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in Cell Membranes by Fluorescence Polarization-Resolved Imaging
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and Sophie Brasselet™

TAix-Marseille Université, Ecole Centrale Marseille, Centre National de la Recherche Scientifique, Institut Fresnel, Marseille, France; and
*Centre d'Immunologie de Marseille-Luminy, Institut National de la Santé et de la Recherche Médicale, Marseille, France, and Centre National
de la Recherche Scientifique, Marseille, France

ABSTRACT Steady-state polarization-resolved fluorescence imaging is used to analyze the molecular orientational order
behavior of rigidly labeled major histocompatibility complex class | (MHC I) proteins and lipid probes in cell membranes of living
cells. These fluorescent probes report the orientational properties of proteins and their surrounding lipid environment. We
present a statistical study of the molecular orientational order, modeled as the width of the angular distribution of the molecules,
for the proteins in the cell endomembrane and plasma membrane, as well as for the lipid probes in the plasma membrane. We
apply this methodology on cells after treatments affecting the actin and microtubule networks. We find in particular opposite
orientational order changes of proteins and lipid probes in the plasma membrane as a response to the cytoskeleton disruption.
This suggests that MHC | orientational order is governed by its interaction with the cytoskeleton, whereas the plasma membrane
lipid order is governed by the local cell membrane morphology.

INTRODUCTION

Biomolecular orientational organization is a crucial factor in
biological processes where functions can be closely related
to orientation and ordering mechanisms. Proteins and lipids
in cell membranes are known to form structured assemblies
with collective molecular order participating in cell motility
(1), vesicular trafficking (2), and signaling (3-5). Protein
interactions in supramolecular complexes such as biofila-
ments are also highly driven by orientational order (6-8),
which is crucial to study and understand the fundamental
cell membrane mechanisms. Although biochemical investi-
gations have proved to answer many important biological
questions related to membranes, they fail in reporting loca-
tion and orientational order of molecular entities because
the spatial cell organization is lost in the cell lysis process.
In contrast, fluorescence microscopy can handle such a task
at the scale of the optical resolution.

Structural organization in cell membranes has been so far
essentially studied in the frame of molecular spatial locali-
zation and its time dynamics. Fluorescence recovery after
photobleaching (9), fluorescence correlation spectroscopy
(10), and single molecule tracking (11) have allowed a better
understanding of the mobility of proteins and lipids and
their perturbation by specific conditions of the cells,
bringing a considerable amount of information on the nano-
scale organization of the cell membrane and its associated
signaling dynamics. On the other hand, little attention has
been directed toward protein and lipid orientational order
in cell membranes.
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Probing molecular orientation relies on the sensitivity of
fluorescence to the coupling between optical polarization
and molecular transition dipoles. Only a few works have
reported investigations on biomolecules’ orientational order
in cell membranes, either from membrane proteins (12) or
lipids (2,5,13-17), for two reasons:

First, polarization-resolved fluorescence imaging requires
a fluorescent label rigidly attached to the system under
study, able to report its orientational order behavior.

Second, the commonly used fluorescence anisotropy,
based on the measurement of two polarization states in the
excitation and detection paths, provides only partial informa-
tion on the orientation of an ensemble of molecules (18,19).

Such a classical scheme quantifies molecular disorder only
providing that the average orientation of these molecules is
known. This has been limited so far to the investigations
into simple spherical membranes geometries such as giant
unilamellar vesicles (14), red blood cells (13,15), cell blebs
(12), spherical cells (17,20), and nuclear envelopes (21).

Probing molecular orientational order in lipid membranes
has been quite successful due to the possibility to rigidly
embed fluorescent probes within the membrane leaflets.
However, its application to the measurement of membrane
proteins remains complex. Major histocompatibility com-
plex class I (MHC 1) has, nevertheless, been successfully
labeled in a rigid way where a green fluorescent protein
(GFP) is included within the transmembrane domain and
the a3 extracellular domain of the MHC I protein (22). So
far, the orientational order behavior of this system has been
studied on round-shape cell blebs where the morphology of
the membrane can be more easily analyzed (12).

In this article, we use a combination of fluorescence
anisotropy and polarization-resolved fluorescence imaging
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(19,23), to quantitatively analyze the orientational order of
MHC I on cell membranes in the endomembrane and
plasma membrane. With this technique, we probe the
angular range explored by the fluorescent labels (either
GFP or lipid probe fluorophore) and explore how this angle
can potentially report complementary information for the
understanding of their biological function. The orientational
order of MHC I in both membranes is expected to depend
primarily on its lipid membrane environment, the matura-
tion state of the protein, and its interaction with the cytoskel-
eton. In particular, MHC I is known to exhibit clustering in
recognition processes (3,4), as well as hindered lateral
mobility explained by dynamic barriers located in the cell
cytoplasm (24,25). Such behaviors, which can lead to im-
portant consequences in its recognition functions (26,27),
may be also related to modifications of the MHC I orienta-
tional order properties in the cell membranes.

