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Abstract: Ligand-protein interactions are usually studied in complex media that also contain lipids.
This is particularly relevant for membrane proteins that are always associated with lipid bilayers,
but also for water-soluble proteins studied in in vivo conditions. This work addresses the following
two questions: (i) How does the neglect of the lipid bilayer influence the apparent ligand-protein
affinity? (ii) How can the intrinsic ligand-protein affinity be obtained? Here we present a framework
to quantitatively characterize ligand-protein interactions in complex media for proteins with a single
binding site. The apparent affinity obtained when following some often-used approximations is also
explored, to establish these approximations’ validity limits and to allow the estimation of the true
affinities from data reported in literature. It is found that an increase in the ligand lipophilicity or in
the volume of the lipid bilayer always leads to a decrease in the apparent ligand-protein affinity, both
for water-soluble and for membrane proteins. The only exceptions are very polar ligands (excluded
from the lipid bilayer) and ligands whose binding affinity to the protein increases supralinearly with
ligand lipophilicity. Finally, this work discusses which are the most relevant parameters to consider
when exploring the specificity of membrane proteins.

Keywords: binding affinity; partition coefficient; membrane proteins; lipid-protein ratio; ligand
sequestration; ligand exclusion; protein specificity

1. Introduction

The interaction of ligands with proteins governs most biological processes, from the
interaction of substrates, inhibitors, and modulators with enzymes, to the interaction of
hormones with receptors. The amount of ligand that binds to the protein is influenced by
the presence of the lipid membrane, both for proteins associated with biomembranes and
for proteins soluble in the aqueous media. On one hand, the association of the ligand with
the membrane increases the local concentration in the environment where a membrane
protein is located, expectably facilitating binding to the protein. On the other hand, for
water-soluble proteins, the association of the ligand with the membrane leads to a decrease
in its concentration in the aqueous medium, decreasing the amount of ligand that may bind
to the protein [1]. However, these effects are often overlooked in analyses of the affinity of
hydrophobic ligands to proteins, leading to erroneous conclusions. Here we analyze the
conditions where membrane association cannot be neglected, and we present a method to
take it into account. The properties of membrane proteins are also influenced by the lipid
bilayer where they are embedded [2-8]. In spite of its importance, this aspect will not be
considered in this work. The lipid bilayer will be considered only in what concerns ligand
association, overlooking any direct effect on the properties of the protein.

The effects of the lipid bilayer on the kinetics of ligand binding to membrane proteins
has been extensively explored. In this case, a faster association is expected, due to the
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increase in the local ligand concentration, the well-defined orientation of the ligand and
the two-dimensional approach of the ligand towards the protein [9-11]. However, a
quantitative analysis of how the presence of the lipid bilayer influences the equilibrium
association of ligands to proteins has not been performed. An important distinction in this
respect is between the intrinsic binding affinity (which reflects the interactions between
the ligand and the protein), and the apparent affinity obtained experimentally at specific
assay conditions. Due to the unavailability of an appropriate formalism to quantitatively
describe the ligand-protein association in complex media, the binding affinity is usually
obtained assuming that all ligand is available. This leads to apparent binding affinities that
are dependent on the specific conditions of the assay.

P-glycoprotein (P-gp) is an example of an intrinsic membrane protein, and the protein
binding pocket is usually considered accessible by the ligand in the lipid portion of the
membrane [12-14]. Therefore, for this protein, an increase in the ligand lipophilicity leads
to an increase in the local concentration in the membrane, and an increase in the apparent
affinity is usually observed [15,16]. On the other hand, for very lipophilic ligands, increasing
the volume of the lipid phase may lead to a dilution of the ligand in the membrane, thus
resulting in a decrease in the apparent affinity [17].

If the protein is in the aqueous medium, or associated with the membrane but with
its binding pocket only accessible to the ligand in the aqueous phase, the association of
the ligand in the lipid phase is expected to lead to a decrease in the apparent affinity
obtained from the ligand’s overall concentration. When comparing two ligands with the
same intrinsic affinity but different lipophilicity, a stronger decrease is expected for the
more lipophilic ligand, incorrectly suggesting that lipophilicity has a negative contribution
to protein specificity.

