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ABSTRACT

The lipids in one leaflet of an asymmetric artificial lipid vesicle can induce or suppress the formation of
ordered lipid domains (rafts) in the opposing leaflet. Whether suppression of domain formation might occur in
plasma membranes was studied by using plasma membrane vesicles (PMVs) from RBL-2H3 cells. Ordered
domain formation was assessed by FRET and fluorescence anisotropy. Ordered domains in PMV prepared
by N-ethyl maleimide (NEM) treatment formed to some extent up to about 37°C. In contrast, ordered domains
in symmetric vesicles formed from extracted PMV lipids were stable up to 55°C. This indicates that the
stability of ordered domains was substantially less in the intact PMV. A similar decrease in ordered domain
stability was observed in artificial asymmetric lipid vesicles relative to the corresponding symmetric vesicles.
This suggested either that the intact PMV have a significant degree of lipid asymmetry or that PMV proteins
suppress domain formation. Additional experiments ruled out the latter explanation. First, stabilization of
ordered domain formation relative to intact PMV was observed in protein-containing symmetric vesicles
prepared by detergent solubilization of intact PMV, followed by rapid dilution of detergent. Second, ordered
domain stability in intact PMV was not altered after extensively removing PMV proteins with proteinase K. We
conclude that intact NEM-induced PMV preserve a significant amount of the lipid asymmetry of plasma
membranes, and that loss of PMV lipid asymmetry can induce ordered domain formation, consistent with the
possibility that dynamic control of lipid asymmetry can regulate ordered domain formation in the plasma
membrane.

INTRODUCTION

It is now widely accepted that the plasma membrane (PM), and likely even some internal cellular
membranes, have the capacity to form co-existing liquid ordered (Lo state) lipid domains (rafts) and liquid
disordered (Ld state) lipid domains [1, 2]. Ordered domain formation has even been detected in bacteria,
especially those with cholesterol lipids derived from host cholesterol [3, 4] . Most often the formation of
ordered lipid domains is driven by interactions of sphingolipids and sterol, lipids rich in PM [1]. Nevertheless,
much controversy remains, and how lipid raft formation, properties and size, are regulated is still unclear in
most cases. Clustering of proteins with a high raft affinity is one widely studied mechanism likely to promote
raft formation and enlargement [5]. However, dynamic changes in lipid asymmetry also have the potential alter
domain formation [6-8]. This is because interleaflet coupling of lipid physical properties can alter raft formation
when one leaflet rich in raft-forming lipids contacts a leaflet unable to spontaneously form rafts. Lipid
asymmetry in which only one leaflet has the ability to form lipid rafts can result in either induction or
suppression of ordered domain formation, depending upon lipid composition [6, 7, 9-11].

Light microscopy experiments have the limitation that they cannot distinguish cases in which domain
formation is suppressed from cases in which large domains are converted to submicroscopic nanodomains.
Fluorescence resonance energy transfer (FRET) studies can detect nanodomains, and do not have this
limitation. Using FRET, we previously demonstrated that in artificial asymmetric lipid unilamellar vesicles
(aLUV) whether ordered domains are induced or suppressed is very sensitive to lipid structure [6, 7]. For
example, ordered domain formation is strongly suppressed in artificial asymmetric cholesterol-containing lipid
vesicles mimicking PM, with an outer leaflet containing a mixture of sphingomyelin (SM) and 1-palmitoyl 2-
oleoyl phosphatidylcholine (POPC), and an inner leaflet containing POPC [7]. Upon loss of asymmetry in such
vesicles, induction of ordered domain formation could be detected by FRET and fluorescence anisotropy [7].

The PM has a highly asymmetric lipid distribution [12], and it has been proposed that transient loss of
asymmetry may have important biological functions [13]. To investigate the persistence of asymmetry in
isolated PM and whether there is a change in domain stability similar to that in artificial lipid vesicles upon loss
of asymmetry, we compared domain formation in preparations of giant plasma membrane vesicles (GPMV)
prepared from RBL-2H3 cells and symmetric vesicles composed of extracted PM lipids. (Note: because
spectroscopic studies, unlike microscopy, report on the behavior of both the GPMV and submicroscopic
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vesicles present in GPMV preparations [14], we refer to the preparations used in this study as plasma
membrane vesicles (PMV).)