In this work, the rigidly labeled MHC 1 is used to analyze
its steady-state orientational order behavior. We report what
we believe to be a first proof of principle of this technique by
studying orientational order changes under actin and micro-
tubule networks perturbations, induced by appropriate phar-
macological treatments. Similar analysis performed on
a lipid probe provides an additional picture of the molecular
orientational order of the local lipid environment in the
plasma membrane. The results show that molecular interac-
tions with the cytoskeleton and cell membrane local
morphology are determining factors in the proteins and
lipids orientational order behaviors analyzed by polariza-
tion-resolved fluorescence imaging.

MATERIALS AND METHODS
Cell preparation

All experiments were carried out on COS-7 cells (ATCC No. CRL-1657;
American Type Culture Collection, Manassas, VA). COS-7 cells were
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grown at 37°C in Lab-Tek chambers (Nalge Nunc, Rochester, NY) in
DMEM medium (Lonza, Verviers, Belgium) completed by 10% FBS and
1% sodium pyruvate. The H2LYGFPout and H2L? GFPin molecular
constructs are detailed in Marguet et al. (22), and are denoted
MHC " Rigid and MHC®"*Flexible, respectively, for clarity throughout
this article. A schematic of those two constructs are shown in Fig. 1,
a and b. In MHC®"*Rigid, the GFP probe is located within the amino-
acid sequence of the H2L? protein, which restricts its orientational degrees
of freedom and makes it a rather rigid probe. In the case of MHC“**Flex-
ible, GFP is attached to its cytoplasmic tail at the C-terminus, allowing
mobility in large orientational angles (12).

Cells were transfected with MHC®"Rigid and MHC“""Flexible cDNA
expression vector with ExGen 500 as per manufacturer’s instructions
(Euromedex, Souffelweyersheim, France) and 48 h before measurements.
After this time, MHC I has migrated partly to the plasma membrane.
Cells were washed and kept in Hanks buffered salt solution containing
10 mM HEPES (HBSS/HEPES), pH 7.4, at 37°C, for the whole imaging
process (or 25°C for complements in the Supporting Material).

Cells were labeled with di-8-ANEPPQ directly before measurements.
Cells were washed and incubated in insertion buffer (NaCl 130 mM,
KCl 5 mM, CaCl, 10 mM, glucose 5 mM, and HEPES 10 mM) with
1 uM di-8-ANEPPQ (dissolved by absolute ethanol to 1 mM for preserva-
tion and usage) for 2 min at room temperature. After incubation, cells were
washed again and kept in HBSS/HEPES at 37°C for the whole imaging
process (or 25°C for complements in the Supporting Material).

For the pharmacological treatments, cells were washed in HBSS/HEPES
and incubated at 37°C with 1 uM latrunculin A (5 min), or 10 uM
cytochalasin D (30 min). Cells were then washed with HBSS/HEPES and
kept in HBSS/HEPES with 10 times’ diluted reagent during the whole
imaging process. Cells were also incubated with 3 uM colcemid in
DMEM medium for 5 h, washed, and imaged with HBSS/HEPES. At
last, cells were swollen in a (80% H,0, 20% HBSS/HEPES) solution and
imaged after 15 min. All pharmacological treatments were performed
after the transient transfection with MHC I and before di-8-ANEPPQ
labeling.

Experimental setup

Experiments have been carried out on a custom laser scanning confocal
microscope system (see Fig. S1 in the Supporting Material). The linearly
polarized excitation beam from a continuous 491-nm laser (Calypso;
Cobolt, Solna, Sweden) is reflected by a dichroic mirror (XF2037-
S00DRLP; Omega Optical, Brattleboro, VT) and focused on the sample
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FIGURE 1 Schematic representation of (a)
MHC®"Rigid and (b) MHC““"Flexible. (c)

