
Chapter 4

Interaction of Amphiphilic Molecules

with Lipid Bilayers: Kinetics of Insertion,

Desorption and Translocation

Hugo A.L. Filipe, Renato M.S. Cardoso, Luı́s M.S. Loura,

and Maria Jo~ao Moreno

Abstract Passive transport across lipid bilayers is a significant, if not dominant,

route for the permeation of biologically active amphiphiles through cell mem-

branes. Often, the quantitative description of the rate of permeation is based on a

single kinetic parameter, the permeability coefficient. However, the nature of the

interactions between amphiphilic molecules and lipid bilayers is complex and

involves different steps (insertion, translocation and desorption), which affect

both the extent of partition and the rate of permeation. Quantitative knowledge of

the rate constants associated with each individual step is required for proper

understanding of the whole process, and certainly useful in prediction of the ability

of new drug compounds to access the interior of their cell targets. This chapter

reviews the formalisms applicable to the kinetics of interaction of small solutes

with lipid bilayers. Several important limiting cases, corresponding to different
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ranges of aqueous solubility and membrane partition, are considered, and selected

examples of applications of fluorescence spectroscopy to quantitative description of

solute/bilayer interaction are presented. We also address the state of the art regard-

ing methods for calculation of rate constants of solute/lipid interaction and perme-

ability coefficients from molecular dynamics simulations. These methods rely on

accurate computation of free energy profiles of solutes across lipid bilayers, and

strategies to this purpose, namely employing enhanced sampling of improbable

states with the so-called umbrella sampling method, are discussed.

The interaction of small molecules with biological membranes is of fundamental

importance in organelle, cell and whole organism homeostasis. Most biologically

active small molecules such as metabolites and pharmaceuticals are amphiphilic

and as a consequence they interact to some extent with hydrophobic assemblies

such as lipid bilayers. This is actually a requirement for their efficient distribution

between the distinct aqueous compartments in the living being, all delimited by

biomembranes. Most biologically active amphiphiles are not recognized by trans-

porters in the biological membrane and they cross those barriers by passive

mechanisms. The rate of equilibration between the distinct compartments depends

on the permeability coefficient through the lipid bilayer of biomembranes, which in

turn is a function of the rate of translocation between the bilayer leaflets, as well as

on the rates of insertion and desorption into/from each leaflet. In addition, a large

fraction of cellular enzymes are associated with membranes (either permanently or

transiently due to electrostatic interactions and/or regulated acylation), and the

effective concentration of the bioactive compound depends on its partition between

the aqueous medium and the membrane as well as on the rates of interaction with

the membrane.

Given its importance, it is to some extent surprising that so little information is

available on the rates of interaction of small amphiphilic molecules with lipid

bilayers and biological membranes. This is justified by the extreme difficulty on

obtaining experimental data of high quality due to the limited availability of

techniques with the required sensitivity and time resolution. An example that

illustrates well this difficulty may be found in the effort dedicated by several

authors to characterize the rates of interaction of fatty acids with lipid bilayers.

The kinetics of the interaction is somewhat easier to characterize for the case of

fluorescent molecules, but nevertheless the available information is still quite

limited. Molecular Dynamics (MD) simulations is a well-established methodology

to obtain molecular details on the interaction between amphiphilic molecules and

lipid bilayers. More recently, this methodology has been applied to obtain infor-

mation regarding the kinetics of the interaction.

In this chapter we will review the methodologies available to characterize the

kinetics of interaction between small molecules and lipid bilayers. The distinct

methodologies commonly used, and the required mathematical formalisms, will be

presented with a critical evaluation of their strengths and limitations. The list of

50 H.A.L. Filipe et al.



references given is by no mean extensive, the objective being simply to illustrate

the distinct methodologies available.

4.1 Experimental Approaches to Characterize

the Interaction Between Small Molecules and Lipid

Bilayers

To characterize quantitatively the kinetics of interaction between a solute and lipid

bilayers it is necessary to quantify the concentration of solute associated with the

bilayer. Fluorescence based methodologies are by far the most convenient because

the fluorescence properties of the solute (quantum yield, lifetime and/or anisotropy)

are strongly dependent on the environment. This permits following the transfer of a

fluorescent molecule between media with distinct properties without the need to

physically separate them. In addition, fluorimeters are inexpensive and easy to work

with, display a high sensitivity (allowing the use of small concentrations that do not

perturb the lipid bilayer), and little interference from other molecules present in the

system as most molecules do not fluoresce.

The kinetic models required to characterize the kinetics of interaction of small

molecules with liposomes will be presented and discussed in the first part of this

section. A focus on fluorescent molecules will be given, with the discussion of

common difficulties and possible artifacts. The models presented are also valid for

the case of non-fluorescent molecules, provided that their concentration in the

distinct compartments may be quantified. Some common methods to follow

non-fluorescent molecules, both directly and using fluorescent probes, will also

be described.

We have opted to present the kinetic models organized according to solute

solubility in the aqueous media, considering separately very high, moderate and

low aqueous solubility, because the experimental approaches and the mathematical

formalisms depend strongly on this solute property.

4.1.1 Solutes with High Solubility in the Aqueous Media
and Insoluble in the Lipid Bilayer

Usually, when the solubility of the molecule of interest in the aqueous media is very

high it does not associate significantly with the lipid bilayer. The solute molecules

in the vicinity of the lipid bilayer on one side, will permeate directly into the other

side of the bilayer with a given rate constant κ, scheme (4.1):
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So
w �

κ

κ
S i
w, ð4:1Þ

where So
W and S i

W represent the solute in the aqueous media outside and inside the

liposomes, respectively. It is assumed that the rate constant for crossing the bilayer

in both directions is the same, which should hold for symmetric bilayers.

The differential equations that relate the time dependence of the amount of

solute on both sides of the bilayer with the rate constants for crossing the bilayer

are given below.

dnSo
w

dt
¼ �κ ns ow � ns iw

� �
dnS i

w

dt
¼ �dnSo

w

dt

8><
>: ð4:2Þ

Note that the total amount of solute in a given aqueous compartment is

represented by an uppercase S, whereas a lowercase s represents the solute in the

immediate vicinity of the bilayer. The rate for crossing the bilayer is proportional to

the difference in the amount of solute in the immediate vicinity of the bilayer (and

not to the difference in the total amount of solute in the two aqueous compart-

ments), because only those solute molecules are able to cross the bilayer with the

rate constant κ. Solute molecules further away have first to diffuse into the region

near the bilayer, and after crossing the barrier the solutes will equilibrate with the

respective aqueous compartment by diffusion.

For small and polar molecules the diffusion in the aqueous media is much faster

than crossing the lipid bilayer barrier. Therefore, the solute molecules in the

immediate vicinity of the bilayer are in equilibrium with the solute in the bulk

aqueous phase. If the solute does not interact with the surface of the lipid bilayer,

the concentration in the volume of aqueous phase in the immediate vicinity of the

lipid bilayer is the same as the concentration in the respective bulk aqueous phase.

In this case, the fraction of solute in the immediate vicinity of the lipid bilayer is

equal to the ratio between the volume of the aqueous phase with a thickness that

depends on the solute dimensions, and the area of the bilayer in direct contact with

it, K ¼ 1 in Eq. (4.3). For the case of ions and charged membranes, the solute may

be enriched or depleted at the surface of the bilayer due to electrostatic attraction or

repulsion; in this case the distribution coefficient between the bulk aqueous phase

and the aqueous layer in the immediate vicinity of the bilayer (K ) will be larger or

smaller than 1, respectively. The product of the distribution coefficient (K ) and the

characteristic length (λ) converts the solute concentration in bulk aqueous phase

(in units of mol dm�3) into the surface concentration of solute near the permeation

barrier (in units of mol dm�2).
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ns ow ¼ K nSo
w

vow
V o
w

¼ K nSo
w
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w

λ

ns iw ¼ K nS i
w

v iw
V i
w

¼ K nS i
w

Ai

V i
w

λ
ð4:3Þ

See Fig. 4.1 for the definition of the distinct variables and parameters in

Eq. (4.3).

Using the relations given in Eq. (4.3), the differential equations for the total

amount of solute in each aqueous compartment as a function of the total amount of

solute in that compartment may be found, Eq. (4.4). Note that for large unilamelar

vesicles (LUVs) and giant unilamelar vesicles (GUVs), the area of the bilayer in

contact with the aqueous media outside and inside the liposomes is the same, that

means Ao¼Ai¼A.

dnSo
w

dt
¼ �κKAλ

nSo
w

V o
w

� nS i
w

V i
w

� �
dnS i

w

dt
¼ �dnSo

w

dt

8>><
>>: ð4:4Þ

When the concentration of solute in a given aqueous compartment with respect

to the volume of that aqueous compartment is the property being followed (as is the

case for permeation through cell monolayers), it is convenient to describe the time

evolution of the solute in terms of its concentration with respect to the volume of the

aqueous compartment where it is dissolved Sx
w

� �
V x
w
¼ nSx

w=V
x
w

� 	
, Eq. (4.5).

Fig. 4.1 Schematic drawing with the kinetic scheme considered for the transport of very polar

solutes across a lipid membrane. The lipid bilayer is represented by the medium intensity gray bar
( ), the aqueous layer in the immediate vicinity of the bilayer by the light gray bar ( ), and the

bulk aqueous phase by very light grey ( ). The volumes of the aqueous phases outside and inside

the liposomes are represented by V o
w and V i

w, respectively; the volumes of aqueous phase

immediately in the vicinity of the bilayer are represented by vow and v iw; and the total area of the

bilayer surface in direct contact with the aqueous media is represented by Ao and Ai ( ). The

solute in the bulk aqueous phase (So
w and S i

w) equilibrates rapidly with the solute in the immediate

vicinity of the lipid bilayer (sow and s iw) and slowly permeates the bilayer with the rate constant κ
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The differential equations that describe the time evolution of the concentration

of solute in the two aqueous compartments with respect to the volume of the

specific compartment are no longer symmetric. This is because the incremental

concentration in each aqueous compartment due to the transfer of a given amount of

solute depends on the volume of the respective compartment.

