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ABSTRACT In cell membranes, proteins and lipids are organized into submicrometric nanodomains of varying sizes, shapes,
and compositions, performing specific functions. Despite their biological importance, the detailed morphology of these nanodo-
mains remains unknown. Not only can they hardly be observed by conventional microscopy due to their small size, but there is
no full consensus on the theoretical models to describe their structuring and their shapes. Here, we use a combination of analyt-
ical calculations and Monte Carlo simulations based upon a model coupling membrane composition and shape to show that
increasing protein concentration leads to an elongation of membrane nanodomains. The results are corroborated by single-par-
ticle tracking measurements on HIV receptors, whose level of expression in the membrane of specifically designed living cells
can be tuned. These findings highlight that protein abundance can modulate nanodomain shape and potentially their biological
function. Beyond biomembranes, this mesopatterning mechanism is of relevance in several soft-matter systems because it re-
lies on generic physical arguments.
SIGNIFICANCE Lipid and protein domains in cell membranes play a central role in many cellular processes. By coupling
general analytical arguments, numerical simulations, and single-particle tracking experiments on HIV receptors, we
propose a physical explanation for the formation of elongated membrane nanodomains that can occur upon
overexpression of membrane proteins.
INTRODUCTION

The plasma membrane forms a hydrophobic barrier to
separate the interior from the exterior of cells and a two-
dimensional fluid matrix for proteins. Membrane compo-
nents self-organize spontaneously to maximize molecular
interactions in order to reach the lowest free-energy state.
The first attempt to describe membrane organization by
Singer and Nicholson is now 50 years old (1), and many up-
dates have been proposed since then (2–7). Lipid-lipid, pro-
tein-protein, and lipid-protein interactions lead to the
formation of domains in which these constituents are un-
evenly distributed. This structuring is complicated by the
interaction with the protein scaffold of the inner membrane
surface and the involvement of membrane-associated ele-
ments (8). Among the huge diversity of membrane domains,
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the most studied ones are certainly lipid rafts, which are
described as heterogeneous, dynamic, and short-lived
cholesterol- and sphingolipid-enriched membrane nanodo-
mains (10–200 nm) that are in a liquid-ordered phase (9).
Beyond rafts, it is now widely understood that nanoscale
clustering is a common feature of membrane proteins.
This results in a cell membrane with composition and phys-
ical properties that are different from average membrane
properties. A number of studies have reported the involve-
ment of nanodomains in biological functions such as signal
transduction (10), regulation of membrane trafficking (11),
immune signaling (7,8), or infectious processes (12–16).

Over the past 20 years, superresolution microscopy tech-
niques, such as single-particle tracking (SPT), have revealed
that these nanodomains have dimensions ranging from a few
to several hundred nanometers (17,18). SPT allows us to
follow the dynamics of individual molecules in living cells
with unique accuracy over dozens of seconds (for review,
see (18–20)). While the behavior of a single trajectory might
be stochastic, the statistical analysis of many trajectories
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Elongation of cell membrane nanodomains
provides insight on properties such as membrane receptor
activation, assembly/dissociation of signaling clusters, or
protein reorganization due to virus interactions (21–26).
SPT permits us to classify trajectories in different categories
that can then be correlated to various physiological events.
For instance, proteins that have no specific interaction with
any membrane structure present a Brownian motion, those
interacting with cytoskeleton filaments display a directional
motion, and those that have an affinity for microdomains pre-
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sent a permanently or transiently confined diffusion (27). For
many years, in different studies, we have observed some
oddly shaped confined SPT trajectories that we could not
correlate to physical or physiological events. We give an
illustrative example of these atypical trajectories that mostly
presented an elongated or curved horseshoe shape in Fig. 1.
The measurements were obtained by tracking the mu-opioid
receptor at basal state or in the presence of an agonist named
DAMGO. Interestingly, we have observed that the proportion
FIGURE 1 Example of oddly shaped mu-opioid

receptor trajectories acquired by SPT on NRK fibro-

blasts. Trajectories have been acquired in the

absence of ligand (a and b) or in the presence of 1

mM agonist ligand DAMGO (c–h). Out of 100 trajec-

tories without ligand, 2 are curled (2%), whereas in

the presence of DAMGO, this increases to 9 over

60 (15%).
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of these elongated and/or curled trajectories seemed to in-
crease in the presence of the agonist as shown in Fig. 1. It
is known that the binding of ligands induces conformational
changes of G protein-coupled receptors (GPCRs) (28) and
can alter the oligomeric arrangement of receptors (29).
More recently, Civciristov and co-authors stated that
‘‘DAMGO or morphine induces the assembly of different
protein-interaction networks’’ (30). This might induce a local
increase of protein concentration and reshape membrane do-
mains, in agreement with the observation that some nanodo-
mains show more elongated contours when membrane
proteins are overexpressed (31). According to the same ideas,
Merklingler et al. revealed by superresolution microscopy
that increasing the expression level of syntaxin induces an in-
crease of the local protein concentration and elongation of
the nanodomains in which it is confined (compare their
Figs. 5 and 5S in (32)). Taken together, these observations
led us to hypothesize that the increased local concentration
of membrane proteins can induce a modification of the shape
of the domains that enclose them.

