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Gadolinium lons Block Mechanosensitive Channels by Altering the Packing
and Lateral Pressure of Anionic Lipids
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TThe Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences, Moscow, Russia; *Indian Association for the
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ABSTRACT Effects of polyvalent ions on the lateral packing of phospholipids have been known for decades, but the physio-
logical consequences have not been systematically studied. Gd®* is a relatively nonspecific agent that blocks mechano-gated
channels with a variable affinity. In this study, we show that the large mechanosensitive channel MscL of Escherichia coliis effec-
tively blocked by Gd®* only when reconstituted with negatively charged phospholipids (e.g., PS). Taking this lead, we studied
effects of Gd®* on monolayers and unilamellar vesicles made of natural brain PS, DMPS, and its mixtures with DMPC. In mono-
layer experiments, we found that uM Gd>* present in the subphase leads to ~8% lateral compaction of brain PS (at 35 mN/m).
Gd®" more strongly shrinks and rigidifies DMPS films causing a spontaneous liquid expanded-to-compact transition to the
limiting 40 A%/mol. Pressure-area isotherms of uncharged DMPC were unaffected by Gd®*, and neutralization of DMPS surface
by low pH did not produce strong compaction. Upshifts of surface potential isotherms of DMPS monolayers reflected changes in
the diffuse double layer due to neutralization of headgroup charges by Gd®", whereas the increased packing density produced
up to a 200 mV change in the interfacial dipole potential. The slopes of surface potential versus reciprocal area predicted that
Gd®" induced a modest (~18%) increase in the magnitude of the individual lipid dipoles in DMPS. Isothermal titration calorimetry
indicated that binding of Gd®* to DMPS liposomes in the gel state is endothermic, whereas binding to liquid crystalline liposomes
produces heat consistent with the isothermal liquid-to-gel phase transition induced by the ion. Both titration curves suggested
a K, of ~10° M~". We conclude that anionic phospholipids serve as high-affinity receptors for Gd®* ions, and the ion-induced
compaction generates a lateral pressure increase estimated as tens of mN/m. This pressure can “squeeze” the channel and shift

the equilibrium toward the closed state.

INTRODUCTION

Lateral pressure and its transversal distribution in the lipid
bilayer attract increasingly more attention as a factor regu-
lating functions of membrane receptors, channels, and trans-
porters (1-3). Although a substantial amount of research is
currently focused on the composition of the hydrophobic
core of the membrane and resulting pressure profiles (4-7),
there has been less attention to modifications in the polar
headgroup region that may also exert strong effects on the
curvature and resulting pressure distribution.
Mechanosensitive (stretch-activated) channels are the
special class of proteins that respond to membrane tension
by changing their open probability. Bacterial mechanosensi-
tive channels of MscS and MscL conductance are convenient
models, as they permit straightforward reconstitution and
respond directly to tension and/or curvature stress in the
surrounding lipids bilayer (8—11). The bacterial mechano-
sensitive channel MscL. shows obvious lipid dependence
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(12), it also activates by asymmetrically incorporated
wedge-shaped lysolipids (11). The existing body of data
leads to the inference that not only the substances that incor-
porate into the core of the bilayer and bring extra volume, but
also substances that bind externally to the polar region
should alter the lateral pressure profile and thus influence
the function of integral proteins. Polyvalent ions, and espe-
cially triply charged lanthanides (La’", Gd>"), are known
to change packing and phase transition temperatures in
lipids, as well as induce phase separation (13,14). Fusogenic,
permeabilizing (15-18), and membrane rigidifying (19)
effects of lanthanides have been documented as well.
Millet and Pickard (20) and Ding and Pickard (21) were the
first to report Gd* " effects on the thigmotropic and gravitropic
responses in plants. Soon after, Yang and Sachs (22) reported
a blockage of mechanosensitive channels in Xenopus oocytes
by uM Gd>", which decreased not only the channel con-
ductance, but also the open probability. The effects were
reproduced in cardiomyocytes, astrocytes, and other cells
(23,24). One hundred uM Gd*" uncouples osmosensor
potential in hypothalamic osmosensory neurons (25). Because
Gd*" has the same crystallographic radius as Ca®", it inter-
feres with multiple Ca-dependent processes (14,26), including
membrane fusion (27). Acting in submillimolar concentra-
tions, Gd>" likely exerts its effects by interacting with
multiple sites of different affinity, which may not be formed
exclusively by proteins but by anionic lipids as well (28).
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In bacteria, PS is a metabolic precursor of PE, the major
constituent of the cytoplasmic membrane. In mammalian
cells, PS represents up to 10% of total phospholipids in the
plasma membrane and resides predominantly in the inner
leaflet (29). Among other anionic lipids, PS confers a nega-
tive net charge to the cytoplasmic face of the membrane
necessary for enzyme anchoring and signal transduction
(30). Translocation of PS to the outer leaflet, on the other
hand, is perceived by the immune system as an alarm signal
of injury or death. The lipid was shown to participate in
initiation of inflammatory response in the event of necrotic
cell death. In other instances, PS triggers silent noninflamma-
tory phagocytosis of cells undergoing apoptosis (31). The
exposed PS-rich domains also participate in blood coagula-
tion cascades (32).

