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S1 Standardization of the membrane binding free energies 
 

The standard membrane binding free energy can be defined based on a number of different 

equilibrium constants. One  is based on the peptide molarities in the lipid [PL]   and aqueous phase [Pw]  

[1]: 
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 where [PL]  is defined as moles of peptide per volume of the lipid phase for membrane-inserting 

peptides or per volume of the interfacial region for interfacially adsorbed peptides. An alternative 

definition of the standard free energy is based on the mole fraction partition coefficient Kx :  
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in which nb, nf, nL and nw are the moles of bound peptide, free peptide, lipid and water molecules, 

respectively . Because under most experimental conditions, nb << nL and nf << nw,  Kx can be 

approximated as: 
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 ΔGx
0
 can be converted to ΔGc

0
 as follows[1]: 
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where VL and Vw are the total volume of the lipid and water,  vw and vL are the molar volumes of water 

(0.018 M
-1

) and lipid (0.76 M
-1

 , based on DOPC volume [2]) respectively.  At room temperature ( 298 K), 

used here and in most experiments, the term RTln(vL/vw) is equal to 2.2 kcal/mol.   

Kx can be obtained by measuring the fraction of peptide bound to the membrane fb  (fb= nb/( nb+ nf))  

at different lipid concentrations [L]: 
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where [W] is the water concentration, close to 55.3 M at room temperature.   

Another definition of the binding free energy is based on the association or dissociation constant (Ka 

or Kd) of peptide to membrane. So: 
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 where [Pf] and [PL] are the concentration of free peptides and peptide/lipid complexes over the entire 

volume of the system. The definition of [L] is a little ambiguous: because of the collective behavior of the 

lipids, the membrane should be treated as an ensemble of lipids[3]. Here, we assume the binding sites are 

lipid ensembles composed of n lipid molecules on average. [L] is thus defined as the concentration of 

binding sites [Ln]. Because the lipid concentration is normally low, Vsystem ≈ Vw, thus [Pf] is close to [Pw]. 

So:  
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where v
’
L  is the molar volume of the lipid binding site. Kd    can be measured from binding kinetics or 

by fitting the titration curve to a binding model (see below). In most papers reporting Kd, v’L is treated as 

vL. Because a lipid binding site can contain up to 10-20 lipids [4-6], neglecting this can result in an energy 

difference of 1.36 to 1.77 kcal/mol.   



Kd can be obtained from binding kinetics[7] or by one-site model [8].  In the latter, lipid membrane is 

assumed to be a single site receptor that can be saturated with enough peptides and the concentration-

independent dissociation constant  Kd can be calculated from fitting the following equation: 
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Rb  is the molar ratio of bound peptide in the lipid (Rb =nb/nL). Rmax is the maximum capacity of the 

binding site (Rmax= 1/n).  Equation 10 can be transformed into: 
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if the fraction of bound peptide fb (fb=nb/(nf+nb)) is measured. In this equation, [P] and [L] is the total 

concentration of peptide and lipid respectively.  

 

In this paper we adopt ΔGc because of two main advantages over ΔGx  and ΔGa. First, molarities arise 

naturally in statistical thermodynamic treatments (see below) and second, it is independent of the relative 

molecular size of the lipid and water, as it should intuitively. One disadvantage of ΔGc is that the 

definition of the volume of the lipid phase VL is somewhat arbitrary and differs for membrane-inserting 

and adsorbed peptides. 

Alternative equilibrium constants can be found in the literature, for example[9]:  
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Kapp can be used to calculate ΔGc
0
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One disadvantage of Kapp  is that Kapp  is not constant but changes with peptide concentration[10]. This 

is because the peptide could saturate the membrane and prevent further binding; when peptides get too 

crowded on the membrane, the electrostatic repulsion between charged antimicrobial peptides becomes 

significant. For anionic membranes, the saturation happens easier because the higher affinity of peptide to 

the membrane. To obtain a concentration-independent partition coefficient, many papers maintained the 

peptide to lipid ratio at a very low value so that the peptide-peptide interaction is negligible. This makes 

experimental measurements more difficult. To allow a wider concentration range, some authors removed 

the electrostatic interaction component from the binding free energy [10-12] using the following method. 

