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Supporting information

lon adsorption to PC membranes

The binding constants of several ions to PC membranes are summarized in Tables S1-S6.



Table S1: Binding constants of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) with several ions:

ca? [M?] (in

Ref. 0 Ca®t Mg va1n | CI| L&
T[C] method 1 the presence 1 Na' [M™] 1 1
number M M M M
M| Tofnacy | M7 M7 | (M)
Q) 25 SAXS, osmotic stress 1-300 10 (100 mM)
) 5 DLVO theory 219 25+07
Measurement of forces
between mica supported
©) 22 bilayers using a surface LA 4Y
force apparatus
Zeta potential
4) 25 measurements by 37 0.25 0.28
particle electrophoresis
(be‘:g\ﬁ?r ) Zeta potential 441.3+ 40
(5) = measurements by
43-46.5 particle electrophoresis
(above T,,) UL
(6) 59 ’H-NMR 19 120
(7) 30 Theory 100
(®) 50 Molecular Dynamics 0.15 - 0.61 016

(MD) simulations




Table S2: Binding constants of dimyristoyl-sn-glycero-3-phosphocholine (DMPC) with several ions:

Cca” [M™] (in

Ref. 0 Ca® Mg®* | NOg cena1n | SCNT | oo | CIO4
T[C method - the presence . g Br' [M - I"'[M ;i
number ['Cl] M7] P MY | M7 MTT vy MTT T vy
of NaCl)
Measurement of forces
3) 29 bgtween mica supported 6 86
bilayers using a surface
force apparatus
(bezlcz)\-/ﬁ' ) Zeta potential 391.7+£30
(5) m measurements by
25-28 particle electrophoresis | o5 4 4 25
(above T,) e
Solid state °H-NMR
) 37 and calcium elgctrode 37.7 (10 MM)
concentration
measurements
(10) Electrophoretic 21+02 | 36+03 | 100+07 | 40+6 |220+10

mobility measurements




Table S3: Binding constants of 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) with different ions:

Ref. T ca® | Mg* | Br

number | [°C] method M | v | v Cl'[M7]

Measurement of forces

between mica supported

bilayers using a surface
force apparatus

3) 22 15 10

Small Angle X-ray
(1) 25 Scattering (SAXS), 0.22 negligible
osmatic stress

Atomic absorption 10.8+0.9

Thiswork | 25 Inductively Coupled
Plasma — Optical
Emission Spectrometry
(ICP-OES)




Table S4: Binding constants of natural EggPC with divalent and trivalent cations:

2+ -1
Ca™ [M]
Ref. T method ca’* | (inthe | Mg® | Mn* | Co* | Ni* | Sr** | Ba*" | Lanthnide | Eu** | Tb*" | Ce**
number | [°C] [M?] | presence | [MY] | [M'] | [MY] | MY | M| [M] [M7] M| [MY] | [MY]
of NaCl)
Zeta potential
) o5 | Mmeasurements | ;.5 | 3g(100mM) | 30+ 4 16+2 | 10£1
by particle
electrophoresis
(12) 30 SIP.NMR 2.2 700
(13) 30 SIP-NMR 700
(14) 25 NMR 29
Electrophoretic
(15) 25 mobility 1 1 333 | 0.833 | 0.833 | 0.357 | 0.278
measurements
Electrophoretic
(16) 25 mobility 2.7 1.8
measurements
*IP-NMR,
an 25 competition 3 30
titration
(18) g5 | gel filtration, in | 5 ¢ 244 2500
methanol




Table S5: Binding constants of natural EggPC with monovalent cations (Na*) and anions:

Ref. T
number | [°C]

Br | NOs | CIOs

method Na*[M] | cI'[M™] M | (M | M

Zeta potential

(5) 25 measurements by 0.15+0.1 02+01 (20+1 (281 | 70+£10
particle electrophoresis