The hydrogen-bonding capacity of PE and PS headgroups
(33) may explain their predisposition to compact packing in
liquid-ordered domains (34). It has been reported that
membranes made of synthetic PS are prone to isothermal
phase transitions in response to protonation (35), adsorption
of Li*, and especially polyvalent cations (17,36). PS also
undergoes phase separation in mixtures with other lipids
under similar conditions (37). The specifics of La** coordi-
nation by PS headgroups were studied by Petersheim and
Sun (38). Despite many indications that lanthanide ion-PS
interactions may be specific and strong, there is insufficient
information on binding parameters, the magnitude of electro-
static effects, changes in lipid packing, and mechanical prop-
erties of the bilayers.

We have shown previously that planar PS bilayers are
highly susceptible to surface modification and restructuring
by Gd*", manifested as a 140 mV increase of the boundary
dipole potential. The electrostatic effect was accompanied by
a sixfold increase of apparent membrane tension (28,39). In
this study, we show that reconstituted mechanosensitive
MscL channels can be blocked by Gd*" only when nega-
tively charged lipid (PS) is present in the membrane. The
monolayer experiments show a strong compaction of brain
PS and especially DMPS monolayers by Gd*>". We investi-
gate effects of Gd>" on the pressure-area (7-A) diagrams and
surface (Volta) potentials of DMPS monolayers, relative to

neutral monolayer controls. ITC experiments with Gd>"

and DMPS liposomes conducted above and below their
melting temperature show different thermal effects of ion
binding consistent with a phase transition induced by the
ion. Based on the analysis of m-A diagrams, we provide esti-
mations of Gd**-induced changes of lateral pressure in PS
domains that explain the blocking of mechanosensitive
channels.

MATERIALS AND METHODS

The detailed descriptions of MscL channel reconstitution and recording in
the presence of Gd**, Langmuir monolayer experiments and isothermal
titration calorimetry (ITC) are given in the Supporting Material.

RESULTS AND DISCUSSION

MscL is blocked by Gd®* only in the presence
of negatively charged lipids

Fig. 1 A depicts traces of mechano-activated MscL currents
recorded in practically neutral PC liposomes in a control
buffer and after addition of submillimolar Gd**. The three
sequential traces are recorded with the same 1-s linear ramp
of stimulating pressure, 5 min after Gd*>" perfusion to allow
for proper mixing and binding. Apart from removing short
flickering events seen in the control trace, Gd*" produces
no inhibitory effect on channel activity. A set of similar
traces obtained in PC/PS liposomes (Fig. 1 B) indicates
a complete blockage by 100 uM Gd>" and a clear reactiva-
tion on washout. The blocking effect was reproducibly
observed already at 30 uM. Note that in this experiment
we used soybean PC and porcine PS, because with the
acyl chain composition found in native mixtures liposomes
form more easily and patches are stable. Previous reconstitu-
tion experiments carried out with imaging of patches indi-
cated that MscL activates in soybean lipids at tensions
between 10 and 12 mN/m calculated from the pressure gradi-
ents (~50 mm Hg) and curvature radii (~5 um) of spherical
patches adhered to the glass pipette (9). The reproducibility
of responses to 1-s pressure ramps in each of the trials
(Fig. 1) shows that the patch does not change its position
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in the pipette, as was observed previously under sustained
stimuli (9).

The presence of negative charges at the membrane surface
could potentially attract more Gd*>" to the double layer,
increasing its local concentration near the membrane; thus,
the protein would effectively see more Gd*" in the latter
case. However, the contribution of 0.1 mM Gd>" to ionic
strength at the background of 200 mM KCIl and 40 mM
Mg>" is rather small. Although participating modestly in
surface charge screening, Gd>" can neutralize surface by
direct adsorption to phosphatidylserine, which may affect
mechanical properties of the lipid bilayer and prevent chan-
nel opening. The lipid-binding hypothesis is more consistent
with our previous observations in planar bilayers (28) and it
motivated the following monolayer and ITC experiments.