 

Because of the electrostatic interaction between the membrane and peptide, the peptide concentration 

in the aqueous solution immediately adjacent to the membrane [Pm]  is: 
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where z is the charge of the peptide,  F0 is the Faraday constant, and  ϕ0 is the electrostatic potential on 

the membrane surface, which can be obtained from the Gouy-Chapman theory: 
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where      is the dielectric constant, Ci,eq is the concentration of each ion species in the solution, zi is 

the charge of each ion species.  σ is the charge density on the membrane surface, defined as a sum of 

charges on anionic lipids and on surface bound peptides (eo is the unit charge, AL and Ap are the area of 

lipid and peptide molecules, XPG is the fraction of anionic lipid): 
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Using [Pm], a partition coefficient K
’
app that is independent of peptide concentration can be obtained: 
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However, the binding energy    
  calculated from K

’
app does not include the electrostatic interaction 

between peptide and anionic lipids, which makes it unsuitable for our purposes. We corrected such 

reported binding free energies by adding back the electrostatic interaction energy between peptide and 

membrane: 

   
     

            

where z is the effective charge of the peptide and φ is the membrane surface potential calculated from 

Gouy-Chapman theory. 

 

The following experimental methods are commonly used to determine the binding energy: 

1. CD titration.  In CD experiments[13,14], the moles of bound peptide nb can be calculated from the 

change in ellipticity because of conformational change upon peptide transfer from water solution to the 

membrane.  By titrating a small amount of peptide solution into the lipid solution or a small amount of 

liposome solution into the peptide solution, the binding isotherm can be established. Or, the fraction of 

bound peptide fb can be obtained and used to calculate Kx or Kd  using equation 5 and 18.   

2. Isothermal titration calorimetry (ITC).  Small amounts of peptide are injected into liposome solutions 

periodically (or reversely, liposomes are titrated into a peptide solution)[11,15]. Heat is generated in the 

binding reaction.  The number of membrane-bound molecules is calculated from the molar binding 

enthalpy and is used to calculate the molar ratio of bound peptide Rb.  The binding free energy can be 

calculated using the same method as CD experiments.  

3. Fluorescence titration. Another method used to obtain the binding isotherm is to measure the 

fluorescence intensity of a tryptophan residue on the peptide or fluorophore labels attached to peptide 

sidechains[16,17].  The molar ratio of bound peptide Rb can be calculated from the fluorescence intensity. 

Rb can be used to further calculate Kd using equation 17.   



4. Fluorescence kinetics.  In this method, the resonance between a tryptophan residue on the peptide and 

a fluorescent probe in the membrane indicates the extent of peptide binding. The rate of peptide 

association (kon[L] ) and dissociation (koff ) to membrane surface can be measured[7]: 

   
   [  ]

 
    

         

One has to note that [L] is used in the literature instead of [Ln] so the reported Kd is actually nKd.  The 

fluorescence intensity can be expressed as: 

       [              ]           

where a0 and a1  are constant and the apparent rate constant kapp is the sum of both directions: 

        [  ]             

kapp can be obtained by fitting the kinetic curves. By changing the lipid concentration, the rate constant 

kon and koff  can be determined. The dissociation constant Kd  can be calculated as: 

   
    

   
       

Kd  can be used to calculate the binding free energy using the relationship shown above. The binding 

free energy calculated from the reported Kd is: 

   
                 

5. Surface plasmon resonance.  Another way to measure binding kinetics is surface plasmon 

resonance[18]. By injecting peptide solution to a membrane surface illuminated by surface plasmon 

polaritons, we can obtain the change in surface response with time during the association process. The 

kinetics of association is assumed to be two steps: 1) fast association with lipid. 2) peptide insertion into 

the membrane to form a tighter complex. 

      
   

 
   

  

   

 
   

          

The rate constants ka1, ka2, kd1, kd2  can be calculated from the following differential equations: 

   

  
    [ ]                                     

   

  
                   

where R1, R2, Rmax are the surface response contributed by peptide lipid complex produced by first step, 

second  and 100% peptide-lipid complex respectively. The dissociation constant of step 1 and step 2 are 

kd1/ka1   and kd2/ka2 respectively. The overall dissociation constant is the product of Kd1 and Kd2 . The 

overall dissociation constant can be used to calculate the binding free energy using equation 8. 

