
362 Biophysical Journal Volume 101 July 2011 362–369
Electrodynamics of Lipid Membrane Interactions in the Presence of
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ABSTRACT Due to thermal motion and molecular polarizability, electrical interactions in biological systems have a dynamic
character. Zwitterions are dipolar molecules that typically are highly polarizable and exhibit both a positive and a negative charge
depending on the pH of the solution. We use multilamellar structures of common lipids to identify and quantify the effects of
zwitterionic buffers that go beyond the control of pH. We use the fact that the repeat spacing of multilamellar lipid bilayers is
a sensitive and accurate indicator of the force balance between membranes. We show that common buffers can in fact charge
up neutral membranes. However, this electrostatic effect is not immediately recognized because of the concomitant modification
of dispersion (van der Waals) forces. We show that although surface charging can be weak, electrostatic forces are significant
even at large distances because of reduced ionic screening and reduced van der Waals attraction. The zwitterionic interactions
that we identify are expected to be relevant for interfacial biological processes involving lipid bilayers, and for a wide range of
biomaterials, including amino acids, detergents, and pharmaceutical drugs. An appreciation of zwitterionic electrodynamic
character can lead to a better understanding of molecular interactions in biological systems and in soft materials in general.
INTRODUCTION
Electrodynamic interactions in biomaterials and in softmate-
rials in general are difficult to estimate and measure (1–4),
and continue to pose challenging questions in fundamental
research (5,6). However, a correct assessment of these inter-
actions is required for a proper description of molecular
processes in biological systems. Additional complications
arise in the case of zwitterions due to the more-complicated
nature of their electronic polarizabilities, which lead to
a pH dependence of their charge state and dipole moments.
Zwitterionic interactions are common in nature. Examples
of common zwitterions include amino acids (the building
blocks of proteins), phospholipid molecules present in
biological membranes, certain classes of detergents used to
solubilize hydrophobic materials, various pharmaceutical
drugs, and a number of pH buffers used in biomolecular
research.

By regulating the charged state of macromolecules,
buffers serve an indispensable role in biochemical reactions
and structural stability. Natural and synthetic buffers are
responsible for preventing toxic levels of free hydrogen
ions that accumulate during normal biological processes
such as phosphorylation and cell metabolism (7–9). Exam-
ples of naturally occurring buffers include the carbonic
acid-bicarbonate buffer that maintains human blood at pH
7.4, and the phosphate buffer that maintains the pH of intra-
cellular fluid.

Laboratory research often involves the use of synthetic
buffers that do not naturally occur in biological cells.
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However, selecting an inappropriate buffer for a particular
biological assay can lead to erroneous or misleading exper-
imental results. Good and colleagues (10) synthesized
a number of buffers tailored to the specific needs of biolog-
ical assays. These buffers fit a number of important criteria.
They provide maximum buffering capabilities in the pH
range of biological reactions (roughly between pH 6 and
8), form negligible amounts of metal-ion complexes, have
high water solubility, and minimally affect the ionic compo-
sition of the solution being buffered (9–11). Good’s buffers
are zwitterionic.