In a previous study we demonstrated that intact PMV can form ordered domains up to physiologic
temperature. In other words, they are of borderline stability at 37°C [14]. We now find that vesicles formed
from PMV lipids have a strong ability to form ordered domains at and well above physiologic temperature.
The difference in the behavior of PMV and vesicles formed from PM lipid was very similar to the difference
between asymmetric and symmetric artificial lipid vesicles. Additional experiments showed that the presence
of membrane associated proteins in the PMV did not explain the difference between intact PMV and vesicles
formed from PMV lipids. We conclude that PMV, at least when prepared by N-ethyl maleimide (NEM)
treatment, retain much of the asymmetry of intact PM, and that this asymmetry partly suppresses the ability to
form ordered PM domains. Thus, there is the potential for lipid raft formation in vivo, and the consequent
changes in membrane protein function, to be controlled by dynamic changes in PM lipid asymmetry.

MATERIALS AND METHODS
Materials:

Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), egg sphingomyelin (eSM), Cholesterol (CHOL),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rho-DOPE) were from
Avanti Polar Lipids (Alabaster, AL). 1,6-diphenyl-1,3,5-hexatriene (DPH) was from Sigma-Aldrich (St. Louis,
MO). Octydecylrhodamine B (ODRB), 3,3'"-dilinoleyloxacarbocyanine perchlorate (FAST DiO), dithiothreitol
(DTT), and 4 (w/v) % paraformaldehyde (PFA) were from Invitrogen (Carlsbad, CA). All lipids and lipid probes
were stored at -20 °C. N-ethyl-maleimide (NEM) was from Sigma-Aldrich (St. Louis, MO) dissolved in
methanol and stored as aliquots at -20 °C. Proteinase K (ProK) was from Thermo Fisher (Bohemia, NY).
Phenylmethylsulfonyl fluoride (PMSF) was from Gold Biotechnology (St. Louis, MO). Octyl glucoside was from
Anatrace (Maumee, OH) and dissolved in water. 10X phosphate-buffered saline (PBS), was from Bio-RAD
(Hercules, CA). Dulbecco’s PBS (DPBS) (200 mg/I KCI, 200 mg/l KH2PO4, 8 g/l NaCl, and 2.16 g/l Na;HPO,),
was from Thermo Fisher Scientific (Waltham, MA). All other chemicals were reagent grade.

Cell culture

Rat basophilic leukemia (RBL-2H3) cells were a kind gift from Dr. Barbara Baird (Cornell University). Cells
were grown in DMEM medium supplemented with 10% FBS and 100 U/ml penicillin and streptomycin and
were maintained in a humidified incubator with 5% CO at 37°C.

Preparation of giant plasma membrane vesicle (GPMV)

GPMVs were produced and isolated from RBL-2H3 cells as previously described [14, 15]. Briefly, cells grown
on a 10 cm plate (70-80 % of confluent) were washed twice with DPBS, and then once with GPMV buffer (10
mM Hepes, 150 mM NacCl, and 2 mM CacCl, (pH 7.4)). GPMVs were produced by adding 2.5 ml of 2 mM NEM
or 2 mM DTT/24 mM PFA in GPMV buffer to the plate at 37°C for 2h. The supernatants containing GPMVs
were collected, and then centrifuged at 100 x g / 10 min to remove large cell debris. The resulting PMV-
containing supernatants were used for the measurements on intact PMV in Figure 1 and 2. Because we found
the GPMV induced by NEM results in contamination with small cell debris or cytosolic components that
resulted in high backgrounds when measuring DPH fluorescence (see below), in Figure 1 and 2 the
background intensities were subtracted for the FRET measurements. For subsequent experiments, GPMVs
were pelleted by further centrifugation at 20,000 x g at 4°C for 30 min. In this case, the background averaged
around 2% of the DPH fluorescence intensity and was not subtracted from DPH fluorescence.

Phase separation detected by fluorescence microscopy

Large-scale domain formation was visualized by staining cells with Fast DiO was previously described [14].
Briefly, cells were stained with 5 pg/ml Fast DiO/ethanol at 4°C for 10 min and then produced PMV as above.
The resulting Fast DiO labeled PMVs were pelleted by centrifugation at 500 x g for 10 min and then suspended
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in 100-500 pl of GPMV buffer for microscopy imaging. The fraction of GPMV having domains were assessed
in 150 GPMVs from three images as previously described.