When using the fluorescence of the whole solution to follow the permeation of a

solute through the lipid bilayer, it is not usually possible to quantify the concen-

tration of solute in a given compartment with respect to the volume of that

compartment, but rather the corresponding concentration with regard to the total

volume of the solution, Sx
w

� �
VT

¼ nSx
w=VT. The differential equations obtained for

the time variation in the concentration of solute in each aqueous compartment, with

respect to the total volume of the system, are given by:

d So
w

� �
VT

dt
¼ �κKAλ

So
w

� �
VT

V o
w

�
S i
w

� �
VT

V i
w

 !

d S i
w

� �
VT

dt
¼ �

d So
w

� �
VT

dt

8>>><
>>>:

: ð4:6Þ

Using the molar conservation equation for the total amount of solute

nST ¼ nSo
w þ nS i

w

� �
, one can obtain the differential equation for each of the species

(namely So
w) where its own concentration is the only time dependent variable:

d So
w

� �
VT

dt
¼ �κKAλ So

w

� �
VT

V o
w þ V i

w

V o
w V i

w

�
ST
w

� �
VT

V i
w

 !

¼ �κKAλ
V o
w þ V i

w

V o
w V i

w

So
w

� �
VT

� V o
w

V o
w þ V i

w

ST
w

� �
VT

� � ð4:7Þ

Equation (4.7) has the form:

dx

dt
¼ �k xþ að Þ, ð4:8Þ

and its integration gives:

x ¼ x1 þ x0 � x1ð Þe�kt, ð4:9Þ
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where x0 is the value of variable x at time equal to zero and x1 is its value at the end

of the time window considered in the experiment.

The rate constant for transfer of solute from the aqueous media outside the

liposomes to the aqueous media inside the liposomes (k) is therefore given by:

k ¼ κKA λ
V i
w þ V o

w

V i
w V o

w

ð4:10Þ

The above expression may be simplified because several of the variables depend

on common parameters. The total area of lipid bilayer in contact with each aqueous

compartment is given by:

A ¼ NLV
4πr2, ð4:11Þ

where NLV
is the number of liposomes in the total volume of solution considered,

and r the radius of the liposomes. On the other hand, the total volume of aqueous

media inside the liposomes is given by:

V i
w ¼ NLV

4

3
πr3: ð4:12Þ

If the aqueous volume inside the liposomes is much smaller than the total

volume of the solution, and because the volume of the lipid bilayer is negligible,

the aqueous volume outside the liposomes may be considered equal to the total

volume of solution. In that case, the rate constant for transfer of solute through the

lipid bilayer of the liposomes depends on the size of the liposomes, being given by:

k ¼ κK
3λ

r
: ð4:13Þ

The rate constant of transfer of solute is therefore inversely proportional to the

size of the liposomes. Due to this dependence, the kinetic parameter that is usually

reported is the permeability coefficient (P). This parameter may be calculated from

the rate of accumulation of solute in the acceptor compartment, which is described

by Eq. (4.14) for the case where no significant back transfer of solute occurs:

P ¼
dnSA

w

dt V D
w

A nSD
w 0ð Þ

, ð4:14Þ

where the superscripts D and A denote the donor and acceptor compartments, and

nSD
w 0ð Þ is the amount of solute in the donor compartment at t ¼ 0. The differential

equation for the amount of S in the acceptor compartment is given by,
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dnSA
w

dt
¼ �k nSA

w � nST
V A
w

V A
w þ V D

w

� �
: ð4:15Þ

At the beginning of transfer from D to A, when nSA
w ¼ 0 and nSD

w ¼ nST, the
above equation simplifies to:

dnSA
w

dt
¼ k nST

VA
w

VA
w þ VD

w

¼ k nSA
w 1ð Þ:

ð4:16Þ

Substituting Eq. (4.16) in Eq. (4.14) leads to the relation between the perme-

ability coefficient and the transfer rate constant:

P ¼ k
1

A

VA
w VD

w

VA
w þ VD

w

: ð4:17Þ

If the donor compartment is the aqueous medium inside the liposomes,V A
w � V D

w

and the above equation simplifies to:

P ¼ k
V D
w

A
: ð4:18Þ

Substituting in the expression the Eqs. (4.11), (4.12) and (4.13), for A, VD
w and k,

respectively, one obtains the following equation:

P ¼ κKλ, ð4:19Þ

which relates the permeability coefficient with the parameters initially considered

in the kinetic model, κ and λ.
In this mechanism of permeation it is assumed that the solutes do not interact

with the bilayer (except for some eventual electrostatic interaction). Therefore, the

intrinsic rate constant for crossing the barrier (κ) is related with the formation of

transient hydrated defects due to thermal fluctuations, which depend on the bilayer

thickness and lipid-lipid interactions. The rate constant is also affected by the size

of the solute which will have to diffuse through the transient pores. For a given ion,

the rate of permeation is expected to decrease exponentially with the increase in the

thickness of the bilayer. This has been observed for the permeation of small ions

through thin lipid bilayers [1].

The mathematical formalism above has been used to characterize the rate of

permeation of the anion dithionite through LUVs of distinct lipid composition

[2]. Dithionite is not fluorescent but its concentration in the aqueous media inside

the LUVs was quantitatively followed via its reaction with the fluorescent group

nitrobenzoxadiazole (NBD) covalently linked to the head group of 1,2-dimiristoyl-

sn-glycero-3-phosphoethanolamine (DMPE). The same formalism has been used to
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calculate the permeability coefficient of several non-fluorescent small molecules

(water, urea and glycerol) [1, 3] and ions (such as amino acids, peptides, thyroid

hormones, phosphate and H+/OH�) [1, 4–6]. The time evolution of the concentra-

tion of the relevant solute in the inner or outer aqueous media was followed by

changes in the liposome volume (therefore leading to the permeability coefficient

under an osmotic gradient) [1, 3, 4], using specific electrodes [1], through the

selective reaction of the solute in the inner or outer aqueous phase [4, 5], or by

solute quantification after physical separation of the two aqueous compartments [6].

To characterize the rate of permeation of fluorescent molecules through lipid

bilayers, the most common approach is to encapsulate the fluorescent molecule at

high concentrations (leading to efficient fluorescence quenching) inside liposomes.

The fluorescent molecules outside the liposomes are then removed (usually by size

exclusion chromatography), and the permeation through the lipid bilayer is followed

through the time dependent fluorescent increase due to dilution of the fluorophore

when going from the inner to the outer aqueousmedia [7]. This approach can only be

used for molecules with low and very low permeability, because it requires previous

removal of the probe located in the aqueous media outside the liposomes. Addition-

ally, the fluorescent molecules must have a very high solubility in the aqueous phase

to achieve self-quenching concentrations, and they cannot interact efficiently with

the membranes to ensure slow permeability. The method cannot therefore be used to

characterize amphiphilic molecules. It has been used mostly to characterize the

effect of several membrane perturbing molecules, such as peptides and surfactants,

on the barrier properties of liposomes [7–12]. The fluorescent probe used to report on

the bilayer properties is most commonly carboxyfluorescein (CBF), but calcein has

also been employed [8]. To follow quantitatively the permeation, attention should be

given to the fact that fluorescence intensity may have a non-linear relation with the

extent of transfer [7, 13].

4.1.2 Solutes with a Moderate Solubility in the Aqueous
Media and in the Lipid Bilayer

The overall permeation of solutes with moderate solubility in both the aqueous and

the lipidic phases is usually described by the partition-diffusion mechanism. Early

descriptions of permeation following this mechanism considered the presence of

several diffusion barriers in the system water/bilayer/water [14]. However, the

approximation of a single rate limiting step, the diffusion through the bilayer

non-polar core, became the prevailing model. According to this formalism, the

overall permeability coefficient (P) is related with the microscopic parameters:

partition coefficient between the water and the bilayer (KP), diffusion coefficient of

the solute through the bilayer (D), and thickness of the barrier (h), by:
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P ¼ KP

D

h
: ð4:20Þ

This model for permeation through membranes is based on the work done by

Overton more than a century ago [15], and Eq. (4.20) is commonly referred to as

Overton’s rule [16, 17].
Equation (4.20) is formally equivalent to the equation derived in the previous

section for solutes that do not partition into the lipid bilayer, Eq. (4.19), with the

equilibrium distribution between the bulk aqueous phase and the immediate vicinity

of the lipid bilayer (K ) replaced by the partition coefficient between the aqueous and

lipidic phases (KP). The first order rate constant associated with transport with the

diffusion coefficient D is D/‘2, where ‘ is the distance between the two equilibrium
positions that is being crossed by diffusion [14]. Therefore, Eq. (4.20) is equivalent

to Eq. (4.19) with the solute characteristic length (λ) equal to the thickness of the

diffusion barrier. The length parameter in Eq. (4.20), h, is usually considered as the
thickness of the bilayer, although it is in fact the distance between the equilibrium

positions of the solute center of mass on both sides of the bilayer. The assumptions in

the derivation of Eq. (4.20) are very similar to those considered in the previous

section: (1) negligible accumulation of solute in the bilayer; (2) rapid transport of

solute from the bulk aqueous media to the bilayer; and (3) transport through the lipid

bilayer as a single step.

The major difference between the partition/diffusion model and the model

presented in the last section is the nature of the intrinsic rate constant for transport

through the barrier; diffusion of solute dissolved in the nonpolar portion of the lipid

bilayer, and diffusion through transient hydrated defects, respectively. The distinc-

tion between the two permeation mechanisms may be done through the dependence

of the overall permeability coefficient on the thickness of the bilayer. Assuming an

invariant partition coefficient and diffusion coefficient; P is predicted to depend

inversely on the thickness of the bilayer for the partition/diffusion mechanism of

permeation, while an exponential dependence is predicted for the pore mechanism

[1]. The permeation of small neutral molecules such as water, urea and glycerol, has

been shown to follow the predictions from the partition/diffusion mechanism of

permeation through lipid bilayers. This same mechanism is observed for the

permeation of large ions, due to their significant solubility in the lipid bilayer, the

small probability of pore formation with the appropriate size and the slow diffusion

of the large ion through the transient pore.

There are several reports on the overall permeability coefficient of small mole-

cules through liposomes considering the partition/diffusion mechanism. The

methods used are essentially equal to those described in the previous section for

solutes very soluble in the aqueous phase, except that permeation may be too fast to

allow the physical separation of the inner and outer aqueous compartments. The

permeation of fluorescent amphiphiles into GUVs has also been followed directly

using fluorescence microscopy [18], and the permeation of weak acids and bases

has been characterized through the pH variation in the aqueous compartment inside

58 H.A.L. Filipe et al.



the LUVs, as measured by the fluorescence probes carboxyfluorescein or

pyranin [19].

