels of the transbilayer coupling lipid,
PS, were perturbed in CHO cells deficient in phosphatidylserine
synthase 1 (PSS1) activity and were grown in the absence of
ethanolamine to reduce membrane PS levels (28) (Fig. 3D
and E). As predicted, the thresholded anisotropy map of TMABD
also shows mesoscale domains where the nanocluster fraction is
in excess of =~ 10% of the mapped area and a mean domain area
~0.1 um? (SI Appendix, Fig. S3 E, F, H, and ). In contrast to
the GPI-APs, the mesoscale organization of TMABD is unaffected
by the lipid perturbations (S Appendix, Fig. S3 E and F).

PNAS 2022 Vol. 119 No.30 e2123056119

However, it is much reduced upon abrogation of the actin binding
capacity (SI Appendix, Fig. S3 H and I).

Since formin-nucleated dynamic cortical actin is necessary for
building the nanoscale clusters of GPI-AP and TMABD (34),
formin inhibition also leads to a significant reduction in their
mean domain area (Fig. 3G and H and SI Appendix, Fig. S3 K,
SMI, and L, SMI), whereas Arp2/3 perturbation does not alter
these parameters (Fig. 3G and H and SI Appendix, Fig. S3 K,
CK666, and L, CK). These results confirm the qualitative
predictions of the creation of mesoscale domains of nanoclusters
driven by contractile stresses in two distinct classes of molecules:
GPI-APs linked via the virtue of the local lipid environment and
the TMABD to dynamic cortical actin.

Mesoscale Domain Size Distributions Are Sensitive to Actin
Binding Affinity and Cortical Actin Dynamics. A quantitative
prediction of the theory, as elaborated previously (29), is that
as a consequence of active driving, the steady-state domain size

https://doi.org/10.1073/pnas.2123056119 5 of 11
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distribution P(s) scales as s~ exp(—s/50), a power law with
an exponential cutoff at s = sy (Fig. 2F and G). The exponent
6 and the cutoff scale sy depend on the actin binding affinity,
the extent of activity, and correlation time 7 of the active stress
fluctuations (Fig. 2F and G). Using the spatial maps of the
steady-state fluorescence anisotropy of GPI-AP and TMABD,
this domain size distribution is easily measured. We find a good
fit of the mesoscale domain size distribution data to the pre-
dicted form of P(s), with § ~2 and sy ~ 0.4 to 0.7 um?, for
both GPI-AP (Fig. 3C, F, and /) and TMABD (87 Appendix,
Fig. S3 G, /, and M and Table S1).

The steady-state distribution of cluster sizes still retains the
above form upon perturbations of the actomyosin dynamics and
the actin binding affinity, albeit with different values of 6 and
0. Based on our earlier study of active segregation (29) and the

predictions from the current model, sy should always decrease
with any of the above perturbations. This is consistent with
what we observe in our perturbation experiments (Fig. 3 and
SI Appendix, Fig. S3 and Table S1).

Together, these data show that the two types of membrane
components, GPI-AP and TMABD, both actively driven by
cortical actin-based machinery (formin-nucleated filaments) in-
habit mesoscopic membrane domains with distinct characteristics,
consistent with our predictions.

