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Article history: Amphiphilic molecules which have a biological effect on specific membrane proteins, could also affect lipid bilay-
Received 30 August 2014 er properties possibly resulting in a modulation of the overall membrane behavior. In light of this consideration, it
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which recapitulate some of the main properties of the biological plasma membranes. In this work we studied the
effect of a neurosteroid, Allopregnanolone (3a,5a-tetrahydroprogesterone or Allo), on a model bilayer com-
posed by the ternary lipid mixture DOPC/bSM/chol. We chose ternary mixtures which present, at room temper-
ature, a phase coexistence of liquid ordered (L,) and liquid disordered (Ly) domains and which reside near to a
critical point. We found that Allo, which is able to strongly partition in the lipid bilayer, induces a marked increase
in the bilayer area and modifies the relative proportion of the two phases favoring the Ly phase. We also found
that the neurosteroid shifts the miscibility temperature to higher values in a way similarly to what happens
when the cholesterol concentration is decreased. Interestingly, an isoform of Allo, isoAllopregnanolone (33,50t~
tetrahydroprogesterone or isoAllo), known to inhibit the effects of Allo on GABA4 receptors, has an opposite
effect on the bilayer properties.
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1. Introduction

Many commercially available drugs are directed to membrane pro-
teins. Membrane proteins are strongly coupled to the lipid component
of the biological membrane both by specific chemical interactions [1]
and by longer range, aspecific physical interactions [2]. The most com-
monly accepted mechanism of drug action relies on specific and satura-
ble interactions between the exogenous molecules and membrane
proteins. This mechanism has been demonstrated in many cases and
the binding sites for many ligands and their receptors have been clearly
identified [3,4]. A well accepted evidence for the specificity of the inter-
action between drugs and proteins lies in the different pharmacological
properties of the enantiomeric forms of a drug [5]. These differences are
typically related to the chiral structure of proteins and to the specific
docking of the drugs to the proteins. Nevertheless, the effect of a drug
on a membrane protein cannot be studied independently of the pres-
ence of the lipid bilayer whereas it is possible to study the effect of
drugs on pure lipid systems. The kinetics of the drug/membrane protein
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interaction is typically described by schemes in which conformational
changes of proteins with characteristic rate constants are involved. In
many cases, several conformational states are introduced to reproduce
theoretically the observed kinetic behavior, even if the introduced states
are often difficult to identify experimentally. However, conformational
states of membrane proteins can be affected also by the changing
properties of the hosting lipid bilayer. Properties of a lipid bilayer
could vary both as a consequence of changes in environmental parame-
ters such as pH and temperature, but also, and probably in a more effec-
tive way, by modifications of the lipid bilayer components. Drugs,
besides interacting specifically with membrane proteins, can also
adsorb to the lipid bilayer affecting its properties hence favoring, from
an energetic point of view, a specific protein conformation. Drugs/lipid
bilayer interaction is considered as an adsorption process when the
drug molecules remain confined at the lipid bilayer/water interface,
whereas can be considered as an uptake process when the molecules
are able to get inside the bilayer. Anyway, the rate constants for confor-
mational changes could depend on the amount of drug interacting with
the lipid bilayer. Many investigations demonstrated that lipophilic
drugs affect the physical properties of lipid bilayers favoring for exam-
ple the open or closed conformation of ion channels [6,7]. For example,
it has been shown that the efficacy of amphiphilic molecules in activat-
ing mechanosensitive channels depends on their lipid solubility and has
typically slow kinetics [8].
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Besides these aspects, the up to date view of the biological mem-
brane behavior involves lateral heterogeneity in the organization of
lipids and proteins. Specific domains with a lateral extension in the
order of tens of nanometers could be present in the membrane [9].
Many proteins could preferentially partition in these domains and the
partitioning could affect their interactions and their activation or deac-
tivation of signaling pathways [10,11]. The membrane organization in
nanometer-sized lipid aggregates could be related to its thermodynam-
ic conditions [12] considering also the non-equilibrium situation of a
biological cell membrane. The interaction of drugs with the membrane
could in turn affect its thermodynamics and alter the bilayer organi-
zation [13]. These changes could have strong effects on the activity of
membrane proteins which preferentially associate with specific
domains. Accordingly, it would be very important to study how
the insertion of exogenous molecules in a lipid bilayer affects its
thermodynamics.