Preparation of lipid vesicles from extracted PMV lipids

PMV pellets from two to three 10 cm plates were extracted by 0.8-1.2 ml of 3 : 2 (v : v) hexanes : isopropanol
at room temperature for 30 min. The organic solvent was dried under a nitrogen stream and hydrated with 2
ml of GPMV buffer for FRET measurements or about 0.2 ml of GPMV buffer for octyl glucoside reconstitution,
and proteinase K digestion experiments (see below). The lipid mixtures were dispersed at 70°C for 5 min and
then vortexed at 55°C for 30 min using a multi-tube vortexer. The resulting multi-lamellar vesicles (MLVs) were
subjected to seven cycles of freezing-thawing using liquid nitrogen-warm water to preparing symmetric vesicles
from the PMV lipids.

Preparation of artificial symmetric large unilamellar vesicle (sLUV) and asymmetric unilamellar vesicle (aLUV)

Artificial symmetric and asymmetric lipid vesicles were prepared as previously described [6, 7]. For
comparisons, symmetric vesicles were prepared similarly to asymmetric vesicles, with entrapped sucrose, and
pelleted prior to use. The mol % composition of SLUV was 22.5:52.5: 25 eSM : POPC : cholesterol; and of
aLUV was about 45 : 30 : 25 eSM : POPC : cholesterol outer leaflet and 75 : 25 POPC : cholesterol inner
leaflet [7].

Measurement of PMV lipid concentration in vesicles by DPH

Lipid concentration of PMVs and atrtificial lipid vesicles were estimated by measuring the fluorescence intensity
of membrane-inserted DPH under conditions in which DPH is in excess [14, 16]. A standard curve of bSM :
POPC 1:1 SUV was prepared. To do this, 0.5 pmol bSM and 0.5 pmol POPC were mixed and dried under a
nitrogen stream. The dried lipids were dissolved in 30 pl ethanol and then 970 pl of PBS was added, and
incubated at 70°C for 5 min to disperse the lipids. Next 5 pl of 0.2 mM DPH/ethanol was added to the desired
dilution of the standard in PBS (1 ml total volume) to give a range of 0-15 uM of SUV. For the experimental
samples (generally diluted to the range 0.5-3 uM), After incubation for 5 min at room temperature in the dark,
the intensity of DPH fluorescence in standard curve and experimental samples were measured using Aex 358
nm; Aem 427 nm and slit bandpass of 3 nm.

Measurement of the temperature dependence of FRET

FRET measurements on PMV and vesicles made from PMV lipids were performed with DPH as the FRET
donor and ODRB as the FRET acceptor. Samples contained 10-16 uM lipid dispersed in 1 ml of GPMV buffer.
For “F samples” 4 pl of 100 uM ODRB/ethanol was then added. , “Fo samples” lacked ODRB. Both types of
samples were then incubated at 37°C for 1 h in the dark. Next, 4 ul of 7.5 yM DPH/ethanol was added to both
F samples and Fo samples, and incubated at room temperature for 5 min in the dark. DPH fluorescence
intensity was measured using a Horiba QuantaMaster Spectrofluorimeter (Horiba Scientific, Edison, NJ) using
guartz semimicro cuvettes (excitation path length 10 mm and emission path length 4 mm. DPH fluorescence
was measured at Aex 358 nm; Aem 427 nm, and bandpass set 3 nm for both excitation and emission). When
desired, background fluorescence intensity (i.e. in the absence of DPH) was measured from readings for both
F samples and Fo samples. Data was collected at every 4°C while increasing temperature from 16°C to 64°C.
Between readings temperature was increased at a rate of 4°C/5 min. The fraction of fluorescence not
guenched by FRET is equal to F/Fo. (FRET efficiency is 1-F/Fo). When necessary (data in Figures 1 and 2),
background values were subtracted before F/Fo was calculated. In later experiments in which the PMV were
pelleted by centrifugation to remove contaminants, the background was negligible (average about 2% of
signal). F/Fo ratios were normalized to 1 at 64°C to compensate for variations arising from variable
incorporation of ODRB into PMV. Unnormalized F/Fo data is shown in the Supplemental Materials. It should
be noted the background arising from contaminants was higher in PMV prepared with NEM than those
prepared with DTT/PFA, probably due to easy detachment of cells during PMV formation when using NEM.
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For artificial vesicles composed of SM-POPC-CHOL, the FRET measurement protocol was similar except
instead of ODRB, samples contained as FRET acceptor rhodamine-DOPE (3% of total lipid) which was mixed
with the lipids in organic solvent before drying. Again, final lipid concentration was 10-16 uM dispersed in 1 mli
of PBS.

