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Lipid membranes are key regulators of cellular function. An important step in membrane-related phenom-

ena is the reshaping of the lipid bilayer, often induced by binding of macromolecules. Numerous experi-

mental and simulation efforts have revealed that calcium, a ubiquitous cellular messenger, has a strong 

impact on the phase behavior, structural properties, and the stability of membranes. Yet, it is still un-

known the way interactions of calcium with lipids affect their macroscopic mechanical properties. In this 

work, we studied the interaction of calcium ions with membrane tethers pulled from giant unilamellar 

vesicles, to quantify the mechanical effect on the membrane. We found that calcium imposes a positive 

spontaneous curvature in negatively charged membranes, contrary to predictions we made based on the 

proposed atomic structure. Surprisingly, this effect vanishes in the presence of physiologically relevant 

concentrations of sodium chloride. Our work implies that calcium may be a trigger of membrane reshap-

ing only at high concentrations, in a process that is robustly screened by sodium ions. 

 

Notes and references 
a Institut Curie, Centre National de la Recherche Scientifique, Unité 
Mixte de Recherche 168, Université Pierre et Marie Curie, F-75248 Paris, 
France. 
b Department of Chemistry, Institute for Biophysical Dynamics, and 
James Franck Institute, The University of Chicago, 60637 Illinois, USA. 
Correspondence: patricia.bassereau@curie.fr 

 

Introduction 

Calcium ion is a major signaling species that takes part in nu-

merous cellular processes(1). It significantly alters the local 

electrostatics of macromolecules and, by doing so, it can trigger 

a conformational change in some proteins(2, 3). Being a powerful 

cellular messenger, its equilibrium cytosolic concentration is 

kept four orders of magnitude lower than outside the cell, at ~ 

100 nM(1). Calcium also interacts with lipid membranes, which 

may drive large-scale morphological transformations, such as 

membrane fusion(4). 

 The effect of calcium on lipid membranes has been studied 

for decades. Early on, it was shown that calcium couples with 

the phase behavior, structural properties, and the stability of 

bilayers(5-7). More lately, tremendous experimental and simula-

tion efforts have been taken to elucidate the interactions of cal-

cium with lipid bilayers, in light of significantly varying views 

on the precise atomic aspects of this phenomenon(8, 9). This var-

iation is often attributed to the measuring methodology or ex-

perimental conditions, such as the concentration of calcium or 

other ions(8). 

 Studies on monolayers composed of phosphatidylinositol 

4,5-bisphosphate (PIP2) revealed that ions have a marked effect 

on the organization of lipids. Specifically, monovalent cations 

induce the expansion of PIP2 monolayers, while divalent cati-

ons compress them(10). The same authors did not observe an 

appreciable effect of Na+ on phosphatidylserine (PS) monolay-

ers, although others have reported a reduction of lipid area upon 

Ca2+ binding to PS-containing bilayers(9, 11). Simulations have 

shown that Na+ penetrates deep into the bilayer(12-14). Calcium 

ions, on the other hand, seem to be coordinated at the level of 

the phosphate group in both PS and PIP2 membranes(15, 16). This 

structural arrangement and the reported dehydration of the bi-

layer upon calcium binding(8, 17) most likely results in the tight-

er packing of lipids leading to a reduction in the lipid area. 

 Binding of calcium may even drive the formation of hetero-

geneities in the lateral composition of the membrane. In par-

ticular, studies have shown calcium-induced clustering of PIP2 

in monolayers and bilayers composed of phosphatidylcholine 

(PC) and PIP2
(10, 16). Moreover, calcium causes demixing of PS-

containing monolayers at lower lateral pressure(11). 

 In light of the numerous effects calcium can impart on the 

membrane, it is expected that its binding leads to macroscopic 

changes in the structure of the bilayer. However, it is still un-

clear whether Ca2+ affects the mechanical and morphological 
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properties of the membrane, such as bending rigidity or the 

spontaneous curvature. Cell membranes in great part comprise 

PC and PS lipids, especially in the cytosolic leaflet(18), therefore 

it is of key importance to understand all aspects of how this 

ubiquitous signaling ion interacts with PS-containing mem-

branes. Our aim in this work is to investigate and quantify the 

mechanical effect of Ca2+ ions on mixed PC/PS model mem-

branes. 

