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The dissociation state of phosphatidic acid (PA) in a lipid bilayer is governed by the competition of proton
binding and formation of a hydrogen bond through a mechanism termed the electrostatic–hydrogen bond
switch. This mechanism has been suggested to provide the basis for the specific recognition of PA by proteins.
Even in bare lipid bilayers the electrostatic–hydrogen bond switch is present if the membrane contains lipids
like phosphatidylethanolamine that act as hydrogen bond donors. In this case, the dissociation state (pKa) of
PA depends strongly on membrane composition. In the present work we incorporate the electrostatic–
hydrogen bond switch mechanism into the Gouy–Chapman model for a membrane that is composed of PA
and a hydrogen bond-donating zwitterionic lipid. To this end, our model integrates into the Gouy–Chapman
approach a recently suggested electrostatic model for zwitterionic lipids. Hydrogen bond formation is
incorporated phenomenologically as an additional non-electrostatic interaction between the phosphomo-
noester headgroup of PA and the zwitterionic lipid headgroup. We express the energetics of the composite
membrane in terms of a free energy functional whose minimization leads to a modified non-linear Poisson–
Boltzmann equation that we have solved numerically. Our calculations focus on the influence of the
membrane environment on the dissociation state of PA. This influence can be expressed as a shift of the
second pKa of PA, which we calculate as function of membrane composition, following experimental
observation. The shift is large and negative if PA is theminor component in themembrane, and it changes over
four pH units as function of the mole fraction of PA in the membrane. In contrast, the shift of the second pKa of
PA remains small and is always positive if the zwitterionic lipid is unable to act as hydrogen bond donor.
Hence, we find that the electrostatic–hydrogen bond switch mechanism regulates the dissociation state of PA
with much greater sensitivity than would be possible based on a pure electrostatic regulation through the
membrane potential.
ay/ (S. May).
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1. Introduction

Lipid–protein interactions at the lipid headgroup–aqueous inter-
face are often governed by electrostatic interactions where cationic
protein domains bind to anionic lipids. In many cases this electrostatic
interaction is further facilitated by specific structural features of the
protein domain such that it fits neatly “around” the lipid headgroup.
Important examples are the PH, PX, FYVE, and similar domains that
bind to one of the seven naturally occurring polyphosphoinositides
[1,2]. In other cases the electrostatic interaction is driven solely by the
total electrostatic potential of the membrane, which can be modulat-
ed by the concentration of phosphatidylserine (PS) in the lipid bilayer
[3]. In the case of the polyphosphoinositides the highly specific
protein–lipid interactions are governed by the functionalized (phos-
phorylated) inositol headgroup, while for PS the interaction is found
to be electrostatic due to its high abundance. Phosphatidic acid (PA),
however, interacts with proteins via another mechanism.

Phosphatidic acid, like phosphatidylinositol-(4,5)-bisphosphate
(PIP2), is a minor component of biomembranes and thus has to be
located in a sea of (mostly) PS and phosphatidylcholine (PC) by its
binding proteins. This recognition is facilitated by the phosphomo-
noester headgroup that sits close to the headgroup–acyl chain
interface. Recently it was suggested that the phosphomonoester acts
as an electrostatic–hydrogen bond switch allowing for highly specific
electrostatic and hydrogen bond interactions [4]. The phosphomo-
noester headgroup of PA has two ionization constants, with the pKa2