When studying the affinity of a given ligand to a specific protein at the same lipid-
to-protein ratio but under different conditions, factors affecting the ligand’s interaction
with the lipid membrane may also influence the apparent affinities. This may occur, for
example, when the membrane lipid composition varies over those conditions. Then, be-
cause the partition of small molecules to lipid bilayers is strongly affected by the lipid
composition [18-28], the distribution of the ligand between the distinct media changes,
leading to different apparent affinities for the protein. Another important example oc-
curs when comparing studies performed at distinct pH values. Because most ligands
have weak acid/base groups [29], their ionization state depends on pH. The ligands’
affinity for the lipid bilayer depends on their global charge and location of the ionized
groups. Therefore, the change in pH alters the amount of ligand associated with the
membrane [20,24,30-35]. So, the effect of pH on the ligand-protein apparent affinity will
reflect not only the specificities of ligand-protein interaction, but also its distinct affinity for
the lipid bilayer.

The formalisms to quantitatively characterize the equilibrium distribution of ligands
in media containing proteins and lipid membranes have been recently reviewed by us [1].
Focus was given to the importance of using the local concentration of ligand in each
medium, instead of the usually considered overall ligand concentration. This formalism
has been applied to the characterization of the interaction of a homologous series of
ligands with P-glycoprotein [15] and allowed the characterization of the ligands’ intrinsic
affinities. Importantly, the same intrinsic affinities were obtained when the interaction was
characterized by two distinct assays (ATPase activity and ligand displacement), performed
at different membrane concentrations (0.1 and 1 mg protein/mL, respectively).

The examples above show that changes in the apparent affinity cannot be used to
evaluate protein specificity. Apparent affinities include contributions from variations in the
ligand affinity towards both the lipid membrane and the protein. Moreover, they depend
on the conditions of the assay, such as the amount of membrane and the lipid-protein ratio.
Those limitations have impeded the elucidation of ligand specificity for membrane proteins.
As such, they contribute to the high attrition rates in drug development, with a poor efficacy
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in vivo for active principles optimized from in vitro studies based on apparent affinities
and activities.

For an accurate and quantitative analysis of ligand-protein interactions in the presence
of lipid membranes, the partition of the ligand to the membrane must be known and
included in the analysis [15,36]. It will be shown in this article that the quantitative
evaluation of the ligand interaction with the lipid portion of the membrane is necessary for
the quantitative evaluation of the affinity of the ligand to the protein. The characterization
of the interaction of the ligand with the specific membrane is therefore of major importance
and should not be simply estimated from its partition between water and octanol (see,
e.g., [15,37-42] for discussions on the limitations of this approach).

This work presents a quantitative evaluation of the effect of the amount of lipid
membrane and of the lipid-protein ratio on the apparent ligand-protein affinities, when
evaluated from the overall ligand concentration. Several cases will be considered, from
proteins in solution in the presence of lipid membranes to biomembranes containing lipids
and intrinsic membrane proteins. The objective is to call the attention of the scientific
community to the importance of including the lipid membrane in the analysis of the ligand-
protein interaction and to provide the framework for an accurate characterization of the
intrinsic ligand-protein affinity.

2. Results

As indicated in reference [1], the distribution of the ligand between the distinct media
(aqueous, protein and lipid membrane) may be described by a partition coefficient towards
the membrane and a binding association with the protein; alternatively, partition coefficients
may be considered for the association of the ligand with both binding agents. The former
analysis is preferable when the molar concentration of the protein is not well known
(only its total mass is known, for example) or when the ligand occupancy number in
the protein is not well defined (as is the case for proteins with large binding pockets
corresponding to several possibly overlapping binding sites). The comparison between the
two formalisms may provide information on the number of ligands that can bind to the
protein binding pocket, as was recently carried out for the interaction of a series of ligands
to P-glycoprotein [15].

The schemes for the equilibrium of the ligand association with the protein and the
lipid membrane are presented in Figure 1 for the case of water-soluble proteins (case I)
and membrane proteins (case II). For simplicity, it is considered that the protein contains a
single binding site. It is not defined a priori whether the ligand binds to the protein from the
aqueous phase or from the lipid bilayer. In fact, the three equilibria form a thermodynamic
cycle, and therefore the equilibrium constants are related through the micro-reversibility
constraint presented below. Thus, even if binding to the protein occurs only from one of
the phases (aqueous or lipid membrane), the equilibrium constant for binding from the
other medium is not independent. To establish the quantitative relation between all three
equilibrium constants, it is necessary to express them in terms of a partition coefficient,
Equation (1) [1,15].