(12) 30 $IP-NMR

(13) 30 $IP_.NMR 0.9 2 8

(15) 25 Electrophoretic 0.025

mobility measurements

Electrophoretic

mobility measurements 0.6

(16) 25




Table S6: Binding constants of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) with several ions:

ca®* [M?] (in

Ref. T Ca® Na® | SCN™ | a1y | ClO& | | 3¢ rppt
0 method 1, | the presence 1 1, | F'[M 1, | La® [M
number | [°C] R Rl Ve RNV R TR N
(19) 25 | Atomic absorption and 13.8 (100 mM)
2
20 H-NMR 7
(20) 25 Atom'%ﬁ*filol\r/lpgon and | 454 0.15
(21) 27 Titration calorimetry 4100 = 1100
(22) 22 Micropipette aspiration 7.3
(23) ¥P_.NMR and “H-NMR 80 32 115
(24) 25 ’H-NMR 1.4




The association constant of CaCl, to DLPC

Measurements performed by Inductively Coupled Plasma — Optical Emission Spectrometry

(ICP-OES) are plotted in Figure S1.
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The binding constant extracted from fitting the data to Eq. (6) is K, =15 +2 M.
It is apparent from Figure S1 that the binding isotherm reaches saturation at high CaCl, concentrations,
where about 20 mM of Ca* ions are adsorbed to the membrane surface, indicating a binding

stochiometry of 1:1 (bound Ca®* : lipid).

Wide Angle X-ray Scattering (WAXS) measurements

WAXS measurements provided additional structural information. The liquid disordered lamellar
phase, L, is characterized by a wide correlation scattering peak at the wide angle region that
corresponds to the ordering of the tails in a “hexagonal-like” lattice 232 DOPC and DLPC membranes
have a low melting temperature and are therefore in the liquid disordered phase (at ambient room
temperature), as can be seen in Figure S2. This phase is therefore much less ordered than a hexagonal
phase in the gel-phase. Nevertheless, the correlation peak suggests that the tails still maintain spatial

correlations and there is a charcterisitc spacing between them, from which the area per lipid can be

estimated.



() (b)

5 =
3, I
Pan) 2
= 2
E (]C.) 1mM
c =
(1.0) omM
5 10 15 20 25 30 5 10 15 20 25 30

g (nm™) g (nm™)

Figure S2: Wide angle X-ray scattering (WAXS) curves as a function of the momentum transfer, g, for

(a) DOPC membranes and (b) DLPC membranes in different CaCl, concentrations, as shown in the figure. In all the

mg

samples the final total lipid concentration was 15—

The (1,0) peak corresponds to the tail-tail

correlations, assuming a “hexagonal-like” lattice, typical for the L, liquid phase . This phase is fluid and much less

ordered than a hexagonal phase in the gel-phase, yet the tails still maintain spatial correlations.

When the CaCl, concentration increases to 100 mM or higher, the tail-tail correlation peak in
DOPC sharpens, indicating an incease in the domain size of lipids that are in lateral possitional

correlation within the bilayers.

The gel-phase lamellar structure, Lg, is characterized by a sharp peak in the wide angle region,
followed by a diffuse scattering **>% ***°. The DPPC membranes, at ambient room temperature, are in
the Ly phase, which has similar characteristics to the Ly phase (Figures S3 and S4) in the wide angle

region, but in the Lg phase the chains are tilted with respect to the bilayer normal 3033,



Figure S3: Radially intergrated WAXS scans for

mg . .
15— sraismmor DPPC membranes in various CaCl,

solutions, as indicated in the figure. The (2,0) and (1,1)

peaks correspond to the tail-tail correlations, forming a
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rectangular lattice, typical for the Ly gel phase 7,

5 10 15 20 25 30

The results show that CaCl, (Figure S3) or NaCl (Figure S4) have immeasurable effect on the
packing of the Ly gel phase of the DPPC membranes, in the range of salt concentrations used in our

experiments.
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Figure S4: Radially intergrated WAXS scans for
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The peaks found by WAXS were fitted to a two dimensional lattice of the hydrocarbon chains,
and the lattice parameters are summarized in Table 7S. Even though the DOPC and DLPC hydrocarbon
chain are in the fluid-phase, their arrangement in the membrane is treated as a 2D hexagonal lattice

(Figure S5a), and the area per head-group is calculated by 3,39,

2
(S1) A;Z-l.BZ-(j—”} ,

%

where ¢y is the position of the wide-angle scattering peak (in nm™).