Mechanical and electrostatic properties
of phosphatidylserine monolayers in the presence
of Gd**

It has been reported previously that ion binding and neutral-
ization of charges at the lipid-electrolyte interface can be
accompanied by changes in lipid packing and even iso-
thermal phase transitions (36,40—42) We first chose the
same porcine brain PS, a partially unsaturated mixture com-
posed primarily of C18:0 (42%) and C18:1 (34%) fatty acids
(http://www.avantilipids.com). Fig. 2 depicts a series of
pressure-area (m-A) isotherms obtained with the background
electrolyte, with 0.1 mM Ca”>" and with three different
concentrations of Gd>" in the subphase. The control curve
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FIGURE 2 Pressure-area isotherms for porcine brain PS monolayers in
control (black) and in the presence of Ca®* and Gd>* ions. The isotherm
for 100 uM Gd>* was measured in both directions and shows reversibility
with the exception of small shoulder observed with compression. At the
monolayer-bilayer equivalence pressure of 35 mN/m the molecular areas
are 57.3, 56.5, 53.0, and 50.6 AQ, the areas under the curves (integrated
between 58 and 125 A%/lipid) are 702, 547, 290, and 157 A% x mN/m,
and the area compressibility (Cs’l) at 35 mN/m are 91.8, 112.2, 132.4,
and 131.5 mN/m for control, 100 uM Ca2+, 1 uM Gd‘”, and 10 uM
Gd*", respectively. All isotherms are taken at a barrier speed of 25 cm?/min
on a 600 cm? trough.
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shows a “‘shoulder’’ suggesting that some components in the
mixture, possibly saturated, may undergo an LE-LC phase
transition with compression. This shoulder is enhanced in
the presence of polyvalent ions. Ca®" noticeably changes
the position of the isotherm at low 7, but near the mono-
layer-bilayer equivalence pressure of 30-35 mN/m (43),
the isotherm converges with the control one. Gd** at 1 uM
noticeably shifts the entire curve to the left. Increasing its
concentration to 10 and 100 uM further shifts the isotherm
leading to an 11% decrease of molecular area at 35 mN/m.
The area compressibility modulus (C, 1Y) (44) at these pres-
sures changes from 92 in control to 132 mN/m in the pres-
ence of 10 uM Gd>". The effects of 10 and 100 uM Gd**on
isotherm positions are similar signifying binding saturation,
whereas the position of the 1 uM Gd** isotherm roughly
corresponds to half-saturation. During the measurement at
the highest concentration of Gd** we reversed the motion
of the barrier before the point of collapse. The forward and
backward isotherms coincide showing a hysteresis only at
low 7 (no shoulder in the reverse direction). This illustrates
that compaction of the natural PS mixture in the presence of
Gd*" is generally reversible. The polyvalent ions markedly
decreased the area under the mw-A isotherms representing
the reversible work of two-dimensional lipid compression.
The integrals taken between 58 and 125 A*/lipid indicate
that 100 uM Ca®" and 10 uM Gd*>" produce mechano-
chemical effects of 0.76 and 2.2 kJ/mol of lipid, respectively,
aiding compaction.

We then studied DMPS, with a well-characterized phase
behavior near ambient temperatures (45). In monolayers,
DMPS exhibits a clear LE-LC phase transition on lateral
compression (42). The system permitted us to measure pres-
sure-area diagrams at different concentrations of adsorbing
ions in the subphase while monitoring the state of headgroup
ionization (EDL) and dipole potentials.

Several ‘“‘benchmark’ measurements presented in the
supplement provided us the scale of effects caused by simple
neutralization of DMPS charges with acid, by interacting
with a 1:1 monovalent electrolyte or by mixing with neutral
DMPC. Fig. S1 A depicts a series of pressure-area (m-A)
isotherms obtained at different pH values. At neutral and
basic pH (7-9), the compression isotherms coincide and
show an LE-LC transition at around 25 mN/m signifying
high electrostatic repulsion and a maximally charged state
of the molecules in the film. A decrease of pH delays the
pressure onset on compression and decreases the phase tran-
sition pressure to ~7 mN/m. The surface potential curves
(Fig. S1 B) shift up with progressive neutralization. At pH 2
the surface charge of PS should be close to zero (46,47), and
the total surface potential should be represented only by the
dipole component, which increases as the lipid packing
becomes tighter.