 

Results and Discussion 

A membrane at equilibrium will take a shape that corresponds 

to its spontaneous curvature. If a bilayer has homogeneously 

distributed lipids and equal composition in both layers, its spon-

taneous curvature is zero. Binding of particles may impose an 

asymmetry in the bilayer that leads to a nonzero spontaneous 

curvature(19). We define positive curvature when the membrane 

curves toward the binding leaflet and negative otherwise (Fig. 

1A). 

 

 
Fig 1 (A) A scheme of a lipid bilayer with positive (left) and negative (right) 

spontaneous curvature (c). Na+ dilates the lipid leaflet and is expected to induce 

positive curvature, while Ca2+ compresses lipids and so it should induce negative 

curvature. (B) A scheme of a tether-pulling experiment. Aspiration pipette con-

trols membrane tension (σ), while the remodeling force (F) is measured from the 

displacement of the bead in the optical trap. We use another pipette to inject Ca2+. 

(C) Dilution of the injected solution from the injection pipette exit to the base of 

the membrane tether, measured from fluorescence intensity of a labeled molecule. 

The plot shows one out of three measurements. 

  

 Based on experimental and simulation evidence, monova-

lent cations insert between the lipids and dilate the membrane. 

Considering that, this way, lipids prefer to be further apart from 

one another, we expect this process to induce a positive sponta-

neous curvature (Fig. 1A, left). Conversely, as calcium con-

tracts the lipid bilayer, it could lead to negative spontaneous 

curvature where lipids in the calcium-binding leaflet are closer 

to one another (Fig. 1A, right). 

 To study this effect, we used a giant unilamellar vesicle 

(GUV) as a model membrane. By changing the pressure in the 

aspiration micropipette holding the GUV, we control its surface 

tension. We used a micron-sized bead, trapped with optical 

tweezers, to pull a tether from the GUV. Based on the move-

ment of the bead, we track, in time, the retraction force of the 

tether. This force effectively represents the remodeling force of 

the membrane. Finally, with another pipette, we inject a Ca2+ 

solution in the vicinity of the system (Fig. 1B). We refer the 

reader to our previous work where we have shown that this 

method is very sensitive to detecting spontaneous curvature, 

evidenced by a sudden change in the tether-retraction force 

upon the injection of curvature-inducing molecules(20, 21). 

 An important advantage of injecting calcium solution di-

rectly onto the GUV and not pre-incubating the GUV is that we 

can compare the behavior in the absence and the presence of 

the ion on the same vesicle. Additionally, high bulk Ca2+ con-

centrations would induce undesirable fusion between vesicles. 

However, the concentration inside the pipette is not the same as 

the concentration in the vicinity of the membrane tether due to 

dilution. Therefore, we first determined how much of the in-

jected solution is diluted. We injected a fluorescent marker 

linked to a membrane-binding protein and measured the fluo-

rescence intensity from the exit of the injection pipette to the 

GUV (see Materials and Methods). We found that the concen-

tration of the injected solution is on average halved at the teth-

er-GUV interface (Fig. 1C) and so, in the following calcula-

tions, we corrected the bulk calcium concentrations according-

ly. 

 We carried out experiments on three different lipid compo-

sitions: 1) DOPC; 2) DOPC:DOPS (9:1); and 3) DOPC:DOPS 

(8:2). We did not test membranes with higher net charge, as 

physiologically relevant concentration of PS lipids is in the 10–

20% range(22). Unexpectedly, the tether retraction force did not 

deviate when injecting 10 mM Ca2+ on a 20% DOPS GUV 

(Fig. 2A). In addition, we could not observe a difference in the 

retraction force compared to a bare membrane at a wide range 

of surface tensions, up to 0.2 mN/m (Fig. 2B). To ensure that 

Ca2+ binding is not dependent on the direction of change of 

membrane tension, we confirmed that the forces superimpose 

whether stepwise increasing or decreasing tension (Fig. 2B, red 

and maroon dots). If binding of Ca2+ would induce negative 

curvature, the bilayer would tend to curve away from the bind-

ing leaflet and thus oppose the positive curvature of the mem-

brane tether. Hence, we would expect an increase in the tether 

retraction force. 