Dealing with the possible role of drugs in affecting the functional
activities of biological membranes by an aspecific mechanism, one of
the most studied effects is the interplay between anesthetics and lipid
bilayers [14-18]. The longstanding debate between the specific effects
of anesthetics on membrane proteins and their indirect action, mediat-
ed by changes they may produce in the lipid bilayer properties, has its
roots in the Meyer-Overton rule. This rule states that the activity of an-
esthetics is strongly related to their partition coefficient in lipid bilayers.
Among the mechanisms related to aspecific interactions, the lateral
pressure profile change across the lipid bilayer has been proposed as a
way to affect efficiently the equilibrium distribution of the membrane
proteins in their different conformational states and the rate constants
for their transitions [19]. Moreover, recent studies on model bilayers
showed that the interaction of anesthetics with lipid bilayers affect
their thermodynamic state by changing the relative distribution be-
tween different phases [20-22] or by changing the temperature of the
bilayer at which a separation in two liquid phases occurs [13]. Another
interesting class of molecules whose interactions with lipid bilayers
could be relevant for their activity is exemplified by neurosteroids
[NSs] [23] which are endogenous molecules able to modulate the activ-
ity of ion channels and relevant in the propagation of electrical signals in
the nervous system [24]. Their action is typically explained by an allo-
steric interaction with a membrane protein, i.e., the GABA4 receptor Cl
channel, that, affecting the receptor conformational states, produces
variation in the channel open time that ultimately results in a changed
activity [25,26]. Their activity is usually detected at very low concentra-
tions (in the nM range) and this aspect initially suggested a highly spe-
cific interaction with the corresponding membrane proteins [27].
Evidences for a specific NS binding site on GABA4 receptor were provid-
ed by several groups. Using site-directed mutagenesis, single residues in
the receptor protein that influence NS regulation of GABA receptor have
been identified [28-30]. However, NSs are strongly lipophilic and, ac-
cording to their structure, in some cases they have a partition coefficient
which can produce, from a nM concentration in aqueous solution, a pM
concentration inside the lipid bilayer [31]. In this case, a highly specific
docking mechanism would not be required to explain their effect at a
very low solution concentration. Moreover, it has been found that
their docking site to the membrane protein could be located in their
intramembraneous portion [27]. Accordingly, the effects of NSs could
be also related to their partition and diffusion inside the lipid bilayer.
It is also well known that, at high concentrations, NSs which modulate
the activity of GABA4 receptors can, independently from the GABA pres-
ence, activate the receptors [32]. This direct gating effect of the NS has
typically slow kinetics which has been connected to its accumulation
in the lipid bilayer [33]. The gating kinetics could be attributed both to
the required increase of NS concentration inside the bilayer to bind
the channels and to the increasing modification of the lipid bilayer prop-
erties as the NS concentration inside the bilayer increases.

In this work we studied the effect of two NSs, Allo and one of its iso-
forms, isoAllo, on a ternary lipid model-membrane containing a natural

sphingomyelin extract. We concentrated on the DOPC/bSM/chol mix-
ture with different lipid proportions. bSM is a mixture per se, even if it
is mainly composed (~50%) by a 18:0 fatty acid chain. Accordingly, the
mixture will be considered as a “pseudo-ternary lipid mixture”. This
lipid combination is considered a very representative case for the stud-
ies of phase behavior of ternary lipid bilayers [34]. One of its main char-
acteristics is related to the fact that the typically used 1:1:1 molar
mixture is, at room temperature, very near to a critical point. In fact,
the presence of critical points in the thermodynamics of biological
membranes is nowadays considered one of the possible explanations
for the existence of small and dynamic domains usually called “lipid
rafts” [12]. Here, to study the effects of Allo and of its isoform isoAllo
we exploited Atomic Force Microscopy (AFM) after forming Supported
Lipid Bilayers (SLBs) of the specific lipid composition. While Allo poten-
tiates GABA4 receptor activity in the presence of GABA and, at high con-
centrations, directly gates the GABA, receptor channel [25,35], isoAllo is
devoid of modulatory activity but acts as a non-competitive antagonist
of Allo [36]. In particular, isoAllo decreases the effect of potentiation
by Allo and the effect is particularly evident at high GABA concentra-
tions. Herein, we focussed on the modification of the thermodynamic
state of the bilayer as the concentration of the NSs in the imaging cham-
ber increased, measuring the relative proportions of different phases
which might be present in the bilayer. We also used a temperature-
controlled stage to investigate the behavior of the lipid bilayer as a func-
tion of temperature.

2. Materials and methods
2.1. Lipid bilayer formation and neurosteroid injection

The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
Sphingomyelin (Brain, Porcine) (bSM) and cholesterol were purchased
from Avanti Polar Lipids (Alabaster, USA) and used without further pu-
rification. Allopregnanolone was purchased from Sigma-Aldrich and
isoallopregnanolone was a kind gift from Dr A. Guidotti (refer to [25]
for details on this molecule). Specific lipid mixtures were prepared by
mixing chloroform lipid solutions in the desired molar amount. Chloro-
form was then evaporated under a flow of nitrogen while being heated
in a water bath at 50 °C. Thereafter, the sample was kept under vacuum
(1072 mbar) for at least 2 hours in order to remove the remaining chlo-
roform. Then lipids were rehydrated in a buffer solution (150 mM KCl,
8 mM Hepes, pH 7) to obtain a lipid concentration of 0.12/0.06 mg/ml.
The sample was sonicated at room temperature for 15 min resulting
in a homogenous lipid suspension.

SLBs were prepared by the vesicle fusion technique [37-39]. Briefly,
immediately after sonication of the lipid suspension, 70-100 pl of the
suspension was deposited onto a freshly cleaved mica sheet (SPI Sup-
plies/Structure Probe, Inc., USA) fixed on a PTFE disc attached to a
metal disc. The lipid suspension was incubated for 15 min at a temper-
ature above 40 °C and then the sample subjected to extensive rinsing
with the imaging buffer. The sample was then slowly cooled to 25°C.