K = KpiVp )

Here, Vp is the molar volume of the protein, X is the medium (aqueous, W, or the
lipid bilayer, Lb) from which the ligand binds the protein, KII;; is the ligand’s partition

coefficient between medium X and the protein, and K&g is the binding equilibrium constant.
The relation between the three partition coefficients is given by Equation (2).
L Ly L
Kpy' = Kp!| Kp® )
The previous two equations are only valid for diluted media, where the protein occu-

pies a much smaller volume than that of the medium with which the ligand equilibrates.
The general equations and their derivation are provided in Appendix A (Sections A.1 and A.2).
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Figure 1. Kinetic schemes for the equilibrium distribution of the ligand between the aqueous
medium, a protein soluble in the aqueous medium (case (I)) or in the lipid membrane (case (II)),
and the membrane lipid bilayer. The association of the ligands to the protein is considered to occur
to a single and well-defined binding site (saturable binding), while a partition (non-saturable) is
considered for the association with the lipid bilayer.

For water-soluble proteins, it is possible to characterize K%lvj (or the corresponding KI];I‘:’)
in the absence of the lipid membrane and KI];EL in the absence of the protein. From those

two equilibria, the third (KIL,IE") may be calculated using Equation (2), even if it does not
correspond to an observed path of ligand distribution. On the other hand, for membrane
proteins, it is not possible to directly characterize Klﬁ&" (nor the corresponding K%;) because
the membrane must always be present. In this case, the two equilibrium constants that can
be directly obtained are K;‘L’i (in the presence of an equivalent lipid membrane but without

the protein) and the overall affinity for the membrane containing the protein KII;KVA, which is
related with the other equilibria by Equation (3),

Lw _ glw Vib Ly VP
Kpt = KW et K " )

with the volume of the membrane (V) being equal to the sum of the volume of the lipid
bilayer (V13,) plus the volume of the protein (Vp) in the membrane. See Appendix A.3 for
derivation. Note that in this case, the volume occupied by the protein cannot be neglected,
even if the protein is diluted. This is because the volume is multiplied by the partition
coefficient, with a significant contribution even if the volume of the protein is much smaller
than that of the lipid bilayer.

Knowing K%Z\;, KLI\V:[’, and the amount of protein and lipid bilayer, it is thus possible

to obtain KII;:AV, and the ligand equilibrium between the lipid bilayer and the protein (KII;IL"])
may be calculated using Equation (2).

Due to the thermodynamic cycle that connects the ligand between all the distinct
media, the equations that describe the equilibrium distribution of ligand are the same,
regardless of the protein being soluble in the aqueous phase or a membrane protein,
and whether the ligand binds to the protein from the aqueous medium or from the lipid
bilayer. The only difference is in which of the two equilibria can be directly characterized
experimentally.

In this section, the results from kinetic modeling considering the ligand-protein and
ligand-membrane interactions will be provided for the case of proteins soluble in the
aqueous phase (Section 2.1) and membrane proteins (Section 2.2.1). Some specific examples
from literature for the membrane protein P-gp are presented and discussed in Section 2.2.2,
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and some considerations regarding the evaluation of the specificity of membrane proteins
will be made in Section 2.2.3.

2.1. Proteins Soluble in the Aqueous Phase

For the interaction of a ligand with a protein soluble in the aqueous phase in the
presence of a lipid membrane, the two equilibria that may be directly characterized, and
the corresponding equations, are:

L
KW
Lw PEREE:N Liy; [Lup| = [LW}KIL’SIJ%
L
KW 4
Lw < Lip ; [Lip] = [Lw]KpY ke ?
[L1) = [Lw] + [Lyp] + [Lp]

[Pr] = [P] + [Lp]

where the concentrations are all with respect to the total volume of the solution.
As indicated before, those equations are only valid for diluted solutions. The corresponding
equations for any amount of protein and/or lipid bilayer are provided in Appendix A 4.
The concentration of ligand free in the aqueous medium is obtained from the set of
equations above, leading to a quadratic equation that may be solved analytically, Equation (5),

PR (14 KB ) 2] (1 KB (] — (2 + KB 2 ) (1) =0 9
with the solution of the quadratic equation, which has physical meaning being always
x4 [1]. The concentration of ligand bound to the protein and associated with the lipid
bilayer is calculated from [Ly| using Equation (4).

If the protein contains several binding sites, the concentration of free ligand may have
to be obtained numerically [43-51].