When comparing distinct solutes along a homologous series, Eq. (4.20) provides a

good description for the dependence of the rate of overall permeation coefficient with

the solute hydrophobicity. However, for structurally unrelated solutes the correlation

between P and KP is poor and no clear relation is obtained with the diffusion

coefficient as predicted by the size of the solutes. This is due to the assumptions

considered in the development of the partition/diffusion mechanism which are not

valid for the case of medium size and amphiphilic molecules.

In the partition/diffusion mechanism of permeation, the barrier region of the lipid

bilayer is treated as a homogeneous medium through which the solute diffuses due to

the concentration gradient on both sides of the barrier. There are several difficulties

associated with this assumption, namely the high transversal heterogeneity of the

lipid bilayer (with density, viscosity and polarity gradients), which is not compatible

with the assumption of a smooth continuous resistance offered by the media on the

diffusing molecules required to treat transport as diffusion [14]. It is therefore

challenging, if not impossible, to know what would be the diffusion coefficient to

use in Eq. (4.20) in order to predict the permeability coefficient from the structure of a

given molecule; the more general inhomogeneous solubility-diffusion model, which

can accommodate this heterogeneity, will be described below in the context of MD

simulations. Also, for amphiphilic molecules (with well-defined polar and non-polar

regions) the transport through the bilayer center cannot be considered as random

diffusion because the energy of the solute in the bilayer does not depend only on the

position of its center of mass, but also on the orientation of the polar and non-polar

regions. The high Gibbs energy state in the transport of amphiphilic molecules

through the bilayer usually corresponds to the solubilization of the polar region in

the non-polar center of the bilayer (transition state) and is more conveniently treated

as a single step corresponding to translocation from the equilibrium position in one

side of the bilayer to the other. The rate constant of translocation depends on the

activation energy barrier, which is a function of the interactions that the solute

establishes with the lipids and the hydration shell at the equilibrium positions and

with the non-polar portion of the lipids when in the transition state. The prediction of

this activation energy, and therefore the rate constant for translocation, from the

structure of the amphiphile and the properties of the bilayer is a feasible task,

allowing the prediction of the overall permeation from the structure of the permeating

solute.

Another important limitation of the partition/diffusion model is the assumption

that transport through the non-polar region of the bilayer is the rate limiting step. In

the overall process of entering an aqueous compartment delimited by a lipid

membrane (cell, organelle or liposome) the amphiphile first interacts with the

outer leaflet (rate of insertion), followed by equilibration with the inner leaflet

(rate of translocation, or diffusion, through the non-polar part of the bilayer), and

then it equilibrates with the inner aqueous compartment (rate of desorption). For

amphiphiles with a high Hydrophilic/Lipophilic Balance (HLB), the rate limiting

step in the overall process is usually translocation through the non-polar center of
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the bilayer. In this case, the permeability coefficient is directly proportional to the

rate of translocation and to the partition coefficient between the aqueous media and

the lipid bilayer as predicted by Eq. (4.20). However, in the last years several

exceptions to this behavior have been observed, and it is now well established that

for amphiphiles with intermediate and low HLB, Eq. (4.20) does not adequately

predict the rate of overall permeation through lipid bilayers [20–23], as the rate

limiting step is the desorption from the bilayer (and not translocation) [20].

The overall rate of permeation is the relevant parameter to evaluate how fast the

amphiphile crosses the biological membranes. However, a rational interpretation of

the dependence of this parameter on the structure and properties of the permeating

amphiphile is not straightforward, because it depends on several steps, each being

affected differently by the amphiphile properties [20]. To rationalize and gain

predictive value on the dependence of the overall permeation with the molecular

properties of the amphiphile, it is necessary to obtain all the relevant rate constants

(insertion, desorption and translocation) for a large set of structurally unrelated

molecules.

To obtain the rate constants of insertion and desorption from the lipid bilayer it is

necessary to consider those steps explicitly in the kinetic scheme. Therefore, the

association between the amphiphile and the lipid bilayer is not assumed to be in fast

equilibrium. The resulting kinetic scheme is given below.

So
W þ LV �

k
LV
þ

k�
So
L $

kf
S i
L ð4:21Þ

where SW
o represents the amphiphile (solute) in the aqueous media outside the

liposomes; LV the liposomes; SL
o and SL

i represent the amphiphile in the outer and

inner leaflet of the liposomes, respectively; kf is the rate constant for translocation
between the leaflets; kLVþ is the rate constant for insertion of the amphiphile in the

lipid bilayer of the liposomes; and k� is the rate constant for desorption from the

lipid bilayer into the aqueous media.

We call the reader’s attention to the fact that the notation used for the rate

constants of desorption and translocation does not include reference to the topology

of the lipid phase, while this is included in the notation used for the rate constant of

insertion. This is because the rate of insertion requires the encounter between the

amphiphile in the aqueous media and the lipid phase, which depends on the size of

the lipid assemblies for the case of processes near or at the diffusion limit. In

accordance, the lipid phase is represented with the topology present in the solution

(liposomes, LV). This allows the comparison between the obtained rate constant of

insertion and the diffusion limited rate constant. Additionally, this formalism

permits the comparison between the rates of insertion in lipid aggregates of distinct

sizes with the uncoupling between the contributions from size and other properties

[24]. It should however be noted that the usual equations to calculate the diffusion

limited rate constants are only valid in the absence of electrostatic interaction

between the reactants [25]. Also, the model considers that all the volume occupied

by the reactants is active, which is only an approximation for the case of liposomes
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and leads to significant deviations for the case of very large liposomes and

cells [26].

Although the interaction is considered to take place with the individual lipo-

somes, equilibration of the amphiphile between the aqueous phase and the lipid

leaflet in direct contact is considered to occur via partition and not binding to well

defined binding sites. In addition, the capacity of the liposomes to interact with the

amphiphile is considered as independent of the presence of amphiphile already

associated with the liposomes; this being valid only for small local concentrations

of solute. As a consequence, the concentration of liposomes (binding agent avail-

able for the interaction) remains constant throughout the equilibration process,

which significantly simplifies the mathematical description of the interaction

between small molecules and liposomes.

In kinetic scheme (4.21), the equilibration of the amphiphile with the aqueous

media inside the liposomes is not considered. Although this approximation is valid

for LUVs because the volume of the encapsulated aqueous media is negligible, it

does not hold for GUVs. Another simplification considered is that the rate constant

for translocation is the same in both directions. This is valid for liposomes with a

small curvature (diameter equal to or larger than 100 nm) with the same lipid

composition in both leaflets.

The rate constant for equilibration between the aqueous media and the liposome

leaflet in direct contact is given by,1

k ¼ k� þ kLVþ LV½ �: ð4:22Þ

If this process occurs at least one order of magnitude faster than translocation into

the inner leaflet, the two processes are uncoupled and the fluorescence variation that

follows the addition of liposomes to the fluorescent amphiphile is a single-

exponential function, fromwhich the rate constant k is directly obtained. Performing

the experiment at different liposome concentrations permits obtaining the rate

constant of insertion and the rate constant of desorption, [27] Eq. (4.22).

When the rate of translocation is much faster than the rate of equilibration

between the aqueous phase and the exposed liposome leaflet, the fluorescence

variation observed is also a single-exponential function but the relation between

the transfer rate constant with the intrinsic rate constants for insertion and desorp-

tion is given by,

k ¼ k�
2

þ kLVþ LV½ �: ð4:23Þ

1In this and in the next equations, the concentrations are calculated with respect to the total volume

of the solution except when explicitly indicated.
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The rate of desorption is proportional to half the value of the respective rate

constant because only the amphiphile in the outer leaflet of the bilayer (half of the

total amphiphile) is able to desorb into the aqueous phase outside the liposomes.

Both situations described above allow the characterization of the rate constants of

insertion and desorption, but not the rate constant of translocation. An important

difficulty is whether Eqs. (4.22) or (4.23) should be used if no independent informa-

tion is available regarding the relative rate of translocation.

For some amphiphiles, the two distinct processes occur on similar time scales

and the fluorescence variation observed does not follow a single-exponential

function. In this situation the time dependence of the fluorescence variation must

be described by the integration of the full set of differential equations obtained from

the kinetic scheme, Eq. (4.24), and all the rate constants may in principle be

obtained.

d So
W

� �
dt

¼ k� So
L

� �� kLVþ LV½ � So
W

� �
d So

L

� �
dt

¼ kLVþ LV½ � So
W

� �� k� So
L

� �� kf So
L

� �� S i
L

� �� �
d S i

L

� �
dt

¼ þkf So
L

� �� S i
L

� �� �

8>>>>>><
>>>>>>:

ð4:24Þ

The relative weights of the fast and slow steps reflect the equilibrium association

of the amphiphile with the lipid in the outer leaflet and with the total lipid (outer and

inner leaflet). For very small lipid concentrations, doubling the amount of lipid

leads to a proportional increase in the amount of amphiphile associated with the

membrane. In this case equal weight is expected for the fluorescence increase in the

fast and slow processes of interaction with the LUVs. On the other hand, for very

large concentrations of lipid all the amphiphile associates with the outer leaflet of

the liposomes and the equilibration with the inner leaflet does not lead to any further

fluorescence variation. The optimal range of lipid concentrations to characterize the

rate constants for interaction with the outer leaflet and the rate constant for

translocation, depends on the fraction of amphiphile associated with the lipid

bilayer at equilibrium, which in turn depends on the liposome concentration and

equilibrium constant for association with the liposome:

SL½ � fastð Þ ¼ ST½ � KLV
LV½ �

1þ KLV
LV½ � ; SL½ � 1ð Þ ¼ ST½ � 2KLV

LV½ �
1þ 2KLV

LV½ �
Δ slowð Þ ¼

SL½ � 1ð Þ � SL½ � fastð Þ
SL½ � 1ð Þ

¼ 1

2

1

1þ KLV
LV½ �,

ð4:25Þ

where [SL](fast) is the concentration of amphiphile associated with the outer leaflet

of the liposomes before equilibration with the inner leaflet, and [SL](1) is the

concentration of amphiphile associated with the liposomes after equilibration

with both the outer and inner leaflet; KLV
is the equilibrium association constant
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with the outer leaflet KLV
¼ kLVþ =k�

� �
, and Δ(slow) is the amplitude of the slow

process relative to the total fluorescence variation.