Small amounts of the NSs (10~¢ M concentration in the same buffer
used for AFM imaging, diluted from a 10~2 M DMSO solution) were
injected in the imaging chamber in order to reach the desired final con-
centration. After each injection, we waited for about 10-15 min in order
to reach an equilibrium condition for the bilayer before acquiring im-
ages. It is important to stress that control experiments on lipid bilayer
patches prepared in the same conditions but not exposed to NSs con-
served good time stability in their properties. All the reported variations
after the insertion of the exogenous molecules are therefore ascribable
in large part to their effect on the bilayers.

2.2. Atomic Force Microscopy

Atomic Force Microscopy imaging was performed with a Bioscope
I microscope equipped with a Nanoscope IIIA controller (Veeco
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Metrology, USA). We used a temperature-controlled stage based on a
circulating water bath on which we could mount the Bioscope head.
The sample temperature was continuously monitored by a digital ther-
mometer Fluke 16 (Fluke, Italy) equipped with a small K-thermocouple
probe (Thermocoax GmbH, Germany) in direct contact with the imag-
ing buffer. The stability of the temperature is assured within +0.3 °C
of the specified temperature value. Triangular silicon nitride cantilevers
(Bruker DNP-S) with nominal spring constant of 0.32 N/m were used for
tapping-mode imaging whereas cantilevers with a nominal spring con-
stant of 0.06 N/m and 0.24 N/m were used for Atomic Force Spectrosco-
py (AFS). The elastic constants used to convert deflections into forces
were determined by the thermal noise method [40]. All the images pre-
sented in this work have been obtained in tapping-mode AFM. Howev-
er, to confirm that the information we retrieved from this technique
regarding the height difference among different domains in the bilayer
were not affected by imaging artifacts, we conducted comparative ex-
periments by AFS identifying the contact point of the AFM tip with the
bilayer and the shared reference given by the position of the underlying
mica substrate. This analysis is reported in Supporting information and
confirmed the good accuracy of the values obtained by tapping-mode
imaging. Images have been analyzed using the WSXM [41] and the
Image] NIH softwares. The height difference between the domains was
obtained from the distance between the maxima corresponding to the
distribution of the pixel heights in each image as specified in the
Supporting information.

3. Results and discussion

Lipid bilayers containing a low Ty, lipid, a high Ty, lipid, and choles-
terol show coexisting phases which correspond to different distribu-
tions and organizations of the lipids [42]. In particular, the interaction
of cholesterol with specific lipids, such as sphingomyelin, can produce
the appearance of domains in which the lipid acyl chains are tightly
packed while preserving the high lateral mobility that is typical of a liq-
uid phase [43]. This behavior gives rise to liquid-liquid phase separation
whose occurrence depends strongly on the type of lipids and on their
relative amount as exemplified by phase diagrams of ternary lipid mix-
tures. The two liquid phases are known as Liquid-disordered (Lq) and
Liquid-ordered (L,) phase. The Ly phase is similar to the well-known
phase obtained at high temperature also in the case of lipid bilayers
composed by only one type of lipids and is characterized by a low
order in the configuration of the acyl chains and by a high lateral mobil-
ity of the lipids. The L, phase is characterized by a higher degree of order
coming from the condensing effect of cholesterol with a preserved later-
al mobility and by an enrichment of the higher melting temperature
lipid component [44,45]. Typically, the phase diagrams for these ternary
lipid mixtures are represented in terms of the Gibbs triangle resulting
from slices at a defined temperature of the overall isobaric mixture be-
havior. Their determination relies on the use of microscopy techniques
such as Fluorescence Microscopy [45] or AFM [46], or on spectroscopic
techniques such as NMR or FRET [47,48]. It is important to stress that,
in the context of the lipid raft hypothesis, the raft domains somehow re-
capitulate the behavior of liquid-ordered domains in lipid bilayer model
systems.

A scheme of the phase diagram for the DOPC/bSM/chol mixture, at a
temperature of 25 °C, is reported in Fig. 1. The scheme is taken from a
work by Petruzielo et al. [48]. It is important to stress that in ternary
phase diagrams, as in general for lipid bilayers, phase separation does
depend also on lateral pressure [49]. This is particularly relevant for
SLBs whose formation could lead to lateral pressure variation [50] at
variance with what happens for unsupported lipid bilayers. For exam-
ple, it has been reported [51] that for lipid bilayer islands on solid sup-
ports the value of break-through force could be different if the central
region of the patches or the regions along the perimeter are considered.
This behavior points to the possibility of gradients in the lateral pressure
in supported lipid bilayers. In fact the break-through force value can be

00 02
DOPC

Fig. 1. Phase diagram for the ternary lipid mixture DOPC/bSM/chol based on Ref. [48]. Two
regions of phase coexistence are highlighted: the Liquid Disordered/Liquid Ordered phase
coexistence region (Ly + L,) and the triangular three phase coexistence region in which
also a Solid Ordered phase is present (Lq + L, + S,). The phase diagram represents a
slice at about 25 °C of the complete phase diagram. The straight dashed lines inside the liq-
uid-liquid phase coexistence regions represent schematically the tie-lines.

considered an indication of the lateral packing in lipid bilayers, being
higher for more densely packed membranes. For big membrane patches
on a solid support the overall area is relatively more important than the
perimeter regions and, on average, lateral pressure will be higher than
in small patches. In this case, small patch phase behavior resembles
closely that of vesicles in solution. Accordingly, in this work we mainly
concentrated on small membrane patches. Moreover, using the Micro-
pipette Aspiration technique it has been recently shown that the appli-
cation of an increasing lateral pressure to Giant Unilamellar Vesicles
(GUVs) affects the miscibility transition temperature of the bilayer
[52,53]. Accordingly, lipid bilayer membranes of the same lipid compo-
sition and temperature but subjected to different lateral pressure, could
exhibit a different phase organization.

