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ABSTRACT: Biological membranes possess intrinsic asymmetry.
This asymmetry is associated not only with leaflet composition in
terms of membrane species but also with differences in the
cytosolic and periplasmic solutions containing macromolecules
and ions. There has been a long quest for understanding the effect
of ions on the physical and morphological properties of
membranes. Here, we elucidate the changes in the mechanical
properties of membranes exposed to asymmetric buffer conditions
and the associated curvature generation. As a model system, we
used giant unilamellar vesicles (GUVs) with asymmetric salt and
sugar solutions on the two sides of the membrane. We aspirated
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the GUVs into micropipettes and attached small beads to their membranes. An optical tweezer was used to exert a local force on
a bead, thereby pulling out a membrane tube from the vesicle. The assay allowed us to measure the spontaneous curvature and
the bending rigidity of the bilayer in the presence of different ions and sugar. At low sugar/salt (inside/out) concentrations, the
membrane spontaneous curvature generated by NaCl and KCl is close to zero, but negative in the presence of LiCl. In the latter
case, the membrane bulges away from the salt solution. At high sugar/salt conditions, the membranes were observed to become
more flexible and the spontaneous curvature was enhanced to even more negative values, comparable to those generated by
some proteins. Our findings reveal the reshaping role of alkali chlorides on biomembranes.
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Biological membranes are seldom flat but instead often exhibit
strongly curved morphology. The shapes of cells and cellular
organelles are highly conserved, suggesting that shape and
membrane morphology are crucial for life. Deformations from
the molecularly preferred curvature cost significant energy,
often exceeding 10 k3T, and yet membrane shape trans-
formations are ubiquitous during cellular and organelle
functions. The preferred or spontaneous curvature of
membranes is determined by the asymmetry across and within
the bilayer,"” and asymmetric conditions across the membrane
are a hallmark of cellular life. However, the exact values of the
spontaneous biomembrane curvature, and how cells control
this important parameter, are poorly understood. Membrane
shape changes are often sustained by the action of proteins,’
but this pathway is costly in terms of energy and molecular
material. Ions, however, are abundant in the intra- and
extraluminal space of cells and organelles and it is not clear
whether and how they affect the membrane morphology and
whether cells employ them as a cheap way of controlling
membrane shape.

Mammalian cells maintain ion concentration differences by a
system of ion channels that enable the cell to regulate the flow
of ions across the membrane. Changing sodium and potassium
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ion concentrations allow nerve impulses to be transmitted
down a nerve cell. Ions are responsible for the maintenance of
the cellular homeostasis, proper pH, osmotic pressure and
water distribution in different fluid compartments of the body.*
They are also essential for regulating the proper function of the
heart and other muscles. These are some examples of
important functions of sodium and potassium that make
them crucial elements in cells. In addition to sodium and
potassium, lithium ions (Li*) play an important role in
metabolism, neural communication, and cell proliferation.s’6
However, cellular processes controlled by lithium are not
thoroughly studied, although low levels of lithium have shown
beneficial effect on living organisms; e.g,, lithium is a powerful
drug in the treatment of manic depression.”””

In conditions where the membrane is exposed to asymmetric
concentration of different particles on both sides, the
membrane prefers to bulge toward one of the aqueous
compartments. This response results from molecular inter-
actions, i.e., either adsorption or depletion. These interactions
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may have different effects on the bilayer structure. An adsorbed
ion or solute, for example, may insert into the leaflet and push
the lipids apart, thereby increasing the effective molecular area.
Alternatively, an adsorbed species could also lead to local
condensation of lipids, thereby reducing the effective molecular
area. This behavior is described by the spontaneous
(preferred) curvature of the membrane. It can be positive or
negative if the membrane bends away from or toward the
lumen, respectively.”” There has been a long quest to
understand the effect of ions on the physical and
morphological properties of the membrane. Considering the
strong ion—lipid interactions supported by abundant evidence
for adsorption of ions to the membrane (see, e.g., ref 10 and
references therein) and, in particular, the recent findings on the
impact of ion trans-membrane asymmetry on the membrane
phase state,'' we set to investigate the effect of ion asymmetry
on the mechanical properties of the membranes. We used giant
unilamellar vesicles (GUVs) as a model membrane sys-
tem.'””"* Their large sizes (in the range of tens of microns)
enable us to manipulate the vesicle membranes and visualize
the membrane response using optical microscopy. We aimed at
investigating and quantifying the effect of Na*, K¥, and Li" and
their transmembrane asymmetry on the mechanical properties
of phosphatidylcholine (POPC) model membranes.