Here we investigate a series of three zwitterionic buffers:
2-(N-morpholino)ethanesulfonic acid (MES), 3-(N-morpho-
lino)propanesulfonic acid (MOPS), and 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES; see Materials and
Methods). MES and HEPES are among the original list of
Good’s buffers. Although buffers have the ability to prevent
hydrogen ion buildup (9), they can become toxic to biolog-
ical matter at high concentrations. For example, MES was
found to be markedly toxic at 20–40 mM in growth of
mammalian cell lines (7), and HEPES was shown to affect
neuronal and glial cells (12). HEPES buffers were also
shown to increase toxic oxygen metabolites in endothelial
cells (13), to decrease ciliary movement and induce epithe-
lial injury in an in vivo hamster trachea model (14), and to
increase endothelial permeability (15). More-recent studies
in isolated rat endothelial cells revealed that high concentra-
tions of MOPS buffer caused a decrease in the endothelial
surface layer, a critical determinant of endothelial barrier
function, leading to a loss of endothelial barrier (16).
However, the physical mechanisms responsible for these
biological observations remain unclear.
doi: 10.1016/j.bpj.2011.05.062
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To investigate how zwitterionic buffers affect molecular
interactions other than through changes in pH, we used
model lipid membranes. We took advantage of the fact
that most common phospholipids spontaneously form
multilamellar vesicles (MLVs) composed of many stacked
bilayers (17–19). The equilibrium spacing between neigh-
boring membranes, which can be measured by x-ray scat-
tering, is a sensitive and accurate indicator of the balance
of attractive and repulsive forces between membranes
(18–20). The attractive interaction, called van der Waals
(vdW), occurs because of spontaneous polarization of
matter (21). The repulsive interactions are due mainly to
the tendency of molecules to reach a certain level of disorder
(entropy) (18,19,22). If membranes acquire charges from
solution, an electrostatic repulsion will be present as well
(1,23,24). If any of these interactions are modified, the equi-
librium repeat distance (D-spacing) between membranes
changes. We therefore monitored changes in D-spacing to
determine how zwitterionic buffers affect the forces
between neighboring membranes. Focusing on MOPS, we
then used three independent methods to show that at pH 7,
MOPS charges zwitterionic membranes positively, and
we quantified these interactions by measurements using
monovalent salts.
MATERIALS AND METHODS

Lipid samples

For each sample, ~5–10 mg of highly purified (>99%) lipid powder (1,2-

dilauroyl-sn-glycero-3-phosphocholine (DLPC); Avanti Polar Lipids,

Alabaster, AL) were hydrated in 1 mL buffer solutions in plastic vials

with o-ring caps. Buffer and salt solutions were prepared with the use of

deionized water and HEPES, MOPS, MES, potassium bromide (KBr),

and potassium chloride (KCl; Sigma Aldrich, St. Louis, MO). Multiple

samples were prepared for the majority of solute compositions to verify

proper equilibration under different thermal histories (25). Variations in

sample equilibration included freeze-thawing cycles and different incuba-

tion times at 4�C, room temperature, and 30�C. On the day of the measure-

ments, samples were removed from the refrigerator and reequilibrated for

30 min to 5 h at the temperature of the measurement. All samples were

titrated to pH 7. Buffer solutions were titrated with saturated sodium

hydroxide, and salt solutions were titrated with 10 mM MOPS pH 7.
X-ray measurements

X-ray scattering measurements were performed on a fixed-anode Bruker

Nanostar U system operating at a power of 1.2 kW (40 kV � 30 mA). The

instrument is equipped with a controlled-atmosphere sample chamber,

computer-controlled sample positioning, and a real-time 2D detector with

pixel size of 100 mm. Multiple measurements were performed at sample-to-

detector distances of 255.5 mm and 615.5 mm, calibrated using silver behen-

atewith a lattice spacing of 58.4 Å. Scan times varied between 10min and 3 h.

An in-house-built temperature controller was used to maintain a constant

sample temperature within 50.2�C or better. Interlamellar lattice spacings

were calculated from scattering rings that appear at angles satisfying the

Bragg law, 2Dsin(q)¼ nl, whereD is the lattice spacing, l is the x-ray wave-

length (1.54 Å for the Cu Ka line), and n is an integer index. The program

fit2D was used to integrate the 2D scattering data over the radial (c) angle,

and interlamellar D-spacings were calculated from the integrated profiles.
Refractive index measurements

Refractive indices for salt (KCl and KBr) and buffer (MES, MOPS, and

HEPES) solutions were measured with an Abbe refractometer (model

C10; VEE GEE Scientific, Kirkland, WA). Measurements were performed

for both untitrated solutions and solutions titrated to pH 7.
z-Potential measurements