Octyl Glucoside (OG) treatment of PMV and artificial vesicles

Pellets of PMV and lipid vesicles was suspended in a small volume of PBS, to give a concentration of about
300-450 pM lipid. Then OG/water was added to give a final concentration 45 mM OG. The samples were then
incubated at 37°C for 1h, followed by dilution to 1.5 mM OG and 10 — 15 uM lipid to reconstitute vesicles. For
control, 1.5 mM OG was added to PMV and lipid vesicle samples containing 10 — 15 uM lipid.

Fluorescence anisotropy measurements

Fluorescence anisotropy was measured as previously described [7]. Lipid concentrations were 10-15 uM.
DPH was 0.03 uM, which gives a DPH/lipid ratio of 1/300 to 1/500.

Proteinase K (ProK) treatment

A 200 pl aliquot of PMV with 100-160 uM lipid was incubated with or without 8 ug of ProK in PMV buffer at
37°C for 1 h with gentle vortexing every 15 min. ProK activity was then inhibited by adding 2 mM
phenylmethylsulfonyl fluoride (PMSF) from a stock solution in ethanol, for 15 min at room temperature. The
resulting ProK treated PMVs were diluted to 2 ml for FRET measurement as above. For checking ProK
efficiency, 20 ul of untreated and of ProK treated PMV (before dilution for FRET) was loaded to 8 % SDS-
PAGE gels and the proteins were stained with GelCold Blue Stain (Thermo Fisher Scientific). A control in
which PMSF was added for 15 min at room temperature before adding ProK also prepared and loaded on the

gel.
RESULTS

Ordered domain formation in NEM-induced and DTT/PFA-induced PMV

We used FRET and fluorescence anisotropy to assess physical properties sensitive to ordered lipid domain
formation and lipid asymmetry [6, 7, 17]. In the FRET assay, the fraction of fluorescence of the FRET donor
(DPH) unquenched by the presence of a rhodamine-containing FRET acceptor (octadecylrhodamine B
(ODRB) or rhodamine-DOPE) [6, 14, 18] was measured. This fraction is equal to F/Fo, where F is DPH
fluorescence in the presence of acceptor and Fo is DPH fluorescence in the absence of acceptor. (FRET
efficiency is 1-F/Fo.) The FRET acceptors used preferentially partition into disordered domains (7), while the
FRET donor DPH generally partitions nearly equally between ordered and disordered domains (18). The
consequence is that FRET is weaker (F/Fo higher) in membranes containing co-existing ordered Lo domains
and disordered Ld domains than it is in homogenous membranes lacking Lo domains [6, 14, 18]. At high
temperatures, at which ordered domains “melt”/become miscible with Ld lipids, there is a decrease in the
average distance between DPH molecules that were localized in the ordered domains and FRET acceptors
that were in the disordered domains. As a result, overall F/Fo decreases. The thermal stability of ordered
domains can be estimated by the temperature at the apparent midpoint (inflection point) in the roughly
sigmoidal F/Fo versus temperature curves. In cases in which the transition is at too low a temperature, thermal
stability can be estimated by the approximate endpoint temperature, at which the absolute value of the slope of
F/Fo vs. temperature reaches a minimum [14, 19].

Fluorescence anisotropy measurements were carried out to confirm FRET results. The fluorescence
anisotropy of membrane-inserted DPH , a measure of membrane order, is higher in the Lo state (~0.3) than
the Ld state (~0.05-0.15)[20].