located in the physiological pH range. Qualitatively the electrostatic–
hydrogen bond switch model is best described as follows: When the
“first” proton dissociates from the phosphomonoester headgroup, the
“second” becomes more tightly bound due to the resulting negative
charge and already present covalent interaction (see Fig. 1).
Importantly, hydrogen bonds formed with the phosphomonoester
compete for electrons and thereby destabilize the “second” proton,
facilitating its dissociation (see Fig. 1). Kooijman and coworkers thus
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Fig. 1. Cartoon of the electrostatic–hydrogen bond switch. PA carrying one negative
charge is shown on the left (charged oxygen is (high)lighted red). Shown is the
“second” proton now bound by both electrostatic and non-electrostatic interactions.
Interaction with a primary amine is shown on the right (charged nitrogen is (high)
lighted blue), facilitating deprotonation of the phosphomonoester headgroup of PA via
hydrogen bond formation. Carbons are colored gray, nitrogen is blue, oxygen is red,
phosphorus is orange, and explicit protons are white. Taken with permission from
Kooijman and Testerink [5].
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proposed that PA-binding proteins exploit this property of the
phosphomonoester of PA [4]. These proteins are attracted to the
anionic membrane through electrostatic interactions where their PA
binding domain binds transiently to anionic phospholipids. However,
only when the PA binding domain locates the phosphomonoester of
PA it is able to dock onto the membrane, namely by displacing the
“second” proton (assuming it possessed a single negative charge
before binding) in the phosphomonoester of PA. This creates a specific
and strong electrostatic interaction (now based on two negative
charges) that is further strengthened by hydrogen bond interactions
since the fully dissociated phosphomonoester acts as an efficient
hydrogen bond acceptor.

The electrostatic–hydrogen bond switch mechanism predicts that
the pKa2 of PA depends sensitively on the ratio between PC and
phosphatidylethanolamine (PE), and hence the location of PA in the
cell. Furthermore, the model predicts that PA–protein interaction will
be sensitive to intracellular pH, exactly as was recently shown by
Loewen and coworkers [6]. Namely, they showed that Opi1, a
transcriptional regulator, binds to the ER at neutral pH and comes
off the ER as the pH decreases based on the metabolic state of the cell.
The work by Loewen et al. effectively links metabolism to membrane
biogenesis with PA acting as a pH sensor according to the
electrostatic–hydrogen bond switch mechanism. The goal of the
current work is to use the classical Gouy–Chapman model to develop
a theoretical description of the electrostatic–hydrogen bond switch,
specifically as it depends on local lipid composition and pH.

Classical Gouy–Chapman theory is frequently used to account for
the diffuse double layer near charged surfaces (including lipid
membranes) on a mean-field level [7,8]. The model leads to the
Poisson–Boltzmann equation (a non-linear differential equation) that
can be solved numerically or, in some cases, even analytically [9,10].
In themost simple case, the surface charge density σ of a given surface
immersed in a salt-containing aqueous solution is fixed, but it is also
possible to include additional degrees of freedom, such as ionization
equilibria [11], mobile charges within a laterally inhomogeneous
surface [12], polyelectrolytes [13], hydration models of water [14],
and the presence of mobile dipoles in the aqueous solution [15].
Recently, a model was suggested to account for the electrostatic
properties and orientational freedom of zwitterionic headgroups in a
mixed lipid membrane [16]. In this model, the zwitterionic headgroup
is represented simply by two opposite charges, a negative charge
located at the polar/apolar interface and a positive charge, at fixed
distance away from the first, being able to move on a hemispherical
surface inside the polar (i.e. headgroup) region. This model, which is
simple enough to allow for some analytical solutions [17,18], has been
used recently to investigate thermodynamic properties of anionic and
cationic membranes [16], electrostatic interactions of mixed mem-
branes with macroions [19], binding of DNA to zwitterionic
membranes mediated by divalent cations [20], and ionization
properties of mixed anionic–zwitterionic membranes[21]. In all
these studies, the zwitterionic lipid interacted with the environment
only electrostatically, and the possible presence of non-electrostatic
interactions was assumed to be completely independent (i.e., not
coupled with the electrostatic interactions). Developing a Gouy–
Chapman framework that consistently incorporates the coupling
between electrostatic and non-electrostatic interactions for a mixed
anionic–zwitterionic lipid bilayer is a major goal of the present work.

The electrostatic–hydrogen bond switch influences the ionization
properties of a phosphomonoester headgroup through the competi-
tion of proton binding and formation of a hydrogen bond. The
equilibrium of this process is influenced by the ambient electrostatic
conditions (salt and pH). Different chemical moieties may act as
hydrogen bond donors, including the hydroxyl group of lyso-
phosphatidic acid [22], positively charged side chains (lysine,
arginine) of membrane-interacting peptides [4], or the primary
amine group of phosphatidylethanolamine [22]. The latter involves
a zwitterionic lipid and thus lends itself to be integrated into the
electrostatic Gouy–Chapman model for mixed anionic–zwitterionic
membranes discussed above.