To verify this hypothesis, we adopt parallel theoretical and
experimental approaches. In our theoretical framework,
membrane mesopatterning ensues from the competition be-
tween (1) short-range attractive forces promoting a
condensed phase of proteins and (2) an additional mecha-
nism, related to the coupling between the membrane compo-
sition and its shape (curvature), making too-large domains
unstable in favor of smaller ones in equilibrium (33–35).
We performed mesoscale numerical simulations (36) where
a vesicle made of two species having different spontaneous
curvatures is simulated with a Monte Carlo (MC) algorithm
coupling the composition and the membrane elasticity (see
supporting material). Below the critical temperature, it leads
to the formation of nanodomains instead of a macrophase
separation. As a function of the parameter values, we observe
the formation of more or less elongated nanodomains. These
simulations are guided by analytical calculations indicating
the range of physical parameters entering the numerical
model for which the elongation mechanism occurs. In these
calculations, we use a simplifiedmodel of pairwisemidrange
repulsive forces because it has been demonstrated that the
coupling between composition and curvature plays the
2114 Biophysical Journal 122, 2112–2124, June 6, 2023
same role as such a pairwise repulsive force, from a statistical
physics point of view (37): both mechanisms make large do-
mains unstable because their energy grows faster than their
size. Since we have also expertise in the study of the dy-
namics of HIV receptors, we have, in parallel, performed
SPT experiments (Fig. 2) on three transmembrane proteins
involved in HIV-1 infection: CD4, CCR5, and CXCR4
(12,38). It has been shown that their distribution at the surface
of target cells is heterogeneous (39–43) and proposed that
membrane nanodomains, by concentrating the receptors,
would be the preferential sites of virus entry into cells
(12,44,45). We have used the 293-Affinofile cell line to re-
cord receptor trajectories at different expression levels.
These cells, in which CD4 andCCR5 expression can be inde-
pendently induced (46), were further transduced to stably ex-
press low or high levels of CXCR4. We have recorded the
trajectories of these proteins at different expression levels.
Our observations reveal that an elongation of membrane
nanodomains occurs upon protein overexpression consis-
tently with our theoretical findings.
MATERIALS AND METHODS

Cell culture and transfection

Affinofile cells, provided by Dr. B. Lee (Mount Sinai Hospital, New York,

NY, USA), were maintained in Dulbecco’s modified Eagle’s medium with

10% dialyzed fetal calf serum supplemented with 50 mg/mL blasticidin

(D10F/B). 24-well plates were seeded with 1:2� 105 Affinofile cells/

well, and expression of CD4 and CCR5 was induced the following day at

37�C with various concentrations of minocycline and/or ponasterone,

respectively, for 18 h (46).

Stable expression of CXCR4 was performed through lentiviral transduc-

tion of 293-Affinofile cells with the pTRIP deltaU3 lentiviral vector encod-

ing the CXCR4 sequence. Lentiviral particles were prepared by transient

cotransfection of HEK 293T cells with the pTRIP lentiviral vector (a gift

from P. Charneau, Institut Pasteur, Paris, originally described in (47)) en-

coding the CXCR4 sequence, the p8.71 encapsidation plasmid, and a

plasmid encoding the VSV envelope glycoprotein G (at a 2/2/1 ratio).

Transfection was performed using a standard calcium phosphate precipita-

tion method. 48 h later, lentiviral particles were harvested and quantified us-

ing an HIV capsid protein ELISA kit. Then, 293-Affinofile cells were

inoculated by different amounts of lentiviral particles so as to obtain cells

with different transduction efficiencies. From the different sets of trans-

duced cell populations, cell clones expressing low or high levels of
FIGURE 2 Examples of SPT trajectories of CCR5

receptors confined into nanodomains at the surface

of Affinofile cells (see main text). More roundish

nanodomains are observed when the proteins have

a low expression level (left) and more elongated

ones when the proteins are overexpressed (right).

To see this figure in color, go online.



Elongation of cell membrane nanodomains
CXCR4 were further selected using serial dilutions in 96-well culture