The second benchmark experiment (Fig. S2) illustrates
the effect of charge density variation achieved through dif-
ferent PS/PC content in the lipid mixture. The compression
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isotherm for pure DMPC shows no LE-LC phase transition
(48), which is present in pure DMPS. The mixtures display
intermediate behavior. Before the onset of phase transition,
the compression isotherms for DMPC and DMPS essentially
coincide, indicating that the headgroup specificity starts
playing its role in packing at the molecular areas <0.6 nm>.
Higher compressibility of DMPS is apparently conferred by
its smaller headgroup capable of hydrogen bonding (35,49).
The slopes of surface potential curves also change with the
onset of the phase transition, which is pronounced only at
high DMPS/DMPC ratios. In our previous study (28) the
dipole potential at the surface of the planar lipid membrane
became sensitive to the presence of polyvalent ions also
when the fraction of charged PS was >50%.

In the third benchmark experiment, we varied the concen-
tration of KCl in the subphase to see the effects of the surface
charge screening (Fig. S3), expecting a reduced repulsion
with increased ionic strength. At pH 6, we observed that in
fact the lowest concentrations of electrolyte (1073 M)
produced more easily compressible films with lower transi-
tion pressures, whereas higher KClI concentrations produced
control-like curves. The positions of surface potential curves
(Fig. S3 B) indicated 50 mV upward shifts per tenfold
increase of salt concentration. This suggests that KCl
behaves almost like an indifferent electrolyte. We explain
the increased ‘‘stiffness” of monolayers at higher KCI
concentrations as a result of competition between K* and
H* binding to PS considered previously (28,50). Increasing
K™ concentration likely liberates protons from the surface
and increases the charge density, which in turn makes the
film stiffer. At pH 9-10, when PS headgroups are completely
ionized, compression isotherms do not change their shape
with ionic strength (not shown).

The benchmark experiments show that neutralization of
the surface charges indeed makes the monolayer softer and
more prone to isothermal phase transition to the liquid
compact state. At 35 mN/m, neutralization of DMPS by
acid (Fig. S1) shrinks the area per headgroup by ~10%
compared to a fully charged monolayer (0.43 nm? at pH >7
vs. 0.39 nm® at pH <4). In all experiments, compression of
the DMPS film was fully reversible at every pressure or area,
i.e., the monolayer was able to expand back.

Introduction of Gd>" in the subphase produced more
dramatic effects on mechanical properties of DMPS mono-
layers than could be caused by simple neutralization of its
charges. Fig. 3 depicts 7-A and V-A diagrams for a control
DMPS monolayer and monolayers in the presence of various
(1-100 uM) concentrations of Gd>". For comparison, exper-
iments on zwitterionic DMPC in the presence of Gd*" are
presented on the same graphs. In all experiments, Gd*"
made DMPS monolayers extremely rigid, as was concluded
from two qualitative observations: the movement of the com-
pressing barrier caused a simultaneous movement of the Wil-
helmy plate, and no relaxation of the Wilhelmy plate position
was observed on turning it about the connecting wire until
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FIGURE 3 Effects of Gd*>" on the compressibility (A) and surface poten-
tial (B) of monolayers made of DMPS and DMPC. In B, surface potential
traces are shown only for control and 107> M Gd**, the latter essentially
coincided with curves for 107 and 10~* Gd>". In all measurements the
subphase electrolyte contained 10 mM KCIl, 1 mM 2-(N-morpholino)ethane-
sulfonic acid buffer, pH 7.0. Coding of the traces is given in B. The inset in A
represents the effect of 10 uM Ca®" on the DMPS monolayer in the same
background electrolyte.

the monolayer was expanded back above the area corre-
sponding to zero surface pressure. The rigidified monolayers
thus appeared not liquid any more, but rather solid, as they
obviously acquired a nonzero shear modulus. At 1 uM
Gd** in the subphase, the 7-A diagram shifts to the left, at-
taining the minimum possible area per molecule of 0.4 nm?>
at lateral pressures as low as 10 mN/m. Comparing with the
control curve, one may see a 44% and 6% compaction at 10
and 35 mN/m, respectively. The pressure in that region of
the m-A diagram dropped practically to zero. The area com-
pressibility modulus (C[l) determined from the slope of
isotherms near 35 mN/m increases from ~150 in control to
~400 mN/m in the presence of 1 uM Gd>". No strong rigid-
ification of monolayers was observed with 10 uM Ca®"
(Fig. 3, inset), whose presence exerted an effect similar to
partial neutralization at pH 4 (Fig. S1). Compared to that,
the effect of Gd> was considerably stronger. In the presence
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of 107> Gd**, monolayers of dimirystoyl phosphatidylgly-
cerol exhibited a compaction similar to that of DMPS (data
not shown).