Mesoscale Domains of GPI-AP Are Correlated across the Bilayer
with PS and with lo Regions. The active emulsion picture sug-
gests that the mesoscale organization of nanoclusters of outer-
leaflet GPI-AP is contingent on coregistry with nanoclusters of
PS at the inner-leaflet and lo regions (schematics are in Fig. 44
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Fig. 4. Mesoscale domains of GPI-AP clusters are correlated with inner-leaflet PS cluster-rich and lo domains. (A) The schematic shows transbilayer coupling
between the GPI-AP and inner-leaflet PS. LactC2-ABD acts as a synthetic linker between the inner-leaflet PS and juxtamembrane actin flows (black arrows).
Representative TIRF images of fluorescence intensity and anisotropy of PLB-labeled FR-GPI (B, i-iii) transfected with YFP-LactC2-ABD (B, i’-iii’). Matched ROls of
7 x 7 um-sized patches (black boxes in B, i) were chosen from the anisotropy images of PLB-labeled FR-GPI and LactC2-ABD (B, iii and iii"). Mesoscale domain-
sized ROIs (=400 x 400 nm) are drawn around cluster-rich and cluster-poor hot spots of FR-GPI (B, iii and iii’). The anisotropy values of FR-GPI and LactC2-ABD
graphed as scatterplots (C) exhibit significant positive correlation (Pearson's R = 0.6, P < 0.001). Individual scatterplots report 630 ROIs collected from cells
(n = 29 cells) pooled from two independent replicates. (D-G) The schematic (D) shows how individual nanoscale GPI-AP clusters cohabit a larger mesoscopic
patch of lo-like membrane driven by actin flows to form “active emulsions.” Representative high-resolution confocal fluorescence and anisotropy images show
CHO cells expressing FR-GPI labeled with PLB (E, i-iii) and colabeled with the membrane order probe, Laurdan (E, i’-iii’). Identical 7 x 7 pm-sized boxes (in black)
were chosen from the anisotropy and Laurdan GP map and are shown in analysis ROIs (£, iii and iii’, respectively). (Scale bars: B and £, 10 um.) A scatterplot
(F) of local Laurdan GP and anisotropy computed from corresponding small regions (400 x 400 nm; dashed boxes in £, iii and jii’) obtained from analysis ROls
for corresponding FR-GPI anisotropy (E, iii) and Laurdan GP (E, iii’) maps. Note that Laurdan GP and anisotropy of PLB-labeled FR-GPI show negative correlation
(R= —0.4, P < 0.01). (G) Box plots show that cluster-rich domains of GPI-AP have significantly higher local Laurdan GP (P < 0.001, two-sample Student's t test).
Datasets (F and G) report on at least 500 ROls collected from cells (n = 15 cells) pooled from two independent replicates.
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and D). To study the correlation of mesoscale domains with
other membrane components, we developed a two-color emission
anisotropy (homo-FRET) methodology, wherein we image two
different components in the same cell membrane in a sequential
fashion (SI Appendix, Fig. S4 A-E). To examine coregistry with
inner-leaflet nanoclusters of PS, we built a fusion protein of PS
binding the discoidin-like C2 domain of lactadherin (LactC2)
in tandem with ABD of Ezrin and yellow fluorescent protein
(YEP) (YFP-LactC2-ABD). This fusion protein was designed to
be recruited to the inner-leaflet PS (41) and connect to the dy-
namic cortical actin machinery via its Ezrin—actin binding domain
(28). LactC2-ABD-YFP forms nanoclusters at the inner leaflet as
indicated by its depolarized emission anisotropy and subsequent
increase upon photobleaching (S7 Appendix, Fig. S4F) (25). To
visualize the nanocluster-rich regions of GPI-AP and PS in the
same cells, we transfected YFP-LactC2-ABD—-encoding plasmids
in FR-GPl-expressing cells and labeled FR-GPI with a fluores-
cent folate analog (PLB). We confirmed by sequential imaging
of anisotropy of individual components that LactC2-ABD-YFP
and PLB-labeled FR-GPI coexisted in highly correlated regions
(SI Appendix, Fig. S4 D, E, and G). Analysis of the correlation of
the spatial anisotropy maps of the outer- and inner-leaflet localized
proteins (Fig. 4B) showed that the cluster-rich (low-emission
anisotropy) regions of the LactC2-ABD are strongly correlated
with the cluster-rich regions of GPI-AP (Pearson coefficient = 0.6,
P < 0.01) (Fig. 4C) but only moderately with TMABD (Pearson
coeflicient = 0.28, P < 0.01) (S/ Appendix, Fig. S4 H and I).
Together with our previous findings (28), this shows that the
actively generated mesoscale organization of GPI-AP nanoclusters
occurs at sites of enrichment of PS clusters in the inner leaflet
mediated by transbilayer coupling, as predicted by the theory.

