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Cations induce shape remodeling of negatively
charged phospholipid membranes†

Z. T. Graber, Z. Shi and T. Baumgart *

The divalent cation Ca2+ is a key component in many cell signaling and membrane trafficking pathways.

Ca2+ signal transduction commonly occurs through interaction with protein partners. However, in this

study we show a novel mechanism by which Ca2+ may impact membrane structure. We find an

asymmetric concentration of Ca2+ across the membrane triggers deformation of membranes containing

negatively charged lipids such as phosphatidylserine (PS) and phosphatidylinositol-4,5-bisphosphate

(PI(4,5)P2). Membrane invaginations in vesicles were observed forming away from the leaflet with higher

Ca2+ concentration, showing that Ca2+ induces negative curvature. We hypothesize that the negative

curvature is produced by Ca2+-induced clustering of PS and PI(4,5)P2. In support of this notion, we find

that Ca2+-induced membrane deformation is stronger for membranes containing PI(4,5)P2, which is

known to more readily cluster in the presence of Ca2+. The observed Ca2+-induced membrane

deformation is strongly influenced by Na+ ions. A high symmetric [Na+] across the membrane reduces

Ca2+ binding by electrostatic shielding, inhibiting Ca2+-induced membrane deformation. An asymmetric

[Na+] across the membrane, however, can either oppose or support Ca2+-induced deformation,

depending on the direction of the gradient in [Na+]. At a sufficiently high asymmetric Na+ concentration

it can impact membrane structure in the absence of Ca2+. We propose that Ca2+ works in concert with

curvature generating proteins to modulate membrane curvature and shape transitions. This novel

structural impact of Ca2+ could be important for Ca2+-dependent cellular processes that involve the

creation of membrane curvature, including exocytosis, invadopodia, and cell motility.

Introduction

The Ca2+ ion is a well-known secondary messenger that regulates
diverse signaling processes and cellular phenomena including
vesicle trafficking, cell growth, membrane repair, and cell
motility.1–7 Intracellular Ca2+ concentrations within a resting
cell are comparatively low (about 100 nM free Ca2+), while
extracellular Ca2+ concentration is orders of magnitude higher
(a few millimolar). Influx of Ca2+ from the cell exterior or from
Ca2+ stores within the endoplasmic reticulum elevates the
internal Ca2+ concentration to micromolar levels (or possibly
much higher near the influx site), triggering cellular signaling
cascades. Ca2+ influx at the synapse is a signal that triggers
exocytosis and neurotransmitter release.5 Ca2+ enacts its signaling
role through several mechanisms: the most well-known mechanism
is through direct interaction with proteins, such as calmodulin and
calcineurin. Ca2+-binding leads to rearrangement of calmodulin and
allows it to interact with a host of protein partners.8

Ca2+ may also impact cellular signaling through direct
interactions with the negatively charged phospholipids within
the membrane. Recent studies have suggested that Ca2+ inter-
acts strongly with the signaling lipid phosphatidylinositol-4,5-
bisphosphate [PI(4,5)P2], and can trigger formation of PI(4,5)P2-
rich clusters in vitro at micromolar Ca2+ concentration.9–11 Ca2+ has
also been suggested to alter lipid packing or induce local clustering
of other negatively charged lipids, including phosphatidylserine (PS),
albeit to a lesser extent.12–18 The interaction of Ca2+ with lipids
may impact cellular signaling by altering lipid packing and
local concentration of signaling lipids. In addition, Ca2+ ions
have been shown to inhibit some PI(4,5)P2-binding proteins by
shielding PI(4,5)P2.19 Recent work has also suggested that Ca2+

may alter the spontaneous curvature of the membrane through
its interaction with negatively charged lipids.20–22 Furthermore,
Ca2+ can promote vesicle fusion.23–26 Ca2+ promotion of vesicle
fusion may be partly induced by increased adhesion between
vesicles in the presence of Ca2+, but likely also involves a
curvature effect of Ca2+ stabilizing intermediate fusion states.25,27

Ohki et al., show that Ca2+ increases surface hydrophobicity and
surface tension, which may promote vesicle fusion as well.28–30

In this study, we show that Ca2+ can alter membrane shape
by inducing negative spontaneous curvature (defined as local
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membrane curving towards the bound ion). Specifically, we
find that Ca2+ ions trigger membrane invaginations in vesicles
consisting of bilayers that contain negatively charged lipids in
the presence of an excess Ca2+ ion concentration on the vesicle
exterior relative to the interior, i.e. an asymmetric distribution
of ions across the membrane. These results imply that Ca2+ can
play a direct role in modulating membrane curvature, which may
have significance for the role of Ca2+ in exocytosis and cell motility.

Experimental
Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine (DOPS), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), and L-a-phosphatidylinositol-
(4,5)-bis-phosphate (PI(4,5)P2; Porcine Brain, ammonium salt)
lipids were obtained from Avanti Polar Lipids (Alabaster, AL) as
lipid stock solutions in chloroform or 2 : 1 chloroform : methanol.
The concentration of lipid stock solutions was periodically verified
by phosphate assay. The lipid dye Texas Red-1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine (triethylammonium salt) (Texas
Red-DHPE) was purchased from Invitrogen/Life Technologies
(Grand Island, NY). CaCl2, MgCl2, NaCl, Casein, Tris, HEPES,
DTT and EDTA were obtained from Fisher Scientific (Rochester,
NY). All salts were obtained with the Cl� counterion to prevent
any potential impact from varying the counterion. 98% hydro-
lyzed 146–186 kDa PVA was purchased from Sigma Aldrich (St.
Louis, MO). All commercial reagents were used without further
purification.

Preparation of giant unilamellar vesicles (GUVs)

GUVs were prepared in sucrose solution by the standard
method of electroformation.31 Briefly, lipid stocks in organic
solvent were prepared with the desired lipid composition and
spread on indium tin oxide (ITO) coated slides. Typically, 0.3%
of the lipid fluorophore Texas Red-DHPE was included in each
lipid mixture. The organic solvent was removed by applying
vacuum for at least two hours to form a dry lipid film.32 The
electroformation chamber was formed with two lipid-coated
ITO slides using 0.8 mm thick rubber spacers. The lipid film
was hydrated with 400–450 mL of 0.3 M sucrose. Electroformation
was performed using a 10 Hz and 2–4 Vpp electrical field for two
hours to produce the final GUV dispersion.