plates. During all these experiments, CXCR4 expression was monitored

by flow cytometry using the anti-CXCR4 monoclonal antibody 12G5

labeled with phycoerythrin.
CD4, CCR5, and CXCR4 quantification

The number of CD4, CCR5, and CXCR4 proteins per cell, as displayed in

Table 1, have been estimated by quantitative fluorescence-activated cytome-

try using Quantibrite phycoerythrin (PE) calibration beads (BD quantibrite

beads cat. number 340495). BD Quantibrite PE is a set of beads covalently

conjugated with four levels of PE. By running a BD Quantibrite PE tube

at the same instrument settings as the assay, the fluorescence intensity can

be converted into the number of PE molecules (i.e., antibody) bound per

cell (48). 100 mL Affinofile cells in suspension (1 � 105) have been incu-

bated with 3 mL PE-conjugated anti-CD4, anti-CCR5, or anti-CXR4 for

60 min at 4�C in the dark and in the presence of the ATPase inhibitor sodium

azide (0.1%) to avoid internalization. Cells were then washed twice with

phosphate-buffered saline, resuspended in 100 mL phosphate-buffered saline,

and immediately analyzed by flow cytometry without fixation. All experi-

ments have been carried out in triplicate.
SPT experiments

To be able to acquire long time trajectories, we have used antibodies that

present higher affinities than Fab fragments. Since CD4, CCR5, and

CXCR4 were known to interact with each other, we have used antibody

clones that had been validated in the literature and were described as not

interfering in those interactions (when the information was available):

T21/8 for CCR5 (49), OKT4 for CD4 (50), and 12G5 for CXCR4. Cells

were plated on coverslips previously incubated with 0.1 mg/mL poly-L-

lysine for 5 min. For a homogenous attachment of the cells, a gentle centri-

fugation (50 g, 7 min) was performed. Proteins (CD4, CCR5, or CXCR4)

were labeled for 15 min with 0.03 nM biotinylated antibodies coupled to

0.3 nM fluorescent (655 nm) streptavidin-coated quantum dots (QD) (Mo-

lecular Probes, Life Technologies, Eugene, OR, USA). This antibody/quan-

tum dot ratio of 1:10 ensures that no more than one antibody is bound per

particle to prevent one particle from interacting with multiple receptors on

the cell surface (51). Tracking and observations were performed at room

temperature on an Axioplan 2 microscope (Zeiss, Jena, Germany) equipped

with a Cascade II 512 EM-CCD camera (Roper Scientific, Sarasota, CA,

USA) operating at a 25 Hz acquisition frequency. The fluorescent nanopar-

ticles were illuminated with an X CITE 120 light source containing a metal

halide vapor short arc lamp (Exfo, Tokyo, Japan), and observed through a

fluar 100� /1.30 oil UV objective associated to a 1.6� multiplier tube

lens in front of the camera. Acquired video durations go from 30 to 80 s.

The maximum duration of measurements of a slide has been fixed to

30 min in order to avoid cellular stress. In these conditions, 1 to maximum

4 trajectories could be acquired on a same cell.

As any experimental measurement, SPT suffers from a small, but finite,

localization error. To experimentally bind the average error made during the

position determination, we immobilized quantum dots on a glass coverslip
TABLE 1 Average number of proteins per cell in the low and

high expression levels for the three types of HIV receptors

Number of proteins Low High

CD4 2; 8005300 100; 000513; 000

CCR5 3; 6005800 125; 00058; 000

CXCR4 15; 00052; 000 120; 00057; 000

Low expression of CD4 and CCR5 conditions correspond to cells that were

not induced by minocycline and/or ponasterone. High CD4 and CCR5

expression conditions correspond to those induced with 5 ng/mL minocy-

cline and/or 1 mM ponasterone, respectively.
and embedded them in a 15% polyacrylamide gel, recorded 80 s videos, and

determined the positions of each particle in each image. The pointing error

was defined in x and y as the standard deviation of the position distribution

of the immobilized quantum dots. We obtained a value of 7 nm in both x and

y coordinates (Fig. S5). The thermal drift of the microscope is de facto taken

into account by this measurement.
SPT trajectory analysis

The trajectories analysis is based on the calculation of the mean-square

displacement (MSD):

MSDðsÞ ¼ C½rðt þ sÞ � rðtÞ�2D; (1)

where r is the 2D tracked particle position and the average is taken over the

successive frames at successive times t. It characterizes the displacement

during frames separated by a duration s. MSD plots are a useful tool, having

been used for several decades to characterize the diffusional behavior of

tracked objects in SPTexperiments (21,24,52–54). They allow us to classify

the diffusive behaviors of trajectories or parts of trajectories into different

categories, namely random, confined, walking confined, or directed diffu-

sion (27), according to the mathematical expression of the MSD. To do

so, we systematically determined, by using a nonlinear least mean-square

regression algorithm based on an c2 test, which equation gave the best fit

of the MSD versus time plots (21) between

� free diffusion in 2Ds with diffusion coefficient D

MSDðsÞ ¼ 4Ds; (2)

� diffusion confined in a domain

MSDðsÞx2Dr2
h
1 � exp

�
� s

t

�i
; (3)

where the relaxation time t ¼ Dr2=ð2DÞ;
� directed diffusion

MSDðsÞ ¼ 4Dsþ v2s2; (4)

where v is the drift or transport velocity;

� walking confined diffusion

MSDðsÞ ¼ A½1 � expð � 4Dmicros =AÞ� þ 4Dmacros; (5)

where A is the characteristic area of the confined region, Dmacro is the long

time diffusion and Dmicro is the diffusion coefficient inside the domain.