6. Ultrafiltration or Reverse HPLC. The peptide is mixed with lipid for sufficient time to allow full 

binding. Then the solution is centrifuged through a filter[19] or run through HPLC[20] where membrane 

and free peptide solution can be separated. The peptide concentration that remained in solution and bound 

to the membrane thus can be determined. In this method, the partition coefficient Kp is defined as: 
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Thus the binding free energy can be calculated as: 

   
              

  

  
       



7. Tryptophan time-resolved fluorescence. Because the life-time (τ) of tryptophan fluorescent excited by 

a laser pulse is dependent on the surrounding environment, the τ measured in peptide-lipid mixtures has 

the following relationship with the fluorescence life time τw  in water and τL in lipid[21]: 
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where,  

   
         

         
        

Kp  can be obtained by fitting the above equation under different lipid concentration. Based on the 

definition, Kp is actually Kc. Thus the binding free energy can be calculated as: 

   
                

8. EPR.  The resonance intensity can be used to calculate the bound peptide ratio λ=nb/nf .  By titrating 

lipid into peptide solution, the partition coefficient Kc can be calculated from fitting the following 

equation[22]: 
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in the above equation,   
  is the effective molar volume available for peptide and can be defined as: 

  
  

       

    
        

The obtained binding free energy is ΔGc. 

For all of the above experiments, because not all lipids of the vesicle are available for binding, the 

actual peptide/lipid ratio Rb
*
 is higher than the measured value Rb. For SUV, the outer leaflet is about 60% 

of the total lipids, so the Rb
*
 should be Rb/0.6.The binding energy is 0.30 kcal/mol lower if this is not 

considered. This correction may not be valid if the peptide can translocate across the membrane. Unless 

there is strong evidence for translocation, we added 0.30 kcal/mol to the binding free energy values when 

this effect had not already been corrected in the experiments. 

The binding energy can be estimated using several theoretical methods: 

1. Hydrophobicity scale 

An empirical way to calculate the membrane binding free energy is to use a hydrophobic scale. The 

free energy contribution of transferring each amino acid from water to the POPC interface was 

determined by Wimley and White[23].  The transfer free energy of a peptide can thus be calculated as the 

sum of the contributions from all residues.  This method utilizes the peptide sequence and thus neglects 

the effects of secondary and tertiary structure. The calculated values are not always in agreement with the 

measured binding free energy[24]. In this method the reported binding free energy is ΔGx. 

2.  Binding free energy from the potential of mean force 

 Umbrella sampling simulations can produce the binding free energy as a function of a reaction 

coordinate in MD simulations. The binding free energy is calculated by integration of the PMF curves 

[25,26]: 
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where z is the distance of the peptide center of mass from the membrane center and d is a cutoff for z 

that defines the membrane-bound state. A similar method was originallly proposed by Ben-Tal et al.[27]: 
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   is the area per lipid, NA is the Avogadro constant, C is a unit conversion factor. In this equation, the 

K is actually Kx/[W], so the    
                         .   

This method was used to compute  the binding free energy of lactoferricin to POPC[25]  and POPG 

membrane [26], the binding free energy of protegrin to POPE/POPG(3:1) bilayers[28], the binding free 

energy of indolicidin to DMPC and DMPC/DMPG(3:1) bilayers[29], and the binding free energy of 

melittin to POPC bilayers[30] . 

3. Simpler theoretical approaches 

Starting from Eq. 35 one can express the standard free energy as the sum of the average effective 

energy relative to the bulk (<W>) and terms of the form ∫plnp corresponding to translational and 

rotational entropy[31,32].  The entropic terms have been found to be rather small[33] .  This allows a 

faster estimate of the membrane binding free energy by simple implicit solvent simulations without the 

need to compute the potential of mean force.  This approach was followed in a calculation of pH-

dependent membrane binding free energies[34]. 
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