The highest degree of compaction achieved with 1 uM
Gd** but not with higher concentrations (10 and 100 uM)
seemed unexpected. Our observations suggested that lower
apparent compressibility of the monolayer at higher Gd**
can be explained by collisions between rigid domains or
clusters at the surface. Acting as a cross-linking agent
Gd*" apparently causes clustering of lipids. At Gd*"concen-
trations >1 uM, exchange of lipids between clusters may be
slower than the timescale of compression experiments, and
thus domains may collide like ice-floes, unable to compact
completely. At [Gd3+] <1 uM, on the other hand, we faced
the problem of kinetic limitations, apparently due to slow
diffusion of the cation to the surface. On fast compression
of a DMPS monolayer to 0.5 nm*/molecule in the presence
of 0.3 uM GdCl;, the pressure reached its peak and then
relaxed to a lower level in the course of 2-3 min, thus
complicating the measurements.

On adding Gd**, surface potentials of DMPS monolayers
positively shift by ~150 mV relative to the respective poten-
tial in the Gd*"-free background electrolyte (Fig. 3 B). This
vertical shift of the entire isotherm is consistent with the
mostly neutralized surface charges, and it is comparable to
previous electrophoretic measurements of EDL reduction
with Gd>* (114 mV for bovine PS liposomes (28)). On the
other hand, compression of the film causes the surface poten-
tial to increase monotonously with a slope much higher than
predicted for the EDL based on the increasing charge
density. Because 10> M Gd*" is near the zero-charge point
for PS (28), the charge density should not change visibly
with compaction. The strong rise of surface potential with
monolayer compression depicted in Fig. 3 B was ascribed
to the increased density of individual dipoles at the surface
(51). This explanation would be straightforward when ion
adsorption does not change dipole moments of lipids. As
will be shown below, the dipoles of individual PS molecules
are affected by Gd®>" only modestly.

From Fig. 3 it becomes obvious that charge neutralization
and compaction can evoke a large change of total boundary
potential at the membrane interface involving both the diffuse
and dipole components. Let us consider a pure PS bilayer
where molecules occupy ~0.6 nm”. Based on the slope of
V-A isotherms (Fig. 3 B), a Gd**-induced change of area
per headgroup from 0.6 to 0.4 nm? should increase the dipole
component by ~200 mV. When summed up with an ~150 mV
change in the EDL component due to neutralization, the entire
change can easily exceed 300 mV. This explains perfectly
the changes observed previously (250-320 mV) in the total
boundary potential measured in planar lipid bilayers with
the inner field compensation technique in the presence of
Gd*", whereas the changes of the diffuse EDL component
measured electrophoretically under similar ionic conditions
were considerably smaller (100—120 mV) (28).
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Analysis of dipole moments from the area
dependency of Volta potential

The above surface potential measurements indicated that
the compression of the monolayer from 0.7 to 0.5 nm?/mol
in the absence or in the presence of Gd>" induces a change
of the surface potential by ~120 mV. The denser packing
of surface dipoles in both instances well accounts for the
boundary potential changes, in accordance with the Helm-
holz equation. As described by Brockman (52), surface
potentials for monolayers in the expanded state generally
obey equation

V=V, + 12mu, A",

where V, (mV) is the area-independent contribution,
u (mD) is the dipole moment of a molecule and A (A2) is
the occupied area per molecule. The slopes of V-A~'
isotherms show that DMPS and DMPC in the expanded state
are characterized by similar dipole moments (u ; = 0.55 and
0.57 D, respectively). For both lipid species, u ; increased
by ~18% in the presence of 107> M Gd*" (Fig. 4). The
surface charge of DMPC at this concentration of Gd*"
remains close to zero (28), and we should not expect any
variation of charge density. Keeping in mind that the large
dipole moments of the headgroup are typically oriented
parallel to the membrane plane (53), we conclude that
Gd*" binding may lead to only a small reorientation of the
headgroups. Part of the dipole moment change can also be
ascribed to reorientation of the glycerol backbone, aliphatic
tails, as well as solvation water (54,55). It is surprising that
the individual dipole moment of DMPS, which is a strong
ion binder, is the same as for DMPC, a notably weak binder
of Gd*+. However, this conclusion was based on the linear
region only (Fig. 4). Apart from that region, the dipole
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FIGURE 4 Variation of the surface potential with the density of mole-
cules in the DMPS and DMPC monolayers as measured in pure buffers or
in the presence of 107> M Gd>*. Linear stretches of the curves reflect
gradual density increase of particles characterized by a constant dipole
moment in accordance with equation V=V, + 127 u LATL Fitting of these
slopes yielded u, values for DMPC, 0.46 D; DMPC + Gd3+, 0.53 D;
DMPS, 0.55 D, and DMPS + Gd*™, 0.65 D.
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potential changes in a nonlinear fashion that may reflect
stronger dipole reorientation.