To prepare GUVs in salt solutions a PVA gel hydration based
method was used as in Weinberger et al.33 A 5% PVA solution
was made by dissolving PVA with a molecular weight of 146–186 kDa
in water. To dissolve the PVA, the solution was heated to 90 1C
while stirring for several hours. A dry PVA film was formed by
spreading 50–100 mL of the 5% PVA solution onto two glass
slides and drying at 50 1C (roughly 1 h). If necessary, glass slides
were plasma cleaned before use to prevent dewetting of the PVA
film. Lipid stock solution was then spread onto each dried PVA
patch and dried via vacuum for at least one hour. The lipid film
was then hydrated with 450 mL of buffer solution and left to
swell for 30 min to an hour. GUVs formed using different vesicle

preparation methods had similar behavior under the same
experimental conditions (data not shown).

GUV dispersions were kept covered throughout the preparation
process to limit photo-bleaching and photo-induced oxidation.
After a couple days of use, the GUV dispersion was discarded and
fresh GUVs were prepared.

Image analysis procedures

The contour of GUVs was fitted with a Gaussian ring using
MATLAB (The MathWorks, Natick, MA), following the equation
below:

Iðx; yÞ ¼ a � exp �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� x0ð Þ2 þ y� y0ð Þ2

q
� r0

� �2

smem
2

2
6664

3
7775þ b (1)

Here, I is the fluorescence intensity of a pixel at coordinate (x, y)
of the image, a is the height of the Gaussian ring, (x0, y0) is the
center position of the GUV, r0 is the radius of the GUV, smem is
the width (between 1/e positions) of the Gaussian peak which
also provides a measure of the width of the fluorescent trace
of the membrane, and b is the background intensity of the
image. For pipette-aspirated GUVs, the pipette region is
excluded during the fitting.

Single GUV shape instability assay

Two chambers, a GUV chamber and an imaging chamber, were
formed between two coverslips (20 mm � 40 mm, pre-treated
with 2 mL of 2.5 mg mL�1 casein, 20 mM Tris, and 2 mM EDTA)
overhanging a glass microscope slide (2 mm thick). The GUV
chamber has a total volume of 375 mL and is made by diluting
B10 mL of the GUV stock dispersion into a buffer containing
glucose, sucrose, NaCl and HEPES. For GUVs made using
electroformation (which were used for CaCl2 measurements),
this results in an asymmetry of [Na+] across the membrane
(with 37.5 mM NaCl on the exterior of the GUV and 0 mM on
the interior), as is commonly used in experiments with proteins
and GUVs.20,34–36 The osmolarity of the buffer was selected to
be 20% higher than the GUV stock dispersion (measured with a
micro-osmometer from Advanced Instruments Inc. (Norwood,
MA)) to ensure that the vesicles had enough excess area (relative
to the area of a sphere with the same volume) for micropipette
aspiration. The salt imaging chamber had a total volume of
375 mL. Stock salt solutions were diluted to designated con-
centrations, using the same buffer as used for diluting GUVs.
For both chambers, the pH was maintained at 7.0 with 7 mM
HEPES. Sucrose and glucose concentrations were adjusted to
balance total osmolarities of the two chambers to prevent any
membrane structural changes due to osmotic pressure. In
addition, for MgCl2 and CaCl2 experiments, total levels of Na+

and Cl� were balanced between the two chambers (to within a
few mM) to prevent any impact from changing Na+ or Cl�

concentration on the observed Mg2+ or Ca2+ induced effects.
Micropipettes and transfer capillaries were prepared and casein-
treated through incubation with saturated casein solutions
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followed by rinsing, to prevent GUVs from sticking to the
capillaries.32,37 In the rare cases where GUV membranes were
observed to stick to pipette walls, data from such vesicles were
discarded.

The GUV transfer was a four-step process as shown in
Fig. 1b. The moment when the GUV was not protected anymore
by the transfer capillary was defined as time zero in the GUV
instability analysis. Zero aspiration pressure was checked before
and after the GUV transfer process to ensure absence of pressure
drifts.38 All the transfer and imaging processes were carried out at
room temperature (23.7 � 0.3 1C; mean � SD measured on
different days). To test the statistical significance of differences in
shape stabilities under varying experimental conditions, we
performed a Student t-test using those three data points (if
available) with the highest tension where unstable vesicles were
observed, and those three data points (if available) with the
lowest tension where stable vesicles were observed. This set of
data points was used to define the tension threshold.

Calcium binding measurements

Ca2+ binding affinities were determined via titration using a
perfectION Ca2+ Ion Selective Electrode (ISE) from Mettler
Toledo. Lipid vesicles were formed by hydrating dried lipid
films with an aqueous buffer composed of 7 mM HEPES, 37.5 mM
NaCl, and 250–300 mM sucrose at pH 7.0 � 0.1. The lipid film
was suspended by vortexing and sonicated to break apart large
multilamellar vesicles. The vesicles were then extruded at least
41 times through a 50 nm membrane to form unilamellar
vesicles. Lipid vesicles were diluted using the same aqueous
buffer to 1–3 mM before titration. The Ca2+ titrant consisted of
a 10 mM CaCl2 buffer with 7 mM HEPES, 37.5 mM NaCl, and
250–300 mM sucrose at pH 7.0� 0.1. The sucrose concentrations
were balanced carefully so that osmolarity did not change during

the titration. Titrations were performed at room temperature
(23 � 2 1C) and all measurements were made at a roughly
constant stirring rate. The Ca2+ ISE was calibrated before and
after each titration by titrating the Ca2+ buffer into the lipid
buffer in the absence of lipid vesicles. In between each titration,
the electrode was rinsed with copious amounts of MilliQ water
and soaked in MilliQ water for at least 10 min to help eliminate
vesicles that may bind to the ISE. The concentration of each
lipid solution was verified by phosphate assay after titration to
obtain the exact lipid concentration.