 Moreover, nonzero spontaneous curvature would affect the 

equilibrium radius of the pulled tether, compared to a reference 

membrane at the same membrane tension. We computed the 

radius of the tether from the measured lipid fluorescence inten-

sity (see Materials and Methods) and found no difference in the 

presence or absence of Ca2+ on 20% PS membranes (Fig. 2B). 

 Before discussing the implications of these results, we 

quantify the mechanical properties of the membrane. First, we 

derive the relationship between force, radius, and tension from 

the Helfrich Hamiltonian(19): 

 

2

t

0

1 1

2
H A A fL

r R

κ
σ

 
= − + − 

 
  (1) 
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Ht is the total free energy of the tether, κ is the membrane bend-

ing rigidity, r and R0 are respectively the mean and the sponta-

neous radii of curvature, A and L are respectively the area and 

the length of the tether, and f is the pulling force on the mem-

brane. At equilibrium, r becomes the tether radius (R) and the 

force becomes the aforementioned tether retraction force (F). 

To compute R and F, we minimize Ht with respect to L and 

R(23), i.e. ∂H t / ∂R = 0  and ∂H t / ∂L = 0 , yielding,

  

 
0

1
2π 2 2πF

R
κσ κ≈ −

 (2) 

 
1

R2
=

2σ
κ

+
1

R0

2
  (3) 

 The equations reveal that the tether curvature and the tether-

retraction force scale as square root of membrane tension. Fit-

ting the model to our data gives κ and R0. Considering that we 

measured the radius from the fluorescence intensity, we have 

two independent measurements of κ and R0. We note that we 

cannot predict the direction of curvature from Eq. 3 since R0 

appears as a square. 

 Just like in the two GUVs presented in Figure 2 (A and B), 

we did not detect an appreciable difference in the radius or the 

force in the presence of up to 50 mM Ca2+ for any of the three 

membrane compositions, at a relatively wide range of mem-

brane tensions, up to ~0.3 mN/m (Fig. 2C). 

 

 
Fig 2 The mechanics of DOPC and DOPC/DOPS membranes in the presence of 

NaCl and Ca2+. (A) F as a function of time (t) during injection of 10 mM Ca2+ to a 

DOPC:DOPS = 8:2 GUV in 100 mM NaCl buffer. (B) F and R as a function of σ 

for a DOPC:DOPS = 8:2 GUV in 100 mM NaCl buffer (different example from 

A). First, the measurement was done in the absence of Ca2+ (black dots) by step-

wise increasing σ. Then, σ was reduced to a minimum and the measurement was 

repeated with 10 mM Ca2+ (maroon dots). Finally, continuing to inject, the meas-

urement was repeated, but the tension was stepwise reduced (red dots). (C) Un-

charged membrane displays no spontaneous curvature (top), while charged mem-

branes show weak negative spontaneous curvature (centre and bottom). The injec-

tion of 5, 10, or 50 mM Ca2+ does not have any detectable mechanical effect (due 

to the absence of effect, we combine data points from all three Ca2+ concentra-

tions for each composition). Top: 100% DOPC (N = 3), centre: DOPC:DOPS = 

9:1 (N = 3), bottom: DOPC:DOPS = 8:2 (N = 10). Refer to Table 1 for fitting 

parameters. 

 

 Interestingly, even in the absence of Ca2+, charged mem-

branes displayed low negative spontaneous curvature. Precise-

ly, R0, obtained from force measurements (Eq. 2) for reference 

10% and 20% DOPS membranes, measured to be −120 nm and 

−200 nm, respectively (Table 1). We hypothesize two possible 

sources of the spontaneous curvature of charged membranes. 