The Gibbs triangle in Fig. 1 highlights the presence of two regions of
phase separation. The first one is the Ly + L, phase coexistence region in
which liquid domains belonging to two different phases are present.
Due to the different structures of the bilayer in the two phases, with
an enrichment of sphingomyelin and cholesterol in the liquid ordered
one, the different phases will provide a different thickness to the bilayer.
Thickness difference is the observable that allows AFM to infer the pres-
ence of different phases. However, the clear identification of the two
phases would require an analysis of their lateral diffusion coefficient,
which is not possible by AFM, and the assessment of the equilibrium
condition of the bilayer. As to the first aspect, experimental investiga-
tions coupling different techniques allowed to establish the reliability
of what is generally observed by AFM in terms of L, and Lq phases [54,
55]. The second region of phase separation is characterized by the si-
multaneous presence of the L,, the Ly and the well-known solid ordered
phases (S,). This last region is generally difficult to identify in ternary
lipid mixtures, both by fluorescence microscopy and AFM. In the latter
case the difficulties arise from the small height difference of S, with re-
spect to the liquid ordered regions.

For the lipid composition 1:1:1, the bilayer, at 25 °C, should be in the
liquid-liquid coexistence region. Fig. 2a reports a typical AFM image of
the SLBs obtained for this composition. It is evident that some regions
of the bilayer are in the phase coexistence state, with domains having
a height difference of about 1 nm, whereas other large bilayer regions
show a homogeneous structure. One possible explanation for this
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Fig. 2. AFM images of a DOPC/bSM/chol 1:1:1 supported lipid bilayer at 25 °C. a) The image
shows homogeneous lipid bilayer patches (*) and smaller lipid bilayers in a phase coexis-
tence state (#). b) Height difference between the homogeneous bilayer and the domains
in a patch with phase coexistence. The height of the homogeneous bilayer is intermediate
between the two domains in the small patch. The line section refers to the white line on
the image.

behavior could be the different lipid composition of the bilayer patches
resulting from intrinsic inhomogeneity in composition of the vesicles
which gave rise to them [56]. However, we always found that the homo-
geneous phase is related to the larger patches on the substrate, whereas
smaller patches are always found in the phase coexistence state. Fig. 2b
shows the interesting analysis of the domain heights. The homogeneous
bilayer has a height which is intermediate between those of the Ly and
L, domains in the small adjacent patch. This is exactly the behavior
which is expected for a transition between a phase separated region
and a nearby homogeneous phase. We suggest that the homogeneous
patches are related to an increased lateral pressure that shifts the bilayer
from a phase coexistence region to a homogenous region favoring the
more condensed phase. Obviously, the different mechanical properties
of the different phases could contribute to the height difference mea-
sured by AFM while scanning the sample at constant force. In the
Supporting information we report a force spectroscopy technique anal-
ysis of the deformations induced by the tip while pressing on the differ-
ent phases. A variation in the applied force by ~2 nN results in a
variation in height difference of about 0.3/0.4 nm. As a consequence,
the different applied forces cannot affect too much the measured height
difference.

After bilayer formation, we perfuse the imaging chamber with in-
creasing Allo concentrations. We typically use concentration steps in
the order of 50-100 nM. Fig. 3 shows what happens to the bilayer

after Allo perfusion. The immediate effect is represented by a strong in-
crease of the lateral area occupied by the lipid bilayer. When we focus
the attention on small patches such as those shown in the lower panel
(sequence d, e, f) of Fig. 3, we find that the area increase is typically
15-20%. This behavior is consistent with what was found in the case
of GUVs of the same lipid composition exposed to a solution containing
Allo and studied by the Micropipette Aspiration Technique in which Allo
uptake induces a global area increase of the bilayer [57]. Even if the two
model systems, GUVs and SLBs, have different characteristics, in some
cases they can be prepared so to provide similar results dealing with
their phase organization, as shown in a recent report [58]. Moreover it
has been reported that a SLB undergoes the same relative area variation
of an unsupported lipid bilayer when it crosses its main phase transition
temperature [59]. Accordingly, a similar behavior between a SLB and a
GUV provides support to the interpretation of changes observed to a
SLB.