It has to be noticed that no walking confined diffusion trajectories (diffu-

sion in a confined domain, itself diffusing) have been observed here. For

more details, Fig. 2 provides examples extracted from the SPT trajectories

studied in this work.
Confinement index

In (52), some of us have developed and characterized a tool to detect tran-

sient confinement in single-molecule membrane trajectories. Basically, it

consists of identifying, along a trajectory, sets of n[ 1 successive posi-

tions ri (of duration dtðnÞ]) the variance Dr2ðnÞ of which is signific-

antly smaller than what it would be if the diffusion were free,

Dr2ðnÞ � 4DdtðnÞ. The index L ¼ DdtðnÞ=Dr2ðnÞ must be large enough

(larger than four in practice), for a long enough duration, to rule out the
Biophysical Journal 122, 2112–2124, June 6, 2023 2115
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possibility of statistical fluctuations of a nonconfined trajectory and to

ascertain confined diffusion. The diffusion coefficient D, which can depend
on the membrane region where the tracked molecule diffuses, must be

monitored in real time with the help of a local MSD plot. This tool has

been shown to be robust and to detect transient confinement zones with a

good accuracy. A comprehensive example is given in Fig. 3. Transient

confinement zones that are isolated through this procedure are considered

independent measurements.
Reagents and antibodies

Minocycline (Sigma Aldrich, St. Louis, MO, USA) was dissolved in

dimethyl sulfoxide to generate a stock concentration of 1 mg/mL. Ponaster-

one (Invitrogen, Carlsbad, CA, USA) was dissolved in 100% ethanol to

generate a stock of 1 mM. Blasticidin HCl (Invitrogen) was dissolved in

sterile water to generate a stock solution of 5 mg/mL. For protein quan-

tification, the following PE-conjugated immunoglublin G antibodies
2116 Biophysical Journal 122, 2112–2124, June 6, 2023
have been used: anti-CD4 (OKT4, Biolegend, San Diego, CA, USA),

anti-CCR5 (2D7, BD Biosciences, San Jose, CA, USA), and anti-CXCR4

(12G5, Biolegend). For SPT experiments, the following biotinylated anti-

bodies have been used: anti-CD4 (OKT4, Biolegend, ref. 317406), anti-

CCR5 (T21/8, Biolegend), and anti-CXCR4 (12G5, Biolegend).
RESULTS

Elongated domains are more stable than circular
ones above a certain size

We first study analytically the shape of one membrane nano-
domain in thermodynamical equilibrium. Its stability comes
from the action of two competitive interactions. A short-
range attraction between components of the same nature
and/or repulsion between components of different nature
FIGURE 3 Top: example of use of the confine-

ment index on one of our SPT experimental trajec-

tories in function of time. It is calculated over a

sliding time window of duration dt given by the color

code. By the end of the trajectory, the index becomes

larger than the threshold four (dashed line), indi-

cating a marked confinement zone (52). The colored

line below the plots represents the duration of the

confinement. Middle: the so-obtained transient

confinement zone is represented in red on the SPT

trajectory, which is split into two parts, presumably

a free random walk and the confined transient

confinement zone. Bottom: this is confirmed by in-

spection of the MSD plots; the first one is linear,

and the second one is typical of diffusion confined

in a nanodomain. The time is in s on all axes. To

see this figure in color, go online.



FIGURE 4 The nanodomain adimensional energy Etot=ðpr0lÞ as a func-
tion of the ellipse aspect ratio parameter a, for ε ¼ 10 and l ¼ 0:5, 1, 2, 4,

8, 12, and 16, from bottom to top. To see this figure in color, go online.

Elongation of cell membrane nanodomains
(55,56) gives rise to a line tension at the boundary between
two phases. A midrange repulsive interaction due to the
coupling between membrane composition and membrane
elasticity prevents macrophase separation (57). We study
for which range of the physical parameters an elongated
shape is more stable than a circular one. The model con-
siders generically an elliptic nanodomain of semiaxes r0a
and r0=a, with aR 1, so that the ellipse has area A ¼
pr20 . Its aspect ratio (AR), defined as the ratio of major to

minor axes, is AR ¼ a2. The total energy of the system is

EtotðaÞ ¼ Ebulk þ Erep þ Eline, where Ebulkfr20 is the cohe-
sive energy of the nanodomain due to intermolecular short-
range forces and is simply proportional to its area. Ebulk does
not depend on a and will be skipped in the following calcu-
lations. The repulsion energy between the membrane com-
ponents inside the nanodomain is supposed to be pairwise
and to have a finite range x:

Erep ¼ E0

Z
A�A

rðrÞ4
�jr � r0j

x

�
rðr0Þdrdr0; (6)

where 4 is the interaction potential and rðrÞ the particle den-
sity inside the nanodomain. The parameter E0 sets the
strength of the repulsion. In the case where this repulsive en-
ergy comes from the coupling with the membrane curvature,
the molecules in the nanodomain induce a spontaneous cur-
vature different from the average one (assumed to be 0 for
simplicity’s sake). It has been shown that the screening

length is x ¼ ffiffiffiffiffiffiffiffi
k=s

p
and that E0fsC2

0 in the low-tension

limit (36,37). Here, k and s are, respectively, the membrane
bending modulus and surface tension. In principle, the
function 4 decays exponentially at long distances, being,
for example, a Bessel function. In order to get an anal-
ytically tractable model, we assume it to be the Gaussian