The initial lipid sample preparation for z-potential measurements fol-

lowed the same protocol as described for the x-ray measurements. On

the day of the measurements, samples were reequilibrated for at least

30 min at 30�C and sonicated for 2 min at 30-s intervals. z-Potential

measurements were performed with a Nano ZS90 Zetasizer (Malvern,

Worcestershire, UK).
Electric drift measurements

The setup for electric drift measurements consisted of a standard sample

chamber (Warner Instruments, Hamden, CT) that contained two wells par-

titioned by a plastic cup. The cup had a small (100 mm) hole to allow the

exchange of solution between the two wells. We added 500 mL of lipid

suspension in buffer to one well, and 500 mL of buffer solution to the other

well. A DC power supply (Hewlett Packard E3617A) was used to apply

a constant voltage between the two wells. After waiting times that varied

between 8 and 10 h, the solutions from each well were collected and trans-

ferred into a light-scattering instrument (model 370; Nicomp Particle Sizing

Systems, Santa Barbara, CA) for detection of MLVs.
Ionization calculations

For calculations of amino group dissociated fractions, we used the relation-

ship between the second dissociation constant pKa2 of the buffers consid-

ered and the solution pH:

pH ¼ pKa2 þ log10

�
G���
Gþ��; (1)

where ½G�� and ½Gþ�� represent the unprotonated and protonated solute

fractions, respectively.
Force analysis

Within multilamellar vesicles, each membrane is subjected to an attractive

vdW force (FvdW) from its neighbors (21). For neutral membranes, this

force is balanced by a net repulsive force that is described as a sum of

two terms: a hydration repulsion (Fhyd) (18,19,26) and a bending-fluctua-

tion repulsion (Ffl) (19,27–29):

FvdW ¼ � ALH

6p

 
1

a3
� 2

ðaþ bÞ3 þ
1

ðaþ 2bÞ3
!

(2)

Fhyd ¼ ALPh e
�a=lh (3)

Ffl ¼ AL

�
kBT

2p

�2
1

KC

Afl

lfl
e�a=lfl : (4)

At equilibrium, and in the absence of external pressure, the sum of these

three forces must be zero (19,25):

FvdW þ Fhyd þ Ffl ¼ 0: (5)
Biophysical Journal 101(2) 362–369



364 Koerner et al.
The physical parameters in Eq. 2 are the cross-sectional area per lipid AL,

the Hamaker parameter H, the water spacing between neighboring

membranes a, and the membrane thickness b. For the hydration force

(Eq. 3), the parameters are the amplitude Ph and the decay length lh. The

fluctuation repulsion (Eq. 4) is parameterized using the bending rigidity

KC, the bending-fluctuation amplitude Afl, and decay length lfl. Equation

4 also contains the Boltzmann constant kB and the absolute temperature

T. For DLPC at 30�C, the values for these parameters are as follows:

AL ¼ 63.2 Å2, H ¼ 9.2 � 10�21 J, a ¼ 20 Å, b ¼ 38.9 Å, Ph ¼ 160 �
10�24 J/Å3, lh ¼ 2.1Å, KC ¼ 58 � 10�21 J, Afl ¼ 1.06 Å2, and lfl ¼
6.0 Å (25,30). When membranes become charged, an electrostatic repulsion

must be added to Eq. 5. We calculate the electrostatic force using a charge-

regulation procedure that involves solving the Poisson-Boltzmann equation

including an ion-binding term (1,31).
RESULTS

X-ray measurements of the interlamellar spacings of the
zwitterionic lipid DLPC in buffer solutions at pH 7 are
shown in Fig. 1. The figure also shows measurements in
KCl and KBr solutions (also at pH 7) that provide reference
curves for possible swelling mechanisms (1). As shown
FIGURE 1 Swelling of DLPC multilayers at 30�C as a function of solute

concentration, shown on a full (A) and reduced (B) scale of measured

D-spacings. All samples were titrated to pH 7.
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previously (1), both KCl and KBr reduce vdW attraction
equally for concentrations up to 1 M. However, MLVs swell
more in the presence of KBr because Br ions bind to lipid
membranes (binding energy on the order of 2 kBT), gener-
ating an additional electrostatic repulsion (1). For the three
buffers considered (see Fig. 2 for chemical structures), the
D-spacings increase with increasing concentrations, indi-
cating that the buffer molecules enter the interlamellar water
space. The measured swelling curves resemble the KBr
curve more than the KCl curve. Although the MES curve
follows the KBr curve all the way up to 1 M concentrations,
the swelling in the presence of MOPS and HEPES exceeds
that observed with KBr at high concentrations.