Next, we sought to understand the local lipid order of these
cluster-rich (or sparse) mesoscopic domains of FR-GPI. To do
so, we map local membrane order using the polarity-sensing
lipid probe 6-lauryl-2-dimethylamino-napthalene (Laurdan) and
quantify it by measuring generalized polarization (GP) (42-44).
GP values are lower in 1d regions and higher in lo regions of the
membrane. While the dynamic range of the Laurdan GP values
in CHO cells is not very large, as has been noticed in earlier
cellular studies (45) and in cell-derived giant plasma membrane
vesicles (46), it is sufficient to identify regions enriched in lo or 1d
components.

We obtained sequential spatial maps of Laurdan GP and
emission anisotropy (homo-FRET) of GPI-AP using a spinning
disk confocal microscope on a uniformly labeled basal membrane
(Fig. 4E and SI Appendix, Fig. S5 A-D). We measured the
anisotropy coarse grained over 4 x 4 pixels (pixel: 102 nm) and
determined the cluster-rich (cluster-sparse) regions together with
the corresponding Laurdan GP from membrane patches across
multiple cells (Fig. 4E). We found that GPI-AP nanocluster-
rich domains have a higher Laurdan GP compared with GPI-AP
nanocluster-poor domains (Fig. 4F and G). On the other hand,
the TMABD cluster-rich (or sparse) regions have very little differ-
ence in their local membrane order (S Appendix, Fig. S5 E-G).
These results suggest that mesoscale domains enriched in GPI-
AP nanoclusters have a specific lo-lipid environment, while the
TMABD nanoclusters are agnostic to its lipid environment,
exactly as predicted by our theory.

Lateral Membrane Ordering Is Contingent on Dynamic Corti-
cal Actin and Transbilayer Coupling. An important claim of
the active emulsion description is that the mesoscale lo region
observed at physiological temperatures is not a consequence of
a thermodynamic phase transition but rather, driven by active

PNAS 2022 Vol. 119 No.30 e2123056119

contractile stresses arising from cortical actomyosin that act via
the inner-leaflet PS to maintain a strong transbilayer coupling to
GPI-AP. To test this crucial prediction, we study how local mem-
brane ordering, characterized by Laurdan GI, gets affected upon
perturbing the actin nucleator formin, actin (de-)polymerization,
and inner-leaflet PS.

Perturbations of formin (SMIFH2, 25 uM, 2 h) but not
Arp2/3 (CK666, 50 uM, 2 h) led to a reduction in GP values on
CHO cells as measured using two different probes for membrane
ordering, viz Laurdan (Fig. 5) and the outer leaflet—specific Nile
Red analog NR12S (47, 48) (SI Appendix, Fig. S6). Treatment
of cells with formin inhibitor, SMIFH2 (Fig. 54, SMI) led to
a significant reduction in steady-state Laurdan GP and NR12S
ratios (Fig. 54 and B and SI Appendix, Fig. S6 A, SMI, and B,
SMI). However, treatment with Arp2/3 inhibitor does not affect
the Laurdan GP or NR12S ratios compared with control (Fig.
5A and B and SI Appendix, Fig. S6 A, CK666, and B, CK666).
Finally, Latrunculin A (Lat A)-mediated inhibition of actin
polymerization in general (Fig. 54, Lat A, and B, Lat A) also
lowers GP value. Note that for the NR12S probe, the shift in GP
values is small but statistically significant (S/ Appendix, Fig. S6 A,
Lat, and B, Lat A). Laurdan GP measured from PS-deficient
cells (PS—) shows a clear drop in steady-state membrane order
in comparison with cells grown in the presence of ethanolamine
(PS+ in Fig. 5C and D). The extent of decrease in Laurdan
GP in PS— cells is comparable with that obtained from PS+ cells
depleted of cholesterol (PS+ [+methyl-8-cyclodextrin (MBCD)]
in Fig. 5C and D), buttressing the critical role of inner-leaflet
PS in maintaining local membrane order. Not surprisingly, the
depletion of membrane cholesterol (MBCD) and outer-leaflet SM
(by treatment with fumonisin B1 [FB1]) in wild-type cells also
show marked reduction in membrane ordering (Fig. 5F and F).