The effect of the rate of translocation and liposome concentration on the time

evolution of the concentration of solute associated with the liposome is shown in

Fig. 4.2. When the lipid concentration is high (panels A and B) all the solute

interacts with the liposomes, even when the inner leaflet is not accessible (slow

translocation, panel A). At long times, the solute in the outer leaflet equilibrates

with the inner leaflet but without any effect in the total amount of solute associated

with the liposome. The two situations (A and B) cannot be distinguished simply by

the analysis of the fluorescence variation (proportional to the total amount of solute

associated with the liposome, SL) because both the time dependence and the
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Fig. 4.2 Kinetics of equilibration of an amphiphile from the aqueous phase to liposomes. The rate

constants for insertion and desorption are the same in all panels

kLVþ ¼ 5� 108M�1s�1; k ¼ 10�1 s�1
� �

while translocation is slow in panels A/C (kf¼ 10�2 s�1)

and fast in panels B/D (kf¼ 10 s�1). The liposome concentration is 10�8 and 10�10 M

(corresponding to a lipid concentration of 1 mM and 10 μM for 100 nm LUVs) in panels A/B and

C/D, respectively. The concentration of solute in the distinct compartments (So
W ,So

L ,S i
L , and

the total amphiphile associated with the liposome SL ) have been calculated by numerical

integration of Eq. (4.24)
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amplitude of the variation are the same. On the other hand, for sufficiently small

liposome concentrations (panels C and D), the initial accumulation of solute in the

outer leaflet is smaller than the equilibrium value when both the outer and inner

leaflets are accessible. In this case, a slow process is observed in the case of slow

translocation (panel C), with a relative amplitude Δ(slow) equal to 0.33 for the

parameters considered in this simulation.

When both a fast and a slow process are identified in the fluorescence variation

associated with the equilibration of an amphiphile with liposomes, special attention

should be given to investigate the possibility of amphiphile aggregation in the

aqueous phase, as this may be the origin of the fluorescence variation not following

a single-exponential function. This may be done through the dependence of the

relative amplitude of the slow process with the liposome concentration, Eq. (4.25),

and also through its dependence on the total amphiphile concentration while

maintaining the liposome concentration (the rate and weight of the slow step are

expected to be independent on the total amphiphile concentration if it reflects

translocation). A small local concentration of amphiphile in the lipid bilayer should

be used when performing this evaluation because high local concentrations may

affect its rate of translocation [28, 29].

The independent evaluation of the rate of translocation would simplify signifi-

cantly the assignment of the kinetic steps to the distinct rates observed in the

fluorescence variation. This is the case for NBD-labelled amphiphiles due to their

fast and irreversible reaction with dithionite [2, 27, 30]. The comparison between

the rate of fluorescence decrease when dithionite is added to pre-equilibrated

liposomes containing the NBD-amphiphile and the fluorescence variation observed

when liposomes are added to the amphiphile in the aqueous media, allows the

unequivocal identification of the kinetic steps involved [2, 27]. For this goal it is

mandatory that dithionite can only react with the NBD-amphiphile located in the

outer leaflet. The amount of dithionite that has permeated to the aqueous media

inside the liposomes may be evaluated from its rate of permeation [2], leading to less

than 1% of the concentration outside the liposomes 1 h after addition to 100 nm

LUVs prepared from POPC, 2 h for membranes prepared from POPC/Chol 1:1, and

20 h for the case of liposomes prepared from SM/Chol 6:4, at 35 �C [2].Whether this

small dithionite concentration is negligible or not depends on the rate of its reaction

with the NBD amphiphile, because what is important is that the NBD amphiphile

does not react with dithionite while it is located in the inner leaflet of the liposomes.

This methodology has been followed to obtain all the rate constants for the

interaction of fluorescent amphiphiles with lipid bilayers; namely for NBD-labelled

fatty amines with a short alkyl chain [27], lyso-phospholipids [31], short acyl chain

phospholipids [32], and deuteroporphyrin [33]. The rate constants for insertion and

desorption have also been characterized for the interaction of a quaternary alkyl

amine (labelled with 7-hydroxycoumarin) with lipid bilayers with several lipid

compositions and in distinct phases [34, 35].

Some of the kinetic parameters for the interaction of non-fluorescent amphi-

philes have also been characterized. For this purpose, most approaches are still

based on fluorescence [21, 36], although other methodologies such as isothermal

titration calorimetry [28] and nuclear magnetic resonance [37] have also been used.
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4.1.3 Solutes with Very Low Solubility in the Aqueous Media
and a High Partition into the Lipid Bilayer

The section above describes methodologies to characterize the kinetics of associa-

tion of amphiphiles with liposomes where the amphiphile is initially in the aqueous

phase in the monomeric state. This requires that the solubility of the amphiphile in

the aqueous media is significant. Usually near 1 μM is required although concentra-

tions as small as a few nM have been used for amphiphiles with a high fluorescent

quantum yield when associated with the lipid bilayer and a low fluorescence in the

aqueous phase, as is the case for NBD-labelled amphiphiles [27]. The kinetic

parameters for the interaction of amphiphiles with very low solubility in the aqueous

phase must be characterized through their exchange between distinct binding agents.

The only requirement for the donor and acceptor binding agents is that at least one

fluorescence parameter of the amphiphile (fluorescence intensity, spectrum, lifetime

and/or anisotropy) changes when the latter is associated with one or the other

binding agents. Countless variations may be encountered on this approach.

The kinetic scheme that describes the equilibration of an amphiphile between

donor and acceptor LUVs is given below:

So
W þ LD

V �
k
L D
V

þ

k D
�

SDo
L $k

D
f
SDi
L

So
W þ LA

V �
k
L A
V

þ

k A
�

SAo
L $k

A
f
SAi
L ,

ð4:26Þ

where the superscript D/A represents the donor and acceptor vesicles, respectively.

The time variations in the concentration of amphiphile in the distinct compart-

ments may be obtained from the numerical integration of the differential equations

obtained from the above kinetic scheme, Eq. (4.27):

d So
W

� �
dt

¼ kD
� SDo

L

� �þ kA
� SAo

L

� �� k
LD
Vþ LD

V

� �þ k
LA
Vþ LA

V

� �� 	
So
W

� �
d SDo

L

� �
dt

¼ k
LD
Vþ LD

V

� �
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W

� �� kD
� SDo

L

� �� kD
f SDo

L

� �� kD
� SDi

L

� �� �
d SDi

L

� �
dt

¼ kD
f SDo

L

� �� kD
� SDi

L

� �� �
d SAo

L

� �
dt

¼ k
LA
Vþ LA

V

� �
So
W

� �� kA
� SAo

L

� �� kA
f SAo

L

� �� kA
� SAi

L
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d SAi

L

� �
dt

¼ kA
f SAo

L

� �� kA
� SAi

L

� �� �

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

: ð4:27Þ
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In some situations approximationsmay be assumedwhich greatly simplify the set

of differential equations and may lead to a simple analytical solution. When the

solubility in the aqueous phase is very low, the steady-state approximation for the

amphiphile in this compartment may be assumed because it corresponds to a

negligible fraction of the total amphiphile.

d So
W

� �
dt

¼ 0; So
W

� � ¼ kD
� SDo

L

� �þ kA
� SAo

L

� �
k
LD
Vþ LD

V

� �þ k
LA
Vþ LA

V

� � ð4:28Þ

If the rate of solute translocation in both the donor and acceptor liposomes is

much smaller than the rate of exchange between the liposomes, only the solute in

the outer leaflet of the donor liposome is able to equilibrate with the outer leaflet of

the acceptor liposome. In this case, the exchange between the donor and acceptor

liposomes follows a single-exponential function and the rate constant for exchange

(k) is given by:

k ¼ k
LA
Vþ LA

V

� �
kD
� þ k

LD
Vþ LD

V

� �
kA
�

k
LA
Vþ LA

V

� �þ k
LD
Vþ LD

V

� � : ð4:29Þ

It should be recalled that the above derivation assumed a negligible amount of

solute in the aqueous phase at all times, that means K
LD
V

LV
LD
V

� �� 1 where K
LD
V

LV
is the

equilibrium constant for the solute between the aqueous phase and the outer leaflet

of the donor liposomes, K
LD
V

LV
¼ k

LD
Vþ =kD

� .
When the rate constants for interaction of the amphiphile with the donor and

acceptor liposomes are the same, Eq. (4.29) simplifies to k ¼ kD
� ¼ kA

� , that is the
rate constant for exchange becomes equal to the rate constant of desorption.

Therefore, when the lipid composition of the donor and acceptor liposomes is

very similar, it is not possible to obtain the rate constant for insertion. Additionally,

changing the concentration of acceptor liposomes does not affect the rate constant

of exchange. The case of exchange between liposomes with the same properties

will be further analyzed and discussed below in relation with Fig. 4.3.

If translocation through both the donor and acceptor liposomes is much faster

than the rate of exchange, the expression for the rate constant of exchange is half the

value obtained by Eq. (4.29) because only half of the total amphiphile exchanging

between the two liposome populations is directly accessible to the aqueous phase

that mediates the exchange process (the solute in the outer leaflet). Relevant

variations in those exchange experiments may involve lipoproteins or small

unilamelar vesicles (SUVs). In this case the fraction of solute directly accessible

to the aqueous phase may be different from one half, and the equations derived for

the rate constant of exchange will be different [26, 27].