We first compared the temperature dependence of domain formation for PMV prepared from cultured
RBL-2H3 cells by two different methods. The first is treatment of cells with a combination of dithiothreitol
(DTT) and paraformaldehyde (PFA), and the second is treatment with N-ethyl maleimide (NEM)[21]. The
DTT/PFA method is widely used because the large-scale domains in DTT/PFA-induced PMV can be easily
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visualized at up to almost room temperature by light microscopy, whereas large scale domains in NEM-
induced PMV can be detected only at very low temperature. However, DTT/PFA is a much more perturbing
chemical treatment than NEM, as it crosslinks proteins and chemically modifies phosphatidylethanolamine
(PE), a major PM lipid. Comparison of nanodomain formation in NEM- and DTT/PFA-induced PMV vs.
temperature, as assayed by FRET, is shown in Figure 1A. The nanodomains in NEM-induced PMV were
significantly less thermally stable than nanodomains in DTT/PFA-induced PMV. This difference paralleled that
for large scale domain formation, which disappeared above 5-10°C in NEM-induced PMV and 20°C in
DTT/PFA-induced PMV (Figure 1B), roughly in agreement with previous studies [21]. As noted previously, in
DTT/PFA-induced PMV nanodomain formation is much more thermally stable than large scale phase
separation [14]. This Figure 1 shows this is also true for NEM-induced PMV.

We also measured the anisotropy of NEM- and DTT/PFA-induced PMV at 16 °C and 64 °C (Figure 1C).
Both preparations exhibited high anisotropy at low temperature, consistent with a high level of ordered domain
formation, and low anisotropy indicative of Ld state at high temperature, indicating loss of ordered domain
formation at high temperature. The difference between ordered domain stability in the two preparations does
not seem to reflect a lower amount of SM relative to PC in the NEM-induced PMV relative to that in the
DTT/PFA-induced PMV (Supplemental Figure 1B and 1C). A difference in asymmetry might be responsible
for the difference in ordered domain thermal stability (see below). For all subsequent experiments, the less
chemically perturbed NEM-induced PMV were used.

Ordered domain formation in PMV is enhanced in vesicles prepared from PMV lipid extracts

We recently reported that loss of lipid asymmetry induced ordered lipid domain formation in artificial
vesicles that roughly mimic PM [7]. Therefore, we hypothesized that if PMV retained a significant level of
asymmetry, symmetric lipid vesicles composed of PMV lipids would form more stable ordered domains than
those in intact PMV. To test this hypothesis, we prepared artificial large unilamellar vesicles (which exhibit lipid
symmetry [22-24] ) from extracted PMV lipids, and compared ordered domain stability in these vesicles to that
in intact PMV. As predicted, the FRET curve demonstrated that, ordered domains formed in PMV lipid were
considerably more thermally stable, persisting to 55°C, than those in intact PMV, which disappeared above
about 37°C (Figure 2A). These results were confirmed by DPH fluorescence anisotropy (Figure 2B).
Anisotropy vs. temperature curve closely paralleled the FRET curve for PMV lipid, with the highly ordered state
being lost above 55°C. Note that a weaker temperature dependent decrease in anisotropy continues above
the temperature at which the domains melt. This decrease occurs because a disordered state bilayer becomes
increasingly disordered as temperature is increased. Anisotropy in intact PMV also showed a domain melting
event in which ordered domains disappeared (at about 37°C), similar to that detected by FRET. Itis
noteworthy that at low temperature DPH anisotropy in intact PMV was lower than that for PMV lipid vesicles
(Figure 2B). This suggests a lower extent of ordered domain formation in intact PMV than in PMV lipid at low
temperature. Overall, the conclusions from FRET and anisotropy are in good agreement.

A loss of asymmetry explains suppression of ordered domain formation in PMV

The results described above strongly suggest that, as is the case in artificial vesicles with a simple lipid
composition [6, 7], the loss of asymmetry in PM can induce/enhance ordered domain formation. However,
another possibility is that proteins associated with intact PMV are responsible for the difference in behavior of
intact PMV and that of vesicles formed from extracted PMV lipids. To examine this possibility, we first
determined whether treating intact PMV under conditions that should destroy asymmetry, but not remove
membrane proteins, would destabilize ordered domain formation. Vesicles were dissolved in detergent and
then the detergent was diluted to a concentration well below its critical micelle concentration to form vesicles
[25, 26].