Results and discussion
Calcium binds negatively charged vesicles

The binding of Ca2+ to lipid membranes has been the focus of
extensive study.18,39–45 Ca2+ has been shown to weakly associate
with zwitterionic membranes, while it interacts strongly with
membranes containing negatively charged lipids.45 Previous
studies have measured association constants with a variety of
PS contents and overall saline concentrations. For conditions
with 10 mM NaCl, Sinn et al. reported an apparent binding
affinity of 650 M�1 for Ca2+ binding 80 : 20 mol% DOPC/DOPS
membranes, and 250 M�1 for Ca2+ binding pure DOPC
membranes.45 In contrast, the apparent binding affinity of Ca2+

to DOPC membranes in 150 mM NaCl is reported as B20 M�1.46

Clearly, the overall proportion of negatively charged lipid within
the membrane as well as the bulk NaCl concentration can have
a significant impact on the fraction of Ca2+ that associates with
the membrane.45,46 To assess the density of Ca2+ ions on the
membrane in our experiments, it is necessary to determine the
Ca2+ association constant for the relevant membrane composi-
tion and saline concentration used in our studies. Ca2+ ion
concentration at the membrane was determined by measuring
the concentration of free Ca2+ using a Ca2+ sensitive electrode
and titrating in a known concentration of Ca2+. The apparent
binding affinity was then determined by fitting a Langmuir
binding isotherm to the titration data:

Cabound
2þ ¼ Bmax

1þ 1

Ka Caadded2þ½ �

� � (2)

where Cabound
2+ is the bound Ca2+ per accessible lipid (taken as

half of the total lipid concentration, based on the assumption
that half of the LUV lipids constitute the outer leaflet of the
LUV), Bmax is the maximum Ca2+ ions per lipid, Ka is the
binding affinity (i.e. the association constant), and [Caadded

2+]
is the bulk Ca2+ concentration. The results for pure DOPC
vesicles in 7 mM HEPES and 37.5 mM NaCl are shown in
Fig. 2. The NaCl concentration was chosen to keep total salt
concentrations throughout the titration in the same range as
those used for GUV experiments (total salt concentration
ranges from 37.5 to 42.5 mM as CaCl2 is titrated into the LUV
solution). As expected, Ca2+ binds weakly to DOPC vesicles, with
a binding affinity of 410 � 141 M�1 and a maximum of 0.4 Ca2+

per accessible lipid. The maximum Ca2+ per accessible lipid is
only reached at high bulk [Ca2+] (above the highest tested bulk

Fig. 1 The procedure of a single GUV transfer. (a) Sketch of a micropipette
aspirated GUV. DP is the pressure difference between the inside and
outside of the pipette used for GUV aspiration. Rp and Rv represent the
radius of the pipette and the spherical part of the GUV, respectively. Lp

represents the aspiration length of the GUV. (b) The process of transferring
an aspirated GUV from the GUV dispersion (red) into an imaging chamber
with the desired salt solution (grey). the GUV transfer is a four-step process:
(1) a GUV is aspirated into a micropipette to adjust the desired membrane
tension. (2) The transfer capillary is manually positioned to cover the GUV.
(3) The GUV is transferred from the GUV chamber into the imaging
chamber using a motor-controlled micromanipulator (Luigs and Neumann,
Ratingen, Germany). (4) The transfer capillary is removed to expose the
GUV to the salt solution.
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[Ca2+]). Ca2+ binding to vesicles containing the negatively
charged lipid DOPS is much stronger, as shown in Fig. 2
(compare black vs. blue). For 55 : 45 mol% DOPC/DOPS vesicles
the calculated binding affinity is 5150 � 142 M�1, with a
maximum of 0.19 Ca2+ per accessible lipid. This represents
roughly one Ca2+ ion per every two PS lipids. We should note
that the maximum ion per lipid number here reflects only the
first step of high affinity binding to PS and PI(4,5)P2 lipids. As
bulk Ca2+ increases beyond the tested range, the numbers of
ions per lipid will increase as ions start to bind to PC as well.
The calculated binding affinity for these vesicles is significantly
higher than the value reported for 80 : 20 mol% DOPC/DOPS
vesicles above due to the higher overall charge density of the
vesicles. In addition to PC:PS vesicles, vesicles containing
the highly negatively charged phospholipid PI(4,5)P2 were
also tested. PI(4,5)P2 has been shown to bind Ca2+ with high
affinity.9,11,47 The binding of Ca2+ to vesicles containing
5 mol% PI(4,5)P2, 35 mol% DOPC, 30 mol% DOPE, and 30 mol%
DOPS is shown in red in Fig. 2. For this lipid composition, the
additional charge from PI(4,5)P2 is compensated by a reduction in
the PS content, resulting in an equivalent overall charge density
compared to the previous lipid composition that did not include
PI(4,5)P2 (assuming PS with a charge of �1 and PI(4,5)P2 with an
effective charge of �39,47). The zwitterionic lipid PE is included in
this mixture to more closely match the lipid composition of the
inner leaflet of the plasma membrane, but is unlikely to significantly
influence the binding affinity due to its zwitterionic nature.22

The binding affinity resulting from the association curve is

3910 � 103 M�1, with a maximum of 0.24 Ca2+ per accessible
lipid. The binding affinities for the two negatively charged lipid
compositions are similar, as the 15 mol% reduction in total PS
is compensated by the higher Ca2+ affinity of the added 5 mol%
PI(4,5)P2. This confirms that overall membrane charge density
is the primary contributor towards Ca2+ binding affinity to lipid
vesicles.

Calcium ions induce membrane invaginations

Given the known impact of Ca2+ on lipid spontaneous curvature
and its role in exocytosis and vesicle trafficking, the question
arises whether Ca2+ ions may be able to directly impact the
structure of the membrane. To assess the effects of Ca2+ on
membrane shape we employed a single GUV transfer assay that
enables us to determine the onset of a membrane curvature
transition.34–36 By utilizing single GUVs in our experiment, we
are able to exclude any effect from Ca2+-induced vesicle aggregation
and focus exclusively on the effect of Ca2+ on membrane curvature.
The GUV is held at a controlled membrane tension by an aspiration
pipette and transferred into a Ca2+ solution. The onset of a
membrane curvature transition is determined by a decrease in
apparent area as tubules with a high surface area to volume
ratio form. As membrane excess area (relative to a perfect
sphere) is consumed by Ca2+-induced invaginations, we observe
a decrease in the length of the aspirated region (see Fig. 3a). The
formation of tubule invaginations indicates a Ca2+-induced
destabilization of the essentially (averaging over thermal fluctua-
tions) planar membrane state (on a molecular scale) of the GUV,
leading to a transition to a membrane with highly curved tubules.