4ðjr � r0j =xÞ ¼ exp½ � ðr � r0Þ2 =ð2x2Þ�, which is
sufficient at the scaling level. We also suppose that

rðrÞ ¼ 1
2
exp

h
� 1

2

�
x2

ðr0aÞ2 þ
ðayÞ2
r2
0

�i
is a Gaussian density

with r ¼ ðx; yÞ. The prefactor 1=2 ensures thatR
R2rðrÞd2r ¼ pr20 . Introducing the dimensionless repulsion

length l ¼ x=r0, one gets ErepðaÞ ¼ p2E0r
4
0f ðaÞ, where

f ðaÞ ¼ l 2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l 2 þ 2a2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l 2 þ 2

�
a2

q : (7)

The line energy reads Eline ¼ lP, where l is the line ten-
sion. The circumference P of an ellipse of semi-axes a and b
is given by the elliptic function. However, a very good
approximation by Ramanujan is Pxp½3ðaþbÞ �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið3aþ bÞðaþ 3bÞp �, thus ElineðaÞ ¼ plr0gðaÞ with

gðaÞ ¼
"
3

�
aþ 1

a

�
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
3aþ 1

a

��
aþ 3

a

�s #
: (8)
Fig. 4 shows how Etot=ðpr0lÞ ¼ pεf ðaÞ þ gðaÞ behaves
in function of a for various values of l , where we have intro-
duced the new dimensionless parameter

ε ¼ E0r
3
0

l
; (9)
ergies. One observes that there is a range of values of l

measuring the relative strengths of repulsion and line en-

for which a ¼ 1 is not an energy minimum. It implies
that there exist values of the repulsion length x for
which the most stable nanodomain shape is an ellipse
ða > 1Þ and not a disc ða ¼ 1Þ. Their relative stability
can be addressed by examining the behavior of Etot close
to a ¼ 1. Expanding f and g at order two reads
(using the exact elliptic function leads to the same expan-

sion at order two for g) f ðaÞxf ð1Þ � 4l 2

ð2þl 2Þ3ða � 1Þ2 and

gðaÞxgð1Þ þ 3
2
ða � 1Þ2, respectively. Introducing Al ¼

4l 2=ð2þ l 2Þ3, it follows that 1
2
d2Etot

da2 ¼ � p2E0r
4
0Al þ

3
2
plr0. Ellipses are stable when d2Etot

da2 < 0, i.e., Al >
3

2pε
; Al

has a maximum A� ¼ 8
27

at l � ¼ 2. There exists a region

of stability of ellipses if A� > 3=ð2pεÞ, i.e., ε> 81
16p

.

Since the numerical prefactors in our expressions come
from the choices of repulsive potential Gaussian shape 4

and Gaussian density profiles in the nanodomain, we
simplify the principal results as follows: 1) elliptic domains
are stable for E0r

3
0 > l, i.e., for large-enough domain radius

r0, strong-enough repulsion strength E0 or weak-enough line
tension l. 2) If this condition is satisfied, l ¼ x=r0 must
belong to an interval ½l �

i ; l
�
s � (see Fig. S8) distributed
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around the maximum abscissa l � of order unity to stabilize
ellipses with respect to discs. If the repulsion range is too
short compared with the domain radius, then repulsion is
not strong enough to destabilize circular domains. If it is
too long, then the gain in elongating the domain cannot
compensate the line energy cost. 3) The stability of ellipses
requires that the repulsion range x and the cluster radius r0
are on the same order of magnitude.

In the context of protein nanodomains, E0zsC2
0, and we

use the realistic values s ¼ 10� 4 J/m2, C0 ¼ 0:05 nm�1,
l ¼ 1 pN (35), and r0 ¼ 200 nm (see below). Then, ε ¼
E0r

3
0=l> 1 and pr0lx150kBT (where kBT is the thermal en-

ergy at room temperature). (For a small range of values of
l Tl �

s , two local minima of Etot coexist at a ¼ 1 and a>
1, for example, for l ¼ 12 in Fig. 4. Since minima are
well pronounced with these values (the energetic barrier is
[ kBT), one may find coexistence of discs and ellipses.)
Hence, our scaling law shows that for realistic parameter
values, circular domains can become unstable even at
the submicrometric scale in the cell membrane context. It
is difficult to go beyond this rough estimate because the lipid
and protein composition of the domains in which the recep-
tors evolve is largely unknown at the current stage of knowl-
edge. Thus, the parameters l and E0 cannot be precisely
quantified.
Numerical simulations confirm that domains on a
vesicle elongate when curving species
concentration increases