As model system we take a mixed anionic–zwitterionic lipid
bilayer consisting of PA and PE, and contrast the results with those for
PA and PC. We also emphasize that the Gouy–Chapman model is not
based on an atomistic representation of the involved lipids, and its
scope is not to quantitatively reproduce the ionization properties of a
specific system. Instead, our approach represents a minimal model
that only accounts for the essential structural and energetic features of
the membrane. Minimal models such as the present one typically
have only few parameters. These can be varied systematically which
allows a complete understanding and transparent interpretation of
the physical behavior described by the model. Besides modeling the
electrostatic–hydrogen bond switch, the present study also demon-
strates an example of incorporating non-electrostatic interactions into
the Gouy–Chapman model.

2. Model

We consider a planar binary lipid bilayer that consists of a two-
component mixture: a lipid carrying a phosphomonoester and a
zwitterionic lipid that is able to interact with the phosphomonoester
via the formation of a hydrogen bond. A specific realization of such a
system is amixture of PA and PE towhichwewill refer in the following.
We will also consider the case that no hydrogen bond can form; the
zwitterionic lipid would then represent, for example, PC which has a
quaternary amine in its headgroup that does not act as hydrogen bond
donor.We shall denote themole fraction of PA byϕ. Themole fraction of
the zwitterionic lipid (either PE or PC) is thus 1−ϕ.

PA exhibits a variable dissociation state of its phosphomonoester
headgroup. Of the two pK values, only the second falls within the
physiological pH range. Hence PA is usually found carrying either one or
two negative charges, which we denote by PA− and PA2−, respectively.
In the following we focus only on these two ionization states, with PA
having either one or two headgroup charges. We denote the fraction of
PA2− vs. PA− by η/(1−η) where η denotes the degree of deprotonation
(with 0≤η≤1). The lipid bilayer can then be viewed as a quasi-ternary
systemwith mole fractions ϕη of PA2−, ϕ(1−η) of PA−, and (1−ϕ) of
the zwitterionic lipid (PE). The lipid mole fraction ϕ is usually an
experimentally given quantity, but the degree of deprotonation η will
adjust so as to minimize the total free energy of the bilayer. Fig. 2
illustrates the system.

Poisson–Boltzmann theory is a mean-field model where all
charges are point like, irrespective of whether they are part of a
proton, salt ion, or lipid. However, the headgroup of the zwitterionic



Fig. 2. Illustration of a mixed acidic–zwitterionic lipid layer, consisting of PA and PE. The
mole fractions of PA2−, PA−, PE are ϕη, ϕ(1−η), 1−ϕ, respectively, where η denotes
the degree of deprotonation of PA. The charges of PA2− and PA− as well as the negative
charge of PE are confined to the plane x=0whereas the positive charge of PE is able to
reside at any position x= l cos θwithin the headgroup region (0≤x≤ l), corresponding
to a headgroup tilt angle θ. The cross-sectional area per lipid a is assumed to be
constant, adopting the same value for all lipids. Charges belonging to the PE headgroups
and salt ions are shaded. The horizontal broken line marks the outer boundary of the
headgroup region at distance l away from the polar–apolar interface, x=0. The aqueous
solution contains protons and monovalent salt ions.
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lipid (PE) consists of two opposite charges that are well separated and
cannot be condensed into one single point. To account for the structure
of the zwitterionic headgroup we will adopt a model that has been
introduced and analyzed inpreviouswork [16]. Briefly, the headgroup is
represented by two opposite charges that are separated by a fixed
distance l. The negative charge resides strictly at the polar–apolar
interface of the lipid layer, which we locate at position x=0 of a
Cartesian coordinate systemwith the x-axis pointing normal to the lipid
layer. The position of the positive charge is variable, allowing for
headgroup tilt angles θwith 0≤θ≤π/2 (see Fig. 2). Instead of using the
angle θ, it is more convenient to describe the headgroup tilt by the
position x= l cos θ of the positive headgroup charge along the x-axis.
Obviously, x=0 for θ=π/2 and x= l for θ=0. Generally, different xwill
be adopted with different probabilities. We denote the corresponding
probability distribution by P(x), normalized according to

