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Abstract
When charged macromolecular species adsorb on oppositely charged lipid membranes, lipid molecules are
attracted or repelled under the influence of the external field created by the approaching reactants. The steady
state is characterized by a polarization of the membrane that can be described by the long-time limit of a
dynamic mean-field model we have developed. The model accounts for mobile salt ions and charge on
membrane and macromolecules as well as for lateral reorganization and demixing of lipids when electrically
charged macromolecules are adsorbed. In this model, lipid dynamics is governed by the diffusion equation,
while the local electro-chemical potential is determined by non-linear Poisson-Boltzmann (PB) theory1, with
analogy to the Nernst-Planck-PB equation. Thus, our method allows solving for the 3D problem at equilibrium,
while also giving information on the dynamic evolution of lateral re-organization of lipids in the adsorption
process. We describe the validation of the model and its application to two biological systems: (i) a basic
polypeptide (poly-Lysine) adsorbing onto a net negatively charged lipid membrane, and (ii) the process of
adsorption of the Amphypisin BAR domain onto an anionic lipid bilayer. In both cases the model lipid
membranes were composed of binary mixtures of neutral (PC) and mono-valent (PS) lipids, or ternary mixtures
of PC, PS and poly-valent PIP2 lipids. We find that the method converges to steady states in which PIP2 lipids
are more efficiently sequestered by the absorbing macromolecule than PS lipids. Notably, the dynamic nature of
the model was shown to represent successfully both the energetics and the time-scales of lipid rearrangement,
which ultimately determines whether or not a charged macromolecule adsorbs onto a membrane and is able to
sequester lipids to its vicinity.
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Plot of the normalized fraction of PS and PIP2 lipids as
a function of the radial distance from the center of the
patch (left). Time sequence shows that, after 400 ns, in
the vicinity of the macro-ion, the fraction of PIP2 lipids
has increased about 10-fold, whereas PS concentration
increased only by approximately 1.7-fold.
Radial plot of PS and PIP2 lipid electrochemical
potentials at different time steps (right). Near flat
profiles at 400 ns indicate that the system is close to the
equilibrium state.

0

4.5

3.6

2.7

1.8

0.9

Plot of the normalized fraction of PIP2 in 74:25:1 PC/PS/PIP2 (left), PS in 74:25:1 PC/PS/PIP2 (middle), and PS in
71:29 PC/PS (right). All snapshots are taken after 0.5 μs of simulations.
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Adsorption of a macro-ion on 84:15:1 PC/PS/PIP2 membrane
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Moving Macro-Ion: Dynamic Monte Carlo (DMC) Method
D'=10
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Plot of the fraction of PS lipids as a
function of the radial distance from the
center of the patch (right). The graph
shows time-evolution profile. After 1 μs
of simulations, local distribution of PS
lipids matches well with that found in
the steady state2.

Building a model
Lipid Membrane in solution

Adsorption of a LYSINE-13 on
PC/PS and PC/PS/PIP2 membranes

Plot of the adsorption free energy as a
function
of
macro-ion/membrane
separation (left). Data from the model
agrees well with the equilibrium free
energies2.

2

0

0.4

0.8

1.2

1.6

2.0

Plot of the normalized fraction of PIP2 when BAR WILD TYPE (upper left) and BAR MUTANT (upper right) adsorbs
onto a 74:25:1 PC/PS/PIP2 membrane, all snapshots are taken after 80 ns.
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• We have developed a dynamic mean field model to study the process of adsorption of charged macromolecule onto an
oppositely charged lipid membrane.
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• The model allows to solve 3D electrostatic problem within the non-linear Poisson-Boltzmann theory, and at the same time
gives the information about dynamic evolution of lateral re-organization of lipids in the adsorption process.
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Adsorption of a spherical macro-ion on 80:20 PC/PS membrane
Plot of the charge density σ(r) on the membrane surface at
the initial state (left) and after 1 μs of simulations (right).
Macro-ion was placed 3Å away from the flat membrane
surface and in the center of the patch. Red shades indicate
“bulk” regions, where PS and PC lipid mixture is ideal, i.e.
where on average 80:20 PC/PS ratio is maintained. In all
other areas, distribution of lipids is not an ideal. In the
regions with the lighter shades, more PS lipids are found
compared to the “bulk”. In the regions with the darker
colors there is deficiency of PS lipids.

• The model allows to treat multi-component lipid mixtures.
On the left, plot of the surface charge densities and the entire macro-ion trajectories for D'=Dion/Dlipid values of 10
(upper panels) and 2 (lower panels). Results for the binary system are shown in the left panels, for the ternary system –
in the right panels. In DMC, at every dynamic step, macro-ion undergoes a random displacement in lateral direction,
with the size of the move along the given axis determined by its diffusion constant. On the right, plot of the mean
square displacement (MSD) versus time (in the units of Monte Carlo simulation steps) for D'=10 (upper panel) and for
D'=2 (lower panel) both for binary and ternary systems. For a given time lag Δt, MSD was calculated by averaging all
pairs of points Δt time steps apart3.
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• We have applied the model to the problem of adsorption of positively charged spherical macro-ion (which could mimic
charged architectural globular protein) onto PS/PC and PS/PIP2/PC lipid membranes; we have also studied two biological
systems – Poly-Lysine (Lys13)/membrane and Amphiphysin BAR domain/membrane complexes .
• We find that basic proteins and polypeptides sequester PIP 2 lipids more efficiently than PS lipids.
• We conclude that PIP2 lipids affect diffusion rates of the adsorbing macromolecules more than PS lipids do.
• We find that Lys161Glu Mutation on Amphiphysin BAR domain alters both the steady state lipid distribution on the flat
membrane surface and equilibrium binding energies.
• Preliminary data suggests a crucial role of lipid re-arrangement upon the BAR domain binding.
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