Besides area increase, Allo induces also a reorganization of the lipid
domains. It is important to point out that, in the absence of Allo, under
similar imaging conditions, the domains are rather immobile. The reor-
ganization is characterized by a relative size increase of the regions in
the Ly phase. It is to be stressed that the lipid mixture at issue is very
near to a critical point for this temperature and, accordingly, the relative
distribution between the different phases is near 50% for each phase. An
average estimation for the change in the relative presence of the do-
mains shows that the Ly phase relative increase is (10 + 4)% after
reaching 300 nM Allo concentration. Table 1 summarizes the results
showing the relative proportions of the different phases and the total
area variation (see Supporting information for further details). At the
level of the area of single domains, the insertion of Allo produces a
small size increase also of the Lo domains. This behavior could be the re-
sult of the fact that Allo produces a global change of the bilayer state, as
observed also for the introduction of trace amounts of fluorescent lipids
in ternary lipid mixtures [60]. Fig. 3g shows the analysis of the height
difference between the domains when the NS is added to the lipid bilay-
er. The presence of Allo leads to an increase of the height difference be-
tween the domains. This behavior is consistent with an increased
composition difference for the domains and would correspond to a
shift in the phase diagram of Fig. 1 towards a region of decreased choles-
terol amount on the basis of the reported positive slope of the tie-lines
in the two-liquid phase coexistence region [48]. Moreover, the height
difference variation results by a variation of both the L, and the Lq
phases with respect to the mica substrate. In fact, the L, phase thickness

~—+— 50nM Allo
%7 100nM Allo

Fig. 3. Effect of Allo on the lipid bilayer. a) Lipid bilayer patches composed by the lipid mixture DOPC/bSM/chol 1:1:1 in the absence of Allo; b) The same sample area as in a) after the
injection of 50 nM Allo; ¢) The same sample area after the injection of 100 nM Allo; d-f) Sequence of images at higher magnification representing the structure of a lipid bilayer patch
presenting a phase coexistence state: d) control (no Allo); e) 50 nM Allo; f) 100 nM Allo. g) Cross sections corresponding to the image sequence d-f) (white line in d)).
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Table 1

Effect of Allo and isoAllo on the relative proportion of L, and Ly domains. The Table reports
the average initial situation and the average situation at 300 nM Allo or isoAllo considering
12 lipid bilayer patches in each case. The last column represents the average variation of
the total area of the membrane patches calculated on a set of 12 patches.

Initial 300 nM Average area variation
Allo L, (43 £ 5)% (33 +£4)% +(24 £ 5)%
Ly (57 £ 5)% (67 +£4)%
iso-Allo L, (50 + 3)% (524+3)% —(14 £3)%
Ly (50 + 3)% (48 +3)%

increases after the introduction of Allo while the Ly phase slightly de-
creases. This behavior once again supports the idea that Allo induces a
global transformation in the lipid bilayer. Considering these observa-
tions, the effect of Allo on this lipid bilayer is equivalent to decreasing
the cholesterol content or reducing the interaction between cholesterol
and bSM. In this context, it is interesting to note that the effect of Allo on

Chol

s

DOPC 2w M . SV
_—

Increasing T

Ah (nm)

M. Sacchi et al. / Biochimica et Biophysica Acta 1848 (2015) 1258-1267

the GABA4 receptor has been found related to the amount of cholesterol
in cells [61,62]. In particular, it has been demonstrated that the effect of
steroidal GABA potentiators was reduced by increasing cholesterol
amount in cells. At the same time the amount of cholesterol in cells is
also able to modulate the GABA potency, with a reduction of the agonist
potency after cholesterol depletion [63]. The results we obtained in our
study suggest that NS could compete with cholesterol inside the bilayer
and could alter its effect and its interaction with high melting tempera-
ture lipids.

As stated above, the hypothesis of the presence of a critical pointin a
biological membrane is nowadays considered very appealing because it
could explain peculiar behaviors of these thermodynamic systems such
as the existence of small and fluctuating domains [12]. From a biological
point of view it is probable that a single critical point might represent a
too specific situation to have functional relevance, but it must be
stressed that multidimensional order parameters and several critical
points might be present in these models [64]. Therefore we decided to

0,64 .
0,54
0,44 .
0,34 -

0,24
0,14
0,04 -

200 300 400 500

[Allo] nM

Fig. 4. Effect of Allo on the miscibility border of the DOPC/bSM/chol 1:1:1 bilayer. a) Schematic representation of the phase diagram as a function of temperature [based on Ref. 46]. The
continuous lines represent the upper border of the miscibility region for different temperatures, whereas the dashed line shows the movements of the critical points as a result of tem-
perature variation. As the temperature increases, the miscibility border shifts to lower regions of the Gibbs triangle. b) DOPC/bSM/chol 1:1:1 bilayer at 27 °C in a homogeneous phase.
c-e) the same bilayer as in b) after the addition of c) 250 nM Allo, d) 350 nM Allo and e) 450 nM Allo. f) Height difference between the phases formed after Allo addition as a function