As shown in Fig. 3d, the apparent area of the GUV membrane
decreased after being transferred into the Ca2+ solution. The
area decrease was accompanied by a significant increase of
fluorescence intensity inside the GUV due to the formation of
tubule invaginations towards the interior of the GUV (Fig. 3a,
also see Supplemental movie 1, ESI†). The fluorescence intensity
inside the GUV and the membrane area remain constant before
transferring the vesicle into the Ca2+ solution (Fig. 3c), indicating that
changes in these two quantities are a result specifically of exposure to
Ca2+ solution. The formation of membrane invaginations consumes
membrane area from the aspirated region of the vesicle, resulting in
a decrease in measured apparent membrane area. The Ca2+-induced
membrane shape instability does not influence the overall stability of
the membrane in terms of permeability, as we observe no increase
in permeability after Ca2+-induced membrane deformation (see
ESI,† Fig. S1).

An alternative explanation for the decrease in membrane
area might be that the Ca2+ ions are triggering simultaneous
condensation of both leaflets without causing bending. However,
neither the fluorescence intensity per arc-length of the membrane
nor the apparent membrane thickness (measured from the width
of the fitted Gaussian ring) changed during the decrease of
membrane area (Fig. 3d). This would be expected if bilayer
condensation led to increased local lipid fluorophore density.
In addition, condensation without bending cannot explain
the dynamic tubules and increased fluorescence intensity we
observe within the GUV (Fig. 3a and d). Thus, we can see that

Fig. 2 Binding of Ca2+ ions is determined by membrane charge. Titration
curves of bound Ca2+ versus added Ca2+ for Ca2+ binding to lipid vesicles
composed of (black) 100% DOPC, (blue) 55 : 45 mol% DOPC/DOPS, or
(red) 35 : 30 : 30 : 5 mol% DOPC/DOPE/DOPS/PI(4,5)P2. All titrations were
performed in 37.5 mM NaCl and 7 mM HEPES at pH 7, to match saline
concentrations used in GUV experiments. Error bars in the y axis are from
the propagation of error in the ISE measurement, while x axis error is from
the propagation of error from the lipid (determined by phosphate assay)
and CaCl2 (determined gravimetrically) stock concentrations. Solid lines
are fit results using eqn (2).

Paper PCCP

Pu
bl

is
he

d 
on

 2
6 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Pe

nn
sy

lv
an

ia
 L

ib
ra

ri
es

 o
n 

04
/0

8/
20

17
 1

4:
28

:1
7.

 
View Article Online

http://dx.doi.org/10.1039/c7cp00718c


This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 15285--15295 | 15289

the Ca2+ is not changing overall fluorescence on the membrane,
the fluorescence is simply redistributed as tubules form in the
interior of the GUV.

Previously, for tubules formed by peripheral proteins, we found
that tubule formation was inhibited by high membrane tension.34–36

Similarly, we find that Ca2+-induced membrane invaginations
are inhibited by increased tension. The high membrane tension
opposes the formation of membrane curvature, thus increasing
the shape stability of the planar membrane. In this case, we
observe neither decreased apparent membrane area nor increased
fluorescence intensity within the GUV (Fig. 3b).

As discussed in the previous section, Ca2+ ions bind zwitter-
ionic lipids much more weakly than negatively charged lipids
(see Fig. 2).45,46 Based on these results, we would expect to see a
decreased impact of Ca2+ on DOPC vesicles compared to charged
vesicles. To confirm this, we transferred pure DOPC vesicles into
a 6 mM Ca2+ solution (Fig. 3e). In contrast to the DOPC/DOPS
vesicles, there is no apparent membrane area decrease phenomenon
for vesicles containing only DOPC. Therefore, we conclude that Ca2+

ions only induce membrane instability in GUVs containing
negatively charged lipids, at least at physiologically relevant Ca2+

concentrations (either extracellular or intracellular).

Shape instability diagram of calcium-induced membrane
deformation

To understand the effect of Ca2+ ions on membrane shape
stability in more detail, single GUV transfer experiments were
carried out for a range of Ca2+ concentrations. For each Ca2+

concentration, multiple GUVs were measured with the goal of
finding the tension value that defines the shape transition
point for membranes under the investigated Ca2+ concentration.
The shape stability diagram for Ca2+ ions was constructed with a
lipid composition of 55 : 45 mol% DOPC/DOPS as shown in
Fig. 4a. Two states of the membrane are mapped in Fig. 4a: the
planar/stable state and the deformed/unstable state. A planar
membrane becomes unstable and is deformed by Ca2+ ions either
through increasing Ca2+ concentration or through decreasing
membrane tension.

Based on the data shown in Fig. 4a a stability boundary can
be determined between the planar and curved membrane states.
Firstly, at a certain Ca2+ concentration, the transition tension
that separates the two states can be represented by the range of
tension values where GUVs showed both stable and unstable
behaviors. Therefore, the transition tension can be determined
by averaging the overlapped or closest ‘Stable’ and ‘Unstable’
tension values at a given Ca2+ concentration in Fig. 4a. Secondly,
based on our calculated Ca2+ binding affinity and the bulk Ca2+

concentration we can calculate the coverage of Ca2+ ions on the
membrane. The resulting stability boundary describing the
relation between the critical tension threshold and the coverage
of Ca2+ ions on the membrane is shown in Fig. 4b.

Calcium induced membrane shape instability is PI(4,5)P2

sensitive

As shown in Fig. 4a, on GUVs containing 55 : 45 mol% DOPC/
DOPS, the Ca2+ induced membrane shape instability vanishes
at Ca2+ concentrations below 0.8 mM. However, most Ca2+-mediated
events in mammalian cells involve Ca2+ concentrations no higher
than 0.5 mM, thus questioning if purely Ca2+-induced membrane
instabilities are relevant to mammalian cells.