Typical polarimetry responses Ix(a) and Iy(e)
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measured for a varying incident polarization angle
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by a water immersion microscope objective (C-Apochromat 40x UV-VIS-
NIR, NA = 1.2; Carl Zeiss, Aalen, Germany). The power at the entrance
of the microscope is ~10-20 uW. The typical lateral optical resolution
obtained is ~200 nm as characterized in Ferrand et al. (28). Fluorescence
is collected by the same objective in an epi-geometry, passes through the
dichroic mirror, and is spectrally filtered (HQ540/80M-2P; Chroma
Technology, Rockingham, VT). After being focused in a confocal pinhole
(75 um diameter), the emission signal is split in two orthogonal polarization
analysis directions (corresponding to the X and Y sample plane directions)
by a polarizing beam splitter (broadband polarizing beamsplitter model
No. 05FC16PB.3; Newport, Irvine, CA). The corresponding analyzed
intensities Iy and Iy are obtained by focusing the emitted signal onto two
avalanche photodiodes (SPCM-AQR-14; PerkinElmer Optoelectronics,
Waltham, MA).

Imaging is performed by scanning the excitation/observation volume in
the sample, using galvanometric mirrors (28). For polarimetry imaging,
the excitation polarization is linear in the sample plane (X,Y), rotated by
an angle « with respect to the reference axis X. In this mode, « is controlled
by a half-wave plate (WPHO5M-488; Thorlabs, Newton, NJ) mounted on
a motorized rotation stage (PRSOCC; Newport), placed before the dichroic
mirror. A stack of 90 images is recorded while « is incremented in 2° steps
from 0° up to 180° for each scanning frame. A quantity of 150 x 150 pixels
images is recorded on a 60 x 60 um?® sample area with a pixel dwell time of
100 us for each angle «. The typical duration of acquisition for a polarimetry
stack of 90 images is 5 min.

For each pixel of the image, polarimetric responses Iy«) and Iy(«) are
generated (Fig. 1 ¢) and used either to get a direct molecular order informa-
tion (see Methodology below), or to produce an anisotropy ratio image
using the fact that the sum over all incident polarizations is equivalent to
a circular excitation. Possible slight differences of efficiency between the
two X and Y detectors are systematically assessed by comparing intensities
measured in a 1-uM water solution of Rhodamine 6G, assumed to be
isotropic, due to its fast molecular rotational dynamics. The obtained ratio
r = Ix/ly (typically between 0.85 and 0.9) is taken into account by rescaling
the photon counts of the appropriate channel before data processing. Polar-
ization distortions produced by the optics (in particular ellipticity and
dichroism factor caused by the reflection on the dichroic mirror) are prelim-
inarily characterized using a method developed in Schon et al. (29), based
on polarimetry measurements in a 1-uM water solution of Rhodamine 6G,
and systematically accounted for in the data analysis. At last, the high
numerical aperture collection (NA = 1.2) is accounted for by introducing
a degree of mixture of the Iy, Iy and I emitted fluorescence signals along
the X, ¥, and Z polarization direction defined by the coefficients K; = 0.86,
K> = 0.015, and K5 = 0.262 with the notations of Axelrod (13).

Methodology

The polarization sensitivity of the fluorescence emitted by a collection of
molecular dyes located in the focal volume of a microscope objective has
been largely studied in both one-photon and two-photon excitation
contrasts. Traditionally, molecular order in membranes, in a steady-state
regime, is modeled by an angular cone aperture representing the directions
explored by the probed molecules over a long time (typically 100 us per
pixel) comparing to orientational fluctuations (13,14). Assuming that the
imaging plane is set at the equator of the membrane where the molecular
cone distribution main axis lies in the (X,Y) sample plane, this cone is
defined by its average orientation angle p relative to X and its aperture y/
(Fig. 1 d). Although this model is a crude simplification of the more general
Boltzmann distribution, it has been shown to be robust enough to give
a good representation of molecular orientational order (13). The fluores-
cence responses Iy and Iy are modeled supposing that individual molecular
absorption and emission dipoles lie within a cone distribution defined by
(p,¥) (19). The hypothesis of parallel absorption and emission dipoles
directions is discussed below. In a membrane the two parameters p and ¥/
have a strong influence on the measured fluorescence polarization response.
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The value y is traditionally measured using fluorescence anisotropy
imaging (13,14,17,20). In this work we define the anisotropy polarization
ratio by A = (Ix—Iy)/(Ix + Iy) under circular incident polarization, depicted
in Fig. 1 e as a function of y for different values of p. This definition of A,
which is adequate for the epi-fluorescence microscopy geometry, differs
from the usual fluorescence anisotropy as performed in a cuvette. We
describe below its characteristics.