of its concentration.
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study the behavior of the lipid mixture at issue near to its critical point.
The identification of critical points in similar lipid mixtures has been
performed by fluorescence microscopy [42] as well as by AFM [46].
Here we increased the temperature of the imaging chamber until we
completely removed the phase coexistence. We did not measure the pa-
rameters which are required to ascertain the real critical position of the
lipid bilayer because we were mainly interested in the miscibility tran-
sition temperature. Increasing the temperature, the miscibility border in
the pseudo-ternary phase diagram changes (see the scheme reported in
Fig. 4a which has been reproduced as a sketch from ref [46]). A bilayer,
initially in the phase coexistence region, is driven to a homogeneous
phase by increasing temperature. Approaching the miscibility border
near to a critical point involves the presence of domains with very sim-
ilar composition and a very low line tension favoring the formation of
small domains. Those domains are nevertheless visible by AFM. Outside
the phase coexistence region and near to a critical point, compositional
fluctuations should play a dominant role. Due to the limited time reso-
lution of AFM, these fluctuations could result unattainable to the imag-
ing capabilities of AFM or, at least, AFM images cannot be considered as
valuable snapshots of the bilayer state. After getting a homogeneous bi-
layer, as shown in Fig. 4b, we added Allo to the lipid bilayer. The pro-
gressive addition of the NS leads to the reappearance of very small
domains, as shown in Fig. 4c that corresponds to 250 nM Allo concentra-
tion. Upon further increase in the concentration of the exogenous mol-
ecule, the different domains in the bilayer progressively increase their
height difference, according to an increasing composition difference be-
tween the domains (Fig. 4d-e). A plot of the height difference between
the two different phases as a function of Allo concentration is reported
in Fig. 4f. If, at a constant Allo concentration (in this case 450 nM), we
decrease the temperature, we again observe an increase in the height
difference (Fig. 5a-d). This behavior suggests that Allo addition is equiv-
alent to what would happen by decreasing the temperature for the lipid
bilayer (like in the freezing point depression case). It is interesting to note
that the application of the NS to a lipid bilayer initially near to a critical
point maintains a situation compatible with the neighborhood to a sim-
ilar point, as manifested by the formation of small and fluctuating do-
mains. This behavior is also confirmed by the fact that, after the
insertion of Allo, the relative fraction of the two phases is again near
to 50%.

Fig. 5e reports the height difference between domains for a pure
lipid bilayer and a lipid bilayer exposed to 400 nM Allo concentration
as a function of the temperature. For the pure lipid bilayer, the height
difference approaches a value of 0 nm for a temperature of 30 °C as ex-
pected for a critical point at such temperature. The height difference can

be represented by the function o IT. — TI° with a value for 3 0f 0.27. The
expected value for a critical point in a 2D Ising system should be 0.125
whereas it should be 0.325 for a 3D Ising system. A value corresponding
to a 2D Ising system has been obtained in the case of critical behavior in
GUVs [65], whereas a value compatible with a 3D Ising system has been
obtained on multilamellar systems [66]. A previous investigation on
supported lipid bilayers obtained a value compatible with the 3D Ising
case [46]. Here we obtained a figure that is not compatible with either
of the two models. This could be due to many reasons, including the
fact that the specific case of supported lipid bilayers could be a system
subjected to constraints due to the presence of the substrate. Other rea-
sons could be related to the fact that our system is not exactly near to a
critical point and the predicted values are rigorously valid only for a sys-
tem approaching very nearly the critical point. It is also to stress that our
fits rely on a very small number of data points and data nearer to the
critical point could largely affect the fit. It is however interesting to
note that in some cases we observed a behavior which can be described
by a feature for 3 of 0.33, probably connected with a bilayer very near to
a critical condition (see Supporting information).

Fig. 5e shows also the behavior of a lipid bilayer exposed to 400 nM
Allo concentration as a function of temperature. It is evident that the
critical temperature of the bilayer increased by almost 5 °C. In that con-
dition, the value obtained for 3 is 0.26, which is very similar to that ob-
tained for a pure bilayer. These results clearly show that Allo has an
effect on the miscibility transition temperature for this “pseudo-ternary
mixture”. To provide further support to this statement, we studied by
epifluorescence microscopy on GUVs the effect of Allo concerning
the miscibility temperature. The results (together with the detailed
methods) are reported in the Supporting information (Figure S5). By
measuring the fraction of vesicles in the phase separation region as a
function of temperature in the absence and in the presence of Allo, we
were able to support the effect we observed by AFM.

We also investigated the behavior for a lipid mixture that is not ex-
pected to reside near to the line of critical points. In this case we chose a
lipid mixture composed by DOPC/bSM/chol in the molar proportions
0.42:0.33:0.25 (other cases are reported in the Supporting information).
At 25 °C the bilayer presents a phase coexistence region which can be
removed by increasing the temperature up to 30 °C (Fig. 6a). In this
case we did not observe the appearance of small domains at variance
with the previous case. Once the bilayer was in the homogeneous
phase we inserted Allo. Fig. 6b shows the behavior of the bilayer after
the insertion of the NS. It is clear that the NS took the bilayer back to
the phase coexistence region with the formation of larger domains.
The progressive addition of Allo leads also to the appearance of
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Fig. 5. Effect of the temperature in the presence of 450 nM Allo: a) 27 °C; b) 25.8 °C; ¢) 24.5 °C; d) 23.3 °C. e) Height difference between the L, and Ly domains in the case of a pure DOPC/
bSM/chol 1:1:1 supported lipid bilayer (filled squares) and in the case of the same bilayer exposed to a 400 nM Allo solution (open squares). The data have been fitted with the function
IT — TJP. The obtained values for (> are 0.28 for a pure lipid bilayer and 0.26 for a bilayer in the presence of Allo.
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putatively solid domains, as it can be seen from Fig. 6¢, d which corre-
sponds to 400 nM Allo. Indeed, the L, domain on the right and lower
portion of Fig. 6¢ shows the presence of a region with a slightly larger
thickness. The identification of S, regions by AFM in ternary lipid mix-
tures can be elusive due to the very small height difference with respect
to L, domains. Fig. 6d shows an averaged line section of the domain in
Fig. 6c whereas Fig. 6e shows the image acquired by the phase signal
of tapping-mode AFM on the same region of Fig. 6¢. The phase signal
produces a visible contrast when the tip of the AFM is interacting with
regions of different mechanical properties [67,68]. The variation of the
phase contrast on the higher domain in Fig. 6e could correspond to
the presence of a S, region that is mechanically more rigid than the L,
phase.