The protein saturation predicted for a moderate affinity of ligand binding to both
the protein and the lipid bilayer (Ké‘l’v =10°M~1 and KlEsz =103 ), a medium-size protein
(Mw= 50 kDa) at a total concentration of 10 uM, and different amounts of a lipid bilayer, is
shown in Figure 2.

- ---FAF: 1.0
_:9'-'@'""9" il o il

- O - -
VLb/VT —
Q" 0 o
= 16x10° 105 =
= =
% 1.6x1072
0.0 _ , _ i , _ . Joo0
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éo.-moooooo ) o-._-%ggeggg o o703
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Figure 2. Dependence of the protein saturation with ligand ([Lp]/[P1]) with the total ligand
concentration, for a protein soluble in the aqueous phase with My = 50 kDa and a total concentration
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[P1] =10 uM (corresponding to Vp = 4.2 X 10~ V, Klg“]N =10 M1, and K{;{Vb = 103; in the absence
of a lipid bilayer and in the presence of increasing lipid concentrations as indicated in the plots.
The lines are the best fits neglecting the sequestration of the ligand by the lipid bilayer, considering
either the concentration of ligand in the aqueous medium, Equation (6) (plot (A)) or the total ligand

concentration, Equation (7) (plot (B)). The residuals of the best fit are shown in the bottom plots.

As expected, the presence of the lipid bilayer leads to the sequestration of ligand and
decreases the amount of ligand in the aqueous medium (see Appendix B, Figure A1) and
associated with the protein. If protein saturation is described with a model that neglects
ligand association with the lipid bilayer, Equation (6), the binding affinity obtained is apparent
(KE&PP), is lower than the effective one, and depends on the amount of lipid bilayer present.
The quality of the best fit is always excellent, nevertheless (Figure 2A lower plot).

[Lw]2KEW,  + [Lw] (1 — K™ (L) — [PT])) — [Lt] = 0 solution x

eqApp eqApp
[Lp] = [Lt] — [Lw] ©®)
[P] = [Lt] — [Lp]

If, incorrectly but unfortunately very frequent, the protein saturation is analyzed with
a model that considers that the ligand is in large excess relative to the protein, Equation (7),
the best fit is poor (Figure 2B bottom plot).

[Lﬂ - H [Lp]
P = Lt|—[Lp

LT )
L] = earppl?t]

Lt
1+K Ty [Pr]

The values obtained for the apparent ligand affinity are represented in Figure 3, for
the total concentration of protein considered in Figure 2 (10 pM) and for a lower (1 uM) or
higher (100 uM) concentration of protein. In plot A, the apparent affinity when analyzing
the data with Equation (6) is represented, assuming that the ligand is either in the aqueous
medium or associated with the protein, K5, While in plot B, it is the apparent affinity

eqApp’
when assuming a large excess of ligand, KgApp Equation (7).
T T T T T T T T
10 e 1F 410
: \
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Figure 3. Dependence of the apparent binding affinity on the fractional volume of the lipid bilayer;
when considering that the ligand is either in the aqueous medium or associated with the protein

(Kl;C‘{NApp Equation (6), plot (A), and when assuming large excess of ligand (K; App

plot (B). The parameters considered in the simulations were: KI;C"I" =10° M~1, and KII;VL"b =103, for

different protein concentrations, as indicated in the plots. The line is the prediction from Equation (8).

Equation (7),
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When sequestration of the ligand by the lipid bilayer is ignored, and the ligand
binding to the protein is analyzed with Equations (6), the apparent binding affinity deviates
from the true affinity, getting smaller as the amount of lipid bilayer increases (Figure 3A).
The inaccuracy in the binding affinity is independent of the concentration of protein and is
described by Equation (8),

Lw
Kegqapp _ 1 (®)
L L
Keév 1+ KPIYY: X1 b

This equation is valid in dilute solutions (ctyy > 0.99); see Appendix A.5 for its deriva-
tion and for the corresponding equation in concentrated media.

If both the ligand associated with the lipid bilayer and that bound to the protein
are neglected, Equation (7) Figure 3B, the inaccuracy in the estimated binding affinity is
even larger and depends on the total concentration of protein. As expected, the larger the
amount of lipid bilayer and the concentration of protein, the smaller the estimated apparent
binding affinity.