These observations verify a critical aspect of the theory, namely
that the concerted involvement of dynamic cortical actin and
transbilayer interaction via inner-leaflet PS drives the local lo-
membrane order that accompanies the mesoscale organization of
GPI-AP nanoclusters.

Discussion

Several studies lend support to the picture of the cell surface as
a multicomponent composite—an asymmetric bilayer membrane
sandwiched between a thin cortical layer of actomyosin and an
extracellular matrix (49). The membrane itself has rich compo-
sitional diversity, consisting of a variety of lipids and proteins.
In this context, many transmembrane protein receptors have
evolved intracellular domains, allowing them to interact with
the cortical cytoskeleton either directly or via recruiting actin
binding domains, such as Ezrin, ankyrin, or a-catenin (50, 51).
This interaction, where analyzed, depends on formin-nucleated
cortical actin (10, 11). On the other hand, proteins and lipids
localized to the outer leaflet of the plasma membrane, such as
the lipid-tethered GPI-APs and glycolipids, also interact with
formin-nucleated cortical actin, albeit in an indirect manner.
Their interaction is mediated via the creation of a specific lo-
lipid environment at nanoscales, involving acyl-chain transbilayer
coupling with inner-leaflet PS and the stabilizing influence of local
cholesterol and SM (12, 28).

The active composite membrane model elaborated here de-
scribes the dynamical response of GPI-APs (and possibly, glycol-
ipids) at the outer leaflet as a consequence of being internally
driven by active actomyosin-dependent stresses. As we show here,
it predicts that these nanoclusters are organized in mesoscale do-
mains that exhibit lo characteristics. Validating these predictions,
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Fig. 5. Molecular components driving the formation of ordered domains. (A and B) Representative confocal images (A) show Laurdan total intensity (intensity)

and GP maps of untreated CHO cells (control) or cells treated with different perturbation of actin cytoskeleton. (B) The box plot shows the effects of different
actin perturbations on Laurdan GP. Perturbation of actin polymerization (Lat A; pink) or formin (SMI; red) but not Arp2/3 (CK666; blue) leads to significant
reduction of Laurdan GP compared with control (black). (C and D) Laurdan intensity and GP images (C) of the PS biosynthetic mutant CHO cells (PSA3) grown in
the presence (PS+) or absence (PS—) of ethanolamine. The box plot (D) shows that Laurdan GP of PS— (red) cell membrane is reduced significantly compared
with PS+ (black), suggesting a reduction of steady-state membrane ordering. Cholesterol depletion of PS+ cells by MBCD (C and D, blue) leads to similar loss
of membrane ordering. (E and F) Representative confocal images (E) of CHO cells show Laurdan intensity and GP maps of untreated cells (£, control) or cells
depleted of cholesterol (MBCD) or SM (FB1). (Scale bars: A, C, and E, 10 um.) (F) The box plot of Laurdan GP shows the reduction of membrane ordering in
cholesterol (red)- and SM (blue)-depleted cells compared with control (black). The dataset for each condition was collected from at least 300 to 500 regions
(individual dots in box plots) from 15 to 20 cells pooled from two independent replicates. Statistical significance was defined at P < 0.001 using one-way ANOVA
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with the Tukey mean comparison test.

we find mesoscopic domains enriched in clusters whose size is
~350 to 500 nm, consistent with earlier high-resolution studies
(7, 33, 52). This lateral mesoscale organization of nanoclusters
is contingent on 1) transbilayer coupling to inner-leaflet PS; 2)
the binding of PS to the active machinery and consequently,
subject to active contractile stresses; and 3) the presence of lo-
lipid components, such as SM and cholesterol. As a consequence,
this lateral organization manifests at physiological temperatures,
which are significantly higher than the thermodynamic lo-1d
phase transition. As confirmed in experiments, the lo domains
are dependent on a dynamic actin cortex comprising formin-
nucleated actin filaments.