Fig. 3 Binding of Ca2+ ions induces membrane invaginations as revealed
by single GUV transfer. (a) Confocal images showing an aspirated GUV
(labeled with Texas Red-DHPE) before and after being transferred into
solutions containing 4 mM CaCl2 (37.5 mM NaCl, 7 mM HEPES, pH 7).
membrane tension is 0.17 mN m�1. The dashed line separates images
before and after transfer. As the projection length decreases the fluores-
cence intensity within the GUV increases as tubules form (the tubules are
too dynamic to be resolved clearly) (see Supplemental movie 1, ESI†). (b)
Confocal images of a stable vesicle that was transferred into 2.4 mM Ca2+

solution at high membrane tension (0.35 mN m�1). Vesicle area remains
constant and no tubules are observed forming before or after transferring the
vesicle into Ca2+ solution (on either side of the dashed line). This shows that
the vesicle deformation is dependent on Ca2+ concentration and membrane
tension. (c and d) Quantification of the GUV apparent membrane area (black),
apparent membrane thickness (red), fluorescence intensity per arc-length on
the GUV contour (green), and fluorescence intensity inside (blue) for a typical
GUV before (b) and after (c) being transferred into 4 mM CaCl2. All values are
normalized to the corresponding values at the first frame of the image
sequence. Lipid composition: 55 : 45 mol% DOPC/DOPS (labeled with 0.3%
Texas Red-DHPE). (e) Ca2+ ions do not induce membrane instability on pure
DOPC GUVs. Representative traces of membrane area change after a GUV of
pure DOPC (blue, closed) or 55 : 45 mol% DOPC/DOPS (blue, open) is
transferred into 6 mM CaCl2 solution. Time zero is defined as the time point
when the GUV is exposed to CaCl2 solution. The time gap around time zero is
due to the time taken to transfer the vesicle into the Ca2+ solution. Membrane
tensions for both GUVs are 0.05 � 0.01 mN m�1. (f) Diagram of the proposed
mechanism of Ca2+-induced membrane deformation. Ca2+ ions bind to
negatively charged lipids leading to condensation and/or clustering, resulting
in decreased membrane area in the leaflet with bound Ca2+ ions and negative
spontaneous curvature. At sufficiently low tensions, the membrane then
bends to form invaginations to compensate for the negative spontaneous
curvature and reduced area in the Ca2+-bound leaflet.
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However, the simple PC/PS mixture that we tested first is not
an accurate representation of the inner leaflet plasma membrane
composition, which also contains the highly charged lipid
PI(4,5)P2. Therefore, we compared the Ca2+ effect for DOPC/
DOPS vesicles with the more biologically relevant lipid composition
35 : 30 : 30 : 5 mol% DOPC/DOPE/DOPS/PI(4,5)P2. As shown in Fig. 5,
even though the total amount of charge is similar for both
compositions, Ca2+ exhibits a significantly stronger ability to induce
membrane shape instability and form tubule invaginations on the
composition containing PI(4,5)P2. More specifically, higher critical

tensions are found on the PI(4,5)P2 containing composition than
on the non-PI(4,5)P2 containing composition in both 4 mM and
0.8 mM CaCl2 solutions. With 4 mM Ca2+, membranes containing
PI(4,5)P2 are deformed at higher tension values than we have
observed for PS vesicles at any Ca2+ concentration (see Fig. 5a).
With 0.8 mM Ca2+, PS vesicles are only deformed at low tension
values (0.018 mN m�1), while PI(4,5)P2 vesicles are still deformed
at higher tensions (0.173 mN m�1) (see Fig. 5b). Moreover,
membrane curvature instability can be induced on the PI(4,5)P2

containing composition at an even lower Ca2+ concentration of
0.1 mM (data not shown). We should note that due to the slightly
lower affinity of Ca2+ to the PI(4,5)P2 vesicles (see Fig. 2), the Ca2+

coverage on PI(4,5)P2 vesicles is actually slightly lower at the same
bulk concentration, compared to PS vesicles. This further supports
the notion that PI(4,5)P2 increases the intrinsic capacity for
Ca2+ to generate membrane curvature and effect membrane
shape instabilities.

Magnesium has a reduced capacity to induce membrane shape
instability

Ca2+ ions are well documented to induce clustering or area
compression of charged lipids, with the effect most prominent
on polyphosphoinositides such as PI(4,5)P2.9,11,12,14–18,48–51 The
clustering of PS and/or PI(4,5)P2 on the Ca2+-binding leaflet has
the potential to induce membrane shape changes by reducing
the headgroup area of the clustered lipids, thereby imposing a
negative spontaneous curvature to the bilayer (see Fig. 3f). The
membrane will become unstable towards the formation of
invaginations when the imposed spontaneous curvature results
in an energy gain that is large enough to overcome the elasticity
of the bilayer.52 Since Ca2+ ions have a much stronger ability to
cluster PI(4,5)P2 than PS lipids,11 this mechanism also agrees with
the observation that Ca2+ ions showed a much stronger effect
towards PI(4,5)P2 containing membranes (Fig. 5). In contrast to

Fig. 4 Membrane deformation is dependent on tension and Ca2+

concentration. (a) The black data points represent GUVs that became
unstable towards a curvature transition (showed area decrease) when
transferred to the indicated concentration of Ca2+. The white data points
represent GUVs that are still stable (showed no area decrease) at least
5 min after being transferred into the indicated concentration of CaCl2.
Buffer conditions: (50x/36 + 37.5) mM NaCl, 7 mM HEPES, pH 7 (before
transfer, lipid chamber); x mM CaCl2, 37.5 mM NaCl, 7 mM HEPES, pH 7
(after transfer, Ca2+ chamber) with x being the concentration of Ca2+ ions.
The factor 50/36 leads to equal osmolarities of solutions with and without
CaCl2. The osmolarities in both chambers are balanced with glucose to
result in a final osmolarity B20% higher than the osmolarity of GUV stock
solutions. (b) Shape stability boundary for 55 : 45 mol% DOPC/DOPS with
Ca2+. The data points represent the transition tensions for a certain Ca2+

coverage. The Ca2+ coverage is determined from the CaCl2 concentration
using the previously determined Ca2+ binding affinity (see Fig. 2). The
transition tension for each Ca2+ coverage is determined by taking averages
from either the overlapped tension values of stable and unstable GUVs or
the three (if available) closest tension values for stable and unstable GUVs
(values from Fig. 4a).