Isothermal titration calorimetry experiments

Unilamellar DMPS liposomes extruded in 10 mM KCl back-
ground electrolyte were equilibrated in the calorimeter cell
at either 25°C or 45°C. Fig. 5 shows the thermograms and
the graphs of integrated heat responses obtained at each
temperature. The two series illustrate that the enthalpy of
the reaction has different signs and vastly different ampli-
tudes. Interaction of Gd*>" with gel-like ““cold” DMPS is
accompanied with moderate heat consumption (AH > 0),
suggesting that the binding under such conditions is entropi-
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FIGURE 5 Isothermal titration of extruded DMPS liposomes with Gd**.
Two aliquots of the same suspension were equilibrated below T;,, (25°C, gel
state), and above T,, (45°C, liquid state). In both cases the syringe was
loaded with 1 mM GdCl; and the responses were measured with 5 uL injec-
tions (except first two, which were 2 and 3 uL). (A) Original thermograms of
(upper trace) gel and (lower trace) liquid liposomes. Note that Gd>* binding
to solid DMPS is an exothermic reaction, whereas binding to liquid
membranes causes massive heat release (~7 times heat consumption in the
former case). However, at the end the heat effect changes its sign to positive.
Saturation in both cases occurs at ~60 uM Gd** in the chamber. (B) Inte-
grated heat responses fitted with a single-site model (gel), and a two-site
model (liquid).
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cally driven. Fitting showed that AS is positive suggesting
that Gd®>" binding in this case is likely accompanied by
a liberation of water, solvating the charged headgroups and
ions themselves, as well as by liberation of competing K™
ions. In contrast, Gd** binding to “liquid”* DMPS liposomes
releases large heat initially, but then after a gradual saturation
of the surface, the reaction changes to slightly endothermic
before the thermal effect vanishes (Fig. 5 B, open circles).
This character resembles the effect of the myelin basic
protein binding to PS liposomes reported previously (56).
The initial exothermic phase shows the heat effect that is
considerably larger than typical values observed for high-
affinity ion binding to macromolecules (57) and is accompa-
nied by a large entropy decrease (AS = —580 cal/molK).
Assuming that one Gd*" binds to three PS moieties, the
overall heat of ~20-25 kcal/mol of injectant gives ~6.7—
8.3 kcal/mol of lipid, which corresponds well to the 7.5
kcal/mol enthalpy of gel-to-liquid phase transition for
DMPS (45). This immediately suggests that addition of
Gd*" into DMPS suspension causes a massive lyotropic
phase transition. Based on the previous data obtained with
other ions (58), the Gd>"-induced shift in transition temper-
ature likely exceeds 100° and may not be measurable with
conventional low-pressure DSC equipment. The ITC curves
show that the released heat starts declining at the absolute
Gd>" concentration in the chamber ~0.04 mM and vanishes
at 0.06 mM. The previous electrophoresis experiments on PS
liposomes and intramembrane field compensation measure-
ments in planar bilayers (28) indicated that 0.05 mM Gd>"
corresponds to the zero-charge point, after which the binding
is impeded due to a surface charge reversal to positive. The
correspondence between the saturating concentrations of
Gd** revealed by ITC and the previous electrophoretic titra-
tion (28) indicates that the assumption of 1:3 stoichiometry
satisfying surface electroneutrality is reasonable. This addi-
tionally supports the conclusion that the magnitude of the
thermal effect when counted per mole of lipid is very close
to that of phase transition for DMPS.

Fitting of the cold isotherm with a single binding site
model produced K, = 1.16 x 10° M™'. Then, having this
value fixed for one binding site, a two-site model was applied
to the ““melted”’ liposomes, which revealed the second type
of binding sites with a slightly lower Ky, (~7.6 x 10° M1,
This would be consistent with the idea that if ion binding
compacts the lipids around the binding sites, initially binding
may occur with a lower affinity. Then, when the optimal
distance between the headgroups is achieved, the affinity
increases. The lipid compacting reaction, which created the
high-affinity sites, may involve a certain degree of coopera-
tivity (i.e., very low concentrations of Gd** may not be able
to induce phase transition) because the formation of high-
affinity binding sites may depend on the state of neighboring
lipids. The fitting procedure also suggested that the number
of available binding sites is about an order of magnitude
less than lipid molecules present in the cell. The reasons
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include: 1), at least three PS headgroups constitute a binding
site; ii), the molecules forming the inner leaflet of liposomes
may not be accessible; and iii), there might be a fraction of
binding sites occupied by other cations.