First, the internal solution of vesicles is composed of pure su-

crose, whereas the vesicles are immersed into a 100 mM NaCl 

buffer. Therefore, the repulsions of charged PS head groups are 

much less screened on the inner than the outer leaflet. As a re-

sult, the membrane tends to curve inward to alleviate this effect, 

hence generating negative curvature. Another possible contri-

bution to spontaneous curvature is the insertion of Na+ into the 

bilayer. A shallow insertion (just below the phosphate, Fig. 1A) 

would induce positive curvature, similar to the effect amphi-

pathic protein helices have on the membrane(24). Deeper pene-

tration into the hydrocarbon core may, however, reverse the 

sign of curvature, as predicted by theory(24). Considering that 

the effect is quite weak and is not affected by Ca2+, we did not 

pursue its precise source. 

 It is still puzzling that Ca2+, even at 50 mM does not impart 

any effect on 20% DOPS membranes. All experiments so far 

were performed in a 100 mM NaCl solution. If Na+ indeed in-

serted deeply into the bilayer, as predicted by spontaneous cur-

vature, it would be difficult to displace it with other ions. 

 We therefore repeated the experiment with 20% DOPS in 

the absence of NaCl. In this case, we observed a significant 

effect at 50 mM Ca2+ to both the retraction force and the tether 

radius. Surprisingly, however, both force and radius decreased 

compared to the reference membrane (Fig. 3). It appears, con-

trary to our predictions based on the atomic structure, Ca2+ gen-

erates positive membrane curvature, i.e. bends the bilayer to-

ward the binding leaflet. Fitting Eq. 2 to the data yields reverse 

and approximately twice the magnitude of spontaneous curva-

ture (R0 = +110 nm) than the reference membrane in NaCl (Ta-

ble 1). 

 It is generally assumed that the spontaneous curvature 

scales with the surface coverage of curvature-inducing 

particles(25, 26). We can write this expression as: 

  , (4) 

where   is the effective spontaneous curvature (intrinsic to 

the binding particle) and x is the molar area fraction of bound 

Ca2+. To calculate x, we use the Langmuir adsorption isotherm:  
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x

1− x
= KC  , (5) 

where C is the bulk ion concentration and K the equilibrium 

binding constant. Taking K = 650 M−1, as previously measured 

on 20% DOPS membrane(8), we obtain xc=50mM = 0.97. There-

fore,  for Ca2+ binding to 20% PS membranes is 107 nm, or 

29 nm if calculated from fluorescence (the corresponding effec-

tive spontaneous curvatures are 0.009±0.009 nm−1, or 

0.035±0.0005 nm−1 if calculated from fluorescence). 

 

 
Fig 3 Ca2+ induces spontaneous curvature in the absence of NaCl. Fitting Eq. 2 

(left) and Eq. 3 (right) to data obtained from DOPC:DOPS = 8:2 membrane in the 

presence of Ca2+ at 5 mM (N = 3) and 50 mM (N = 4). Refer to Table 1 for fitting 

parameters. 

  

 

 Lower concentration of Ca2+ (5 mM) induces five times 

lower, albeit still positive, curvature (R0 = +540 nm). Compared 

to the size of the membrane, this value of spontaneous curva-

ture is negligible and unlikely affects the morphology of the 

membrane. We list R0 and κ from all experiments in Table 1. 

 The observed positive spontaneous curvature is incompati-

ble with our initial predictions based on lipid area contraction 

induced by Ca2+ and with the proposed atomic coordination of 

Ca2+ with the phosphodiester group(9, 15, 27, 28). It seems that 

drawing an analogy with amphipathic protein helices, which 

insert below the phosphate, may be inaccurate. Instead, it is 

more likely that the strong repulsion between Ca2+ ions, 

brought by their high charge density, becomes even stronger 

upon lipid area contraction. The perturbation is alleviated by 

generating positive curvature which will push Ca2+ ions apart.  