The expression obtained for the rate constant of solute exchange between two

populations of LUVs, Eq. (4.29), depends on four unknown parameters: the rate

constants for insertion into the outer leaflet of the donor and acceptor liposomes
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k
LD
Vþ and k

LA
Vþ

� 	
, and the rate constants for desorption from the outer leaflet of the

liposomes kD
� and kA

�
� �

. By performing the exchange experiments at distinct

concentration ratios of donor and acceptor liposomes it is possible to obtain the

rate constants for desorption from the donor and acceptor liposomes (see Fig. 4.4

and discussion below). When the concentration of acceptor liposomes is much

larger than that of donors, the rate constant for exchange approaches the rate

constant for desorption from the donor liposomes; while at very small concentra-

tions of acceptor liposomes, the rate constant for exchange tends towards the rate

constant for desorption from the acceptor liposomes. The total concentration of

liposomes should be high enough to guarantee the validity of the steady-state

approximation, but at relatively low values to ensure that exchange occurs through

the aqueous compartment and not due to collisions between the liposomes
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Fig. 4.3 Effect of the rate of translocation and acceptor concentration on the kinetics of solute

exchange between LUVs with the same lipid composition. The rate constants of insertion and

desorption are the same in all panels, k
LD
Vþ ¼ k

LA
Vþ ¼ 5� 109 M�1 s�1; kD

� ¼ kA
� ¼ 0:1 s�1, as well

as the concentration of donor liposomes, 5 � 10�10 M (corresponding to 50 μM lipid for 100 nm

LUVs) and solute (10�6 M). The concentration of acceptor liposomes is the same as that of donor

liposomes in panels A, B and C, and is 10 times larger in panels D, E and F. The rate constant for

translocation is 10�3 s�1 (panel A and D), 10�2 s�1 (panel B and E) and 1 s�1 (panel C and F). The

concentrations of solute in the distinct compartments ( SXo
L , SXi

L , SX
L ; with the

concentrations in the donor compartment in thinner lines and those in the acceptor compartment

in thicker lines) were calculated through the numerical integration of Eq. (4.27)
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[38, 39]. Using this methodology, it is also possible to obtain the ratio between the

rate constants for insertion in the donor and acceptor liposomes. To characterize the

rate constants for insertion in each liposome, it is necessary to obtain independently

the equilibrium constant for association with at least one liposome population.

The above models predict a single-exponential function for the time variation of

the signal due to exchange between the donor and the acceptor binding agents, this

reflecting a very slow or very fast translocation. To characterize the rate of

translocation using exchange experiments, it is necessary to change the conditions

in order to alter the relative rates of translocation and insertion/desorption so as to
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Fig. 4.4 Effect of the concentration of acceptor liposomes in the rate and extent of exchange for donor

and acceptor liposomes with distinct properties. The rate constants of insertion and desorption are the

same in all panels: k
LD
Vþ ¼ 5� 109M�1s�1, k

LA
Vþ ¼ 5� 1010M�1 s�1, kD� ¼ 0:1s�1, kA

� ¼ 1 s�1, as

well as the concentration of donor liposomes, 1� 10�9 M (corresponding to 0.1 mM lipid for 100 nm

LUVs) and total solute (10�6 M). The top panels (A to C) illustrate the case of slow translocation

(kD
f ¼ kA

f ¼ 10�4 s�1) while in panels D to F the translocation is faster than exchange (kD
f ¼ kA

f

¼ 10 s�1). Note the different scales in the upper and lower panels. The concentration of acceptor

LUVs is equal to 1� 10�10 ( ), 2� 10�10 ( ), 5� 10�10 ( ), 1� 10�9 ( ), 3� 10�9 ( ) and

1 � 10�8 M ( ). The data in plots A, B, D and E was obtained through the numerical integration

of Eq. (4.27), in the central panels the concentration in the acceptor liposomes was normalized to

its value at 30 min to highlight the different kinetics. The rate constants of exchange shown in plots

C and F were obtained from the best fit of a single-exponential function to the time dependent

concentration of solute in the acceptor liposomes (SA
L ) shown in plots A and D respectively; the

lines in plots C and F are the best fit of Eq. (4.31) with the parameters: a0¼ 1.0, a1¼ 0.10 and

b¼ 9.9 for plot C and a0¼ 0.49, a1¼ 0.052 and b¼ 9.6 for plot F
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occur in similar time scales. This may be achieved through variations in the solution

pH and/or temperature. If the signal variation due to exchange does not follow a

single-exponential, there is no simple analytical expression to allow the calculation

of the intrinsic rate constants from the observed rate of exchange. In this case it is

advisable to perform the numerical integration of the differential equations,

although important information may be obtained from the best fit with a

two-exponential function. The case of exchange between liposomes with distinct

properties will be further analyzed and discussed below in relation with Fig. 4.4.

The simulation of the time variation in the solute concentration for donor and

acceptor liposomes with the same lipid composition is shown in Fig. 4.3 for

different rate constants and liposome concentrations. In panels A and D, translo-

cation is much slower than exchange between the liposomes and only the solute in

the outer leaflet of the donor liposomes equilibrates with the outer leaflet of the

acceptor liposomes. The amount of solute that is transferred to the acceptor

liposomes is dependent on the relative concentrations of donor and acceptor

liposomes, being larger for higher ratios of acceptor/donor liposomes (in panel A

the liposome concentration is 5 � 10�10 M for both donor and acceptor while in

panel D there is a tenfold excess of acceptor liposomes). However, the rate constant

for the exchange is the same in both situations, and equal to the rate of desorption

(which is the same for both donor and acceptor liposomes). The effect of the

concentration of acceptor liposomes for the case of fast translocation is shown in

panels C and F with a larger fraction of solute exchanged when the concentration of

acceptor liposomes is increased, while keeping the same time dependence. The

exchange rate constant obtained in panels C and F is half the value of the rate

constant for desorption (observed in panels A and D), due to the fact that all solute

is exchanging but only that in the outer leaflets is in contact with the aqueous phase

that mediates the exchange process. The case of translocation slower than exchange

between the outer leaflets, but occurring in similar time scales, is shown in panels B

and E. The total amount of solute transferring towards the acceptor vesicles is

affected by the relative concentration of donor and acceptor, but the relative

amplitudes of the fast and slow processes are unchanged. The correct description

of the concentrations time dependence (amplitude and rate constants) requires the

numerical integration of the differential equations. However, a good approximation

is obtained for the rate constants (desorption and translocation) through the best fit

of a bi-exponential equation such as Eq. (4.30) for the concentration of solute in the

acceptor liposomes.

SAo
L ffi a1 1� e�k1t

� �þ a2 1� e�k2t
� � ð4:30Þ

The main disadvantage of this approach is that the relative amplitudes of the fast

and slow steps are not simply the fractions of solute in the outer and inner leaflets,

precluding the validation of the slow step as being translocation (and not an artifact

such as amphiphile aggregation).
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Simulations of the time variation in the concentration of solute in the acceptor

liposomes for the case of donor and acceptor liposomes with distinct properties are

shown in Fig. 4.4. Transfer is considered at distinct relative concentrations of donor

and acceptor liposomes (RA/D), for the two limit situations of slow (panels A to C)

and fast translocation (panels D to F).

As the concentration of acceptor liposomes increases, the amount of solute that

exchanges from the donor to the acceptor liposomes increases (panels A and D).

The initial rate of transfer is independent on the concentration of acceptor. How-

ever, the rate constant for the exchange process becomes lower as the concentration

of acceptor liposomes is increased, because the solute transfer proceeds during a

longer time interval (panels B and E) [20]. Both sets of simulations lead to a single-

exponential function for the time dependence of the concentration of solute in the

acceptor liposomes. The rate constant of exchange may be obtained from the best fit

of a single-exponential function to the time variation in the property being observed

(fluorescence from the solute or any other property proportional to the concentra-

tion of the solute in the acceptor liposomes). The dependence of the exchange rate

constant on the ratio between the concentrations of donor and acceptor liposomes is

shown in plot C and F, together with the best fit of the general function shown in

Eq. (4.31) which has the same dependence on RA/D as Eq. (4.29) but is valid for any

fraction of exchangeable solute.

k ¼ b a1RA=D þ a0

1þ b RA=D
ð4:31Þ

For the case of exchange between LUVs, b gives the ratio between the rate constants

for insertion in the acceptor and donor liposomes (k
LA
Vþ =k

LD
Vþ ), whereas the parameters a0

and a1 are related with the rate constants of desorption from the acceptor and donor

binding agents, respectively. If the approximation of slow translocation is valid, a0

¼ kA
� and a1 ¼ kD

� ; while if translocation is fast a0 ¼ kA
�
2

and a1 ¼ kD
�
2
. The values

obtained for the kinetic parameters using this methodology are essentially equal to the

values considered in the simulations (see Fig. 4.4).

As was discussed, to characterize the kinetics of interaction of poorly water

soluble solutes with lipid membranes, an exchange protocol between two binding

agents must necessarily be used. However, the donor and acceptor binding agents

do not need to be both liposomes. An approach frequently used is to first equilibrate

the solute with an aqueous soluble protein (such as serum albumin) and follow the

kinetics of equilibration with the acceptor liposomes. In this case the interaction

between the solute and the protein is usually faster than transfer to the liposomes.

This situation greatly simplifies the equations that describe the exchange process

because the fast equilibration approximation may be used. Additionally, all solute

bound to the protein (binding agent, B) is accessible to the aqueous media, kinetic

scheme below.
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So
W þ B$KB

SB

So
W þ LA

V �
k
L A
V

þ

k A
�

SAo
L $k

A
f
SAi
L

ð4:32Þ

The fast equilibrium approximation for the intermediate (solute in the aqueous

phase) is given by:

So
W

� � ¼ ST½ � � SA
L

� �� � 1

1þ KB B½ � , ð4:33Þ

and the rate constant for exchange is given by one of the two Eqs. (4.34), depending

on whether translocation into the inner leaflet of the acceptor liposome is much

slower or much faster than interaction with the outer leaflet:

k ¼ kL
A
V� þ k

LA
Vþ LV½ �

1þ KB B½ �T
slow translocation

k ¼ kL
A
V�
2

þ k
LA
Vþ LV½ �

1þ KB B½ �T
fast translocation

ð4:34Þ

As a final remark on those exchange protocols one should note that to obtain the rate

constant of transfer the property being followed must be proportional to the concen-

tration of solute in the compartment of interest. Additionally, to avoid the physical

separation between the solute associated with the donor and acceptor compartments,

the relation between the property and solute concentration must be different for the

distinct compartments. Furthermore, the relations must be quantitatively known if the

equilibrium constants are to be obtained, and/or, if the identity of the slow step is to be

validated from the relative amplitude of signal variation due to this process.