To confirm that detergent treatment destroyed asymmetry, we first studied the effect of detergent
solubilization and dilution using octyl glucoside (OG) upon asymmetric artificial lipid vesicles that crudely mimic
PM. The behavior of asymmetric unilamellar vesicles (aLUV) with SM and POPC in the outer leaflet, POPC in
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the inner leaflet and cholesterol in both leaflets, was compared to that of ordinary symmetric unilamellar
vesicles (sLUV) composed of SM-POPC-cholesterol. As shown in Figure 3A FRET measurements showed
that for the aLUV after OG solubilization and reconstitution ordered domain formation was increased and
thermally stabilized relative to untreated samples, in which prior studies found there is little, if any, domain
formation [7]. Control experiments simply adding OG to aLUV at the final diluted OG concentration (OG
control) showed little effect on FRET. Figure 3B shows that there was also little effect on ordered domain
formation and stability when the symmetric SM-POPC-cholesterol vesicles (with about the same overall
composition as the aLUV) were first dissolved in OG and then vesicles reconstituted by dilution, as expected
as vesicles should remain symmetric after reconstitution. Therefore, stabilization of ordered domain formation
upon solubilization and reconstitution is specific to the asymmetric vesicles. This is consistent with our
previous report showing that a loss of asymmetry triggered by heating vesicles can induce ordered domain
formation in aLUV composed of SM, POPC and cholesterol [7].

Analogous experiments were then carried out upon intact PMV and PMV lipid (Figures 3C and 3D). FRET
showed that reconstitution of PMV after solubilization with OG increased ordered domain stability to a level
similar to that in the vesicles composed of PMV lipids. This was not due to a loss of protein upon
solubilization and reconstitution. Sucrose gradient centrifugation on OG reconstituted vesicles formed from
intact PMV was compared to that for OG reconstituted vesicles formed from PMV lipids. As shown in
Supplemental Figure 4, the vesicles formed from PMV had a higher density than the vesicles from just PMV
lipids, and protein co-migrated with lipid in the PMV-derived samples. These results imply that the change in
ordered domain stability was not due to loss of protein, but to a loss of asymmetry. The fact that domain
stability was not alter in controls in which OG was added at the final diluted concentration (Figure 3C) indicates
OG itself was not responsible for the increase in ordered domain formation. The observation that there was
almost no effect upon ordered domain stability after reconstituting OG-solubilized vesicles composed of PMV
lipid (Figure 3D), which should already be symmetric before OG reconstitution, also indicates that a loss of
asymmetry had occurred after OG reconstitution of intact PMV.

The conclusion that upon reconstitution of OG-solubilized artificial aLUV there was increased ordered
domain stability associated with a loss of asymmetry was confirmed by DPH fluorescence anisotropy. Figure
4A shows that untreated SM-POPC-cholesterol sLUV containing ordered domains exhibited a high degree of
anisotropy at low temperature (16°C), and OG reconstitution of sSLUV had no significant effect on membrane
order (Figure 4A, left). In contrast, untreated aLUV with about the same overall lipid composition as the sLUV
had a much lower level of anisotropy than untreated sLUV (Figure 4A, right), consistent with the FRET result
indicating very little ordered domain formation in aLUV. However, after solubilization and reconstitution the
anisotropy levels of aLUV increased to that found in sLUV (Figure 4A, left). Adding OG directly to aLUV at the
final dilute concentration present after reconstitution has little effect on anisotropy (Figure 4C, right). These
experiments confirm the FRET results, showing that OG solubilization and dilution to destroy asymmetry in
aLUV induces domain formation.

Figure 4B shows analogous experiments for vesicles formed from PMV lipid and intact PMV. Vesicles
from PMV lipid, and those formed after OG solubilization and reconstitution of those vesicles, both exhibited a
similar high degree of anisotropy (Figure 4B, left). In contrast, intact PMV had a lower level of anisotropy than
that of the vesicles formed after solubilization and reconstitution of PMV (Figure 4B right). In the vesicles from
intact PMV formed by reconstitution after solubilization with OG, anisotropy levels increased to that found in
vesicles formed from PMV lipids. This was true even though the vesicles reconstituted after solubilization of
intact PMV contain PMV proteins, as noted above. Again, addition of OG to PMV at the final dilute
concentration after reconstitution had little effect on anisotropy (Figure 4D, right). Thus, the effect of vesicle
solubilization and reconstitution upon DPH fluorescence anisotropy in intact PMV and vesicles formed from
PMV lipid agrees with the FRET results, as well as the anisotropy changes seen after reconstitution of artificial
asymmetric and symmetric lipid vesicles, respectively.