One possible explanation for the observed swelling in the
presence of buffers is a reduction in vdWattraction between
membranes (1,25). Because the vdW interaction depends on
the index of refraction of the solution, we measured the
indices of refraction versus buffer concentration as shown
in Fig. 3. The buffer’s indices of refraction increase linearly
with concentration just as observed with KCl and KBr, but
have significantly larger values. Of the three buffers, MES
has the lowest index of refraction and HEPES has the
largest. This is consistent with the fact that MES swells
MLVs less than MOPS and HEPES.

Because the effect of buffers onD-spacing is similar to that
of KBr, we investigated the possibility that lipid membranes
become charged in the presence of buffers. For this part of the
study, we chose to use MOPS, which shows an intermediate
behavior between those of MES and HEPES. To determine
the charge state of multilamellar lipid vesicles, we designed
a new (to our knowledge) type of experiment in which we
measured the drift of lipid vesicles under applied electric
fields. The experimental setup consisted of a sample chamber
(see Materials and Methods) that contained two wells
FIGURE 2 Zwitterionic structures of HEPES, MOPS, and MES buffers,

and DLPC lipid.



FIGURE 3 Optical index of refraction versus solute concentration.

Measurements of titrated samples at pH 7 (solid symbols) and untitrated

samples (open symbols) yield similar values.
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separated by a partitioning with a 100 mm diameter hole to
allow the drift of lipid vesicles from one cell to the other.
One electrode was placed into the well containing the
MLV/buffer solution, and the other electrode was placed
into the well containing only buffer solution. Positive, nega-
tive, and zero voltage was applied to the system, and after
time (~8 h), the presence of lipid in each well was detected
by light scattering. By taking the ratio between the scattering
intensity before and after application of electric fields, we
were able to determine the direction of the MLV drifts and
consequently the sign of their electric charge. The results
shown in Fig. 4 indicate that DLPC vesicles in the MOPS
solutions moved in the direction of the applied field, whereas
the negatively charged DOPS vesicles (32) used as controls
moved against the field, as expected.
FIGURE 4 Measurements of MLV drift in a constant electric field. DLPC

vesicles in MOPS solutions move in the direction of the field, whereas the

negatively charged DOPS vesicles in water move against the field. The

neutral DLPC vesicles in water move mainly due to thermal motion.
Electrophoretic measurements that detect the z-potential
of macromolecules in solution (1,33) confirm the opposite
charging effect of Br and MOPS on lipid vesicles. Results
for KBr/MOPS mixtures at a total concentration of
150 mM are shown in Fig. 5. The measured potentials are
within the typical range for zwitterionic lipid bilayers in
monovalent salt solutions (1,33). In MOPS alone, DLPC
vesicles were positively charged, whereas a sample of one
part KBr to nine parts MOPS indicated a negative z-poten-
tial. In this particular sample, the concentrations of ions
were 135 mM MOPS to 15 mM KBr for a total concentra-
tion of 150 mM. Note that the error bars for these measure-
ments are quite large. This is because to make the
measurement work, we had to sonicate the samples to break
the large MLVs into smaller units. The broad distribution of
vesicle sizes and the instability of broken MLVs lead to
large variations in the measured z-potential. Despite these
limitations, the z-potential measurements show that DLPC
bilayers in MOPS solutions are positively charged, consis-
tent with the MLV drift in Fig. 4.