Fig. 5 Presence of PI(4,5)P2 in the membrane significantly amplifies the
Ca2+-induced curvature instability. (a) Comparison of the critical tensions
for GUVs with and without PI(4,5)P2 (5% vs 0%, respectively) in 4 mM CaCl2.
Lipid composition: no PI(4,5)P2: 55 : 45 mol% DOPC/DOPS; 5% PI(4,5)P2:
35 : 30 : 30 : 5 mol% DOPC/DOPE/DOPS/PI(4,5)P2. The tension thresholds
for the two compositions are 0.243 � 0.005 mN m�1 (no PI(4,5)P2) and
0.391 � 0.072 mN m�1 (5% PI(4,5)P2), both are mean � SD. Student t-test
of the tension thresholds: p = 0.004. (b) Comparison of the critical tensions for
GUVs with and without PI(4,5)P2 (5% vs 0%, respectively) in 0.8 mM CaCl2.
The tension thresholds for the two compositions are 0.018 � 0.008 mN m�1

(no PI(4,5)P2) and 0.194 � 0.025 mN m�1 (5% PI(4,5)P2), both are mean � SD.
Student t-test of the tension thresholds: p = 0.007.
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Ca2+ ions, Mg2+ ions do not induce clustering of PS lipids,15–17

although they do increase the order of PS lipids.53 In addition,
Mg2+ has a weaker capacity to induce fusion of PS vesicles than
Ca2+.54,55 The reduced fusion capacity is likely due to the
reduced impact of Mg2+ on membrane hydrophobicity and
surface tension.28–30 Therefore, we investigated whether Mg2+

ions have a similar impact on membrane structure as Ca2+ ions.
The membrane shape instability tension threshold was compared
for 55 : 45 mol% DOPC/DOPS vesicles transferred into solutions
containing either 4 mM Ca2+ or Mg2+ (Fig. 6). Compared to Ca2+,
Mg2+ showed a much weaker capacity to induce membrane shape
instability, with a transition tension of only 0.048 mN m�1 with
4 mM Mg2+ compared to 0.243 mN m�1 with 4 mM Ca2+. Since
Mg2+ has a similar affinity for PS compared to Ca2+,44,56 the
large difference in the capacity of Mg2+ and Ca2+ to trigger
membrane curvature cannot be due to differing coverage of the
ions on the membrane. Rather, we suggest that the capacity of
the ion to cluster membrane lipids may influence the capacity of
the ion to trigger membrane shape instability.

To conclude, we observed Mg2+ to have a weaker capacity to
induce membrane curvature compared to Ca2+.

Increased saline concentration (symmetric across the bilayer)
reduces calcium-induced membrane deformation

In this section, we consider how the presence of saline in
addition to Ca2+ may impact Ca2+-induced membrane deforma-
tion. This is especially important due to the high concentration
of salt ions in the cytosol, which may significantly influence the
observed Ca2+ effect in the cellular environment. Previously
we have used an asymmetric [Na+], with 37.5 mM outside and
0 mM inside. Here we determined the impact of saline by
comparing the membrane shape instability tension threshold

for DOPC/DOPE/DOPS/PI(4,5)P2 GUVs in the presence of
0.8 mM Ca2+ and either 37.5 mM NaCl on the exterior of the
vesicle, as we have previously used, or 150 mM NaCl on both
the interior and exterior of the GUV (see Fig. 7). In both
conditions, we observe membrane shape instability at moderate
tension values. However, the shape instability tension threshold
is significantly reduced in the presence of 150 mM NaCl
(0.173 vs. 0.053 mN m�1). Clearly, this shows that higher saline
concentration impedes Ca2+-induced membrane deformation.
As discussed above, electrostatic screening significantly reduces
the binding affinity of Ca2+ to negatively charged phospholipids
and thus decreases the coverage of Ca2+ ions and the resulting
shape instability tension threshold. It is important to note that
the high saline concentration does not eliminate Ca2+-induced
membrane deformation, showing that the observed Ca2+ effect may
still be relevant even for physiologically high salt concentrations.

Monovalent sodium ions (asymmetrically distributed across
the bilayer) induce membrane structure change in opposition
to calcium

In the previous section, we observed that NaCl reduces the
impact of Ca2+ on membrane curvature instability. We suggested
that this effect is largely due to NaCl reducing the coverage of
Ca2+ on the membrane via electrostatic shielding. In the section
above, NaCl had the same concentration on both sides of the
membrane. In the following section, we are considering the
consequences of an iso-osmolar concentration gradient of NaCl
across the membrane.

Indeed, recent papers have suggested that monovalent ions
may influence membrane curvature.20,21 If monovalent ions do
influence the curvature of the membrane, this could lead to an

Fig. 6 Mg2+ has a significantly weaker ability to induce membrane deformation
than Ca2+. Under the same concentration (4 mM), the transition tension for
Ca2+ (0.243� 0.005 mN m�1) induced GUV instability is significantly higher
than for Mg2+ (0.048� 0.008 mN m�1). Both are mean� SD. Student t-test
of the tension thresholds: p o 0.001. Lipid composition: 55 : 45 mol%
DOPC/DOPS.

Fig. 7 A high symmetric Na+ distribution reduces the membrane instability
tension threshold for Ca2+-induced deformation. Comparison of the
critical tension for GUVs transferred into 0.8 mM Ca2+ with varying Na+

concentration. The transition tension threshold for Ca2+ with 37.5 mM NaCl
(0.194 � 0.025 mN m�1) (from Fig. 5b) is significantly higher than when
150 mM NaCl is present (0.053 � 0.018 mN m�1). Both are mean � SD.
Student t-test of the tension thresholds: p o 0.001. Lipid composition:
35 : 30 : 30 : 5 mol% DOPC/DOPE/DOPS/PI(4,5)P2.
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additional impact on Ca2+-induced deformation. Additionally,
any monovalent ion-induced membrane deformation could
have important implications for cells under saline stress conditions.
We therefore examined monovalent Na+ ion-induced membrane
deformation by transferring vesicles containing sucrose solution
from low [Na+] (50 mM) into high [Na+] solutions (150 mM), thus
creating an asymmetric ion distribution with 0 mM [Na+] inside the
vesicles and 150 mM [Na+] outside (a few vesicles were also tested
with the reverse gradient of 150 mM inside and 0 mM outside).
Upon transfer, at sufficiently low tension values, we observe an
apparent area decrease similar to what we observe for vesicles in
Ca2+. This suggests that the monovalent Na+ ions may be generating
membrane curvature like the Ca2+ ions. The observed shape
instability tension threshold for a 150 mM asymmetric distribution
of NaCl is displayed in Fig. 8a. In the case of Ca2+-induced
membrane deformation, we observed an increased effect in the
presence of PI(4,5)P2. In contrast, for Na+, there is a much smaller
difference between the transition threshold in the presence of 5%
PI(4,5)P2, or no PI(4,5)P2 (with total lipid charge roughly balanced)
(see Fig. 8a). Thus, Na+-induced membrane deformation is not
highly sensitive to the specific lipid species.