There are several examples in the literature with the characterization of the

exchange rate for fluorescent amphiphiles. In some studies, a clear minority, it was

possible to obtain all the rate constants involved. It is worth mentioning the early

work by Nichols and co-workers with the characterization of the rate constants of

insertion and desorption of phospholipids with the fluorescent group NBD attached

to the acyl chain of phosphatidylcholines (NBD-PC) [32, 40]. The transfer of

NBD-PC was followed through quenching of its fluorescence in one of the com-

partments due to self-quenching or to fluorescence resonance energy transfer

(FRET) to rhodamine labelled phospholipid. All the parameters were characterized

for the transfer between bovine serum albumin (BSA) and LUVs, for alkyl amines

with different length (labeled with NBD in the amine group, NBD-Cn) [27],

phosphatidylethanolamine with NBD in the polar head group (NBD-DMPE)

[2, 41] and dehydroergosterol; [42] the exchange being followed via the different

fluorescence quantum yield of the fluorescent amphiphiles in the donor and accep-

tor binding agents. The rate of desorption from LUVs for several pyrene labelled

phospholipids has also been characterized [43, 44], as well as the rate of
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translocation; [45] transfer being followed via the decrease in the formation of

pyrene excimers. The rate constants for desorption and translocation of fatty acids

labelled with the fluorescent group 9-anthroyloxy has also been characterized

through the exchange between BSA and liposomes (based on the distinct quantum

yield of the fluorophore) [46], or exchange between liposomes (with the incorpo-

ration of a FRET acceptor in the donor or acceptor liposomes) [47].

Fluorescence based methods have also been used to characterize the exchange

of non-fluorescent amphiphiles, such as fluorescence quenching of the protein used

as donor or acceptor [48–50], pH and electrostatic potential variations at the

surface of the liposomes and/or in the bulk aqueous compartments for the case of

exchange of weak acids and bases or charged amphiphiles [49, 50].

4.2 Molecular Dynamics Simulations to Characterize

the Interaction and Permeation of Small Molecules

Through Lipid Bilayers

Molecular dynamics (MD) simulations are a powerful tool to study the interaction of

amphiphiles with lipid membranes, as they can give atomistic insight into processes

and phenomena that often cannot be considered experimentally in sufficient detail

[51, 52]. Additionally, the field of MD simulations in biological sciences has

developed to a level where predictions of new phenomena are frequently being

made, thereby generating quite important added value to complement experiments.

Indeed, currently there is a variety of software applications and methodologies that

makes the MD simulations easily accessed by the scientific community [53]. In the

context of the interaction of amphiphilic molecules with lipid membranes, one of the

central simulation techniques involves the calculation of free energies [54]. Most

commonly, sampling strategies are used, notably the use of biased simulations

through the Umbrella Sampling (US) [55, 56] method to calculate the Potential of

Mean Force (PMF) profiles for the amphiphiles interacting with a lipid bilayer.

Previous work has resulted in PMF profiles for the interaction of a variety of solutes

with different bilayer compositions [57–77]. In addition to disclosing mechanistic

details, these data are highly useful since they may depict the free energy barriers

associated with insertion, translocation and desorption, and hence allow the com-

putation of their rates as well as equilibrium constants [78, 79]. In this context, the

systematic comparison and validation between experimental and simulation data is

imperative. However, this may not be a straightforward challenge.
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4.2.1 General Description on the Generation of the PMF
Profile Through Lipid Bilayers

The concept of PMF was originally introduced by Kirkwood [80]. Regarding the

interaction of solutes with lipid bilayers, the energy profile across the bilayer normal

allows the calculation of the free energy barriers for the processes of insertion,

desorption and translocation, which are the individual microscopic steps for mem-

brane permeation. US [55, 56] is probably the most popular technique to compute the

PMF along a given reaction coordinate. This technique aims to overcome limited

sampling at energetically unfavorable configurations by restraining the simulation

system with an additional (typically harmonic) potential [55]. Conjugated with the

explicit umbrella potential, stratification strategies are used [81], whereby the reac-

tion pathway is divided into a large number of small overlapping windows.

Generally, to calculate the PMF of the interaction of amphiphiles with lipid

bilayers using US, a set of initial structures is first generated along the reaction

coordinate. Although the choice of the reaction coordinate is a highly non-trivial

matter, especially with complex molecules, the most immediate and simplest choice

is usually the distance from the molecule to the membrane’s center of mass (COM)

along the bilayer normal direction. Then, a set of production runs is carried out,

applying a biasing harmonic potential between the molecule and the bilayer, relative

to a reference position. From these simulations, distance distributions of the mole-

cule’s selected coordinate around the reference position are obtained. Finally, the

PMF is generated, correcting for the contribution of the biasing potential [81, 82].

Accordingly, a set of Nw separate umbrella simulations, corresponding to each

umbrella window, are carried out, with an umbrella potential,

wi ζð Þ ¼ Ki

2
ζ � ζ c

i

� �2
, ð4:35Þ

which restrains the system at the position ζ c
i i ¼ 1; . . . ;Nwð Þ with a force constant

Ki. From each of the Nw umbrella simulations an umbrella histogram hi(ζ) is

recorded, representing the probability distribution Pb
i ζð Þ along the reaction coordi-

nate biased by the umbrella potential wi(ζ).
After running the simulations, the data of each umbrella window are subse-

quently pasted together using histogram based algorithms. The most widely used

technique to compute the PMF from the umbrella histograms, that is, to unbias the

distributions Pb
i ζð Þ, is probably the weighted histogram analysis method (WHAM)

[83]. The purpose of WHAM is to estimate the smallest statistical uncertainty of the

unbiased probability distribution from the umbrella histograms, and compute the

PMF [81–83]. The unbiased probability distribution, P(ζ), is related to the PMF by

W ζð Þ ¼ �kBT ln
P ζð Þ
P ζ0ð Þ

 �

ð4:36Þ
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where, kB is the Boltzmann constant, T is the temperature and ζ0 is an arbitrary

reference point where the PMF W(ζ0) is defined to be zero. Following this proce-

dure, an energy profile over a reaction coordinate is obtained, e.g. the energy profile

of a molecule through the direction normal to a lipid bilayer.

4.2.2 The General Simulation Protocol

The number of umbrella sampling windows needed to generate a PMF profile

makes such kind of procedures computationally demanding. For symmetric lipid

bilayers the free energy profile is usually calculated for one leaflet, and the other

leaflet is represented symmetrically. For a complete definition of the PMF, adjacent

umbrella windows should span the space between the membrane center (z ¼ 0) and

the bulk water region (z� 4 nm), usually separated by 1–2 Å. Since the distribution
histograms should overlap properly, the harmonic umbrella potential used to

restrain the position of the amphiphile should be adapted to the umbrella spacing

[81, 82]. For an asymmetric bilayer, sampling of the reaction path must be done

through the entire membrane, at least doubling the computational cost. From the

performed simulations, the unbiased PMF is then obtained using WHAM [81, 82].

For a given molecule, different choices of variable complexity may be adopted

to define the reaction coordinate—the key parameter in free energy profile compu-

tations—of a PMF profile. Usually, the distance z of the molecule’s COM, or a

chemically significant atom/set of atoms (e.g. the most polar group for the case of

relatively large and amphiphilic molecules), in respect to the membrane COM

along the normal coordinate, is chosen as the reaction coordinate. With this

definition, the location z ¼ 0 nm represents thus the COM of the lipid molecules

[60, 61, 84]. This choice results in the so called 1D-PMF. In order to improve

sampling, the position and orientation of the molecules may be simultaneously

restrained, resulting in a 2D-PMF. This type of reaction coordinate has been

important to differentiate between distinct translocation mechanisms [85–87].

To obtain a PMF profile, the production simulations must start from several

system configurations with the molecule at different positions of the reaction

coordinate. Different procedures may be used to generate these initial structures

[53]. Generation of initial structures from unrestrained simulations would be the

most adequate procedure to minimize artifacts [68, 75]. However, this may be not

possible for the majority of the systems where an enhanced sampling technique is

used. Therefore, the most popular strategy to generate sets of initial structures for

US simulations is to artificially pull the amphiphile along the reaction coordinate. In

this process, slow pulling rates (e.g., 	0.005 nm/ps) and low force constants (e.g.,

	500 kJ/mol/nm2) are used in order to avoid artificial deformations of the lipid

bilayer. Even with such a careful procedure, different directions of pulling (either

starting at the water, WC, or at the bilayer center, CW) may not give the same

results [84], as shown in Fig. 4.5. Plotting the PMF profiles obtained from the CW

and WC initial pulling directions simultaneously and considering different
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reference positions (bilayer center used as reference in Fig. 4.5A and the water in

Fig. 4.5B) shows that this difference is caused by poor sampling at the lipid/water

interface, as highlighted by the dashed boxes in the Fig. 4.5.

4.2.3 Sampling Issues

While US is a seemingly simple technique, there are several potential problems that

may compromise the quality of the results. Sampling issues may be critical in the

determination of energy profiles from MD simulations. Sampling problems have

been addressed by some research groups, being actively discussed in the literature

[66–68, 84, 88]. If the sampling is not sufficiently extensive, then the condition of

ergodicity is broken and the free energy values found through the analysis are not

accurate enough. The sources of sampling problems are several, stemming from

solute size, bilayer size, bilayer defects, initial conformations or choice of the

reaction coordinate, usually being expressed as orthogonal degrees of freedom

separated by hidden energy barriers. Strategies to overcome these problems have

been reviewed [88].

Recently, the use of advanced simulation techniques has been proposed to

improve sampling in the study of solute permeation through lipid membranes,

focusing on the importance of orientation and conformational motions [67, 77,

85, 87, 89, 90]. A related problem regarding sampling issues concerns equilibration.

For each simulation window, the system should be properly equilibrated before

adequate sampling of the reaction coordinate (for WHAM analysis) can take place
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Fig. 4.5 PMF profiles of NBD-C16 in a POPC bilayer, calculated with the CW (black) and WC

(red) schemes. In CW, the data used for analysis covered a period from 20 to 110 ns, and in WC a

period from 120 ns until the end of the simulation. In (A) the PMF is defined to be zero in the center

of the bilayer, and in (B) the PMF is defined to be zero in the water region. Reprinted with

permission from reference [84]. Copyright 2014 American Chemical Society
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[66, 67]. If these issues are not taken care of, the simulation data may include

artifacts. For instance, as was shown in Fig. 4.5, when the amphiphile is pulled from

the water phase to the interior of the lipid bilayer (WC), different results may be

obtained compared to when the amphiphile is pulled in the opposite direction (CW).

This is induced by artifacts which were shown to arise from sampling problems at

the membrane-water interface, causing the simulation results to not converge

despite extensive simulation times [84], as shown in Fig. 4.6. Systematic variation

of PMF profiles and energy barriers, when considering different simulation times

for analysis, is indicative of non-converged data.