For the gel phase lipid (DPPC), the hydrocarbon chain arrangement in the membrane is treated
as a 2D rectangular lattice (Figure S5b) 37, in which each unit cell contains two tails, and the area per

lipid is the unit cell area. On the other hand, the WAXS data can also be analyzed as the DPPC forms a

30, 40

2D hexagonal lattice , in which each unit cell contains only one tail, and the area per lipid is twice

the area of the unit cell. The peak indexing in Figures S3 and S4 assumes a rectangular lattice, as in an

earlier study of DPPC membranes in the Lg gel phase 7,
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Table S7: Structural parameters, obtained by WAXS.

o o Area per
Lipid Phase al[A] b [A] Y .
head-group [A~]
“Hexagonal- 0
DOPC 5.09+0.02 | 5.09+0.02 120 649 +0.2
like”
“Hexagonal- 0
DLPC 5.07+0.02 | 5.07+0.02 120 64.6 +0.2
like”
DPPC Rectangular | 8.47+0.01 | 4.69 +0.01 90’ 39.7+0.2
DPPC Hexagonal | 4.90+0.02 | 4.90 =0.02 120° 415+0.1
(a) (b)
a

Figure S5: Illustrations of the tail unit cells in a hexagonal lattice (a) and a rectangular lattice (b). Each dot

represents a lipid tail.
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The Interaction of ZnCl, with Unsaturated or Hybrid Lipids

Figure S6 shows that the interaction of DOPC or POPC with Zn**

ions is similar to their interaction with

Ca’* ions.
o, 1 2
84 g Figure S6: Inter-lamellar spacing, dy, as a function of
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{1 © 19.7mM ext. POPC P2 represent the major phase that does not adsorb the
34 ¢ ¢¢ 4 M‘i ions. The open symbols reprent the secondary phase
in minority) that adsorbs some of the ions.
4 % (in minority) t
2 -
Ty
0.01 01 1 10 100 1000
ZnCl, [mM]
References
1. Lis, L. J.; Parsegian, V. A.; Rand, R. P., Binding of Divalent Cations to Dipalmitoylphosphatidylcholine
Bilayers and Its Effect on Bilayer Interaction. Biochemistry 1981, 20, (7), 1761-1770.
2. Oshima, H.; Inoko, Y.; Mitsui, T., Hamaker constant and binding constants of Ca®* and Mg*" in

dipalmitoyl phosphatidylcholine/water system. Journal of Colloid and Interface Science 1982, 86, (1), 57-72.

3. Marra, J.; Israelachvili, J., Direct measurements of forces between phosphatidylcholine and
phosphatidylethanolamine bilayers in aqueous electrolyte solutions. Biochemistry 1985, 24, (17), 4608-4618.

4. Satoh, K., Determination of Binding Constants of Ca?*, Na*, and CI" lons to Liposomal Membranes of
Dipalmitoylphosphatidylcholine at Gel Phase by Particle Electrophoresis. Biochimica et Biophysica Acta (BBA) -
Biomembranes 1995, 1239, (2), 239-248.

5. Tatulian, S. A., Binding of alkaline-earth metal cations and some anions to phosphatidylcholine
liposomes. European Journal of Biochemistry 1987, 170, (1/2), 413-420.

6. Akutsu, H.; Seelig, J., Interaction of metal ions with phosphatidylcholine bilayer membranes.
Biochemistry 1981, 20, (26), 7366-7373.

7. Suezaki, Y.; Shirahama, K.; Ohshima, H.; Kamaya, H.; Ueda, 1., Origin of Calcium-induced minimum in
bulk compressional modulus of lipid membranes: Configurational entropy of adsorbed Ca?*. Biophysical
Chemistry 1987, 28, (1), 13-19.