Estimation of lipid lateral pressure acting
on the protein inclusion

We showed previously that the opening transition of MscL is
associated with a lateral (in-plane) protein expansion of
~20 nm? (59), that makes the activation curve very steep,
such that the equilibrium Po/Pc ratio changes 120 fold per
every mN/m. MscL has also been shown to be very sensitive
to the pressure profile in the surrounding bilayer as it can be
activated by asymmetrically incorporated lysolipids (11) pre-
dicted to decrease local pressure in the hydrocarbon. It appears
that Gd>" does the opposite. We argue that the Gd*"-induced
lipid compaction can either redistribute pressure inside the
bilayer to the hydrocarbon, or formation of solid domains
can negate a large fraction of tension reaching the channel.

In a liquid bilayer uniformly compacted by Gd*", we
expect primarily a redistribution of pressure to the hydro-
carbon, with the total tension remaining the same. As shown
in Fig. 2, porcine brain PS undergoes an 11% area compac-
tion largely remaining in the liquid state. Extrapolation of the
control curve to the left, from 57.3 AZ? observed at 35 mN/m
t0 50.6 AZ, predicts a pressure increase to ~45 mN/m, i.e., by
10 mN/m. Because this is the magnitude of the spontaneous
compaction with 10 um Gd*>" acting at the headgroups, the
pressure in the hydrocarbon (not directly affected by Gd>™)
should increase by ~10 mN/m. For a bilayer, this should
double to 20 mN/m and when divided by the thickness of
the hydrocarbon (~3 nm), the extra pressure is estimated as
67 atm. This pressure, redistributed from the compacted
headgroups to the hydrocarbon (4), would be pressing on
the gate of the channel located in the core of the membrane.
However, if the Gd> "-compacted domain around the channel
is small and well segregated from the surrounding lipids,
then the line tension at the domain boundary would increase
lateral pressure inside. With the domain radius of 3 nm and
line tension (o) of 5 pN, the lateral pressure inside the
domain would be 1.5 mN/m higher, according to two-dimen-
sional Laplace equation (¢ = Ay/r).

If the Gd*"-affected domain becomes solid, then the
physics changes. A protein completely surrounded by
a shrinking solid PS domain would experience a constricting
pressure as illustrated in Fig. S4. An exact analytical solution
for the pressure p acting on a cylindrical protein of radius r
inserted in the center of a discoid lipid domain undergoing
condensation is given by the following equation:

Ea(l —r*/R?)
1+ 0)[l + r2/R*(1 —20)]’

= 1)
P

where r and R are the radii of the inclusion and the lipid
domain, respectively, £ and ¢ are the isothermal area
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compressibility coefficient and Poisson’s ratio for the lipid
domain in its condensed state, and o« = A1/1 is the relative
linear contraction on ion binding (see derivation in the Sup-
porting Material). Because the strain in the lipid will quickly
decrease with the distance from the inclusion wall, p will
weakly depend on R, if the lipid domain is large, but in the
small domain where /R ~ 1, p may critically depend on
the number of lipid molecules in it. Assuming that the
domain is sufficiently large (//R < < 1), and given typical
numbers for lipids £ = 800 mN/m measured for DMPC in
the condensed gel state (60), ¢ = 0.1, and o = 0.1 (area
shrinkage by 19%), the pressure compressing the protein
from all sides in x-y plane estimates as ~80 dyn/cm, which
is one order of magnitude higher than tension activating
MscL (10-12 dyn/cm). If the area compressibility modulus
is lower (~200 mN/m) as for SOPC (53), we still obtain pres-
sures in the order of 10 mM/m, which is sufficient to keep
MscL closed at any attainable tension.

When the shrinking domain does not encircle the channel
completely, the blocking effect may not be observed, and
thus concentration of the ion-binding lipid species in the
vicinity of a channel matters. The model used in this study
does not specify the chemical nature of lipid-ligand interac-
tions, and any type of binding that changes the equilibrium
distance between molecules is expected to exert some effect
on the channel gating.

All the scenarios of MscL blocking discussed above would
be possible when PS was clustered around the protein. This
requirement corroborates with the reports that the protein tends
to coordinate negatively charged lipids in its annular layer
(61,62). This poses the question of whether Gd* " could induce
phase separation and recruit more PS in a domain surrounding
the protein. It would require a further study to determine
whether Gd* " creates PS clusters and whether MscL or other
membrane proteins may nucleate formation of PS clusters
around them and thus become sensitized to Gd* .