Additionally, an appropriate choice of the reaction coordinate is decisive for

finding physically correct results [84]. It has been shown that the definition of the
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reaction coordinate may influence the results through generation of membrane

deformations during the production runs [66]. Therefore, in each particular case,

one must understand how PMF calculations should be performed to avoid any

problems that would result in unphysical data. For example, the distance between

the solute and a locally defined center of the bilayer (only taking into account the

lipid within a cylinder centered at the solute and aligned along the z-axis) may be

advantageously employed to minimize membrane deformation artifacts [84]. Alter-

natively, as mentioned above, in some literature reports, free energy surfaces are

computed, characterized by two reaction coordinates. In these works, one of the

reaction coordinates is defined as the distance to the bilayer center, and the other is

an angular coordinate which accounts for solute orientation [85–87].

Despite the simulation being sampling the true energy minima, the convergence

of free energy profiles should be always carefully assessed. The total simulation

time for a given umbrella window includes an equilibration of the system, followed

by fluctuations around equilibrium. Preferably, the PMF should be computed using

only the simulation times after equilibration. The decision on whether or not the

system has reached equilibrium after a given simulation time is not trivial. The final

PMF (hopefully corresponding to an equilibrated system) may be evaluated in three

ways:

1. assume (perhaps incorrectly) that no equilibration is needed, and in each sam-

pling window use simulation data from increasingly long times to generate

consecutive PMFs.

2. systematically increase the slice of the simulation time used for equilibration in

each sampling window, and use the rest of the simulation data for analysis.

3. systematically increase the amount of data used for equilibration in each sam-

pling window, and analyze the PMF profiles carried out over a fixed time

interval (for instance tens of nanoseconds).

In all three analysis schemes, not only the values of the barriers but also the

shapes of the profiles should be compared to each other [84], as exemplified in

Fig. 4.7. The achievement of small and non-systematic variations of the PMF

profiles and energy barriers is indicative of good convergence.

4.2.4 The General Description of the PMF Profile

The PMF profile defines the variation in the Gibbs free energy of the system as a

function of the reaction coordinate, solute position relative to the center of the

bilayer for the case of permeation through lipid bilayers. The energy minimum

gives the equilibrium location of the solute in the hydrated bilayer, and the energy

maxima correspond to transition states in the reaction pathway. For amphiphilic

molecules, an energy maximum is commonly encountered at the bilayer center due

to the energetically unfavorable solvation of the polar portion of the molecule by

this nonpolar environment [91, 92]. An energy maximum is also frequently
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observed at the bilayer/water interface due to both the hydrophobic effect (as the

nonpolar portion of the molecule becomes in contact with water), and to the high

density of the system at this region [61, 63, 64, 84]. For amphiphiles with long

and/or bulky nonpolar groups, a decrease in the system Gibbs energy when the

amphiphile leaves the membrane would be expected. This is because when the

nonpolar portion of the amphiphile is partially in the aqueous media and partially

inserted in the bilayer, the energetic penalty arising from the hydrophobic effect is
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almost complete and an extra energetic penalty is observed due to the formation of a

cavity in the lipid bilayer beneath the amphiphile (with the consequent loss of lipid/

lipid interactions) [32, 41, 61, 64, 93, 94]. However, for most amphiphiles, the PMF

obtained does not show a decrease in energy as the amphiphile moves from its most

external position at the bilayer/water interface into the bulk water, see Figs. 4.5, 4.6

and 4.7 for the case of NBD-C16 in POPC bilayers. When the PMF profile is

analyzed from the amphiphile in bulk water towards its equilibrium position in

the bilayer, the absence of an energy barrier at the bilayer/water interface indicates

that insertion is a diffusion controlled process. This is in contradiction with the

experimental results obtained for this system [27] and may result from poor

sampling at this location in the reaction coordinate [66, 84, 88].

The energy barrier obtained from PMF profiles at the bilayer center may also not

correspond to the energy required to place the polar portion of the amphiphile in the

nonpolar environment of the bilayer center. This is because this configuration is not

necessarily involved in the most probable translocation pathway followed by the

amphiphile. However, there is not enough information available to evaluate

whether this corresponds or not to the pathway observed in the real system.

A review on computational studies of translocation (flip-flop) of phospholipids,

sterols and fatty acids has been recently published [95]. While in some systems the

results are compatible with the polar portion of the amphiphile in the center of the

lipid bilayer as the transition state [2, 84], more complex descriptions have been

raised, from different transition paths [85–87, 96–98], to the formation of large

pores in the lipid bilayer [61, 64, 99–103]. In the cases without pore formation,

three main translocation paths have been proposed [104]. In a “push-in flip-flop”, a

transverse motion occurs first, followed by the rotation of the molecule; in a

“sliding flip-flop”, the transverse and rotational motions occur simultaneously;

and in a “rotation flip-flop”, the rotation motion occurs first followed by the

transverse motion of the molecule. The most probable translocation pathway

certainly depends on the properties of the amphiphile and lipid bilayer, as well as

on the local concentration of amphiphile. The confirmation of several local minima

along the translocation path will represent a challenge to the development of new

mechanistically meaningful kinetic models for the analysis of experimental data.

The formation of large pores in the lipid bilayer has been implicated in the

translocation of phospholipids [61, 64, 99–102]. However, the pore mediated mech-

anism for the translocation of phospholipid should also not be taken for granted.

Lipid translocation has been observed by US simulations [61, 64] or in unrestrained

simulations where pores were induced [101, 102]. It should be noted that the

formation of a pore implies a considerable change in the structure of the membrane

that has not been considered in the kinetic models discussed above in this chapter. It

should be worthy to know whether the formation of pores is being induced by the

process of restraining the molecules in the membrane, without avoiding the defor-

mation of the latter. For the case of cholesterol (which is not reported to translocate

through membrane pores), once initiated, the translocation process occurs on aver-

age in 73 ns [97], a time comparable to the duration of each single restricted US

simulation in recent studies [63, 66, 84, 105]. Although it may be argued that the
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minimum free energy path implies the formation of a pore [100, 104], with too long

simulation times the membrane has the opportunity to “over-equilibrate” and

deform around the restrained molecule. For solutes with strong electrostatic inter-

actions this may result in the artificial formation of a pore. Spontaneous pore

formation in a lipid bilayer has only been observed in long MD simulations for the

short acyl chain phospholipid DLPC [100]. The most representative lipids of

biological membranes have a longer acyl chain and the spontaneous formation of

pores have a much higher energetic cost being an extremely rare event [1, 100].

For the case of the NBD-Cn series, as shown in Fig. 4.8, there is no clear

tendency regarding the dependence of the translocation energy barrier on the

number of carbons in the alkyl chain [27, 84]. The dependence of the desorption

and translocation energy barriers on the number of carbons of the amphiphile’s
alkyl chain is in qualitative agreement with experimental results for the interaction

of these amphiphiles with POPC bilayers [27], and for the transfer of labeled

phospholipids between vesicles [45].

4.2.5 How to Obtain Kinetics from the PMF

Clearly, the ultimate goal of calculation of PMF profiles is to be able to estimate rate

constants for the lipid/amphiphile interaction processes and permeability coeffi-

cients that can be used to calculate the rate of permeation through the bilayer. For

this purpose, the Transition State Theory (TST), also known as absolute-rate theory,

may be used [106–108]. This theory is usually applied to obtain all thermodynamic

parameters for the transition states of each process involved in amphiphile perme-

ation across bilayers from the experimental rate constants [27, 41, 109, 110].

The thermodynamic formulation of the transition state theory describes the rate

constant of reaction (k) as
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k ¼ κ
kBT

h
e�Δ{Go=RT , ð4:37Þ

where kBT/h is a frequency factor, associated to the conversion from the transition

state to the products, being kB, h and R the Boltzmann, Planck and gas constants,

respectively; T is the absolute temperature; Δ{Go is the Gibbs energy variation from

the reactants to the transition state; and κ, the so-called transmission coefficient, is

an efficiency parameter.

The value of Δ{Go may be directly obtained from the PMF profile. To calculate

the rate constant associated with crossing each energy barrier in the PMF, it is also

necessary to know the transmission coefficient. A value κ ¼ 1 is expected for

elementary chemical reactions in which every vibration of the mode responsible

for converting the activated complex (corresponding to the transition state of the

system) to the product is effective. However, in solution, solvent cage effects are

present, which delay conversion between the activated complex and the products.

Moreover, the processes involved in solute permeation across the membrane are of a

physical nature, and such a vibrational mode cannot be identified.

One possible strategy to overcome this problem involves additional (unre-

strained) MD simulations. Regarding the translocation step, one may carry out

several simulations where the amphiphile is allowed to relax from the transition

state (assumed as z ¼ 0) towards its equilibrium position. Typical relaxation curves

for the NBD-Cn amphiphiles are shown in Fig. 4.9. It should be noted that, in order to

achieve a statistically significant value using this strategy, an extreme large number

of simulations is implied. This is particularly problematic for highly ordered sys-

tems, namely in cholesterol-containing membranes [63]. In a simple analysis, the

resulting average of relaxation curves may be analyzed with a single-exponential

function. For amphiphilic molecules with the size of a lipid, the characteristic

relaxation time is on the order of a few to a few tens of nanoseconds [105]. Therefore,

this procedure allows the calculation of the pre-exponential factor, κ kBT
h

� �
, which is

half the value of the relaxation rate constant. This statistical factor stems from the

equal probability of going from the transition state back to the reactant (equilibrium

position in the initial leaflet) or towards the product (equilibrium position in opposite

leaflet) [108]. The pre-exponential factor obtained, in the order of 108 s�1, is

considerably lower than the value used when applying TST with κ ¼ 1 (1012 s�1).

This suggests that the experimentally derived values for the thermodynamic activa-

tion functions should be obtained with much lower pre-exponential factors, as

already used in several literature works [64, 105, 112]. For the case of the inser-

tion/desorption steps, a similar strategy can in principle be used. Simulations where

the amphiphiles are allowed to relax from the insertion/desorption transition state

until the equilibrium position may be performed. However, the complexity of this

membrane region may require a multi-exponential function fit to the relaxation data.

It is expected that these simulations show high variability, with the amphiphile

desorbing to water in some cases and inserting towards its membrane equilibrium

position in others. In general, the main disadvantages of this method are the large

number of unrestrained simulations required to obtain a statistically significant
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average relaxation curve; and the possibility of complex relaxation kinetics, of

unclear interpretation. In any case, transmission coefficients may be still estimated,

and used for improved calculation of the rate constants.