The effect of ligand sequestration by a lipid phase on the apparent binding affinity
of the ligand to the protein is of relevance when the system in study corresponds to an
extract from a biological sample without extensive purification. However, in most studies of
ligand-protein binding a purified protein is used, with little or no contamination from lipids.
The above is very relevant, when whole cells or organisms are being studied and when the
in vivo binding affinity is predicted from studies in vitro using purified samples. In this
case, the use of the binding affinity obtained in vitro and neglecting ligand association to
the lipidic phases in vivo will overestimate the amount of ligand bound to the protein in the
complex system. For a correct description of the ligand distribution in a complex system, it
is necessary to consider the intrinsic affinities and to use a formalism that explicitly includes
the different binding agents at the concentration observed in the specific system.

Serum albumin is an example of a protein that binds ligands with moderate-to-high
lipophilicity and where the amount of ligand bound in vivo may be significantly different
from that predicted from the binding affinity obtained in vitro with purified protein. Blood
plasma contains about 600 pM albumin (corresponding to Vp/Vt ~ 3%), [52] and a high
number of lipoproteins that contain a lipophilic core of neutral lipids stabilized by a
phospholipid layer and proteins, corresponding to Vi, /Vt ~ 1%, [53-57]. Lipophilic drugs
will partition towards the lipoproteins, which will decrease the apparent binding affinities
to the serum albumin in the plasma. As an example, the drug chlorpromazine binds to
albumin with moderate affinity (K(I;(‘f ~ 10° M~! [52,58]) and presents a relatively high
partition coefficient to lipid bilayers (K%{"b ~ 104 [21,59,60]). In the plasma, it is predicted
from Equation (8) that the apparent binding affinity of chlorpromazine to serum albumin
is decreased to ~10* M~!, with about half of the drug being associated with the lipidic
phase in the lipoproteins. The apparent affinity of the drug to serum albumin is further
decreased when the whole blood is considered due to the erythrocytes’ membranes (leading
to Vi, / V1 = 1.5%) [57,61,62] and, in particular, in the capillaries, due to the membrane
of the endothelial cells (which increase Vi},/ V1 to somewhat above 1.5%). It is therefore
essential to include both the proteins and the lipid phases in the formalisms used to describe
and predict drug pharmacokinetics from the binding affinities obtained in purified model
systems [42,63-65].

2.2. Membrane Proteins

Most proteins in the cell interact with biomembranes at some point, and this is im-
portant for their biological function. About one third of the genes encode for intrinsic
membrane proteins [66,67], which interact strongly with the lipid bilayer and are an in-
herent component of the membrane. However, proteins soluble in the aqueous medium
may also associate with the cell membranes, transiently or more permanently, through
interactions with the lipid bilayer or with membrane proteins [68-73]. The presence of
the lipid bilayer influences their function, not only due to direct interactions [2-8], but
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also indirectly, through interactions with their ligands [9-12,15]. The major conceptual
difference regarding the effect of the lipid bilayer on the apparent affinity of the ligand
to the protein is whether it is the ligand in the aqueous phase or in the lipid bilayer that
binds to the protein. Intuitively, it is anticipated that a decrease in the apparent affinity is
observed when binding is from the aqueous phase (ligand sequestration) and an increase if
binding is from the lipid bilayer (increase in the local concentration). However, the lack of
an appropriate formalism has impeded the quantitative analysis of the lipid bilayer effects.
Instead, the ligand binding is usually characterized as an apparent affinity, without explic-
itly considering the ligand associated with the lipid bilayer. Moreover, in most situations,
ligand-protein binding is analyzed assuming excess ligand, thus neglecting both the ligand
associated with the lipid bilayer and with the protein itself (e.g., [16,74-78]). In any case,
the apparent affinity obtained depends on the affinity of the ligand to the lipid bilayer,
which has been a major problem in the identification of the ligand specificity of membrane
proteins. This limitation has an enormous impact on drug discovery, since membrane
proteins are important drug targets [79-83].

The distinction between proteins that bind the ligand from the aqueous medium and
those that bind the ligand from the lipid bilayer is illustrated in Figure 4. Regardless of the
path followed by the ligand in the aqueous medium to bind to the protein (directly, case Ila;
or mediated by the lipid bilayer, case IIb), the three equilibria form a thermodynamic cycle,
and an equilibrium constant may be defined even for the path that cannot be followed by
the ligand, Equation (2).

Ila IIb

KII’;Lb =KII;PW /KLW Water KLPW =KII;WKLLb

PLb

Protein Protein

Lipid bilayer

Figure 4. Schematic representation of the ligand equilibrium distribution between the lipid bilayer and
a membrane protein for the case of ligand-protein binding from the aqueous medium (Ila) or from the
lipid bilayer (IIb). The equilibria indicated in black correspond to paths that may be followed by the
ligand, while the equilibrium in grey results only from the impositions of the thermodynamic cycle.