To confirm and illustrate these results, we perform MC sim-
ulations, where we also observe elongated nanodomains, in
particular when increasing the concentration of the compo-
nent forming the domains. We use a vesicle model, the dis-
cretized version of a continuous biphasic membrane model,
developed in (36) (see also supporting material): a lattice-
gas model, with Ising interaction parameter JI ; describes
the binary mixture of two species, A and B. It is coupled
to a discretized Helfrich model accounting for the mem-
brane elasticity where the local spontaneous curvature C de-
pends on the composition. In these simulations, species A
can be considered a phase containing the membrane proteins
of interest and/or particular lipids. It has a spontaneous cur-
vature CA different from the majority phase (species B with
CB ¼ 2=R<CA, where R is the average radius of the
vesicle). We chose c1 ¼ RðCA � CBÞ ¼ 8. (The range
of parameters of interest is restricted: we want to study
rather small and numerous domains, which implies that
c1 ¼ RðCA �CBÞ has to be large enough (36). On the other
hand, if c1 is too large, then the domains get as small as the
lattice spacing, and their AR cannot be determined accu-
rately.). Besides, we observe in the experimental domains
as shown in Fig. 2 that boundary fluctuations are small.
This implies that the line tension l of the domain boundary
2118 Biophysical Journal 122, 2112–2124, June 6, 2023
has to be high enough and thus that the interaction param-

eter ~JIhJI=ðkBTÞ is significantly larger than its critical

value ~JI;c ¼ lnð3Þ=4x0:27 for a hexagonal lattice. There-

fore, we focus on the value ~JI ¼ 0:5. We then run simula-
tions with a typical value and a dimensionless surface

tension ~shsR2=ðkBTÞ ¼ 300, which corresponds to quasi-
spherical vesicles (58), and study rather low A-species con-
centration 4 ¼ 0:05 and 0.20 versus a higher one 4 ¼
0:35. We run long simulations, up to 3� 1010 MC steps
on 2,562 vertices to have good-enough statistical sampling
(36). To measure the AR of domains lying on a quasispher-
ical surface, we project each of them onto the plane tangent
to the average sphere at the domain center of mass and to
compute domain covariance matrix with its in-plane coordi-
nates ðx; yÞ. The AR is then simply the ratio of the square
roots of its two eigenvalues (see supporting material).
Fig. 5 shows obtained AR distributions. We note that the
curves intersect at AR0x2. Domains with an AR% 2

(respectively, AR> 2) are thus called roundish (respectively
elongated). The increase of concentration does not have any
significant effet on the AR distribution at low concentrations
between 4 ¼ 0:05 and 0.20. By contrast, when 4 grows
from 0.20 to 0.35, one observes an increase in the proportion
of elongated domains from 28% to 40%. In the supporting
material, we also measure the typical cluster sizes. As ex-
pected (36), the domains for 4 ¼ 0:35 have a larger typical
size than the ones at 4 ¼ 0:2. The average cluster size
grows when 4 is increased, and more clusters fulfill the con-

dition r30 > l=E0 and, therefore, become elongated as pre-

dicted by the analytical model. Now, we estimate the
parameter ε. We get l 	 0:01 pN from the value of JI and
a vesicle radius R ¼ 10 mm. (In (59), it is explained how re-
normalization group methods allow one to relate l to R and
JI . In fact, we chose a value of the vesicle radius R ¼
10 mm for illustration’s sake, but the dimensionless value
of ε does not depend significantly on this value owing to

the way the different parameters entering ε ¼ sC2
0r

3
0=l

scale with R: sfR� 2, C0fR� 1, r0fR, and lfR� 1.) The

surface tension has been estimated to be s 	 10� 8 J/m2

with those parameters, and the domain curvature is
CA ¼ ðc1 þ2Þ=R 	 1 mm�1 (59). The observed domain

radius r0 is about 2 mm. It follows that ε ¼ E0r
3
0=lz10,

consistently larger than 1, and pr0lx30kBT. In the support-
ing material, we are led to similar conclusions by exploring
a second numerical model where proteins are represented as
point-like objects (60) (Figs. S10 and S13).
HIV receptor nanodomains tend to elongate under
overexpression

Our laboratory has long been interested in the early mecha-
nisms of HIV infection and in the role of membrane domains
in this process. To study the influence of protein overexpres-
sion on the shape of the domains, we have chosen to take