1
l
∫
l

0

P xð Þdx = 1: ð1Þ

Note that for an unperturbed headgroup all orientations θ occur with
the same probability, implying P(x)=1. We also note that P (and
similarly all other physical quantities) depends only on the x-
coordinate but—within the present mean-field approach—is invariant
along the y, z-plane.

We assume the lipid membrane is immersed in an aqueous
solution that contains monovalent salt ions and protons. The local
concentrations of positively charged salt ions, negatively charged salt
ions, and protons are denoted by n+=n+(x), n−=n−(x), and np=np
(x), respectively. The corresponding bulk values are n0 (for the
positive salt ions), n0+np

0 (for the negative salt ions), and np
0 (for the

protons), thus ensuring electrical neutrality in the bulk. With these
definitions we are able to specify the volume charge density ρ(x)
along the x-axis;

ρ xð Þ
e

=
nþ + np−n− +

1−ϕð Þ
al

P xð Þ; 0 b x b l

nþ + np−n−; l≤ x b∞

8<
: ð2Þ
where a denotes the cross-sectional area per lipid (assumed to adopt
the same constant value for all lipids) and e is the elementary charge.
The final term of Eq.(2) in the headgroup region 0bxb l describes the
contribution from the positive charges of the zwitterionic headgroups.
The negative charges from PA and from the phosphate groups of the
zwitterionic lipids (PE) all reside at the polar/apolar interface of the
lipid layer, x=0 (which we assume to be sharp). The corresponding
surface charge density

σ = − e
a

1 + ϕηð Þ; ð3Þ

located at x=0, has thus two contributions, −(1−ϕ)e/a from the
zwitterionic lipids and−ϕ(1+η)e/adue to thepresenceof PA (where the
yet unknown η reflects the dissociation equilibrium PA−⇋PA2−+p+).

According to the electrostatic–hydrogen bond switch model, the
phosphomonoester headgroup of PA is able to form a hydrogen bond
with the zwitterionic headgroup of PE (or, more generally, with any
other hydrogen bond donor) which increases the deprotonation state
of PA. Using a phenomenological approach like the Gouy–Chapman
model it is not obvious how to account for hydrogen bonds and the
partial charge distributions in the involved lipids that cause the
electrostatic–hydrogen bond switch mechanism. Nevertheless, we
suggest to use an empirical non-electrostatic attractive potential
(denoted by −U(x) with U(x)≥0 and measured in units of the
thermal energy kBT where kB is the Boltzmann constant and T the
absolute temperature) that mimics the formation of a hydrogen bond.
Specifically, if the distance, measured along the x-axis, of the
hydrogen bond donor (i.e., the positive end of the zwitterionic
headgroup of PE) is closer to the headgroup of PA2− than a certain
distance l̃ (with l ̃b l), a hydrogen bond of strength U0N0 (measured in
units of kBT) forms. This amounts to the choice of the square-well
potential

U xð Þ = U0; 0 b x b l̃
0; l̃≤ x b∞

(
ð4Þ

whichwe adopt in the present work.We shall alsomodel the situation
that the zwitterionic headgroup cannot act as a hydrogen bond
donor; PC is an example. In this case we set U0=0. We note that in
molecular simulations a 10–12 interaction potential is frequently used
to model the formation of a hydrogen bond [23]. We discuss the 10–
12 interaction potential and its relation to U(x) (see Eq. (4)) in
Appendix A.