Fig. 6 shows a schematic of the emergence of this mesoscale
organization driven by active contractile stresses, transbilayer cou-
pling via PS, and lateral lipidic interactions. This preexisting lateral

https://doi.org/10.1073/pnas.2123056119

segregation on the flat asymmetric bilayer cell membrane is aptly
described as an active emulsion formed by local nonequilibrium
stirring of the composite. We expect such active emulsions to
display anomalous fluctuations in their nonequilibrium steady
state (24, 30). This description differs from passive (micro-)
emulsion models, such as those that invoke preferential wetting as
in the lipid—shell model (5) or that impute line actants (53, 54) or
depend on the coupling of membrane shape fluctuations to local
lipid composition (55, 56), in two fundamental aspects. First,
there is an identification of a previously unappreciated molecular
organizer of local plasma membrane composition, namely cortical
actomyosin and its linkage to the lower-leaflet lipid PS, along
with attendant lateral interactions. Second, it is dependent
on hitherto unnoticed forces for driving local organization,
namely nonequilibrium active contractile stresses and passive
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Fig. 6. Active emulsions: emergent mesoscale domains at the cell surface. (A) The image (Left) shows a spatially averaged map of upper- and lower-leaflet
components obtained from a snapshot of simulations described in Fig. 2. Here TM represents a generic transmembrane protein with actin binding capacity.
An axial slice (Right) of the cell membrane schematizes the organization of the resultant patches of GPI-AP clusters enriched in lo-membrane components and
juxtamembrane actin interactions at the inner leaflet. (B) Model for the emergence of active emulsions. Transbilayer coupling and contractile stresses organize
GPI-APs and lo lipids present in a uniformly mixed bilayer (Left) to form an individual nanoscale cluster (Center), which in turn, sets up the platforms to facilitate
local lipid-lipid lateral interactions leading to the emergence of ordered mesoscopic domains or active emulsion (Right).

transbilayer interactions. It is the combination of active internal
forces driven by a molecular mechanism involving actomyosin and
specific passive interactions, including transbilayer interaction
with PS and lateral interaction with lo components, that
outcompetes the entropy of mixing and drives lateral organization
of lipids at the nano- and mesoscales in the plasma membrane at
physiological temperatures.

Concurrently, the lateral active organization of transmembrane
proteins, such as TMABD, that bind directly to actin appears
to be agnostic of the underlying membrane composition. Their
mesoscale organization arises from a combination of active in-
ternal forces driven by actomyosin and passive protein—protein
interactions. This may provide an explanation for the mesoscale
domains of several actin-interacting endogenous proteins, which
also exhibit cisinteractions in their ectodomains, such as CD44
and E-Cadherin (10, 11, 57). In the event that there are covalent
or noncovalent interactions of these proteins with specific lipids
that prefer lo or Id phases, we propose that such actively driven
protein clusters will also be correlated with specific lipid environ-
ments, dictated by these interactions.

The active emulsion picture elucidated here has parallels in
the creation and maintenance of liquid-liquid phase-separated
assemblies (58, 59), otherwise known as biomolecular conden-
sates (60). Apart from purely thermodynamic agencies driving
such biomolecular aggregation (58-60), it is likely that activity,
arising from either nonequilibrium chemical reactions (61) or
active cytoskeletal elements (as discussed here), could provide the
driving force for the formation and maintenance of such mesoscale
emulsions.

The preexisting dynamic organization of the plasma membrane
described here is maintained out of equilibrium by constitutive
active processes. This active nonequilibrium steady state sets up
the plasma membrane to respond sensitively to stimuli, such
as in outside-in and inside-out cell surface signaling (18). It is,

PNAS 2022 Vol. 119 No.30 e2123056119

therefore, no surprise that many membrane signaling receptors
have evolved intricate direct or indirect molecular mechanisms
linking them to the cytoskeleton (10, 11, 57, 62).

For instance, the hierarchical architecture of having mesoscale
domains of membrane proteins, built from dynamic nanoscale
motifs, allows for a rapid remodeling of an activated zone (13,
18, 22). The strength and nature of the coupling between the ac-
tomyosin machinery and membrane components could be locally
regulated to build larger platforms or disassemble existing ones. A
striking example of this is the rapid expansion of an activated zone
of GPI-AP nanoclusters induced during local integrin activation
and cell substrate adhesion, with consequences for cell physiology
and receptor function (34).