To further investigate if PMV proteins suppress ordered domain formation in intact PMV, PMVs were
treated with proteinase K (ProK), a non-specific protease that strongly degrades proteins. There was no
increase in the thermal stability of ordered domain formation as assayed by FRET (Figure 5A) and no large

7


https://doi.org/10.1101/2021.05.03.442484
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.03.442484; this version posted May 4, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

change in DPH fluorescence anisotropy after digestion with ProK (Figure 5B) despite extensive degradation of
proteins (Figure 5C). If there was any significant change, ProK treatment appeared to reduce, not to increase,
membrane order slightly, at least at elevated temperature.

Thus, both FRET and anisotropy data strongly supports the conclusion that intact PMV have suppressed
ordered domain formation largely due to their lipid asymmetry, and that loss of this asymmetry stabilizes
ordered domain formation. Based on both the reconstitution and ProK treatment results, it is unlikely that
proteins are the main reason that raft formation in intact PMV is suppressed relative to that in vesicles formed
from PMV lipids. However, this does not prove proteins have no effect on ordered domain formation (see
Discussion).

DISCUSSION

Capacity of PMV and PM lipids to form ordered membrane domains and dependence upon lipid
asymmetry

For this reason, we measured physical properties that assess domain formation and membrane order,
which several studies have shown is sensitive to asymmetry [6, 7, 17, 27]. The studies show that PM lipids in
symmetric lipid vesicles have a strong ability to form co-existing ordered and disordered lipid domains. The
ordered domains were stable to well above physiologic temperature. In contrast, intact PMV formed ordered
domains with much lower thermal stability. Based on prior studies that show asymmetry can repress ordered
domain formation [6, 7], this suggested that intact PMV have considerable lipid asymmetry. This was
confirmed by the observations that: 1. detergent reconstitution of PMV to destroy asymmetry increased
ordered domain stability to levels seen in symmetric lipid vesicles, and 2. PMV and symmetric vesicles formed
from PMV lipids exhibited properties and differences in terms of domain formation, membrane order, and
responses to detergent reconstitution, that were very similar to the properties of, and differences between,
asymmetric and symmetric SM-POPC-cholesterol lipid vesicles for these parameters. The observation that
ordered domains formed by DTT/PFA-induced PMV are more thermally stable than those by NEM-induced
PMV, even though the two preparations have similar SM/PC ratios (Supplemental Figure 1C), may indicate
that DTT/PFA-induced PMV may have lost more asymmetry than NEM-induced PMV.

Although the similarity between PMV and artificial asymmetric vesicles indicates PMV have lipid
asymmetry, they do not reveal the exact extent of PMV asymmetry. Loss of some degree of
phosphatidylserine (PS) asymmetry is associated with GPMV production [28]. Unfortunately, because the large
majority of PMV are permeable to proteins [13, 29], PMV asymmetry cannot readily be assessed by methods
such as phospholipase digestion or chemical labeling [23, 30].

Potential Implications of changes in asymmetry for ordered domain formation in vivo.

The observation that loss of PM asymmetry could induce formation of stable ordered domains under
physiologic conditions at which they would not otherwise form, or would be of only borderline stability, is of
potential biological significance because transient loss of asymmetry in PM is associated with a number of
biological events, including signal transduction [8]. In vivo, it is likely that activation of lipid scramblases, such
as TMEM16F, are responsible for the loss of lipid asymmetry [31]. TMEM16F is activated by cytosolic Ca?*,
and cytosolic Ca?* concentration becomes elevated during signal transduction [31]. This could induce ordered
domain formation. Itis also possible that ordered domains formation could be induced in PM prior to loss of
asymmetry, upon clustering of proteins that favor formation of Lo domains, or upon changes in PM interactions
with cytoskeletal proteins. In that case, the loss of lipid asymmetry might be part of a positive feedback loop, in
which receptor activation and clustering induces or enhances ordered domain formation, followed by increases
in cytosolic Ca?* that activate lipid scramblases, resulting in a loss of asymmetry that further enhances ordered
domain formation.

Possible effect of proteins upon ordered domain formation
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Our studies do not rule out the possibility that proteins have biophysical effects that modulate ordered
domain formation. Overall, TM segments in PM proteins have amino acid sequences in contact with the outer
leaflet lipids that favor contact with Lo state lipid, and sequences in contact with the inner leaflet lipids that
favor interaction with Ld state lipid [32]. This raises the possibility that TM segments could influence PM lipid
physical state, including their propensity to form ordered domains. It should also be noted with regard to our
experiments that proteinase K does not digest all TM segments of membrane proteins, so there could be
residual protein segments in the PMV after digestion [33], and these could alter ordered domain formation.
However, at least at high temperature, proteinase K digestion seemed to reduce, not increase, membrane
order, the opposite of what is expected the effect of protein is to inhibit ordered domain formation.