13



8. Pandit, S. A.; Bostick, D.; Berkowitz, M. L., Molecular Dynamics Simulation of a
Dipalmitoylphosphatidylcholine Bilayer with NaCl. Biophysical Journal 2003, 84, (6), 3743-3750.

9. Huster, D.; Arnold, K., Ca?"-mediated interaction between dextran sulfate and dimyristoyl-sn-glycero-3-
phosphocholine surfaces studied by ?H Nuclear Magnetic Resonance. Biophysical Journal 1998, 75, (2), 909-916.
10. Tatulian, S. A., Effect of lipid phase transition on the binding of anions to
dimyristoylphosphatidylcholine liposomes. Biochimica et Biophysica Acta (BBA) - Biomembranes 1983, 736, (2),
189-195.

11. Petrache, H. I.; Zemb, T.; Belloni, L.; Parsegian, V. A., Salt screening and specific ion adsorption
determine neutral-lipid membrane interactions. Proceedings of the National Academy of Sciences of the United
States of America 2006, 103, (21), 7982-7987.

12. Grasdalen, H.; Goran Eriksson, L. E.; Westman, J.; Ehrenberg, A., Surface potential effects on metal ion
binding to phosphatidylcholine membranes. *'P NMR study of lanthanide and calcium ion binding to egg-yolk
lecithin vesicles. Biochimica et Biophysica Acta (BBA) - Biomembranes 1977, 469, (2), 151-162.

13. Westman, J.; Goran Eriksson, L. E., The interaction of various lanthanide ions and some anions with
phosphatidylcholine vesicle membranes A *P NMR study of the surface potential effects. Biochimica et
Biophysica Acta (BBA) - Biomembranes 1979, 557, (1), 62-78.

14, Hauser, H., The conformation of the polar group of lecithin and lysolecithin. Journal of Colloid and
Interface Science 1976, 55, (1), 85-93.

15. McLaughlin, A.; Grathwohl, C.; McLaughlin, S., The adsorption of divalent cations to
phosphatidylcholine bilayer membranes. Biochimica et Biophysica Acta (BBA) - Biomembranes 1978, 513, (3),
338-357.

16. McLaughlin, S.; Mulrine, N.; Gresalfi, T.; Vaio, G.; McLaughlin, A., Adsorption of divalent cations to
bilayer membranes containing phosphatidylserine. The Journal of General Physiology 1981, 77, (4), 445-473.

17. Hauser, H.; Phillips, M. C.; Levine, B. A.; Williams, R. J. P., lon-Binding to Phospholipids. European
Journal of Biochemistry 1975, 58, (1), 133-144.

18. Misiorowski, R. L.; Wells, M. A., Competition between cations and water for binding to
phosphatidylcholines in organic solvents. Biochemistry 1973, 12, (5), 967-975.

19. Altenbach, C.; Seelig, J., Calcium binding to phosphatidylcholine bilayers as studied by deuterium
magnetic resonance. Evidence for the formation of a calcium complex with two phospholipid molecules.
Biochemistry 1984, 23, (17), 3913-3920.

20. Macdonald, P. M.; Seelig, J., Calcium binding to mixed phosphatidylglycerol-phosphatidylcholine
bilayers as studied by deuterium nuclear magnetic resonance. Biochemistry 1987, 26, (5), 1231-1240.

21. Lehrmann, R.; Seelig, J., Adsorption of Ca** and La*" to bilayer membranes: Measurement of the
adsorption enthalpy and binding constant with titration calorimetry. Biochimica et Biophysica Acta (BBA) -
Biomembranes 1994, 1189, (1), 89-95.

22. Akashi, K.-i.; Miyata, H.; Itoh, H.; Kinosita Jr, K., Formation of Giant Liposomes Promoted by Divalent
Cations: Critical Role of Electrostatic Repulsion. Biophysical Journal 1998, 74, (6), 2973-2982.

23. Rydall, J. R.; Macdonald, P. M., Investigation of anion binding to neutral lipid membranes using
deuterium NMR. Biochemistry 1992, 31, (4), 1092-1099.