Finally, there are two immediate and important consequences
of the induced and preexisting active organization of membrane
components. One is the central involvement of actomyosin in
nano- and mesoscale organization. This allows the cell to ex-
plore mechanochemical mechanisms for the local control of cell
membrane organization and thereby, mechanochemical signal
processing and feedback (63, 64). The second is the key finding
of differential segregation of membrane components driven by
active contractile stresses. This must direct the focus to uncovering
the molecular basis of active contractile force generation at the
cortex—their chemistry and interaction partners, force character-
istics, spatial organization, and turnover.

Materials and Methods

Cell Lines, Labeling, and Perturbation. CHO cell lines were maintained in
Ham's F-12 media (Hi Media) supplemented with (10%) fetal bovine serum
(FBS; Gibco). Plasmids were either expressed stably (FR-GPI, FR-TMABD, EGFP-
GPI) or transiently transfected (LactC2-ABD-YFP) prior to imaging. The PSA3 cell
line for PS perturbation experiments was maintained in Ham's F-12 medium
in the presence of 10 mM ethanolamine and 10% FBS. PLB was used to label
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folate receptor (FR-GPI and FR-TMABD)-expressing cells at saturating concen-
tration (~400 nM) for 5 min at 37 °C. Imaging was carried out in a HEPES
(20 mM)-based buffer supplemented with 2 mg/mL glucose (details are in
SI Appendix, Supplementary Methods).

Perturbations were carried out as follows: 1) cholesterol: MBCD; 10 mM at
37 °C for 30 min; 2) SM: FB1; 40 pg/mL for 72 h in growth culture media;
3) PS depletion: PSA3 cells were grown in media devoid of ethanolamine and
10% dialyzed FBS for 36 to 48 h; 4) F-actin: LatA; 2 uMfor 10to 15 minat 37 °C;
5)formin: SMIFH2; 25 uMfor 2 hat 37 °C; and 6) Arp2/3: CK666; 50 uMfor 2 h
at 37 °C. Unless noted otherwise, the drugs against F-actin, formin, and Arp2/3
were maintained in the imaging buffer during microscopy.

Steady-State Anisotropy Measurements. Steady-state anisotropy experi-
ments were carried out as described earlier (31, 35) using the following
high-resolution (100 objective, 1.45 NA) imaging platforms: 1) Yokogawa
CSU-22 spinning disk confocal microscope (Andor Technologies; with a sampling
pixel size of 100 nm) or 2) Nikon TIRF microscope (with a pixel size of 75 nm).
Image processing, analysis, and quantification were performed using Meta-
morph 7.0 (Molecular Devices Corporation), MATLAB (MathWorks), and ImageJ
(NIH) as described earlier and detailed in S/ Appendix.

Membrane Ordering Measurements. Membrane ordering measurements
were primarily carried out by measuring the GP of Laurdan at the cell surface.
Cells were colabeled with Laurdan (at 10 uM) and the folate analog PLB (at
400 nM) at 37 °C for 5 min. Laurdan-labeled cells were imaged at 100x (1.45
numerical aperture [NA]) on a confocal spinning disk microscope using 405-nm
laser line, and emission fluorescence was recorded at the two spectral channels
410 to 460 nm (Ch1) and 470 to 530 nm (Ch2). Laurdan GP calculation and
standards were implemented as described earlier and detailed in S/ Appendix
(32,43).

In some experiments, Nile Red-based membrane dye (NR12S) blue-red
ratiometricimaging provided an alternate measure of lipid order (48) as detailed
in S Appendix.

Image and Data Analysis.

Quantification of domain abundance and size distributions. Pixel anisotropy
distribution obtained from several (20) 6- to 10-um square patches of spatial
anisotropy maps of a probe (say FR-GPI in control conditions) was used determine
the mean and SD and set the threshold (mean-SD). Mesoscopic domains were
demarcated by thresholding and binarizing spatial anisotropy maps. For compar-
isons between control and perturbations, the same threshold determined from
"control” was used uniformly across all conditions. These binarized maps were
quantified using the "Analyze particles” routine of ImageJ with a size criterion of
atleastfive pixels (pixel size is 0.1 wm or area of 0.01 um?) to obtain the domain
area fraction (for each patch) and individual domain area.