Because both z-potential and drift measurements depend
mainly on the charge state of outer layers, we need
a different approach to gain information on the charged state
of lipid bilayers inside the MLVs. In fact, membrane
charging can be most easily detected by x-ray scattering
in mixed solutions. Because all of the solutions considered
here reduce the vdW attraction (see index or refraction
data in Fig. 3), adding more solutes to any given sample is
expected to further increase the swelling, if vdW reduction
is the sole mechanism responsible for the swelling. We
tested this situation by comparing D-spacings in pure
100 mM solutions of KCl, KBr, and MOPS with 1:1 binary
mixtures at total concentrations of 200 mM. These results
are shown in Fig. 6, which reveals that addition of KCl
to either KBr or MOPS solutions causes a decrease in
FIGURE 5 Measurements of z-potentials of DLPC membranes at 30�C
in KBr/MOPS mixtures at a total concentration of 150 mM.
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FIGURE 6 Comparison of interlamellar spacings for pure 100 mM solu-

tions (squares) and 1:1 mixtures at 200 mM total concentration (circles).

FIGURE 7 Measurements of interlamellar spacings for mixtures of KBr,

KCl, and MOPS at 200 mM total concentration. Panel A shows the effect of

KCl in substituting KBr and MOPS plotted versus mol % KCl. Labels to

symbols indicate samples in pure salt solutions: KBr (square), MOPS

(circle), and KCl (square and circle). Panel B compares the effects of

KCl and MOPS in substituting KBr. Labels to symbols indicate samples

in pure salt solutions: KBr (square and diamond), MOPS (diamond), and

KCl (square).
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D-spacings, indicating that KCl diminishes the effects of
KBr and MOPS on membrane interactions by screening
electrostatic repulsion.

Lastly, competition measurements obtained at a fixed total
concentration reveal the strength and the relative sign of
electrostatic charging. Measurements acquired at 200 mM
total concentrations are shown in Fig. 7. Panel A shows
howD-spacings decrease as either KBr orMOPS is gradually
replaced by KCl. These curves are highly nonlinear, showing
that replacement with Cl does more than just reduce the
membrane charge, it also interferes with the charges that
are still present. Cl is not an inert replacement, because it
screens the electrostatic repulsion between membranes.
The data also indicate that the charging effect of MOPS is
weaker than that of Br. A direct competition between
MOPS and Br should then give us the relative charging
strength of MOPS and Br. This measurement is shown in
panel B of Fig. 7. As KBr is gradually replaced by MOPS,
the D-spacing decreases, reaches a minimum, and increases
again. This competition measurement shows that the
charging effect of MOPS is weaker than that of Br but not
at all negligible. A shallow minimum is observed between
70% and 90%MOPS content, with D-spacing values similar
to that observed in the presence of KCl at the same concen-
tration for which membrane charging was shown to be negli-
gible (1). This indicates that the electrostatic contributions of
KBr andMOPS at theminimumD-spacing cancel each other.
Just as with KCl, the residual swelling (compared with pure
water) is due to the reduction of the vdWattraction.
DISCUSSION

Addition of hydrophilic solutes to a suspension of lipid
MLVs often leads to changes in interlamellar D-spacings.
The exact way in which D-spacings change tells us how
Biophysical Journal 101(2) 362–369
solutes and membranes interact. For neutral membranes,
a reduction in D-spacing indicates that solutes stay outside
of the MLVs and act osmotically (34). In contrast, an
increase in D-spacing indicates that solutes enter the inter-
lamellar space and modify interbilayer interactions
(1,25,35). For MES, MOPS, and HEPES buffers, we
observe the latter effect. This means that buffers enter the
interlamellar space, modify interbilayer interactions, and
possibly bind to lipid bilayers.