In the case of high molecular order (small cone aperture angle v), A rea-
ches extreme values of (+1) when the fluorescence dipoles lie along the X
axis in the sample plane (p = 0°), and (—1) when they lie along Y (p =
90°). In case of low molecular order (isotropic distribution of the dipoles:
Y ~ 180°), the A value tends toward A = 0.14 whatever the value of p. This
value slightly differs from the expected 0 value, due to the instrumental polar-
ization distortions described in Experimental Setup. Fig. 1 e shows that the
measurement of A can be used to determine the molecular order aperture
angle y, as long as p is known. However, although A is a good reporter of
Y at extreme p-values (p = 0° and 90°), no valuable information can be
retrieved close to p = 45°, because the detected fluorescence along the X
and Y directions are almost equivalent in this case. We therefore limit our
analysis to the sample regions where p is close to 0°, leading to a large range
of positive values of A, to compare cells in different situations with the best
comparison accuracy. Identifying p within a cell membrane is achievable
when working with circular-shaped membranes such as systematically
done in previous works (12,13,17,20). Itbecomes less obvious when working
with cell membranes that have complicated shapes. To make sure that p ~ 90°
in our investigated cells, a full polarization response is performed using the
polarimetry imaging scheme (Fig. 1 ¢ and the Supporting Material) (19).

With these tools we 1), securely find p ~ 0° membrane locations with
polarimetry imaging; and 2), perform anisotropy imaging to determine
the corresponding ¢ angle at these locations, in regions of interest of
1x1 pixel centered on a given membrane location. The distributions of
the values of y determined in the areas of interest are depicted as histograms
measured over populations of 5-10 different cells for which typically 10-25
regions are measured, leading to 200 explored regions in total. In each case,
the average y-values and their standard deviation are given. The standard
deviation sums up intrinsic experimental noise, cell membrane, and cell-
cell heterogeneities.

Photobleaching does not contribute to anisotropy measurements, because
each pixel is illuminated for a short time (100 us) in 90 successive images at
a rate of roughly three images per second. Long time photobleaching,
observed in our systems at timescales of up to 20 min under continuous illu-
mination, is therefore not a limitation in this method (Fig. 1 ¢). In the our
signal conditions, a bleaching by 7% of the measured intensity would induce
abias of Y of roughly 10°, whichis close to the measured standard deviations.
At last, the measured y-values are representative of the population of
proteins or lipids averaged in the focal volume, therefore, as for classical
anisotropy, this method cannot discriminate monomeric versus polymeric
states of proteins if the number of observed proteins is not a priori known.

Finally, anisotropy imaging permits a distinct visualization of the endo-
membrane and plasma membrane locations, which can be better discrimi-
nated from the isotropic population of proteins present in the cytoplasm.
In all analyses, studies are performed on cells where a clear distinction
can be made between the endomembrane and the plasma membrane.

RESULTS

Fig. 2 shows experimental anisotropy and fluorescence
intensity images given by Ix + I, summed over all incident
polarization angles a.

Orientational order behavior of MHC |

Studies on the molecular order of membrane proteins in
living cells require a rigidly labeled fluorescent probe. Our
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FIGURE 2 Fluorescence image (fop) and corresponding anisotropy
images (bottom) of COS-7 cells labeled with (¢) MHC“""Rigid, (b)
MHCC*PFlexible, (¢) di-8-ANEPPQ without treatments and (d)
MHC " Rigid, (¢) MHC®""Flexible, () di-8-ANEPPQ treated with latrun-
culin A. The typical fluorescence intensity varies between 200 and 500 K
counts/s. Scale bar: 10 um.

experiments make use of two kinds of label attachment
schemes developed previously (22), denoted MHC /" Rigid
and MHC®"PFlexible (see Fig. 1, a and b, and Materials and
Methods). In the case of MHC®"Rigid, the GFP molecule
is considered to be rather rigidly attached to the protein
structure. As a control, in MHC®"FFlexible, the GFP is
considered flexible (12). In all analyses below, the absorp-
tion and emission angle of the fluorescence dipoles are
supposed to lie along the same direction. This is supported
by a previous analysis showing a 3° difference between
these dipoles (12).

As can be seen in Fig. 2 a, COS-7 cells transfected with
the MHC®*"Rigid construct show large values of A in the
endomembrane and the plasma membrane. This is a signa-
ture of a nonnegligible orientational order (¢ < 180°) of
the proteins, for which we find a cone aperture angle y of
(158° £ 6°) in the endomembrane and (148° = 9°) in the
plasma membrane. We do not observe values higher than
A = 0.5, as compared to a complete order which would
lead to A = 1. Contrary to MHC“*"Rigid, the anisotropy
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image for MHC“"PFlexible (Fig. 2 b) shows clear isotropic
behavior of the label in endomembrane and plasma
membrane of the cell. The A values measured are close to
the theoretical isotropic value A = 0.14 is found, accounting
for polarization distortions. Therefore the orientation of the
protein cannot be accurately deduced and a large angle y of
(176° *+ 4°) was measured whatever the membrane loca-
tion, characteristic of an isotropic distribution of the
molecules.