Experimental Section. Vesicle Preparation. GUVs were
prepared using the electroformation technique from 2 mM of
POPC and 0.1-0.2 mol % of 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(cap biotinyl). Additionally, 0.1 mol
% Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine (Texas-Red-DHPE) was added for fluorescence imaging
of the vesicles, see section S1 in the Supporting Information.

Experimental Setup. The tube-pulling setup is a combina-
tion of the micromanipulation and optical tweezers.">'®
Micromanipulation was performed using micropipettes of ~7
um inner diameters for the aspiration and setting the
membrane tension of GUVs (section S2 in the Supporting
Information). The optical tweezers setup'® was calibrated by
application of known hydrodynamic forces on the beads and
subsequent imaging of the bead position in the trap; see
section S3 in the Supporting Information). This calibration
was later used to estimate the forces when the bead is displaced
from the trap center by the pulled nanotube. Curve fitting and
data analysis were preformed using image analysis imple-
mented in MATLAB 2018b'® and Origin 2018.

Results and Discussion. We prepared GUVs composed of
POPC doped with fluorescent lipid by electroformation as
described in the Experimental Section and section S1 in the
Supporting Information. The vesicles were grown in sugar
solutions, which were in this way encapsulated in the GUVs.
Subsequent 1:20 dilution of the GUVs in slightly hypotonic
salt solutions allowed the study of sugar—salt solution
asymmetry on the lipid membrane (the inverse condition of
salt inside and sugar outside was not feasible as no suitable
vesicles could be produced for the explored salt concen-
trations). The GUV morphologies in asymmetric solution
conditions were imaged with confocal microscopy. In solutions
of rather low salt concentrations up to approximately 30 mM
of NaCl, the GUVs exhibited mostly smooth, nearly spherical,
membranes (Figure la, Table 1, condition a). Such vesicle
morphologies indicate negligible membrane spontaneous
curvature and are typical for GUVs in nearly symmetric
solution conditions (data not shown). Strikingly, LiCl solution
of similar concentration results in GUVs with highly curved
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Figure 1. Confocal cross sections of different POPC GUVs with their
two leaflets exposed to different solutions of sucrose and salts. GUVs
were fluorescently labeled with 0.1 mol % Texas-Red-DHPE and
classified as (a) exhibiting no structures, (b) containing numerous
nanotubes inside the vesicle, or (c) exhibiting structures (small buds,
tubes, folds, or even adhering vesicles) pointing to the outside.
Depending on the concentration difference of the salts on the two
sides of the membrane, the relative frequency of each morphology
changed. The results are summarized in Table 1.

Table 1. Statistics of Internal and External Structures
(Compare Figure 1) for GUVs Exposed to Different
Solutions of Sucrose and Salt

asymmetry
conditions no structures internal structures external structures
a low NaCl 82% 6% 2%
b high NaCl 29% 30% 41%
c low KCl 34% 39% 27%
d high KClI 6% 77% 17%
e low LiCl 20% 69% 10%

“GUVs were grown in 54 mM sucrose (inside) and diluted to 28.5
mM NaCl and 2.7 mM sucrose (outside); the total number of vesicles
studied for this asymmetry was n = 50. “GUVs with 260 mM sucrose
inside and 142.5 mM NaCl plus 13 mM sucrose outside; n = 130.
‘GUVs with 114 mM sucrose inside and 57 mM KCl plus 5.7 mM
sucrose outside; n = 58. “GUVs with 260 mM sucrose inside and
142.5 mM KCl plus 13 mM sucrose outside; n = 135. “GUVs with 54
mM sucrose inside and 28.5 mM LiCl plus 2.7 mM sucrose outside; n
= 85. For all measurements, the given fractions have an uncertainty of
about 15%. The observed external structures include small buds and
tubes, but also adhering vesicles.

membrane segments (nanotubes) pointing to the vesicle
interior with diameters below the optical resolution (Figure
1b, Table 1, condition e). Direct observations of individual
vesicles upon solution exchange showed the formation of the
tubes induced by LiCl asymmetry; see Figure S1 in the
Supporting Information. They were reminiscent of cylindrical
and necklace-like tubes observed in studies with membranes
exposed to polymer asymmetry.'”'® Increasing NaCl and KCl
concentrations up to physiological levels (150 mM) leads to a
similar tendency for inward pointing nanotubes (Table 1,
conditions b and d); note that the fraction of external
structures also increases, which results from not only outward
membrane protrusions but also adhesion of smaller vesicles. In
principle, optical observation of tubes or buds allows for direct
quantification of the membrane spontaneous curvature.”"*"”
However, adhesion of small vesicles to the GUVs (Figure Ic,
which would be counted as external structures in Table 1),
most prominent at high NaCl concentrations, interferes with
clear assessment of the spontaneous curvature from such
morphological studies alone. High LiCl concentrations were
not investigated due to the strong adhesion of GUVs to each
other.