To further illuminate the role of Na+ in modulating
membrane structure, we evaluated the impact of an asymmetric
[Na+] on Ca2+-induced membrane deformation. Holding outside
[Na+] fixed, we transferred GUV vesicles with varied internal
[Na+] into 0.1 mM Ca2+ solutions. Specifically, we fixed the

outside [Na+] to 50 mM, and varied inside [Na+] from 0 to
150 mM. Following GUV transfer, we observed an apparent area
decrease and tubule formation below a tension threshold as
shown in Fig. 8b. In each case, Ca2+ interacts with the
membrane in the presence of an identical [Na+] concentration,
so the degree of Ca2+ binding to the membrane is equivalent in
each case. Therefore, our observation of an altered critical
tension threshold can only be due to the impact of the asymmetric
Na+ concentration across the membrane. The asymmetric Na+

concentration opposes the Ca2+ effect, with excess [Na+] on the
exterior inhibiting Ca2+ (reducing the tension threshold from
0.281 to 0.136 mN m�1), while excess [Na+] on the interior of the
vesicle enhances the Ca2+ effect and thus increases the critical
tension threshold (from 0.281 to 0.327 mN m�1).

We conclude that the asymmetric [Na+]-induced membrane
deformation opposes the negative curvature generation of Ca2+,
when Na+ is enriched on the side of the membrane that
contains Ca2+. This suggests that Na+ may be inducing positive
curvature. Na+-induced positive curvature is consistent with
simulations, which suggest that the membrane should curve
away from the Na+ ions to increase the separation between
Na+ ions on the membrane.21 This is also consistent with
monolayer studies which show that increased [NaCl] expands
membranes containing DOPS or PI(4,5)P2.14,57,58 Na+ ion-induced
lipid expansion likely occurs due to binding of ions to lipid
carbonyls, thus spreading the leaflet and increasing the average
area per lipid.14,59–61 Several studies have suggested that Na+ may
penetrate deeply into the bilayer, and may interact with the
carbonyl oxygens of the phospholipid acyl chains.60,61 Additionally,
the increased [Na+] could disrupt hydrogen bonding between
lipids (particularly for PI(4,5)P2, which has a high capacity for
hydrogen-bonding), leading to additional lipid expansion (as
suggested by Levental et al.).58 With asymmetric [Na+], the leaflet
in the presence of higher [Na+] will expand further than the leaflet
with lower [Na+], resulting in positive membrane curvature towards
the higher [Na+]. On the other hand, this conflicts with recent
results performed with tether experiments, which suggested that
Na+ creates negative curvature.20 However, these experiments
utilized tethers with high curvature, as compared to our GUVs,
which are effectively flat on a microscale at the onset of
the curvature stability. This higher curvature of pulled tethers
may alter the nature of the interaction between the Na+ ions
and the lipids.

Discussion and biological relevance

Mammalian cells exhibit oscillatory Ca2+ waves that couple with
an oscillation of local PI(4,5)P2 concentrations to organize
signaling events as well as cell migration.4 Our findings suggest
that the increase of local Ca2+ concentration (to a few hundred
micromolar) during these waves could mediate the formation
of protrusions from the plasma membrane as the transient
high concentration of Ca2+ ions induces local membrane
deformation. While these transient [Ca2+] increases within the
cell do not match the high [Ca2+] outside the cell, due to the
relative lack of charged lipids on the exterior of the cell
membrane the Ca2+ ions within the cell are likely to have a

Fig. 8 Asymmetric Na+ distribution induces membrane deformation of
negatively charged vesicles in opposition to Ca2+. GUVs containing
sucrose solution with no Na+ ions were transferred into solution containing
150 mM NaCl at controlled tension values. The resulting asymmetric Na+

concentration across the membrane was 150/0 mM. The reverse gradient
was also tested (150 mM inside, 0 mM outside) and had similar results.
Below a transition tension threshold an apparent area decrease is observed,
suggesting membrane deformation. The transition tension threshold for
Na+ with 5% PI(4,5)P2 (0.181 � 0.051 mN m�1) is similar to the threshold in
the absence of PI(4,5)P2 (0.210 � 0.022 mN m�1). Tension threshold is
mean � SD. Student t-test of the tension thresholds: p = 0.18. Lipid
compositions were 35 : 30 : 30 : 5 mol% DOPC/DOPE/DOPS/PI(4,5)P2

(5% PI(4,5)P2) and 55 : 45 mol% DOPC/DOPS (no PI(4,5)P2). (b) Na+ opposes
Ca2+-induced membrane deformation. GUVs with varying internal Na+

concentration were transferred into solutions with 0.1 mM Ca2+ and 0 or
50 mM NaCl. The varied asymmetric Na+ content influences the critical
tension threshold, resulting in 0.111 � 0.020 mN m�1 for +50 mM [Na+],
0.234 � 0.031 mN m�1 for 0 mM [Na+], and 0.283 � 0.018 mN m�1 for
�50 mM [Na+] (Na+ concentration is the exterior [Na+] minus interior
[Na+]). Tension threshold is mean � SD. Student t-test of 50o/0i vs.
50o/50i: p o 0.001, 50o/50i vs. 50o/100i: p = 0.007. Lipid composition:
35 : 30 : 30 : 5 mol% DOPC/DOPE/DOPS/PI(4,5)P2.
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much larger influence on potential Ca2+-induced membrane
deformation. During cell migration, ‘flickers’ or short bursts of
Ca2+ ions are found predominantly at the leading edge of the
cell.3 These bursts of high [Ca2+] could play a direct role in
helping to push the membrane out and extend the cell in the
direction of motion. Ca2+ oscillations also play a role in the
formation of invadopodia and podosomes.2 Whereas previously
these effects were presumed to be generated by Ca2+ primarily
interacting with proteins, our results suggest that Ca2+ could
play a role through direct interaction with the membrane as
well. We should note that due to the high Ca2+ coverage
required to produce membrane deformation, it is unlikely
that Ca2+ alone will generate membrane curvature in vivo.
Rather, we suggest that Ca2+ ‘flickers’ could act in concert with
curvature generating proteins, providing a trigger for initiation
of the transition of the membrane from a planar state to a
curved state.