These results show that MHC“**Rigid confirms its
ability to be a more sensitive label construct than
MHC " PFlexible with respect to orientational order (12).
We therefore extended the study to the influence of different
reagents altering the state of actin and microtubules poly-
merization. The used reagents are latrunculin A (an actin
polymerization inhibitor), cytochalasin D (an actin depoly-
merization inducer), and mechanical disruption of cytoskel-
eton by a hypotonic shock. Furthermore, we studied the
influence of microtubules depolymerization by colcemid.
The orientational order of MHC“*#Rigid in the endomem-
brane and the plasma membrane is shown in the anisotropy
images in Fig. 2 and the results are summarized in Table 1.
In the case of MHC®"Flexible, an isotropic behavior was
observed for all treatments (see the Supporting Material).

The swelling of the cells reveals a higher orientational
order ( = 146° = 8°) in the endomembrane and higher
orientational disorder (y = 155° * 9°) in the plasma mem-
brane, as compared to the values reported for untreated cells.
Latrunculin A and cytochalasin D are used to alter the state
of actin polymerization by different mechanisms: Latruncu-
lin A binds to actin monomers and prevents their polymer-
ization whereas cytochalasin D binds the barbed-ends of
the actin filaments and prevents the extension of actin
filaments. Even though the overall effects of latrunculin A
and cytochalasin D alter the actin-based cytoskeleton orga-
nization, we find different orientational behaviors on
MHC%""Rigid.

Latrunculin A does not modify the orientational distribution
of MHC“""Rigid in the endomembrane (¢ = 156° + 8°),
but in the plasma membrane with a larger cone aperture
angles (¥ = 158° % 10°). In the case of cytochalasin D treat-
ment, the effect is less pronounced with no effect on the
plasma membrane (y = 148° =+ 8°) but an orientational

TABLE 1 Summary of the obtained results for the cone
aperture angles i, reporting the mean and standard deviation
of ¢ for the GFP-tagged MHC | proteins and the di-8-ANEPPQ
lipid probes

Endomembrane Plasma Plasma
COS-7 cells MHCY"Rigid  MHC%"Rigid  di-8-ANEPPQ
Untreated 158° = 6° 148° = 9° 132° + 12°
Hypotonic shock 146° = 8° 155° = 9° 98° + 10°
Latrunculin A 156° + 8° 158° = 10° 116° + 10°
Cytochalasin D 151° = 7° 148° + 8° 108° £ 12°
Colcemid 147° = 8° 150° = 9° 117° = 11°

Biophysical Journal 101(2) 468—-476
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distribution more ordered in the endomembrane (y = 151° =
7°). Finally colcemid, which depolymerizes the microtu-
bules, leads to an increase of order in the endomembrane
with ¥ = 147° £ 8° and slight increase of disorder (¢ =
150° = 9°) in the plasma membrane. Altogether, these
data suggest that disruption of the cytoskeleton/microtubule
organization has a subtle but detectable effect on the
membrane organization of MHC 1. Finally, a decrease of
temperature at 25° leads to a global decrease of y-values
by 5-10°.

Orientational order behavior of di-8-ANEPPQ

To address the question of the orientational order of lipid
molecules in cell membranes and its possible correlation
with the MHC I behavior, di-8-ANEPPQ was incorporated
into the COS-7 cell membranes. Di-8-ANEPPQ exhibits
a transition dipole within the membrane leaflets and there-
fore is expected to qualitatively report the local lipid order
(19). As a consequence, the orientational order behavior
of di-8-ANEPPQ is expected to give a relevant indication
on the MHC I surrounding lipid environment. Only the
plasma membrane is probed in this case because the inser-
tion of the di-8-ANEPPQ occurs mainly within this
membrane and is stopped before the probe reaching the
cytosol. The absorption and emission dipoles of di-8-
ANEPPQ are supposed to lie along roughly the same direc-
tion, based on demonstrations performed on TMA-DPH,
which is a similar one-dimensional molecule (30). Fig. 2
shows the anisotropy images of di-8-ANEPPQ inserted
into COS-7 cells for different cell treatments. In untreated
cells, a high anisotropy value is observed for the lipid probe,
signature of a higher orientational order (y = 132° + 12°)
than the one observed for MHC“/"Rigid. Cell swelling by
a hypotonic shock leads to a strong increase of orientational
order with ¥ = 98° % 10°. Treatments altering the actin
cytoskeleton network cause similar effects but slightly less
pronounced with a cone aperture angle ¥ of (116° = 10°)
for latrunculin A and ¥ = 108° = 12° for cytochalasin D.
Similarly, the colcemid treatment also increases the orienta-
tional order of di-8-ANEPPQ with a cone aperture angle v
of (117° = 11°). These results are summarized in Table 1.
At last, a temperature decrease down to 25° leads to
a decrease of the cone apertures by 10-20° (see the Support-
ing Material).

