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Screening, Overcharging, Macrioion Condensation, 
Lipid Demixing,  Domain Formation 

DNA, Proteins, Polyelectrolytes 



Bio-Membranes are Soft, 2D, Fluid Mixtures 

Lipid membranes can respond to interactions with integral 
and/or peripheral macromolecules by changing: 

Composition, Curvature, Morphology – Locally or Globally 



Lipoplexes = Cationic Lipid-DNA Complexes  
Driving Force: Counterion Release  = Gain of Counterion Translational Entropy 
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Counterion release;  Conductivity measurements 

Maximal 
counterion release 
at the isoelectric 

point (ρ=1) 

Experiments: Raedler et al.  
Theory  DNA (-) charge 

Lipid (+) charge = ρ 



Solve using Poisson-Boltzmann theory 

The unit cell ψ 

Boundary conditions: 

On boundaries I, IV: 

On boundary II: 

On boundary III: 

 - The (reduced) electrostatic potential 



The Free Energy: 

Electrostatic energy 

Mixing entropy of counterions 

( ) 

Entropy of lipid demixing 

Bending (“Helfrich”)  free energy 



2. A boundary condition for boundary V: 

1. The Poisson-Boltzmann Equation: 
lD - the Debye 

length 

+ + 0 

Minimization of F wrt to n+, n-, η ,  subject to charge conservation: 



Complex Free energy: 
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Phase Evolution of Lamellar Complex 



Isoelectric point 

DNA-DNA 
distance 

Experiment 
Theory 



Addition comparisons with experiment (Safinya’s group) 
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d > d* 

d = d* 

d < d* 

“Negative”  

Overcharging,  

ρ <1 

“Isoelectricity”,  

ρ =1 

“Positive”  

Overcharging,  

ρ >1 

Box Model  
(May, Harries, ABS, BJ  1998) 
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d > d* 

Bilayer-Complex coexistence, ρ>1  
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Equality of lipid chemical potentials 



Spontaneous Curvature 

Bilayer Inverted Hexagonal 

 The spontaneous curvature c0 ~ 0   c0 < 0 

Lipid Layers are Soft 
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        Lipid, DNA and Lipoplex Phases 



Structure & phase transitions of Lipoplexes 
Governed by Electrostatic, Elastic lipid properties 

Safinya et al., (Science 97,98) 
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Membrane-Protein Interaction 



use Cell Model for Protein  
Adsorption    

Solve Poisson-Boltzmann Equation 



Allow for  

LIPID MOBILITY 

R 



Free Energies and Composition Profiles  
 (isolated protein) 

Immobile    
Lipids  

Mobile Lipids 



Free Energies and Composition Profiles  
 (isolated protein) 

Immobile    
Lipids  

Mobile Lipids 



Immobile Lipids, Non-
interacting Proteins 

Mobile Lipids,  
Interacting Proteins 
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or 

(phase separation) 

2D Protein-Lipid Condensation:   

Role of Lipid Nonideal Mixing 



or 

(phase separation) 



or 

(phase separation) 

2D Protein-Lipid Condensation:   

Role of Lipid Nonideal Mixing 
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Cell Model: Electrostatic Free Energy Per Cell 
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S. May, D. Harries and ABS. PRL (2002)       E. Mbamala, ABS and S. May, BJ (2005) 

Two state approximation:  
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* Protein lateral interactions determine saturation 
   coverage (Debye length) 

* Phase separation  

* Lipid mobility allows compositional  
     modulations Enhanced adsorption energy 

Nonideal lipid mixing 

* Critical lipid nonideality (possibly) smaller    than for      
    bare Membrane 

* Overcharging/Charge Inversion Depend on Protein Shape   



Flexible Macromolecules (Macroions)  
Interacting with Mixed  Fluid Surfaces 
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Tzlil@ABS BJ(in press) 

Rigid Macrolecule & Frozen Membrane:      
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“electrostatic switch” 

MARCKS 
(Myristoylated Alanine-Rich C Kinase Substrate) 

Electrostatic interaction 

Hydrophobic interaction 
(Myristoyl chain+phenyl alanine groups) 



Gag 
Polyprotein 

RNA 

Membrane 
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 NC + + + 

+ + + + 

Viral 

Membrane 

Cell 
Membrane 





PS PC PIP2 

Hexagonal lattice of interacting disks 

- 

Freely jointed chain of beads. 

Lennard-Jones repulsion 
(excluded-volume) 

Debye-Hückel interactions between charged particles 

+ Polymer segment - - - - 

Model 



“Physiological Conditions” 

Simulation Conditions 

Debye Length (   ) = 10 Ǻ 

Area per head group = 64Ǻ2 

 

Beujrum Length (   ) = 7.14Ǻ 
 

[PS] = 0.01, 0.1 [PIP2] = 0. 01 

(T = 300 K) 

All energies are in kT. 