FIGURE 5 Top: simulation aspect ratio probabil-

ity distributions of A (red) domains for vesicles

with 4 ¼ 0:05 (red), 4 ¼ 0:20 (green), and

4 ¼ 0:35 (blue). Other parameters are c1 ¼ 8:0,

~s ¼ 300, and ~JI ¼ 0:5. Whereas the 4 ¼ 0:05

and 4 ¼ 0:2 distributions are close, the 4 ¼ 0:35

one is significantly different from the 4 ¼ 0:20

one (p value below the computer accuracy,

Kolmogorov-Smirnov [KS] statistical test, see sup-

porting material). Bottom: simulation snapshots of

the corresponding vesicles with the given values of

4. To see this figure in color, go online.

Elongation of cell membrane nanodomains
advantage of the 293-Affinofile cell lines developed by
Johnston et al. (46). This inducible cell line was originally
engineered to manipulate the CD4 and CCR5 expression
levels over a range covering that found on primary HIV-1
target cells. The proteins CD4 and CCR5 can be simulta-
neously and independently regulated with the help of vari-
able concentrations of minocycline and ponasterone,
respectively (Fig. S1). We have stably transfected this cell
line to express CXCR4, the third membrane protein that
can also be involved in HIV infection. We have established
two stable cell lines, one expressing a low number
(15; 00052; 000 per cell) of CXCR4 and one expressing a
high number ð120; 00057; 000Þ of this protein (Fig. S2).
Thanks to this, we were able to generate cells presenting
any possible combination of protein expression at their sur-
face (Table 1; Figs. S1 and S2). Note that this model is rele-
vant regarding HIV infection since, whatever the expression
level of the three proteins, the cells can be infected by HIV-1
viruses (see Fig. S3) (61,62).

We have performed SPT experiments to track these
different proteins in different conditions. The collected
data give the positions of the tracked proteins every 40 ms
for R 30 s. 544 individual trajectories have been acquired
with different expression levels of each protein. 35% of
the trajectories showed a free diffusion over the entire dura-
tion of the measurement, and 65% showed confined diffu-
sion (either permanently or transiently). For each of the
latter trajectories, we have isolated the confinement zones
thanks to the confinement index L of (52) (see materials
and methods). The duration of the confined trajectories is
at least four times larger, and in general much longer, than
the diffusion time to explore the whole confinement zone
(Fig. S4). Indeed, by construction, the confinement index
detects a transient confinement zone because the spatial
extent of the trajectory is significantly smaller than would
be expected for free diffusion. We have then measured the
sizes and shapes of these confinement zones. If we again
define the radius r0 through the ellipse area A ¼ pr20 (see
analytical model), we find typical values r0x150 nm
(respectively 200 nm) in the low (respectively high) expres-
sion state (Table S1).

In Fig. 6, we compare the AR distributions of the three
proteins that we have pooled in the context where the three
proteins have simultaneously either low or high expression
levels, one of them being tracked (the individual distribu-
tions before pooling are shown in Fig. 7). We observe a sig-
nificant increase in the proportion of elongated versus
rounded domains. In the supporting material, we also
explain that some confinement zones with AR% 2 are, how-
ever, classified as elongated because they are in fact curled
Biophysical Journal 122, 2112–2124, June 6, 2023 2119
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FIGURE 6 Experimental aspect ratio probability

distributions when all proteins have a low (blue,

nlow ¼ 165 measurements in 113 cells acquired in

21 independent experiments) or high (red,

nhigh ¼ 317 measurements in 211 cells acquired in

38 independent experiments) expression level (p

< 10� 7 for KS statistical test, see supporting mate-

rial). Inset: fractions of elongated nanodomains in

both conditions. Error bars are standard errors of

the mean. To see this figure in color, go online.
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or coiled elongated nanodomains. They appear as peaks in
Fig. 6, to be compared with Fig. S6 (where the distribution
without curled or coiled nanodomains is also shown). In
overexpressed conditions, the AR distribution is signifi-
cantly shifted toward higher values and the proportion of
elongated nanodomains raises from 47% to 61%.

Then, we have compared the behavior of each protein
individually in a low or high expression context. In Figs. 7
and 8, displayed below, we use the following notations for
the experimental conditions: when a protein is expressed
at a low expression level, its name is written in lowercase
letters, and when a protein is overexpressed, its name is
written in uppercase letters. The protein that has been
tracked is underlined. We also observe a significant increase
in the proportion of elongated versus rounded domains
regardless of the protein being considered (Fig. 7). Alterna-
tively, the cumulative distribution of panel A shown in panel
D displays a shift to higher AR values upon overexpression.
To go further, we have focused on the single-spanning CD4
and seven-spanning CCR5 receptors that have been abun-
dantly studied in the literature (44,63–65). We have
analyzed changes of the shape of the nanodomains of each
of these proteins when it is the only one to be overexpressed.
In Fig. 8, we observe that overexpression of the sole CCR5
is accompanied by a strong increase of the proportion of
elongated nanodomains (33%–76%), while for the CD4,
we have observed a slight increase of the proportion of elon-
gated nanodomains (46%–52%), however statistically
significant.
DISCUSSION