 Taken together, we learn that NaCl strongly screens any 

mechanical effect on the membrane, even at 50 mM Ca2+. It has 

been reported that Na+ competes with divalent cations for the 

binding on PS-containing membranes(8) and, even on 100% PS 

membranes, it can replace Ca2+ to a great extent(29). To test the 

extent of electrostatic screening by NaCl, we performed ζ-

potential measurements on small liposomes composed of 20% 

DOPS. We offset the concentration of salts with glucose to 

prevent the osmotic shock. We find, in the absence of NaCl and 

Ca2+, the potential to be −57.6±2.4 mV (mean±SD), however 

note that in the absence of electrolytes, this measurement is 

uncertain. In the presence of NaCl, due to electrostatic screen-

ing, there is a decrease in magnitude with increased NaCl con-

centrations (Fig. 4), measuring −69.6±3.6 mV (0.075 mM 

NaCl), −62.5±2.1 mV (0.75 mM NaCl), −59.4±1.9 mV (10 mM 

NaCl), and −52.4±1.9 mV (20 mM NaCl), in good agreement 

with previously reported values(8, 30). In the absence of NaCl, 

the ζ-potential continuously rises with the concentration of 

Ca2+, measuring −30.4±0.9 mV (0.05 mM Ca2+), −22.5±1.4 mV 

(0.5 mM Ca2+), −10.9±0.5 mV (5 mM Ca2+), and 0.7±0.7 mV 

(20 mM Ca2+) (Fig. 4). 

 Finally, we measured the ζ-potential in the presence of both 

ions. At 0.05 mM Ca2+, we measured −46.6±3.4 mV (10 mM 

NaCl) and −49.6±3.2 mV (20 mM NaCl), whereas at 5 mM 

Ca2+ the values were −13.4±0.8 mV (20 mM NaCl) and 

−16.7±3.5 mV (40 mM NaCl) (Fig. 4). It therefore appears that 

NaCl screens Ca2+ relatively well at low concentrations (200–

400 NaCl/Ca2+ molar ratio). At high Ca2+ concentrations (4–8 

NaCl/Ca2+ molar ratio) the ζ-potential is also lower compared 

to NaCl-free conditions, however the screening effect is much 

weaker. 

 

 
Fig 4 ζ-potential measurements of small liposomes (DOPC:DOPS = 8:2), as a 

function of salt concentration. Blue and red dots are measured in NaCl or Ca2+, 

respectively. Green and yellow dots are measured in NaCl at a concentration 

indicated on the x-axis and it additionally contains, respectively, 0.05 or 5 mM 

Ca2+. 
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Table 1 Fitting parameters obtained from all experiments (mean±SD). Top 

values were obtained from force measurements using Eq. 2, whereas paren-

thetic values were obtained from fluorescence measurements using Eq. 3 and, 

in case of the radius, have an ambiguous sign.  

 

 

 
DOPC 10% DOPS 20% DOPS 20% DOPS, no NaCl 

 
no Ca + Ca2+ no Ca + Ca2+ no Ca + Ca2+ +5 mM Ca2+ +50 mM Ca2+ 

1/R0 

(1/nm) 

1/3600±6E-5 

(1/100±1E-3) 

1/350±2E-3 

(1/50±2E-3) 

−1/120±4E-3 

(1/160±7E-4) 

−1/60±8E-3 

(1/90±6E-4) 

−1/200±5E-3 

(1/50±4E-4) 

−1/160±6E-3 

(1/60±4E-4) 

1/540±2E-3 

(1/50±9E-5) 

1/110±9E-3 

(1/30±5E-4) 

κ 

(kBT) 

25.1±1.4 

(22.2±1.5) 

29.9±7.0 

(26.3±3.4) 

27.1±5.1 

(9.7±0.7) 

20.0±3.9 

(9.9±1.2) 

18.9±3.4 

(12.4±1.1) 

23.4±4.5 

(13.0±1.2) 

20.8±1.9 

(15.0±0.5) 

19.9±2.9 

(7.7±0.7) 

 