24. Macdonald, P. M.; Seelig, J., Anion binding to neutral and positively charged lipid membranes.
Biochemistry 1988, 27, (18), 6769-6775.

25. Luzzati, V.; Husson, F., The structure of the liquid-crystalline phases of lipid-water systems. Journal of
Cell Biology 1962, 12, 207-19.

26. Luzzati, V.; Tardieu, A.; Gulikkrz.T, Polymorphism of Lipids. Nature 1968, 217, (5133), 1028-1030.

217. Levine, Y. K.; Wilkins, M. H. F., Structure of Oriented Lipid Bilayers. Nature-New Biology 1971, 230,
(11), 69-72.

28. Tréuble, H.; Haynes, D. H., The volume change in lipid bilayer lamellae at the crystalline-liquid
crystalline phase transition. Chemistry and Physics of Lipids 1971, 7, (4), 324-335.

29. Williams, R. M.; Chapman, D., Phospholipids, liquids crystals and cell membranes. Progress in the
Chemistry of Fats and other Lipids 1971, 11, 1-79.

30. Tardieu, A.; Luzzati, V.; Reman, F. C., Structure and Polymorphism of Hydrocarbon Chains of Lipids -
Study of Lecithin-Water Phases. Journal of Molecular Biology 1973, 75, (4), 711-733.

31. Abrahamsson, S.; Dahlén, B.; Lofgren, H.; Pascher, 1., Lateral packing of hydrocarbon chains. Progress
in the Chemistry of Fats and other Lipids 1978, 16, 125-143.

14



32. Hauser, H.; Pascher, I.; Pearson, R. H.; Sundell, S., Preferred conformation and molecular packing of
phosphatidylethanolamine and phosphatidylcholine. Biochimica et Biophysica Acta (BBA) - Reviews on
Biomembranes 1981, 650, (1), 21-51.

33. Rand, R. P.; Chapman, D.; Larsson, K., Tilted hydrocarbon chains of dipalmitoyl lecithin become
perpendicular to the bilayer before melting. Biophysical Journal 1975, 15, (11), 1117-1124.

34. Dorset, D. L.; Hui, S. W.; Strozewski, C. M., Hexagonal packing of lipid acyl chains and membrane
plasticity. Journal of Supramolecular Structure 1976, 5, (1), 1-14.

35. Janiak, M. J.; Small, D. M.; Shipley, G. G., Nature of the thermal pretransition of synthetic
phospholipids: dimyristoyl- and dipalmitoyllecithin. Biochemistry 1976, 15, (21), 4575-4580.

36. Janiak, M. J.; Small, D. M.; Shipley, G. G., Temperature and compositional dependence of the structure
of hydrated dimyristoyl lecithin. Journal of Biological Chemistry 1979, 254, (13), 6068-6078.

37. Sun, W. J.; Suter, R. M.; Knewtson, M. A.; Worthington, C. R.; Tristram-Nagle, S.; Zhang, R.; Nagle, J.
F., Order and disorder in fully hydrated unoriented bilayers of gel-phase dipalmitoylphosphatidylcholine.
Physical Review E 1994, 49, (5), 4665-4676.

38. Spaar, A.; Salditt, T., Short Range Order of Hydrocarbon Chains in Fluid Phospholipid Bilayers Studied
by X-Ray Diffraction from Highly Oriented Membranes. Biophysical Journal 2003, 85, (3), 1576-1584.

39. Mills, T. T.; Toombes, G. E. S.; Tristram-Nagle, S.; Smilgies, D.-M.; Feigenson, G. W.; Nagle, J. F.,
Order Parameters and Areas in Fluid-Phase Oriented Lipid Membranes Using Wide Angle X-Ray Scattering.
Biophysical Journal 2008, 95, (2), 669-681.

40. Hui, S. W., The tilting of the hydrocarbon chains in a single bilayer of phospholipid. Chemistry and
Physics of Lipids 1976, 16, (1), 9-18.

15



	Supporting Information p1.pdf
	binding constant tables.pdf
	Supporting Information p8-15.pdf