Implications for interpretation of detergent resistant membrane formation from cells

It is known that lipids in the Lo state can be detergent insoluble, and that the detergent resistant
membranes (DRM) isolated from cells [34] are at least largely in the Lo state [32, 35, 36]. However, DRM are
not likely to be identical to the ordered domains present in cells in the absence of detergent. The most widely
used protocols involve incubation with Triton X-100 at 4°C, and low temperature could induce the formation of
ordered domains not present at physiological temperature [1]. In addition, based on studies in artificial
symmetric lipid vesicles, it has been proposed that the Triton X-100 bound to membranes can induce lateral
segregation of Lo and Ld domains [37], although our prior studies indicate instead that Triton X-100 only
induces coalescence of preexisting ordered nanodomains [18]. In any case, the present studies suggest that a
loss of asymmetry could be additional issue that must be considered. Because detergent can induce lipid flip-
flop, which would destroy asymmetry [38, 39], a detergent-induced loss of lipid asymmetry might enhance
DRM formation upon detergent treatment of cells.
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Figure 1. Temperature dependence of ordered domain formation in PMV from RBL-2H3 cells. (A)
Nanodomain formation detected by FRET. DPH (FRET donor) and ODRB (FRET acceptor) were added to F
samples. Only DPH added to Fo samples. F/Fo values normalized to 1 at 64 °C. (B) Phase separation
detected by fluorescence microscopy. Cells labeled with FAST DiO before induction of PMV. (C)
Fluorescence anisotropy of membrane-inserted DPH. Gray lines and bars are PMV prepared by DTT-PFA,
black lines and bars are PMV prepared by NEM. Unless otherwise noted, in this and following figures mean
values and standard deviations (only up direction bar is shown) from three independent preparations are
shown. For this and following figures unnormalized F/Fo vs. temperature FRET curves are shown in
Supplemental Figures.
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Figure 2. Comparison of domain formation and membrane order in intact PMV and lipid vesicles prepared
from extracted PMV lipids. In this and subsequent figures PMV prepared using the NEM method. (A)
Temperature dependence of nanodomain formation detected by FRET. (B) Temperature dependence of
membrane order by fluorescence anisotropy of membrane-inserted DPH: (gray line) intact PMV, (black line)
lipid vesicles extracted from intact PMV.
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Figure 3. Effect of OG reconstituted membranes upon domain formation. Samples contained: (A) aLUV of
SM-POPC outside/POPC inside/cholesterol (see the composition ratio in methods); (B) sLUV of SM-POPC-
cholesterol (see the composition in methods); (C) intact PMV; (D) PMV lipids. FRET in vesicles PMV derived
samples used DPH as donor and ODRB as acceptor. FRET in artificial LUV used DPH as donor and
rhodamine-DOPE as acceptor. FRET measured on: (gray circles) untreated vesicles; (open circles)
reconstituted vesicles prepared by dissolving vesicles in 45 mM OG and then diluting to 1.5 mM OG,; (black
circles) vesicles to which 1.5 mM OG was added as a control (OG control). For clarity, in 3D. standard
deviations for reconstituted vesicles are illustrated as down bars.
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Figure 4 Reconstitution of intact PMV increases membrane order. (A and C) Artificial LUV, (B and D) PMV

derived vesicles. Anisotropy of DPH fluorescence was measured at 16°C on: (gray bars) untreated vesicles;
(open bars) reconstituted vesicles prepared by dissolving lipid vesicles in 45 mM OG and then diluting to 1.5
mM OG; (black bars) vesicles to which 1.5 mM OG was added as a control (OG control).
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Figure 5. Effect of ProK treatment of intact PMV upon domain formation. (A) FRET measurements of (gray
line) untreated and (black line) ProK treated intact PMV. FRET donor was DPH and acceptor was ODRB. (B)
Anisotropy of (gray bars) untreated and (back bars) ProK treated intact PMV at 16 °C and 64 °C. (C) Example
of SDS-PAGE analysis of the efficiency of ProK treatment. (left lane) untreated, (middle lane) ProK treated,
(right lane) control for ProK treatment
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