In the debate on the possible effects of drugs on biological mem-
branes a point that is usually considered crucial to distinguish between
a specific effect on membrane proteins and an aspecific action on the
lipid bilayer physical properties is the difference in stereoisomers' activ-
ity [69,70]. More generally, if colligative properties are considered, en-
antiomers of the same molecule should not produce different effects
on an achiral lipid bilayer. Accordingly, if two enantiomers change dif-
ferently the activity of a membrane protein, such as in the case of the
two enantiomers of Allo on the GABA4 receptor [71], the mechanistic
explanation should foresee a specific interaction of the drug with the
membrane protein. However, it is not trivial to study the complete effect
of a molecule on a lipid bilayer, because it could affect properties which
are not easy to study experimentally, such as the lateral pressure profile
inside the bilayer [16], a property still waiting for an appropriate exper-
imental technique able to provide its measurement. In general terms, it
is important to stress that the lipid bilayer cannot be considered an achi-
ral environment, especially if cholesterol is one of the components [72].
Dealing with the phase organization of lipid bilayers, it is important to
study if isomers of the drugs could differently alter the phase state of
the bilayer inducing the prevalence of one phase over other coexisting
phases.

In this work we considered also the effect of isoAllopregnanolone, a
3R isoform of Allo differing only for the spatial orientation of an OH
group, on a lipid bilayer of the same composition. It is important to
stress that isoAllo is not a mirror image of Allo, and it is reasonable to ex-
pect a different interaction with a lipid bilayer [73,74]. However, given
that the functional effect of isoAllo is that of inhibiting the activity of
Allo in a non-competitive way [36,75], it is interesting to study if the
two molecules have also different and somehow opposite effects on
the lipid bilayer. Fig. 7 shows the effects of the perfusion of isoAllo on
a DOPC/bSM/chol 1:1:1 supported bilayer. It is evident that in this
case the insertion of this NS in the bilayer induces a decrease of the over-
all lipid bilayer area. Moreover, an analysis of the relative proportion of
the two phases shows that the addition of isoAllo induces an increase of
the L, fraction over the Ly one. The variation of the L, fraction for a
300 nM isoAllo concentration is (2 £ 1)%. Table 1 reports a comparison
between the effects of the same concentration of the two molecules on
the L, and Lq and average area variation of the here considered ternary
lipid mixture. Interestingly, the interaction of GABAergic phenols on
lipid bilayers has been recently studied by 1TH NMR [76] and it has
been found that these molecules strongly interact with the lipid bilayer
partitioning near to the polar group and the first part of the acyl chains.
At the same time, these molecules favor a tighter packing of the lipid bi-
layer. It could be that the insertion of isoAllo in the DOPC/bSM/chol mix-
ture induces a decreased repulsive force between the lipids involved in
the L, phase and a decrease of the overall membrane area.

Considering the results obtained in the present study, we could
speculate that the antagonistic effect of isoAllo on Allo could also be re-
lated to an opposite effect on the lipid bilayer.

We also investigated the effect of isoAllo when the lipid bilayer is
just outside the phase coexistence region. In this case we found that,
up to 400 nM isoAllo concentration, no effect was evident from the
AFM images. This is at variance with what happens in the case of Allo

which stabilizes the phase separation of the bilayer. In the case of isoAllo
it could be that the addition of the exogenous molecule shifts the system
to the homogeneous phase.

In order to get an idea of the effect of the NSs on the global acyl chain
order in the bilayer we followed by transmission FT-IR spectroscopy the
position of the absorption maximum due to the symmetric —CH,
stretching mode as a function of temperature and in the presence of
Allo or isoAllo. This absorption mode is in fact considered representative
of the acyl chain order in the bilayer, moving to higher wavenumbers if
the disorder increases [77]. The results and the detailed methods are re-
ported in Supporting information. Briefly, the insertion of Allo induces a
marked variation in the peak maximum in the direction of an increased

Fig. 6. Effect of Allo on a DOPC/bSM/chol 0.42:0.33:0.25 supported lipid bilayer. a) AFM
image of a lipid bilayer in the absence of Allo at 30 °C. b) The same lipid bilayer as in
a) with 200 nM Allo. c) The same lipid bilayer region as in b) at 400 nM Allo. The higher
domain of the bilayer in the bottom part of the picture (see the white line) shows two
height levels as shown in d). The higher level domain could be interpreted as a region in
the solid ordered phase. Accordingly, the numbers refers to the different domains: 1) Lg;
2) Lo; 3) So. d) Average line section of the region highlighted in c¢) within the highlighted
rectangle. e) Phase signal image of the same region as in c¢). The numbering has the
same meaning as in ¢) The contrast on domain 3 could be related to the presence of a
solid ordered phase.
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disorder, in accordance with AFM experiments, whereas, in the case of
isoAllo, the spectra are little affected with a small shift towards an in-
creased order (Figure S8). Obviously, in these experimental conditions
we cannot distinguish between the effects on the separate phases, but
we gain an insight into the global effect of the NSs on bilayer order.