CONCLUSIONS

We have shown that blocking of liposome-reconstituted MscL
by Gd* " requires the presence of PS in the bilayer, and the data
obtained from liposomes and monolayers indicated that PS
molecules can form high-affinity binding sites for Gd*" and
likely other lanthanides. Gd®>" binging changes physical prop-
erties of the bilayer leaving the possibility that lanthanides can
act locally on isolated PS domains altering functional proper-
ties of the resident transmembrane proteins. What needs to be
clarified is whether PS is unique in this capacity to provide
a ““receptive field”’ for such ions, or other anionic lipids may do
the same. Our unpublished data (Y. Ermakov and V. Shapova-
lov, unpublished) suggest that phosphatidylglycerol may act
in a similar way. Also, the potency of other di- and trivalent
ions as blockers should be studied in a similar context.
Monolayer experiments illustrate a strong Gd*"-induced
lateral condensation of phophatidylserines. The 11%
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compaction of brain PS (Fig. 2) was not associated with
isothermal phase transition, whereas DMPS films were spon-
taneously condensed to the limiting 40 A per lipid corre-
sponding to the gel state (Fig. 3). In the previous studies of
La®" binding, it has been shown that both carboxyl and
phosphate groups of phosphatidylserine participate in the
ion coordination (38). Assuming that one PS molecule can
potentially coordinate two different ions with its separate
phosphate and carboxyl groups and each ion should be coor-
dinated by at least three PS groups, this may explain the
cross-linking potency of Gd>" toward lamellar assemblies
of PS in both membranes and monolayers.

The benchmark experiments (Fig. S1, Fig. S2, and
Fig. S3) emphasized a drastic difference between DMPS
and DMPC and showed that simple neutralization of PS
headgroups makes the film more compressible, but does
not cause compaction as strong as Gd>". Not delocalized
electrostatics but rather tight ion coordination causes
Gd**-induced film condensation and cross-linking. Metal
binding, therefore, can be effectively converted by charged
phospholipids into mechanical contraction and dipole polar-
ization of the surface.

It has been known that water at the membrane interface
contributes to the packing of lipids and magnitude of interfa-
cial dipole potential (54). ITC experiments showed that
Gd** binding to gel-like PS can be driven by entropy,
most likely through liberation of water hydrating the head-
groups and ions. At the same time, the Volta-potential mea-
surements show that adsorption of Gd*" produces only
a modest effect (~18%) on dipole moments of individual
headgroups, whereas the large overall dipole effect is mainly
due to the density change. The good correspondence with the
previous data obtained on natural brain PS (28) strongly
suggests that the observed Gd®'- induced dipole effects
are headgroup-specific and are qualitatively similar in lipids
with a different degree of acyl chain unsaturation. Compac-
tion, which may be smaller in nonsaturated lipids, occurs
without a cooperative phase transition observed in DMPS.

Saturation of the negative heat effect in ITC experiment
occurred at Gd** concentrations near the isoelectric point
for the surface, which was estimated previously as ~50 uM
(28). This correspondence between thermochemical and
electrostatic approaches supports the binding stoichiometry
of 1 Gd>" per the PS headgroups. The response of liquid
DMPS to Gd** is especially sharp because the solidifying
phase transition in this lipid is highly cooperative. The large
negative heat effect seems to result from ion binding at the
surface that condenses the hydrocarbon inside the bilayer.
This prompts quantitative measurements of the mechanical
and thermal behavior of individual nonsaturated PS species
that exhibit less cooperative phase transitions at lower
temperatures.

The observed compaction of PS by G seems to be the
most probable mechanism of its blocking effect on mechano-
sensitive channels. By pulling the headgroups together,
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Gd** is expected to generate extra pressure in the hydro-
carbon core that would stabilize the narrow closed state of
the channel. The coordination of multiple headgroup at
a shorter distance by this ion is equivalent to imposing
a strong negative spontaneous curvature to the lipids (63).
The question is whether the increased lateral pressure is
the only way Gd’" affects the channels. As was suggested
by one of the reviewers, Gd®>" may bias the open-closed
equilibrium by changing the line tension at the protein-lipid
boundary in one of the states (open or closed). This implies
that PS headgroups present at the boundary should favorably
interact with the open conformation, whereas Gd** may
change the energy of the state by intercepting some ionic
interactions or hydrogen bonds. This interesting perspective
would require introduction of line tension into the equation
for channel energy (59) and a systematic study of head-
group-dependency of MscL activation (12,62), which are
beyond the scope of his study.

SUPPORTING MATERIAL
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