DISCUSSION

In this study, the GFP molecule attached to the
MHC"*Rigid construct is considered to be a relevant
reporter of the MHC 1 orientational order changes in the
membranes upon drug effects, whereas the di-§-ANEPPQ
molecules are reporter for the surrounding membrane lipid
order. Although these fluorophores give a partial view of
the orientation of both MHC I and lipids, because they are
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Kress et al.

not rigidly parallel to the proteins and lipids molecules,
they are able to report the sensitivity of these molecules
(in terms of order and disorder changes) relative to cell treat-
ments. In particular, we probed the modification on the
orientational order of lipids and proteins in the plasma
membrane after the disruption of actin cytoskeleton and
the microtubule network. Note that the orientational order
probed in this work is a steady-state quantity, because orien-
tational fluctuations occur at a much faster timescale than
the measurement time used. Although this fast orientational
dynamics is known for lipid probes (14), we confirmed this
assumption by polarized fluorescence correlation spectros-
copy measurements on MHC“**Rigid and MHC“""Flexi-
ble in cell membranes (see the Supporting Material).

Sensitivity of the molecular order i determination

The A(y) dependence presented in Fig. 1 e for p = 0° shows
that the technique is highly sensitive to a small change in the
cone aperture y of the molecular orientation distribution
especially around high cones apertures. A decrease of sensi-
tivity could be expected from a poor signal/noise ratio and
a large heterogeneity of behaviors in the explored popula-
tion. In the our case, the detected intensity was high enough
to provide a signal/noise ratio over 16 for di-8-ANEPPQ
probe and 11 for the MHC“**Rigid probe, which is suffi-
cient to obtain a reliability of a few percent in the determi-
nation of the anisotropy ratio A, and therefore of a few
degrees for y. Furthermore, the histograms of measured
angles ¥ over 200 areas in the cells show a homogeneous
behavior (Fig. 3). Increasing the statistics to 1000 regions
of interest does not change significantly the shape of this
histogram or the mean value of y. In addition, several
repeated measurements over the same cell give the same
result for the mean y with a few degrees precision. The
width observed on the y-histograms (resulting from a stan-
dard deviation of A of ~0.04-0.08) is therefore instead as-
signed to the heterogeneity of the local environment
around the cell membranes contour, and from one cell to
another. Therefore, we consider that the histogram relative
displacements observed for different cells conditions
(Fig. 3) accurately relate to specific molecular organization
of the probed component within biomembranes.

We have been able to rule out the major different physical
possibilities that might contribute to a misleading estimation
of .

First, all instrumental polarization mixture factors such
as excitation polarization distortions and high numerical
aperture collection are accounted for in the analysis, and
can be ruled out in the possible error sources.

Second, the hypothesis of parallel absorption/emission
dipoles is supported by previous measurements (12,30).

Third, the supposition of a perfect cone orientation in the
(X,Y) plane has been tested by a separate measurement of
the cell profiles, which shows that in the measured cell
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equator the off-plane orientation is small enough (<20°) to
support this hypothesis (19).

Fourth, an overestimation of the cone aperture ¥ might
result from Forster resonant energy transfer between adja-
cent fluorescent probes (homo-FRET). Indeed energy trans-
fer can lead to a depolarization of the measured fluorescent
signal and therefore to an artificial enlargement of the
observed distribution. Homo-FRET is usually employed as
a signature of the presence of proteins dimerization or
aggregation (31,32). In the case of MHC I, homo-FRET
has been evidenced by an anisotropy decrease in the endo-
membrane, which was interpreted as a more pronounced
clustering of MHC 1 that was not observed in matured
proteins (12). Clustering of peptide-loaded MHC I proteins
have also been observed, indicating the role of aggregation
in T cell recognition processes (3,4). In the plasma mem-
brane, the MHC proteins are matured and the most informa-
tive data are obtained there.