In this work, we have found that each of the three biologically
relevant cations we have studied can induce membrane
deformation. However, the relative strength of the membrane
deformation of these ions varies widely between three tested
ions, with Ca2+ showing the strongest influence (deforming the
membrane at sub-millimolar concentration), followed by Mg2+

(requiring millimolar concentration) and Na+ (requiring tens of
millimolar levels). Why is there such a large difference between
these ions? According to the Hofmeister series, these ions can
be arranged as Na+ 4 Ca2+ 4 Mg2+, from the most chaotropic
(and most weakly hydrated) to the most kosmotropic (and more
strongly hydrated).62 It has previously been shown by the
Cremer group that cations follow the Hofmeister series when
partitioning to a negatively charged solid interface, with lower
cations in the series such as Mg2+, partitioning to a larger extent
than higher ions such as Na+.63 This effect is largely based on
charge density, and might explain the small impact on
membrane deformation by the Na+ ion. However, charge density
differences do not explain the stronger effect on membrane
curvature via Ca2+, which has a lower charge density than Mg2+.
We also note that Na+ seems to deform the membrane in the
opposite direction from Ca2+ and Mg2+ (see Fig. 8b). This is
likely due to the following differences in the lipid–cation complex
formed with Na+, as compared to Ca2+ and Mg2+: as we mentioned
earlier, the formation of Mg2+ and Ca2+ complexes with lipids
tends to compress the membrane,9–18,53 while Na+ tends to expand
the membrane.14,57,58,64 In contrast, the difference between Ca2+

and Mg2+ is likely due to hydration. The Mg2+ ion has a higher free
energy of hydration and does not dehydrate upon binding to the
membrane,11 thus decreasing the strength of the Mg2+–lipid
complex and the impact on membrane hydrophobicity.28–30 This
in turn decreases the effect of Mg2+ on the spontaneous curvature
of the membrane. To summarize, we suggest that the curvature
effect of the ion is highly dependent on both the charge density
and the hydration free energy of the ion, with higher charge
density and decreased free energy of hydration leading to a larger
influence on membrane curvature (as in the case of Ca2+).

Our experiments showed that Ca2+ ions lead to membrane
invaginations on GUVs (Fig. 3), meaning the spontaneous

membrane curvature generated by Ca2+ should be negative.
This does agree with recent measurements regarding the effect
of Ca2+ ions on lipid spontaneous curvature, where Ca2+ ions
were found to render the spontaneous curvature of (negatively
charged) DOPA, but not (zwitterionic) DOPE, significantly
smaller (more negative).22 On the other hand, the notion of
negative membrane curvature generated by Ca2+ ions is in
discrepancy with several recent predictions20,21,65 that result,
however, from consideration of scenarios that likely do not
apply to our experimental study, as we discuss in the following.

Firstly, according to a simplifying analytical model, when a
membrane is asymmetrically covered by particles much smaller
than the thickness of the bilayer (such as sugar or ions), the
membrane will prefer to bend away from the side with a higher
cover fraction of the particle, in order to maximize the average
distance between the bound particles.21,66 This model would
imply that the binding of Ca2+ ions to only the exterior of the
GUV will lead to a positive spontaneous curvature of the bilayer.
However, this model entirely neglects the lipid clustering/
condensing effect of Ca2+ ions discussed above and therefore
likely cannot predict the direction of membrane spontaneous
curvature induced by Ca2+ binding.

Secondly, the spontaneous membrane curvature generated
Ca2+ binding has recently been evaluated by measuring the
effect of Ca2+ ions on either the tether pulling force or the
radius of a tether pulled from a GUV, again concluding positive
spontaneous curvature inducted by Ca2+.20 The discrepancy
between the C0 values measured on tethers to the one measured
on GUVs is likely due to different behavior of Ca2+ ions on
membranes of drastically different curvatures. On the highly
curved membrane tether, it may be easier (than on low curvature
GUV membranes) for Ca2+ ions to bind to the phosphate group of
the lipids thereby producing a positive spontaneous curvature.67,68

Conclusions

In this work, we have demonstrated the capacity of Ca2+ to remodel
the membrane. We find that Ca2+ binding to negatively charged
membranes triggers the formation of membrane invaginations in
vesicles at millimolar and sub-millimolar bulk concentrations of
Ca2+. The invaginations are likely triggered by clustering of lipids
due to interaction with Ca2+, leading to negative spontaneous
curvature in the membrane leaflet with bound Ca2+ ions. Ca2+

mediated-membrane remodeling is membrane tension sensitive,
and can be blocked by high tension. The presence of PI(4,5)P2

within the membrane allows Ca2+-mediated membrane remodel-
ing at lower Ca2+ coverage, likely related to the capability of Ca2+ to
trigger PI(4,5)P2 clustering. Consistent with this interpretation, we
find that Mg2+, which has been shown to have a poor capacity to
trigger lipid clustering, has a much lower capacity to effect
membrane remodeling. These results suggest a potential new role
for Ca2+ as a mediator of curvature formation in the membrane.
While Ca2+-induced membrane deformation is weak on its own,
local Ca2+ signals could act in concert with curvature generating
proteins to trigger membrane deformation.
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In addition to Ca2+, we also find that Na+ ions may influence
membrane structure in the absence of Ca2+. The observed
Na+-effect requires a high asymmetric distribution of Na+ ions
across the membrane, and thus may not play a role in modulating
the membrane structure of healthy cells. However, Na+-induced
membrane structural change may be important for cells experien-
cing saline stress.
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