If translocation of the solute occurs through pores, the observed rate constant of

translocation depends on both the rate at which the solute translocates through the

pore, and on the density of pores in the bilayer. The mathematical formalism that

should be used in this situation has been developed by Tieleman and co-workers

and applied to predict the rate of translocation of phospholipids and the permeabil-

ity coefficient of very polar solutes [61].

The conversion between calculated free energy barriers and experimental rate

constants for the interaction of amphiphiles with lipid bilayers may also be conducted

following the Kramers theory of reaction rates [113], applied to the theoretical

description of amphiphile monomer-micelle dissociation developed by Aniansson

et al. [93]. Characteristic free energies for the desorption of amphiphiles from lipid

bilayers have been obtained from the experimentally observed rate constants follow-

ing this model [32, 94]. The relation between the rate constant of desorption and the

Gibbs energy variation between the equilibrium position in the bilayer and the

transition state (Δ{Go) is:

k� ¼ Dm

lb2
exp �Δ{Go

RT


 �
ð4:38Þ
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Fig. 4.9 Transfer of the amphiphiles from the center of the bilayer to the equilibrium position

evaluated as the z(t) distance from the NBD COM to the bilayer center, in POPC bilayers: (A)

NBD-C4, (B) NBD-C8, (C) NBD-C12, (D) NBD-C16. NBD equilibrium positions determined from

unrestrained simulations [111] (blue) and from PMF minima [84] (green) are shown for compar-

ison. This results are an extension of the work of reference [84]
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where Dm is the diffusion constant for the exiting amphiphile, lb is the width of the

barrier that is RT energy units below its maximum. This expression can be under-

stood intuitively, since lb
2/Dm is the time for diffusional motion over the distance lb

and exp[�Δ{Go/(RT)] is the relative probability that a monomer resides in the

region of length lb, or within RT energy units of Δ{Go. The value of lb considered
in the experimental reports was around 0.1 nm being independent on the length of

the alkyl chain in homologous series of amphiphiles [32, 94]. Also, in experiments

Dm is assumed to be close to the diffusion constant of the free amphiphile in

solution. Considering lb¼ 0.1 nm and Dm¼ 5� 10�6 cm2/s, a pre-exponential fac-

tor of 5 � 1010 s�1 is obtained.

The length parameter (lb) may be easily obtained from the PMF profile. Addi-

tionally, the diffusion coefficient at the reaction coordinates near the transition state

may be estimated using the force autocorrelation at each sampling window, as will be

further addressed in the next section. For example, regarding the above mentioned

NBD-Cn series, lb 	 0.2–0.3 nm and D 	 3–4 � 10�7cm2/s are obtained for the

translocation barrier, leading to pre-exponential factors of the order of	5� 108 s�1.

On the other hand, for the desorption barrier, typical values lb 	 0.2–0.4 nm and

D	 5� 10�6 cm2/s are found, leading to pre-exponential factors near	5� 109 s�1.

Regarding the example of the NBD labeled amphiphiles described above, the

simulated free energy barriers are clearly lower than the values estimated from the

experimental rate constants, assuming the absolute rate theory (i.e., a frequency of

conversion from the transition to the final states of kBT/h) [106], for both translo-

cation and desorption processes [27, 84]. In any case, a linear dependence of the

desorption free energy barrier on the number of carbons n is observed in both

approaches. The slope based on simulations is 4.4 kJ/CH2, compared to 3.5 kJ/CH2

based on experiments. The quantitative disagreement between experimental and

simulation results is in part a consequence of the direct application of this theory, as

the actual reaction frequency is likely much lower than this limiting value

[114]. However, the value of this reaction frequency is expected to depend more

on the dynamics of the bilayer than on the solute itself, therefore conserving the

linear dependence of the energy barriers, and giving good qualitative results.

4.2.6 Calculation of Permeability Coefficients from MD
Simulations

The overall permeation through the lipid bilayer and the permeability coefficient

P may be calculated from the rate constants of each step in the process [20]. MD

simulations also allow calculation of permeability coefficients, which are defined

according to Eq. (4.14). In silico estimation of P could provide a means to reduce

costs involved in drug design and development.

By keeping track of the motions of all individual molecules in the system, MD

simulations have the potential for calculation of solute permeation across membrane

systems. However, on the time scales available to atomistic MD, permeation events

4 Interaction of Amphiphilic Molecules with Lipid Bilayers: Kinetics of. . . 83



are exceedingly rare in unbiased simulations. This precludes direct calculation of

permeability coefficients from MD using Eq. (4.14). Despite this setback, there are

indirect methods that can be utilized to this purpose [92]. In this section, we focus on

the most used approach, the so-called inhomogeneous solubility-diffusion model

[115, 116], which leads to the following expression for P:

1

P
¼
Zz2
z1

exp ΔGo zð Þ=kBTð Þ
Dz zð Þ dz: ð4:39Þ

Here, ΔGo(z) is the Gibbs free energy across the bilayer (i.e., PMF profile, see

above subsections), and Dz is the solute diffusion coefficient along the z-direction.
z1 and z2 represent locations in the water phase on either side of the membrane, and

therefore the integration is carried out across the whole bilayer. Dz(z) may be

obtained using the Einstein relation in short time ranges, or, more commonly,

using the force autocorrelation method, described below in brief.

For a given z value, a constrained MD run is carried out, in which the solute

depth is fixed to the intended value. The local time dependent friction coefficient of

the diffusing molecule ξ(t) is related to the time autocorrelation function of the

fluctuations of the instantaneous force acting on the solute when located at z, F(z, t),
relative to its time average hF(z)it, by:

ξ tð Þ ¼ ΔF z; tð Þ 
 ΔF z; 0ð Þh i
RT

, ð4:40Þ

where,

ΔF z; tð Þ ¼ F z; tð Þ � F zð Þh it: ð4:41Þ

Assuming that ξ(t) is large and decays rapidly compared to other time scales in

the system, a satisfactory description of the full dynamics is provided by the static

friction coefficient ξ:

ξ ¼
Z 1

0

ξ tð Þdt ¼
Z 1

0

ΔF z; tð Þ 
 ΔF z; 0ð Þh i
RT

dt: ð4:42Þ

When studying diffusion across a free energy barrier, the above condition is met

if the slope of the free energy barrier over a distance covered by the particle during

the decay time of its friction coefficient is lower than the thermal fluctuation, RT. In
this case, ξ is related to the local diffusion coefficient Dz(z) of the permeating solute

at depth z by:

Dz zð Þ ¼ RT

ξ
¼ RTð Þ2R1

0
ΔF z; tð Þ 
 ΔF z; 0ð Þh idt : ð4:43Þ
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The inhomogeneous solubility-diffusion model has been applied to several small

hydrophilic and hydrophobic molecules calculating the local resistance of the

membrane to the permeation as the inverse of the local permeability coefficient.

It was found that for hydrophilic molecules the main barrier is represented by the

hydrocarbon core, while for the hydrophobic molecules the main barrier to perme-

ation is offered by the head group region [91]. More recent applications include a

number of studies on the permeation of larger compounds, such as drugs and

hormones [117, 118].

A simpler alternative to the integration procedure of Eq. (4.39) may be obtained in

the framework of Kramers reaction rate theory, assuming that ΔGo(z) is characterized
by a large barrier value at some value of z ¼ z*, and that Dz(z) is constant (ffi D) in
that region. Under these hypotheses, one may approximate the permeability coeffi-

cient in a transition-state-like approximation according to [119, 120]

P ¼
ffiffiffiffiffiffiffiffiffiffiffi
a

πkBT

r
Dexp

�ΔΔGo z∗ð Þ
kBT

� �
ð4:44Þ

where

a ¼ 1

2

∂2ΔΔGo z∗ð Þ
∂z2












 ð4:45Þ

and ΔΔGo refers to the difference between ΔGo(z) at the maximum and the bottom

of the energy barrier, that means, equal to Δ{Go.

Although this approach only considers a single energy barrier, an extension to a

multibarrier situation could be envisaged in the framework of the inhomogeneous

solubility-diffusion model as proposed originally by Diamond and Katz [119]. As

derived by these authors, the reciprocal of the permeability coefficient has the

significance of a resistance, which consists of three resistances in series, ri
(corresponding to insertion, translocation and desorption, respectively). Each of

these terms can be obtained by taking the reciprocal of a hypothetical single-barrier

Pi value, obtained from Eq. (4.44), using the pertaining ΔΔGo and D. Finally, they
are combined to obtain the global permeation coefficient through

1

P
¼ r1 þ r2 þ r3 ¼ 1

P1

þ 1

P2

þ 1

P3

: ð4:46Þ

Generally, the calculated permeability coefficients are qualitatively consistent

with experiments, in that ranking orders are well reproduced. However, P values

from simulations are typically several orders of magnitude larger than those from

experiments. While several reasons could be invoked to account for this disagree-

ment (including the diversity of experimental approaches and measured values, the

much simpler systems used in simulations, unsolved force field and/or sampling

issues), it is noteworthy that the ranking order among a set of compounds
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constitutes, by itself, valuable information for drug design [121]. Identically to the

calculation of rate constants for individual processes, consideration of enhanced

sampling strategies and/or multi-dimensional free energy surfaces (including ori-

entational degrees of freedom) to identify hidden energy barriers may lead to

improved quantitative accordance with experimental permeability coefficients,

especially for relatively large molecules (in which reorientations can take place

on the same time scale of displacements along the bilayer normal) [122].

4.3 Concluding Remarks

In this chapter, we address both experimental and simulation-based strategies to

obtain kinetic information regarding the processes of interaction (insertion, desorp-

tion, translocation) between an amphiphilic solute and lipid membranes. The

problem is formulated in general terms, from which limiting cases of practical

importance are derived. Different experimental approaches are described, with an

emphasis on fluorescence spectroscopy. On the other hand, MD simulations have

evolved to the point where, in addition to detailed mechanistic information, free

energy profiles and permeability coefficient values across the bilayer can be

obtained for small- and medium-sized solutes.

Clearly, there is still plenty of room for improvement regarding quantitative

agreement between calculated and experimental energy barriers and corresponding

equilibrium and rate constants, due to both MD (important sampling issues), theory

(uncertainty in frequency factor for TST) and experiment related (variety of

approaches leading to scattered reported values) issues. However, experiment and

simulation are most often in good qualitative accordance, and future advances in

sampling strategies and identification of hidden energy barriers [77], may lead to an

effective utility of MD simulations in prediction of permeation and in rational drug

design.
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