To quantify the spontaneous curvature, we applied the more
quantitative method of pulling of membrane nanotubes from
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the GUV membrane (see, e.g, refs 15 and 20). In this method,
GUVs are aspirated with a micropipette, which controls the
membrane tension X, of the vesicles by changing the
hydrostatic pressure difference applied by changing the height
of a water reservoir connected to the pipet, see section S2 in
the Supporting Information. A 2 ym streptavidin bead trapped
by optical tweezers was stuck to the vesicle and used to pull a
membrane nanotube with 10 ym length from the GUV. In this
configuration, the pulling force can be estimated from the
position of the bead in the optical trap which was measured by
optical microscopy; see section S3 in the Supporting
Inflolrsrnation. The pulling force f for an outward tube is given
by~

f=2nJ2kE,, — 4mkm (1)

where x is the bending rigidity and m is the membrane
spontaneous curvature. Thus, by measuring the force for
different membrane tension set by the pipet, one can deduce
the bending rigidity form the slope of the data (first term in eq
1) and the spontaneous curvature from the intercept (second
term). Figure 2 represents the experiment schematic and
images of vesicles with a pulled membrane nanotube.
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Figure 2. Experimental assay for pulling out a nanotube from a GUV:
(a) sketch of the setup and principle of measurement and (b)
epifluorescence and (c) bright-field images of an aspirated vesicle with
a pulled tube.

The streptavidin-coated beads were injected into the
experimental chamber locally via a syringe and were moved
into the proximity of a GUV using the optical tweezers (see
Experimental Section and section S2). A freely fluctuating
GUV was aspirated into the glass capillary, a bead stuck to it,
and a nanotube was pulled out by translating the vesicle away.
Tube pulling experiments started with low concentration of
NaCl outside the membrane, which was identified as the
minimal salt concentration where bead—membrane adhesion
was still efficient. As determined in the morphological studies
of GUVs, this concentration was used further as a reference to
compare our data to conditions that induce higher membrane
asymmetry. Note that controls with symmetric sugar
conditions were not possible as beads were not adhering to
the membrane and thus tubes could not be pulled in the
absence of salt. In all experimental conditions, vesicles were
studied at suction pressures between ~20 and ~49 Pa. The
membrane tension of the vesicles at each pressure could be
assessed from the geometry of the aspirated vesicle and the
applied pressure difference; see Supporting Information
section S2. By careful calibration of the optical trap, the
force exerted on the bead holding the nanotubes was
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determined from the optically measured bead displacement
(see Experimental Section and Supporting Information
sections S3 and S4). When tube pulling forces were measured,
the trapped bead was displaced to the edge of the trap, i.e,,
away from the linear region of the trapping force field. This
allowed us, for the same trap beam power, to measure higher
forces than when the linear trapping force region was used.
This is an advantageous approach as in this way the heating of
the bead and the attached membrane is reduced.”"*”
Moreover, considering possible variations of sizes of the
trapped latex beads, we calibrated the trap stiffness for each
individual bead before using it for pulling tubes. An approach
combining the equipartition method and viscous drag method
was used (see Supporting Information section S4).

By fitting all force vs tension data points to a linear fit
following eq 1, the mean bending rigidity of vesicles with low
NaCl asymmetry (Figure 3a) was estimated as 34.79 + 0.81
ksT. This value is well within the range of data reported for
POPC membranes” and in particular for POPC vesicles in the
presence of NaCl as measured from fluctuation analysis.”**’
The spontaneous curvature of the membrane determined from
the y-axis intercept of the fitted line was found to be 0.66 +
0.30 um™'; note that fitting individual measurements and
subsequent averaging yields 0.09 + 0.68 um™'; see Table SI.
This spontaneous curvature is negligible (comparable to the
mean curvature of the GUVs), which is consistent with the
spherical nontubulated morphologies observed in the micros-
copy images statistics (Table 1).