The two situations depicted in Figure 4 are therefore formally equivalent. They are
also equivalent to the case of water-soluble proteins. Thus, the equations that should be
used to quantitatively follow the equilibrium distribution of the ligand are those defined in
Section 2.1.

There is, however, a major practical difference: it is not possible to characterize the
binding affinity in the absence of the lipid bilayer. Thus, the intrinsic binding affinity cannot
be directly characterized. Instead, it must be obtained from the amount of ligand bound to
the protein in the presence of the lipid bilayer.

From the possible equilibria in the ligand association with the protein and lipid bilayer

(Figures 1 and 4), only KI];Z‘{) and KII;K"/I may be directly characterized experimentally in the
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case of membrane proteins. The characterization of K;%’ (and the corresponding intrinsic
affinity, K(I;CVIV ) is therefore formalism-dependent. There are several alternative approaches
to experimentally obtain Kleﬁv . The partition coefficient towards the whole membrane (K%l‘(",[)
and towards the lipid bilayer (KII;Z\{,) may be obtained at low ligand concentrations, allowing
the calculation of K%I‘f’ (Equation (3)), and Kgg\’ (Equation (1)). An alternative approach is to
characterize the apparent binding affinity (Klj(‘]"gpp
and extrapolate to V1, = 0 using Equation (8). Finally, making use of this same equation,

it is possible to calculate Kl‘%"’

) at different volumes of the lipid phase

from the KL‘(‘%pp at a specific value V1y, provided that the
partition coefficient towards the lipid bilayer and its volume are known.

In Section 2.2.1, the formalism presented in Section 2.1 will be used to explore quantita-
tively the effect of the lipid bilayer on the distribution of ligand between the distinct media
and on the apparent binding affinity obtained if the lipid bilayer is not taken into account.
Then, in Section 2.2.2, we will present some specific cases taken from the literature and
estimate the bias introduced by using the apparent affinity. Finally, Section 2.2.3 discusses
some considerations into how protein specificity can be defined based on the binding
affinities of a set of ligands with distinct properties.

2.2.1. Effect of the Volume of the Lipid Bilayer and Ligand’s Lipophilicity on Ligand
Binding to Membrane Proteins

When considering membrane proteins, it is important to distinguish whether they
bind the ligand from the aqueous medium or from the lipid bilayer. Because the formalism
for the analysis of ligand-protein binding is equivalent in both situations, the distinction
can only be made in terms of ligand lipophilicity. Membrane proteins that bind very polar
ligands must have their binding site accessible from the aqueous medium, while, for an
efficient binding of lipophilic ligands, the binding site must be accessible from the lipid
bilayer. The two situations will therefore be treated together, the distinction being made
only in terms of ligand lipophilicity.

The effect of the volume of the lipid bilayer on the binding of ligands with distinct
lipophilicity is represented in Figure 5. It should be noted that in what follows, the change
in ligand lipophilicity may be due either to a different ligand being considered or to changes
in the properties of the lipid bilayer or of the ligand. The latter may be due to a different
lipid composition of the membrane or due to changes in the ligand’s ionization state in
response to a distinct pH in the aqueous medium. The variation of the apparent binding
constant between the aqueous phase and the protein Kgg‘gpp / Kg&" is shown in the plots at
the left. The variation of the fraction of ligand in the aqueous phase ([Lw]/[Lt], continuous
lines) and associated with the lipid bilayer ([L;y,]/[Lt], dashed lines) is shown on the
middle plots. The protein saturation [Lp]/[Lt] is shown in the right plots. The intrinsic
affinity for the protein was kept constant, Klﬁ&’\’ =10° M1, as well as the total concentration
of protein, [Pt] = 1 uM, while the volume of the lipid bilayer was increased from 0 to 15%.

The case of very polar ligands is represented in plots A to C. For ligands with equal

affinity for the aqueous phase and the lipid bilayer (Log (Kh‘i’)) =0, red lines), the presence

of the lipid bilayer does not affect the apparent binding affinity of the ligand to the protein,
even for very high volumes of lipid bilayer. The fraction of ligand associated with the
lipid bilayer increases and is accompanied by a decrease in the fraction of ligand in the
aqueous phase, but the protein saturation with 