A recent investigation on the effect of liquid anesthetics on Giant
Plasma Membrane Vesicles (GPMVs) demonstrated that these hydro-
phobic molecules are able to decrease the miscibility temperature of
the membranes [13]. This fact implies that the effect of liquid anes-
thetics resembles that of a temperature increase. At the same time, the
interaction of the liquid anesthetics with the lipid bilayer did not sup-
press the critical behavior of the membrane. In the present work we
found that the interaction with a lipid bilayer of a NS whose activity
modulates the function of the GABA4 receptor produces an effect similar
to what would happen by decreasing the temperature or, equivalently,
by decreasing the cholesterol amount in the bilayer. However, it is to be
considered that the effects on the lipid bilayers could also depend on the
concentration of the exogenous molecule. Here we used physiologically
relevant concentrations, which are known to modulate GABA, receptor
function, whereas Gray et al. [13] studied the effect of concentrations in
the uM/mM range. Even in our case, it seems that the critical behavior of
the chosen lipid mixture is preserved after Allo interacted with the bi-
layer. Many reports highlighted the importance of the interaction of
Allo with the lipid bilayer in order to fully understand its action on the
GABA, receptor. We showed that Allo, even at very low concentrations
(starting from 50 nM), significantly increases the bilayer area and, in
case of Lq—L, phase coexistence, increases the fraction of the Ly phase.
In addition, our Micropipette Aspiration experiments show that the in-
teraction of Allo with a bilayer with the same lipid composition as the
one used in this work induces an increase of the membrane area and a
decrease of its mechanical properties [57]. Considering the possibility
that a biological membrane could be in a thermodynamical state
above and near to its critical point, we can also speculate that Allo
could change the miscibility border of the membrane phase diagram
and could consequently affect the organization of lipid domains such
as those considered in the lipid raft hypothesis. In fact, within the lipid
raft hypothesis, it has been proposed that the nanoscale and dynamic
features of the domains interpreted as lipid rafts could be due to fluctu-
ations of the lipid bilayer above its critical point. Accordingly, any
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chemical components in the lipid bilayer which is able to shift the crit-
ical point will also affect the lipid rafts dynamics at constant tempera-
ture. Lipid rafts have been shown to play important roles in the
function of ligand-gated ion channels. Ligand-gated ion channels associ-
ated with lipid rafts will be affected in their behavior as a consequence
of alteration of the lipid raft lateral scale dimensions and characteristic
life times. In this context, in some reports it has been suggested that
the GABA, receptor is localized in lipid rafts [78] and, according to the
specific drug, the interactions with the receptors occur inside or outside
the lipid raft [79]. If lipid rafts spatial and time characteristics are
altered, the activity of the GABA, receptor will be affected and also its
sensitivity to drugs. The activity of the GABA, receptor has been demon-
strated to depend on the cholesterol concentration, whose amount in a
bilayer significantly alters its thermodynamic state. Furthermore, the ef-
fect of allosteric modulators of the GABA, receptors, such as Allo, chang-
es depending on the cholesterol concentration in the membrane. For
example, we found that the effect of Allo and isoAllo on the phase distri-
bution in the bilayer strongly depends on the phase situation of the
bilayer, hence on the cholesterol amount, being much more evident
when there is a strong unbalance between the two phases fractional
occupancy (see Supporting information).

Moreover, we showed that an isoform of Allo, which is reported to
inhibit functionally Allo effects, acts on the lipid bilayer in an opposite
way with respect to Allo. In fact, isoAllo induces a condensation of the
lipid bilayer and a relative increase of the L, fraction. The effect of isoAllo
when compared to that elicited by the same concentrations of Allo is
smaller, probably due to a different partitioning in the membrane. It is
important to note that in Micropipette Aspiration experiments [57]
the relative area variation for the bilayer is also smaller in the case of
isoAllo than of Allo.

4. Conclusions

Lipid membrane properties are strongly dependent on their compo-
sition. In general, the different behaviors of Allo and isoAllo highlighted
in our work suggest that the effects of a drug on a lipid bilayer could
represent a mechanism able to modulate the activity of membrane pro-
teins even when these proteins are activated by specific interactions
with the drug. In fact, considering the two hypothesis on the

f'
»
<

Fig. 7. Effect of isoAllo on DOPC/bSM/chol 1:1:1 supported bilayer. a-b) overall view of bilayer patches before a) and with 300 nM isoAllo in the imaging chamber b). c-f) sequence of
images of lipid bilayer patches in the phase coexistence region as the concentration of isoAllo is increased: ¢) no isoAllo; d) 50 nM; e) 100 nM; f) 300 nM.
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mechanism of action of lipophilic drugs, the aspecific effect mediated by
the lipid bilayer interaction and the specific effect on a ligand-gated re-
ceptor, one cannot rule out the possible coexistence of the two mecha-
nisms given the reciprocal, strong influence of lipids and proteins. Even
if specific sites of interaction between NSs and the GABA, receptor have
been identified, it is possible that the presence of these compounds in
the lipid bilayer influences the rate constants for membrane protein
conformational changes. The latter effect could be mediated by mecha-
nisms such as the variation in the lateral pressure profile or in the time
and spatial characteristics for lipid heterogeneities in the membrane.
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