To probe possible homo-FRET between MHC proteins or
di-8-ANEPPQ lipid probes, we have performed a successive
bleaching experiment, at long timescales (10-20 min) of
continuous illumination. When performing anisotropy
measurements after progressive decrease of the number of
fluorescent molecules due to photobleaching, the anisotropy
is expected to decrease if there is significant homo-FRET
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between molecules. This effect is not observed for either
MHC I in both membranes or di- 8-ANEPPQ (see the Sup-
porting Material). Note, however, that a small degree of
homo-FRET for MHC“/*Rigid in the endomembrane might
be probable due to the higher protein concentration and
possible clustering of the proteins in the endoplasmic retic-
ulum (12,22). A remaining homo-FRET effect not measur-
able with our sensitivity would not affect the comparisons
between the different cells treatments, though, which are
relative analyses based on the same concentration conditions.

Analysis of MHC | and lipid probes orientational
order

The MHC“**Rigid protein label exhibits the required prop-
erties to be a reporter for the protein orientational order in
the membrane, due to the restriction of its orientational
degrees of freedom in the nuclear and the plasma
membrane. In contrast, MHC®/PFlexible shows a com-
pletely isotropic behavior (Fig. 2, b and ¢) due to the fact
that GFP is labeled at the protein C-terminus in a flexible
way and is allowed to explore all possible orientation
angles. Nevertheless, the measured y-aperture angle for
MHC""Rigid is still quite high (between 140° and 160°,
Table 1), which shows either that GFP is still not completely
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rigidly attached to the construct, or that the construct
undergoes itself some degree of orientation disorder in the
membrane. Nevertheless, the MHC“**Rigid disorder being
lower than an isotropic behavior of MHC“**Flexible can be
considered as a reference point for relative comparisons
among the endomembrane and the plasma membrane,
different temperature conditions, and cell treatments effects.

Our results show that MHC®*"Rigid in the untreated
plasma membrane exhibits a higher orientational order
than in the endomembrane (Table 1). We explain this obser-
vation with the fact that:

First, the endomembrane exhibits a more complex multi-
layer structure with a higher proficiency to induce
a disorder into the proteins orientation.

Second, the proteins in the nuclear membrane are not
completely matured, allowing different orientations
of the GFP.

Third, the different composition of the lipids in the two
membranes indicates a higher presence of orienting
lipid molecules in the plasma membrane, leading to
a higher order of the proteins.

Fourth, a possible degree of homo-FRET in the endo-
membrane might lead to an enlargement of the
measured aperture angle in this region, as mentioned
above.

If existing, this transfer is, however, not complete because
a change of y in the endomembrane has been observed
under some cell treatments and change of temperature. In
particular in the two membranes, the molecular disorder is
seen to increase when increasing the temperature from
25°C to 37°C (see the Supporting Material), which is consis-
tent with a higher thermal agitation.

These results show overall slightly larger y-angles than
previously measured on the same proteins constructs (12),
where i ~ 100° was found in MHC“**Rigid. This measure-
ment was performed on cell blebs, though, which can affect
the cell by a strong structural change. In our work, fluores-
cence polarization-resolved imaging has been performed on
unperturbed living cells in which both endomembrane and
plasma membrane can be separately visualized.

The di-8-ANEPPQ molecule is a good reporter for the
orientational order of lipid molecules even though the
labeling is restricted to the plasma membrane. An adequate
exposure time of the cells into the di-8-ANEPPQ insertion
buffer permits us to achieve a well-contrasted fluorescence
signal between the plasma membrane and its surrounding
(interior and exterior of the cells), without reaching a
too-high concentration which would lead to homo-FRET
depolarization effects. We find a higher order of the di-8-
ANEPPQ fluorophores in the plasma membrane, as com-
pared to MHC 1. This result is consistent with the deeper
incorporation of the lipid probe within the plasma mem-
brane in contrast to the MHC“*"Rigid where the GFP is
located outside of the plasma membrane, therefore under-
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going less constraining orientational potential. It is impor-
tant to point out that comparison of the y-aperture angle
observed for different molecules should integrate this initial
degree of steric constraint.

The measured lipid probe orientational order is compa-
rable with measurements obtained in liquid-disordered
phases of giant unilamellar vesicles at the same temperature
conditions (19). This result is therefore representative of
a disordered environment rather than a constrained one.
This is most likely to occur because of the averaging
specificity of the imaging technique: all orientational infor-
mation is indeed averaged over long times (100 us) com-
paring to the lipids rotational diffusion times (see the
Supporting Material), and over large spatial scales (200 nm)
comparing to the lipids and membrane microscopic features
sizes. In particular, there are some evidences that cell
membranes are not totally flat but instead made of subresolu-
tion scales wrinkles (2,5,33,34). It is therefore expected that
averaging over this membrane complex and dynamical
boundary would result in quite large cone aperture angles.