Conclusions 

Our single-vesicle essay shows that Ca2+ ions induce positive 

spontaneous curvature on negatively charged membranes. We 

propose that the repulsion between Ca2+ ions drives the mem-

brane to curve outward, as to minimize their interactions. We 

also speculate that if Ca2+ potentially drives the formation of PS 

domains, locally concentrating explicit charge would addition-

ally result in positive spontaneous curvature. Our simple model 

predicts that Ca2+ induces a positive radius of curvature on 

membranes with 20% net charge, with the magnitude of ~110 

nm. This magnitude of curvature scales linearly with the bound 

coverage of Ca2+, which depends on the bulk concentration and 

the amount of charged lipids in the bilayer. We note that there 

is a quantitative discrepancy between the calculated spontane-

ous curvature from independent force and fluorescence meas-

urements. Both of these measurements have limitations, espe-

cially at high tension, where the radius is very thin and the 

force is very high, so it is difficult to predict which measure-

ment provides a more accurate estimate of spontaneous curva-

ture. Nevertheless, both measurements show qualitatively the 

same behavior in the presence and absence of NaCl, although 

fluorescence measurements systematically predict a lower radi-

us of curvature. 

 What could be the consequences for a cell membrane? In 

cells, the concentration of Ca2+ is very tightly controlled. While 

extracellular solution contains ~2.5 mM Ca2+, the cytosolic 

concentration of Ca2+ is normally kept at only nanomolar. It 

seems unlikely that Ca2+ would induce a mechanical effect on a 

membrane of a quiescent cell. However, during various signal-

ing events, its concentration may jump orders of magnitude 

and, combined with lipid clustering and area contraction, Ca2+ 

could sufficiently locally cover the membrane to induce bud-

ding and tubulation. Such consequences would be undesirable 

in signal transduction phenomena. Na+ ions completely inhibit 

the curvature effect of Ca2+. Considering that our electrokinetic 

measurements revealed that Ca2+ still alters the electrostatic 

environment of the membrane, curvature screening is not a con-

sequence of electrostatic screening. Instead, we propose that the 

tight binding and deep insertion of Na+ into the bilayer may 

serve as a very robust protection mechanism against nonspecif-

ic remodelling. Specialized proteins, such as those containing 

scaffolding domains, take the role of membrane sculptors, as 

they are specifically targeted to membrane remodeling sites(31, 

32). 

 We hope our work will provide a better understanding of 

the extent of Ca2+ ions affecting membrane mechanical proper-

ties at relevant concentrations of charge in the membrane and in 

the presence of physiological ionic strength. 

 

Materials and Methods 

Reagents. 1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine 

(DOPC), 1,2-dioleoyl-sn-glycero-3-phosphatidylserine 

(DOPS), and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[biotinyl(polyethyleneglycol)-2000] 

(DSPE-PEG(2000)-biotin) were purchased from Avanti Polar 

Lipids. BODIPY-TR-C5-ceramide was purchased from Molec-

ular Probes. All reagents used to make buffers and β-casein 

from bovine milk (>99%) were purchased from Sigma-Aldrich. 

 Preparation of GUVs. GUVs were prepared by elec-

troformation on indium tin oxide glass(33).  DOPC and DOPS 

were mixed at desired molar ratio (see Results & Discussion) to 

which we added 0.5% BODIPY-TR-C5-ceramide and 0.03% 

DSPE-PEG(2000)-biotin (both molar percent). We smeared 10 

µL of the mix (at 3 g/L) on each of the two slides of indium tin 

oxide glass, dried the film under vacuum for at least 1 h, then 

hydrated with sucrose. GUVs were grown under a sine voltage 

(1 V, 10 Hz) for approximately 1 h. The sucrose concentration 

was adjusted for each experiment so that the molalities of solu-

tions inside and outside GUVs match. 

 Tether-pulling experiment. We followed the procedure 

described elsewhere(20, 21). The experimental chamber and the 

aspiration pipette (~ 5 µm in diameter at the tip) were immersed 

for 30 min. in a solution of β-casein (5 g/L, dissolved in 100 

mM NaCl, 10 mM HEPES) to minimize the adhesion of lipids 

to the glass surface. The chamber was then filled with the ex-

perimental solution (for experiments containing NaCl: 100 mM 

NaCl and 10 mM HEPES at pH = 7.4, and glucose to offset the 

molality inside GUVs; for saltless experiments: glucose with 

equal molality as the sucrose inside GUVs). Another pipette 

was filled with 10, 20, or 100 mM CaCl2 (see Text) and offset 

if necessary with glucose to match the molality of the experi-

mental solution. The chamber was sealed with oil after ~ 10 

min. to prevent evaporation. GUVs with enough excess area to 

form an aspiration tongue(34, 35) were aspired in a micropipette. 