This work thus combines theoretical and experimental ap-
proaches to show that increasing the concentration of the
2120 Biophysical Journal 122, 2112–2124, June 6, 2023
minority phase can lead to a noticeable elongation of nano-
domains in membranes, as already observed experimentally
(32) or in numerical simulations (66). However, to our
knowledge, this effect had never been quantified so far. A
simple physical mechanism in thermodynamic equilibrium
can be put forward to explain why elongated nanodomains
are more stable than roundish ones under favorable circum-
stances. When 4 grows, nanodomains become more and
more numerous with a growing typical size r0 (see
Fig. S11) (36,67). However, too-large domains are intrinsi-
cally unstable because of the effective long-range repulsion
due, for example, to membrane deformation induced by the
spontaneous curvature of the domain constituents. One way
of dealing with this instability is to generate more elongated
nanodomains above a critical size, in which the repulsive
energy (of magnitude E0) is lower, at the price, however,
of a higher line energy, proportional to the line tension l.
More quantitatively, we propose a scaling argument, which

writes E0r
3
0 > l, predicting when circular domains become

unstable at the benefit of elongated ones, provided that
the typical domain size r0 must be comparable to the
range x of the repulsion. In our SPT experiments, we
have measured r0z200 nm when receptors are overex-
pressed, which indeed corresponds to the realistic value

x ¼ ffiffiffiffiffiffiffiffi
k=s

p 	 100 nm in cells (35).

Pointing out the analogy between experimental and
numerical nanodomain morphologies implicitly assumes
that a curvature-composition coupling mechanism is at
play in the case of HIV receptor-containing nanodomains,
at least for CCR5 and CXCR4, two class-A GPCRs. The
spontaneous curvature induced by class-A GPCRs has
very recently been investigated in detail in live cells
(68). A spontaneous curvature of about 0.04 nm�1

is deduced, presumably related to the crystal structures
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FIGURE 7 Same as Fig. 6 for the three types of proteins tracked sepa-

rately when they all have low (blue) and high (red) expression levels. (a)

px2� 10� 4, nlow ¼ 52 measurements in 29 cells acquired in 7 indepen-

dent experiments, and nhigh ¼ 111measurements in 83 cells acquired in 13

Elongation of cell membrane nanodomains
of those GPCRs that reveal their transmembrane part to
be up-down asymmetric across the bilayer. This sponta-
neous curvature is typically in the range of values
that can promote submicrometric nanodomains, as ex-
pected (35).

To our knowledge, no such measurements have been per-
formed on CCR5 or CXCR4, but they belong to the same
class A (38) and thus share structural similarities with
those of (68). The effect of overexpression is less marked
for CD4. CD4 has only one transmembrane segment, and
its impact on the local membrane curvature should be
less important than for CCR5, which has seven transmem-
brane segments.

The present work then shows that the accumulation of
proteins into nanodomains can induce a change of their
morphology. This could probably be extrapolated to other
membrane proteins since such ‘‘untypical’’ nanodomain
shape has already been observed with other proteins in
different cell types without being explained so far. Howev-
er, this mechanism should not be confused with the one
studied for example in (69). There, very anisotropic pro-
teins adsorbed on the membrane, such as BAR domains,
tend to organize in linear structures with a strong order
due to strong interactions. In these structures, each protein
has a fixed position and cannot diffuse easily, contrary to
what we observe here. In our case, the domains are likely
much more disordered, with a liquid-like order. Here, the
proteins under study may also induce a moderate aniso-
tropic curvature, but anisotropy is rapidly averaged out
due to thermal fluctuations and fast rotational diffu-
sion (70).

Domain elongation thus reveals local accumulation of
specific proteins in the cell membrane. Such an effect,
influencing biological processes such as HIV entry
(27,71), can be revealed by SPT thanks to its unique perfor-
mances. From a soft-matter physics viewpoint (72), we
conjecture further that elongation of nanodomains is the
signature of the transition between 2D hexagonal and
lamellar phases, where the minority phase transforms into
parallel stripes (73). Indeed, in phase diagrams ensuing
from approximate calculations, a region of coexistence be-
tween these two phases was identified (74) that might
contain the elongated nanodomain stability region, as nu-
merical simulations suggest it (66,75). Refined calculations
independent experiments; (b) px0:002, nlow ¼ 21 measurements in 15

cells acquired in 4 independent experiments, and nhigh ¼ 131 measure-

ments in 88 cells acquired in 15 independent experiments; and (c)

px0:001, nlow ¼ 92 measurements in 69 cells acquired in 10 independent

experiments, and nhigh ¼ 75 measurements in 47 cells acquired in 9 inde-

pendent experiments. Protein name is written in lowercase letters when ex-

pressed at low level and in uppercase letters when overexpressed. The

protein that has been tracked is underlined. Error bars on histograms are

mean 5 SEM. The p values are not calculated with these error bars but

with the full distributions via a KS statistical test (see below). In (d), the cu-

mulative distribution of (a). To see this figure in color, go online.
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FIGURE 8 Same as Fig. 6 for different conditions.

(a) pz9� 10� 4, nlow, and nhigh ¼ 29 measure-

ments in 16 cells acquired in 5 independent experi-

ments, and (b) pz0:03, nlow, and nhigh ¼ 33

measurements in 19 cells acquired in 6 independent

experiments. Protein name is written in lowercase

letters when expressed at low level and in uppercase

letters when overexpressed. The protein that has

been tracked is underlined. To see this figure in color,

go online.
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will be necessary to get a full understanding of mesopat-
terning in the future.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.

2022.12.009.
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