Identical experiments were performed on vesicles exposed to
high asymmetry of physiological concentration (150 mM) of
NaCl outside and isotonic sucrose inside the vesicles. Six
vesicles were studied in this condition and the mean bending
rigidity was estimated to be 23.60 + 0.60 kzT (Figure 3a).
Comparing the bending rigidity in the two explored NaCl
conditions, we conclude that the bending rigidity decreases by
increasing NaCl (and sugar) concentration, confirming a trend
reported in refs 24 and 25 (note that salts are reported to
rigidify bilayer stacks (see, e.g, ref 26), which underlies the
difference in the behavior of single membranes as in giant
vesicles and multiple layers as in multilayered systems, each
exploring lipid-to-ion ratios that differ by orders of magnitude).
As a reminder, at high salt asymmetry, the sugar concentration
inside the vesicles is also increased and sugars have been also
shown to decrease the membrane bending rigidity (see
overview in ref 23) presumably because of membrane thinning
in this concentration range.”” It can be also seen from Figure
3a that while the intercept of the linear fit under low
asymmetry is zero within the fitting accuracy (blue shaded
region), the intercept at high NaCl asymmetry implies nonzero
spontaneous curvature. We estimated this negative sponta-
neous curvature as —8.74 + 0.50 pum™’, again consistent with
the spontaneous appearance of membrane tubes with
diameters below optical resolution (<0.5 gm) observed in
the morphology studies (Table 1). The values obtained for the
spontaneous curvature imply that it would stabilize cylindrical
tubes with diameters around 110 nm. Measuring the tube
diameter using fluorescence intensity as done in refs 28 and 29
was not feasible, as our microscope setup was equipped for
epifluorescence only where bleaching poses a problem.

In some of the experiments at high NaCl asymmetry, the
measured spontaneous curvature was found close to zero, but
upon inspection of the vesicle population with phase contrast
microscopy and employing an encapsulated water-soluble
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Figure 3. Results for out tubes showing the pulling force (f) vs the
square root of the membrane tension X, for vesicles exposed to low
asymmetry (blue linear fits) and high asymmetry (red linear fits) of
sucrose inside and (a) NaCl outside, (b) KCI outside, and (c) LiCl
outside the vesicles (the respective solution concentrations are given
in the caption of Table 1). Differently colored symbols reflect
measurements on different vesicles from different preparations. The
solid lines are fits following eq 1, yielding the material properties of
the membrane, i.e., the bending rigidity and spontaneous curvature as
schematically illustrated in Figure 2a.

fluorophore, we found that this is because vesicles have leaked
and the asymmetry has been compromised; see Supporting
Information section SS.

Similar experiments were performed for asymmetric KCl
solutions. Concentration-wise, the low-asymmetry condition
here does not correspond to that of low NaCl asymmetry as
higher concentrations of KCl were required to ensure the
beads sticking to the membrane. The respective bending
rigidity values were 31.87 & 1.08 k3T and 23.11 + 0.24 kgT for
low and high asymmetries, indicating softening of the
membrane by KCI as observed for NaCl. Similarly, increasing
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KCl asymmetry was found to induce significant negative
spontaneous curvature on the membranes; see Figure 3b and
data summarized in Table 2. To restate, the bending rigidity

Table 2. Mean Values and Standard Deviations of the
Bending Rigidity and the Spontaneous Curvature of Vesicle
Membranes Exposed to Asymmetric Solutions of Sucrose
and Salt As Described in the Caption of Table 1

condition k (kgT) m (um™")

low NaCl 34.79 + 0.81 0.66 + 0.30
high NaCl 23.60 + 0.60 —8.74 + 0.50
low KCI 31.87 + 1.08 —1.00 + 0.59
high KCI 23.11 + 0.24 —8.47 + 0.24
low LiCl 17.52 + 0.34 —4.45 + 0.45

“Each value is obtained from a fit to all data for a given buffer
composition. For values obtained from individual fits and subsequent
averaging, see section S6 and Tables S1—SS in the Supporting
Information. The exact salt and sugar concentration conditions are
given in Table 1.

and spontaneous curvature values are comparable for vesicles
exposed to two different salts, i.e., NaCl and KCl in two
different concentration ranges; ie., each of these alkali
chlorides affects the membrane similarly in terms of softening
and curvature generation.

Finally, we also explored the effect of LiCl asymmetry. Even
though physiological concentrations of lithium are in the
(sub)millimolar range, studies on axonal remodeling and
growth cone spreading (see, e.g, ref 30) explore concen-
trations on the order of 10 mM. To compare our results on
NaCl asymmetry, we explored LiCl asymmetry at the same ion
concentration; see Figure 3C and Table 1 for exact conditions.
Even at this low LiCl concentration the bending rigidity is
considerably decreased and a significant negative spontaneous
curvature was measured consistent with microscopy observa-
tions (Table 1). All experiments are summarized in Table 2.