Membrane tension was controlled via the aspiration pressure, 

using the Laplace relation: 
σ = 0.5∆prp / (1− rp / rv)

, where 

∆p is the hydrostatic pressure, rp and rv are radii of pipette and 

the vesicle, respectively(34). A tether was created by bringing in 

contact the GUV with a streptavidin-coated polystyrene bead, ~ 

3 µm in diameter (Spherotec), trapped with optical tweezers. 
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We measure the tether retraction force as: 
F = k(a − a0 )

, 

where a is the actual and a0 the equilibrium position of the 

bead, tracked with bright field microscopy, k is the stiffness of 

the trap, calibrated using the viscous drag method(36). Typical 

measurement was performed by stepwise increasing the aspira-

tion pressure and measuring the force and fluorescence for sev-

eral minutes at each pressure. The measurement was then re-

peated by approaching the injection pipette and injecting Ca2+, 

by either starting over from low pressure or reducing stepwise 

from high pressure. The direction of pressure did not affect the 

results (see Text). In experiments with no NaCl, we could only 

measure the steps after injecting Ca2+, as the streptavidin-biotin 

interactions require the presence of ions. We conducted exper-

iments by injecting 100 mM Ca2+ (in the pipette, see above for 

the dilution factor) and incubating the vesicles with 5 mM Ca2+. 

We measured the radius of the tether using the following rela-

tionship: 
R = Cf I t / Iv , where It and Iv are the lipid fluores-

cence intensities of the tether and vesicle, respectively, and Cf = 

200±50 is the calibration factor deduced previously(20). 

We determined the dilution of the injected solution by 

injecting ~2 µM Alexa488 from a similar distance and injection 

pressure (10–20 Pa) as in all experiments with calcium. 

Alexa488 was bound to a membrane-binding protein, β2 cen-

taurin, kindly provided by Harvey McMahon. We then meas-

ured the decrease in fluorescence intensity as a function of the 

distance from the pipette (three measurements). Keep in mind 

that assuming the same dilution factor for Ca2+ as for the mark-

er likely overestimates the near-vesicle concentration, consider-

ing that Ca2+ has a lower hydrodynamic radius and it would 

diffuse out faster than the fluorescence marker. Taking the up-

per-limiting case ensures we do not overestimate the effect we 

quantify. 

 Preparation of small liposomes. The lipid mix com-

posed of DOPC:DOPS (4:1, molar ratios), was dried under ni-

trogen to obtain 1 mg of dry mass. The mix was hydrated in 1 

mL sucrose then freeze-thawed five times, followed by extru-

sion through a polycarbonate filter with pores 100 nm in diame-

ter. We confirmed the final size of liposomes to be 106±7 nm 

(N = 4) with dynamic light scattering. 

 ζ-potential measurements. We used a Malvern 

Zetaseizer NanoZS (Malvern Instruments Ltd.) to measure the 

electrophoretic mobility, which was converted to ζ-potential 

using Henry’s equation 		
ζ =3uη 2ε f( )

 

(37), where u is the elec-

trophoretic mobility, η viscosity of the solution, ε the dielectric 

constant, and f Henry’s function, calculated as (38): 

f =1+ 0.5 1+ 2.5 λa 1+ 2e−λa ( )




−3

, where a = 100 nm was 

taken as the particle radius of curvature and λ is the inverse 

Debye length, calculated as: 
λ = e2zi

2nii=1

N

∑ ε rε0kBT
. N is the 

number of ionic species, e is the elementary charge, zi and ni are 

charge number and amount of ion i, respectively, εr and ε0 are 

the relative and vacuum electric permittivity, kB is the Boltz-

mann constant, and T the thermodynamic temperature(37). For 

the case of pure glucose f = 1.0 was approximated. All meas-

urements were taken three times. 
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Calcium induces positive spontaneous curvature in negatively charged membranes, in a process completely 

screened by sodium.  
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