All distances in polymer segment diameter 

Lattice constant = 8.66Ǻ=polymer segment diameter 
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Fluid membrane: 

Uniform membrane: 

Frozen membrane: 

 Three types of membranes 



“Potential of Mean Force” 

  Fluid membrane:                              adsorption 

Frozen membrane:                           weak adsorption 

Uniform membrane:                         depletion 

0F∆ <

0F∆ ≅

0F∆ >

1% PIP2, 10% PS 



Distribution of Adsorption Energies on Frozen Membrane 

Some quenched membranes are repulsive 
Others are strongly attractive  

(More than the mobile membrane!  
No loss of lipid entropy…) 

 

1% PIP2, 1% PS 
  1% PIP2, 10% PS 
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PIP2 (Z=-4) localize near polymer 
PS (Z=-1) distribution not affected. 

Lateral distribution of 
polymer segments. 

Polymer 
2D Distribution Of: 

Lipid 
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Lipid Distribution 

Rod 

PIP2 lipids concentrate “under” the macromolecule  
(isoelectricity) 

Polyelectrolyte 
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Partition function of a single polymer on a fluid membrane = Average 
Partition function of polymers on quenched membranes.  
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Properly weighted, simulation runs for a single polymer on 
a (Boltzmann distributed) ensemble of frozen membranes 

reproduce the result for a fluid membrane 
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Low polymer concentration 

Fluid membrane 

Frozen membrane 



Low concentration 

Fluid membrane 

Frozen membrane 



Low concentration 

Fluid membrane 

Frozen membrane 



Low concentration 

Fluid membrane 

Frozen membrane 



Higher concentration 

Fluid membrane 

Frozen membrane 



High concentration 

Fluid membrane 

Frozen membrane 



High concentration 

Fluid membrane 

Frozen membrane 



High concentration 

Fluid membrane 

Frozen membrane 



High concentration 

Fluid membrane 

Frozen membrane 



High concentration 

Fluid membrane 

Frozen membrane 



Surface Concentration Effects -- Cell Model 
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Lattice Cell Model 
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A rigid body (e.g., a rod), 
cannot adjust its 

conformations ; on 
average –  the frozen 
membrane binds like a 

uniformly charged 
surface.  

Fluid 

Uniform 
Frozen 

1% PIP2, 1% PS 

A flexible macromolecule adjusts 
its conformation(s)  according to 
the local configuraion of the 
quenched membrane.  
Not so for a uniform surface. 
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Fluid membrane: 

Uniform membrane: 

Frozen membrane: 



Simulation Method 

Polymer segment, z= +1 PIP2  lipid, z= -4 PS lipid, z= -1 

Extended Rosenbluth Scheme 
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Fluid membrane: 

Uniform membrane: 

Frozen membrane: 



Free Energy Calculation 

Fluid membrane: 

Frozen membrane: ln p

p
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“Potential of Mean Force” 

  Fluid membrane:                              adsorption 
Frozen membrane:                           weak adsorption 

Uniform membrane:                         depletion 

0F∆ <

0F∆ ≅

0F∆ >



Summary 
Lipid mobility, polymer flexibility play a crucial role in 
Membrane-Macromolecule interaction.  
Relevant in signal transduction, viral assembly. 

Future Planes 

MARCKS Viral Budding 



Below are additional slides –  
some explaining the basics of lateral phase separation,  



           Phase Separation of Protein-Dressed Membrane 
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The slides below outline the free energy  
of macroion-membrane interaction 





For Ideal Planar Lipid Mixture: 





Ordinary binary 
mixture 

One charged 
component 

(low salt) 

Spinodal 
curves for 

binary 
mixture 

 



Unstructured sequences Basic surface patches 
Specific interactions 

Electrostatic and hydrophobic interactions in membrane adsorption 

Diana Murray, (Barry Honig, Stauart McLaughlin, …) 



Calcium/phospholipid second messenger system 

Hormone or 
ligand 

GPCR: G protein 
coupled receptor 

G protein 

Plasma 
membrane 

Phospholipase C 

Protein Kinase C (PKC): 
C1 domain interacts with DAG 
Calcium-bound C2 domain recruits 
protein to the plasma membrane; 
Ser/Thr kinase that phosphorylates 
serines with the basic effector  
domain of MARCKS leading to the  
“myristoyl/electrostatic switch”. 

MARCKS: Myristoylated 
alanine-rich C kinase substrate 

Cytosolic  
phospholipase A2 

Diana Murray 
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