To confirm the effect of the salts on the lipid bilayers, the
membrane bending rigidity was also measured via fluctuation
analysis;”" see section S7 in the Supporting Information. The
values of bending rigidity were estimated to be 29.8 + 3.7 kyT
and 19.2 + 5.0 kT for vesicles exposed to low asymmetry of
KCl and LiCl, respectively. These results are in good
agreement with the bending rigidity values obtained from
tube pulling experiments in Table 2.

Conclusions. In this paper, we used a combination of
optical tweezers and micropipette manipulation of giant
vesicles to pull out lipid nanotubes and measure fundamental
mechanical properties of the membranes. We focused on the
effect of ionic asymmetry across the membrane as present in
cells. The vesicles were exposed to different concentrations of
sucrose (inside) and three different types of salts (outside),
namely, NaCl, KCl, and LiCl. Measurements of the tube
pulling force and membrane tension of the vesicles, allowed us
to assess the bending rigidity and spontaneous curvatures
generated in the above conditions. The magnitude for the
spontaneous curvature generated at high NaCl and KCI
asymmetry is lower than values measured on membranes
exposed to BAR domain proteins®” (m™' ~ 20—100 nm) and
comparable to that of membranes with asymmetric distribution
of gangliosides,ls’33 polymers,'® and more importantly, divalent
ions®*** (m™! ~ 100—500 nm). The sign of the spontaneous
curvature generated by calcium reported in refs 34 and 35S is
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controversial; one group reported that binding of calcium ions

to these membranes generates positive spontaneous curva-

ture,”* whereas measurements of another group at the same
35

> Our

results for NaCl and KCl corroborate negative spontaneous

conditions yielded negative spontaneous curvature.

curvature at high salt concentration. Indeed, similarly to direct
calcium-induced inward tubulation shown in ref 36, we do
observe more abundant internal tubes in these vesicles (Table
1). Thus, in the presence of salt solutions, vesicle membranes
tend to curve away from the exterior salt solution attaining a
negative spontaneous curvature. Presumably, the ions that
adsorb to the membrane lead to local condensation of lipids,
thereby reducing the effective molecular area of the leaflet
exposed to them.

Interestingly, increasing salt asymmetries correlated with the
change in the values of both the bending rigidity and
spontaneous curvature. Generally, sugars are thought to soften
membranes via thinning of the bilayers’” while alkali ions,
except for lithium, are considered as not interacting with the
membrane.®’ As suggested by simulations and NMR data,”” we
thus speculate that the spontaneous curvature is generated by
sodium and potassium ion depletion from the bilayer (outer
leaflet) while the adsorbed lithium (similarly to the effect of
calcium) leads to local condensation of lipids, thereby reducing
the effective molecular area of the leaflet exposed to them.
From fluorescence lifetime measurements®® we attempted to
distinguish the condensing effect of lithium ions from the
depletion of sodium and potassium ions from the membrane;
see section S8 in the Supporting Information. The lifetime of
the used dye was altered only in the presence of LiCl
(corresponding to the low LiCl asymmetry condition explored
here) but not in the presence of NaCl and KCl solutions (in
both high and low asymmetry conditions). We thus conclude
that our speculations for the depletion of sodium and
potassium ions from the membrane as well as for the
condensing effect of lithium are reasonable. Presumably,
molecular dynamics simulation studies will be able to further
characterize the mechanism of curvature generation by
monovalent salt asymmetry. In our experiments, the effect of
the ions may also be enhanced by thinning of the monolayer
facing the sugar solution (sugars are believed to laterally
expand the leaflet™”), all together driving the generation of the
negative spontaneous curvature. One significant result to be
emphasized here is that the bending rigidity and negative
curvature generated by both NaCl and KCI are comparable.
While the vesicle membrane has almost zero spontaneous
curvature at low concentration of these salts, low concentration
of LiCl induces a negative curvature that is approximately
equivalent to half the value measured for the high asymmetry
conditions with NaCl and KCL. In a number of studies, lithium
has been shown to have an inhibitory role on proteins (see,
e.g, refs 8, 30, and 39 and references therein), leading to the
conclusion that neuronal remodeling is predominantly
governed by the activity of these proteins. Here, we show
that biomembrane reshaping might result not solely from
protein inhibition by lithium but also by the direct action of
LiCl on membrane rigidity and spontaneous curvature
resulting from the applied asymmetric solutions.
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