Nevertheless, even though the measured cone aperture v
for lipid probes contains structural wrinkles averaging, it is
still sensitive to membrane treatments and temperature. In
particular, at a physiological temperature (37°C), the di-8-
ANEPPQ fluorophores exhibit a higher disorder due to
larger thermal fluctuations. This indicates that both
morphology effects and environment dynamics are respon-
sible for the observed molecular orientational order.

Treatments effects on the orientational order
of MHC | and the lipid probes

We probed the effect of actin-based and microtubule-based
cytoskeleton network perturbation on the molecular order of
MHC I in both endomembrane and plasma membranes, as
well as the di-8-ANEPPQ lipid probe order in the plasma
membrane. Latrunculin A associates only with actin mono-
mers, preventing them from their repolymerization into fila-
ments. We observe that the treatment with latrunculin A
does not affect the MHC®*"Rigid molecule orientational
order in the endomembrane, but there is a clear effect on
disorder of the protein in the plasma membrane with an
increase of the y-angle by >10° (Table 1). The plasma
membrane is connected to the cytoskeleton via transmem-
brane proteins, and disrupting this network visibly induces
a disorder in the membrane proteins. The order observed
in cells without any treatment is therefore due to the cyto-
skeleton binding network—which thus contributes to the
proteins orientational stability. This is expected for mem-
brane proteins which are strongly interacting with the under-
lying cytoskeleton (4), leading to important consequences
on their biological function (35-37). MHC I in the endo-
membrane, on the contrary, is less affected by latrunculin
A, which diffuses toward the interior of the cell with less
efficiency.
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The effect of hypotonic shock on MHC I in the plasma
membrane follows roughly the same trends as for latruncu-
lin A, which supports the indication that direct or indirect
relation with the cytoskeleton affects MHC I orientational
order. The cell swelling, however, exhibits a more pro-
nounced effect on the endomembrane proteins for which
an order is induced, which could be due to an indirect rela-
tion between perturbation of the cytoskeleton filaments
network and the endomembrane structure (38). In the case
of cytochalasin D, which provides weaker effect than latrun-
culin A, the plasma membrane proteins are seen to be almost
unaffected, whereas the endomembrane follows again the
same trend as for cells swelling. Colcemid finally induces
a slight disorder in the plasma membrane, and again a higher
order in the endomembrane. Overall, the results show that
the orientational order of MHC 1 is, to some extent, per-
turbed by its interaction with the cytoskeleton: the general
trend being an increased disorder in the plasma membrane
and a slightly increased order in the endomembrane.

The first effect could be related to a decreased interaction
with the cytoskeleton, the second one with an indirect
consequence of the cell treatments on the endomembrane.

The di-8-ANEPPQ molecules in the plasma membrane
exhibit a very different behavior, with an increase of the
orientational order after disruption of the actin cytoskeleton
and microtubule network. A possible explanation for this
observation is that after the loss of its link to the cytoskel-
eton, the plasma membrane experiences a higher tension,
leading to less prominent morphological subwavelength
features, and therefore a higher order in a smaller cone aper-
ture angles y. Fig. 4 summarizes the results obtained for the
untreated cells compared to latrunculin A treatment in
a schematic representation.

CONCLUSION

In this work we have shown that one photon fluorescence
anisotropy imaging, completed with fully polarization
resolved measurements, is sensitive enough to detect small
changes in the orientational order of proteins and lipids in
cell membranes with respect to temperature changes as
well as actin cytoskeleton and microtubule networks alter-
ations. We found that the cytoskeleton links with the plasma
membrane and the MHC I protein plays an important role on
their respective orientation, with a more or less pronounced
effect depending on the treatment used. When disrupting
the cytoskeleton network with latrunculin A or an hypotonic
shock, MHC T is in particular more disordered due to missing
connection with actin filaments. On the contrary, the lipid
reporter di-8-ANEPPQs turn out to be more ordered most
probably due to increased local membrane tension. These
results show that orientational order investigations can
potentially be further related to the biological functions of
molecules in which there is a strong interplay between nano-
metric scales interactions and orientational effects.
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FIGURE 4 Proposed scheme for (a) MHC I and (¢) di-8-ANEPPQ orien-
tational behavior in the untreated case and (b)) MHC I and (d) di-8-ANEPPQ
after actin polymerization inhibition with Latrunculin A.
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