Generally,MLV swelling can be explained by aweakening
of the attractive vdW force or by an increase of repulsive
terms (hydration, fluctuation, and possibly electrostatics)
(1,25). The index of refraction measurements (Fig. 3)
indicates that the vdW interaction decreases with added
buffer. This is because the strength of the vdW attraction is
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determined by differences in dielectric permittivities
between solutions and lipid bilayers: the larger the differ-
ence, the stronger the vdWattraction. At optical frequencies,
the dielectric permittivity is equal to the square of the indexof
refraction, which means that as the index of refraction of the
interlamellar solution approaches that of the lipid bilayer, the
difference in the dielectric permittivities decreases, leading
to a weaker vdWattraction. Since MES, MOPS, and HEPES
refractive indices are higher than those of KCl and KBr
(Fig. 3), it shows that these buffers are more polarizable
than Br ions and hence the enhanced swelling of MOPS
and HEPES (Fig. 2) compared to MES, KBr, and KCl.
Fig. 3 shows that the refractive indices of titrated and unti-
trated samples are practically the same; therefore, the effect
of the additional solutes needed to titrate the samples was
negligible.

In addition to weakening the vdW attraction (at least in
the case of MOPS), an electrostatic repulsion is created
by the charging effect of MOPS zwitterions on lipid
membranes. Three independent measurements (x-ray of
KBr/MOPS competition, drift in constant electric field,
and z-potential measurements) show that DLPC bilayers
in the presence of MOPS are positively charged. It is also
possible that zwitterionic buffers can soften lipid bilayers,
as suggested previously (36), which would add to the effect
on the vdWand electrostatic forces examined here. The fact
that MOPS and HEPES curves in Fig. 1 exceed the KBr
curve at high concentrations would indeed support the
softening hypothesis, but this remains to be determined by
measurements of bending rigidities. The softening effect is
expected to increase with the hydrophobicity of the buffers
as seen here for MOPS and HEPES (37,38) and in a previous
study (36) for the more-hydrophobic buffer PIPES.

To explain how electrostatic forces arise, we need to
consider the zwitterionic nature of the buffers. Generally,
MOPS, MES, and HEPES carry a positive charge on the
protonated amino group and a negative charge on the depro-
tonated sulfonic acid group (10,39,40), as shown in Fig. 2.
In aqueous solutions, deprotonation of the amino group
(called the second dissociation in this case) occurs as a func-
tion of pH, generating molecules with a net negative charge.
The pKa2 values for the amino group are 6.15 for MES
(10,39), 7.2 for MOPS (39), and 7.55 for HEPES (10,39).
When the pH of the solution equals the pKa2 of the solute,
half of the solutes are zwitterionic and the other half carry
a net negative charge. At pH 7, ~61% of MOPS molecules
are zwitterionic, compared with 12% for MES. Our
measurements indicate that DLPC lipid bilayers become
positively charged in the presence of MOPS at pH 7. This
means that the negatively charged fraction of MOPS does
not bind to lipid bilayers, and that the observed charging
effect is due to a particular orientation of boundMOPS zwit-
terions. One possible scenario is as follows: The negative
charge on the sulfonyl moiety’s oxygen associates with
the positive charge on the lipid choline. Then the positive
charged morpholine or piperazine moieties on opposing
bilayers repel each other. This molecular arrangement may
be favored because the morpholine moieties (or piperazine
in the case of HEPES) are bulky and may orient away
from the lipid headgroup region instead of being embedded
into it. In addition, because electric dipoles orient in electric
fields, bound zwitterions will orient according to the local
electric field at the lipid-water interface generated by lipid
headgroups and anisotropic water (32).

This situation raises a number of interesting questions.
First, is the pKa of buffer molecules at the lipid-water
interface the same as in the bulk? If not, then either the
dipolar or the charged fraction of buffer molecules will
appear excluded from the interlamellar water. Second, how
does the unbound fraction of buffer molecules (within the in-
terlamellar water) affect the electrostatic forces between
membranes? As shown recently (6), the presence of polariz-
able charged species in between weakly charged surfaces
create forces that are unaccounted for by standard electro-
static models. Third, the fact that DLPC vesicles move in
an electric field in the presence of MOPS buffer means that
the MOPS molecules bind strongly enough to the lipid
bilayer to causewholeMLVs tomove. These questions could
be addressed more quantitatively by a study of buffer parti-
tioning in the interlamellar water as a function of pH.