Quantitative relation between clustering (of two probes) and with lipid
order. A systematic correlation-based approach was implemented to compute
the relation between the clustering (from anisotropy values) for two probes
or that between clustering and lipid order (Laurdan GP). Briefly (details are in
SI Appendix), anisotropy-rich and -poor regions were manually identified (say for
FR-GPI; probe 1) and demarcated with a region-of-interest (ROI) box surrounding
the domains. The size of the box (0.4 x 0.4 um; 0.16 um?) was guided by the
mesoscopic domain sizes we determined earlier, and several ROIs (at least 300
to 500) were marked across the entire dataset (at least 15 cells across two to
three independent replicates). These ROIs were then used to calculate anisotropy
values of both probes (say FR-GPI and LactC2-ABD) or anisotropy of a given probe
(FR-GPI) and its corresponding GP values from Laurdan maps. The data were
displayed as scatterplots to show the qualitative trend of correlation and compute
the Pearson’s correlation coefficient.

Theory and Simulation. We briefly present a theoretical description of active-
phase segregation in a multicomponent asymmetric bilayer membrane driven
by the combination of active contractile stresses and the passive lipidic forces,
namely transbilayer coupling and lateral interactions. A more detailed account of
the kinetic Monte Carlo simulation is provided in S/ Appendix, SI Text and Fig. S2.
Coarse-grained multicomponent asymmetric bilayer. The asymmetric bilayer
comprises at least five components, « =1,...,5, as described in Fig. 24.
In the cases where we compare the organization of GPI-AP with a generic

https://doi.org/10.1073/pnas.2123056119

transmembrane protein (TMABD) that can bind to cortical actin, we include one
more component, o = 6. We represent all molecules as coarse-grained spheres
of equal size o, residing either on the upper or lower leaflet of the bilayer or both
(asin the loand Id components).

A pair of lo, a pair of Id, and a GPI-AP and lo component on the same leaflet
interact via the Lennard-Jones attractive potential (S/ Appendix). Components
residing on different leaflets do not have to interact sterically. Only PS or lo on
the lower leaflet and lo or GPI-AP on the upper leaflet interact via transbilayer
coupling, which is represented by the same attractive potential mentioned above.
The TMABD being transmembrane has just steric interactions with components
on either leaflet.

Active contractile stresses from actomyosin cortex. The cortex is a viscous gel
(thin film) that gives rise to fluctuating active contractile stresses with nonzero
spatial average and whose spatiotemporal correlations are

(omt)o(r,t) =f(r—r|/&)g(jt = t'|/7).

where we have suppressed the tensor indices. The functions f and g are sharply
decaying functions (e.g., bump functions or exponentially decaying functions).
Such active contractile stress fluctuations have been studied in refs. 65-67 and
can be dynamically realized using a birth-death process of contractile stress
events localized over a region & with a lifetime 7 (18, 29, 30).

The cortical actomyosin adjoining the lower leaflet of the bilayer applies

stochastic contractile stresses on the membrane components that bind to it;
these are the lower-leaflet PS (o = 3) and the transmembrane protein TMABD
(c = 6), with binding affinities given by Kps and Ky, respectively.
Dynamics of segregation using kinetic Monte Carlo. The dynamics of the
membrane components, subject to both equilibrium and active forces, are de-
scribed in terms of a master equation for the time evolution of the probability
distribution, P({X{*}, {€x, }, ), where {X* } is the set of positions of the ith
particle of component o and {€), } are the placements of the active stress
events centered at locations {x,} with dimension ¢ and lifetime 7. We solve
the master equation using kinetic Monte Carlo updates that are determined
both by equilibrium pair potentials and by the forces arising from the local
contractile stress if the particles (PS and TMABD) are in the region {2y, }. The
former is given by the usual metropolis transition probability and obeys detailed
balance (68). The moves driven by the contractile stress break detailed balance
and are applied based on the affinities, K5 and Ky, that allow PS or TMABD to
preferentially move toward the center x, through a series of biased exchange
attempts.

Data Availability. All study data are included in the article and/or S/ Appendix.
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