We conclude with a brief discussion of interbilayer forces.
At concentrations of 200 mM of monovalent charges, the
Debye screening in the bulk approaches the Bjerrum length,
which is the distance at which electrostatic interactions
between two unit charges are equal to the thermal energy
kBT. In pure water, this distance is 7 Å at 300 K. In the pres-
ence of membranes (or any other extended macromolecular
surface), we distinguish between an ion-surface interaction
regime at low concentration and an ion-pair correlation
regime at high concentrations (41). The presence of ion
(Bjerrum) pairs can reduce the screening of electrostatic
forces (42) and the zero-frequency part of vdW forces (1)
between neighboring membranes. This effect is reflected
in an accelerated change in equilibrium spacings between
100 mM and 200 mM concentrations (Fig. 1). A similar situ-
ation could occur for zwitterionic solutes. As the concentra-
tion of solutes increases, the formation of dipole pairs
becomes likely. The formation of such dipole pairs supports
the hypothesis that zwitterionic buffers can soften lipid
bilayers. Although the incorporation of charged species
into the lipid headgroup region generally does not lead to
softening of membranes (e.g., as in the case of Br ions
(25)), softening is more likely to occur when solutes can
penetrate into the hydrocarbon region of the lipid bilayers
and disrupt the chain packing. The formation of dipole pairs
that can occur at high solute concentrations can facilitate this
process, leading to the enhanced swelling seen for MOPS
and HEPES at concentrations above 300 mM.

As shown previously for the case of monovalent salt solu-
tions, the calculation of membrane interaction parameters
Biophysical Journal 101(2) 362–369
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is far from a trivial task (1,25,41). This is because a number of
independent measurements are needed to obtain the interac-
tion parameters in Eqs. 2–4 above. In particular, a measure-
ment of the actual solute concentration in the interlamellar
space is needed as described previously (41). Here, we use
a direct comparison between the effects of buffers andmono-
valent salt to illustrate the extent to which interlamellar
forces are affected by solutes. The aqueous space between
neighboring DLPC membranes increases from 20 Å in pure
water to ~30 Å in 200 mM concentrations of salt or zwitter-
ionic buffers. Using the interaction parameters fromPetrache
et al. (25) (see Materials and Methods), the vdW force
between membranes in pure water is 0.03 pN per lipid, and
it is exactly balanced by a net repulsive force with opposite
sign. Screened by the presence of solutes to 70% of its initial
value (1), the vdW force is reduced to 0.02 pN per lipid, and
at 20 Å separation, it is overcome by repulsive forces.
The residual repulsion pushes membranes apart to a new
equilibrium spacing. In the absence of electrostatic forces,
the new equilibrium spacing would be at 26 Å, which is
less than what is measured. The extra swelling to the
observed distance of 30 Å is explained by an added electro-
static repulsion as calculated using a charge regulation
model (1). At the new equilibrium point, the forces are
FvdW ~ 0.006 pN, Fhyd þ Ffl ~ 0.005 pN, and Felec ~ 0.001
pN per lipid. Although each of these forces might appear
weak, it is their relative strength that matters in deciding
the equilibrium state of the system. When attractive forces
are weak, electrostatic repulsions even at separations of
R30 Å cannot be neglected.

In conclusion, we have shown that zwitterionic solutes
can modify lipid interactions through a mechanism in which
both dispersion forces (vdW) and electrostatic forces are
modified. This modification of forces could play a role in
the observed effects of buffers on cellular activity men-
tioned in the Introduction. In addition, the measurements re-
ported here could stimulate and guide theoretical and
computational studies that account for molecular polariz-
abilities and the dynamic nature of electrostatic forces in
biological systems.
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