The basis of our model is the following mean-field expression for
the average free energy f per lipid, expressed in units of the thermal
energy kBT,

f
kBT

=
a

8πlB
∫∞
0
dx Ψ′ xð Þ� �2

+ a∫∞
0
dx nþln

nþ
n0

−nþ

� �

+ a∫∞
0
dx n−ln

n−
n0 + n0

p
−n−

" #

+ a∫∞
0
dx npln

np

n0
p
−np

" #

+ ϕ η ln
η
η0

+ 1−ηð Þln 1−η
1−η0

� �

+ 1−ϕð Þ1
l
∫
l

0

dx P xð ÞlnP xð Þ

−η ϕ 1−ϕð Þ1
l
∫
l

0

dx P xð ÞU xð Þ:

ð5Þ

image of Fig.�2
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The first term in Eq. (5) describes the total electrostatic energy of the
lipid layer; it expresses the familiar volume density of the electrostatic
energy �W�0(Φ′(x))2/2 (where εW is the dielectric constant of water, ε0
is the permittivity of free space,Φ(x) is the electrostatic potential, and
the prime denotes the first derivative) in terms of both the Bjerrum
length lB=e2/(4πkBT�W�0) and the dimensionless electrostatic poten-
tialΨ=eΦ/kBT. To obtain the electrostatic contribution to the average
free energy per lipid, we integrate over the x-direction, starting at the
polar–apolar interface (x=0) and multiply by the (constant) cross-
sectional area per lipid, a. The second, third, and fourth terms in
Eq. (5) account for the ideal mixing free energy contributions due to
the positive salt ions, negative salt ions, and protons, respectively.
These three terms alone would adopt a minimum if no compositional
gradients were present anywhere in the electrolyte (i.e., for n+=n0,
n−=n0+np

0, and np=np
0). The fifth term in Eq. (5) accounts for the

energetics of adjusting the protonation/deprotonation equilibrium of
PA (corresponding to the reaction PA−⇋PA2−+p+); here

η0 =
1

1 + 10pK−pH ð6Þ

denotes the intrinsic probability to find PA with two negative charges
(PA2−). That is, if the local pH (i.e. the negative decadic logarithm of the
local proton concentration) is equal to the intrinsic pK, then the degree of
deprotonation (i.e. the probability of PA to carry two negative charges) is
η0=1/2. The actual probability η generally differs from the intrinsic
probability η0 due to the influence of themembrane environment on the
local proton concentration.Wemay view any specific choice of η0 simply
as a measure for the pH of the solution through pH=pK− ln[(1−η0)/
η0)]/ln10. Because the exact value of the intrinsic pK, corresponding to
the reaction PA−⇋PA2−+p+, is not well known, it is convenient to
study our model properties directly as function of η0 with 0≤η0≤1. The
sixth term in Eq. (5) denotes the orientational entropy contribution from
the headgroups of the zwitterionic lipids. The integration runs across the
headgroup region, 0≤x≤ l, where in each sub-region x…x+dx there is a
constant number of available headgroup orientations 2πldx. The total
number of headgroup orientations, ∫0

l 2πldx=2πl2, thus corresponds to
the surface area of a hemisphere. Note that the first six terms in Eq. (5)
have been employed in previous work [21], together with an additive
non-electrostatic demixing contribution ~ϕ(1−ϕ) to the free energy. In
the present study we use a more specific non-electrostatic interaction
term, one that is not additive but couples with the electrostatic
interactions. This contribution is described by the seventh term in
Eq. (5). Here, PA2− interacts with the headgroup of the zwitterionic lipid
in an orientation-dependent fashion described by the square-well
potential U(x) according to Eq. (4). As discussed above, we use this
choice to phenomenologically model the formation of a hydrogen bond
between the headgroups of PE and PA.

At this point we have fully defined our model. To proceed we note
that a number of quantities are free to adjust, namely the local salt
concentrations, n+(x) and n−(x), the local proton concentration np(x),
the distribution of headgroup orientations P(x), and the degree of
deprotonation η. The free energy f= f(n+(x), n−(x), np(x), P(x), η)
must thus adopt its minimum with respect to these unconstrained
quantities. The (functional) minimization procedure leads to a
number of Boltzmann distributions

nþ xð Þ = n0 e−Ψ xð Þ
; n− xð Þ = n0 + n0

p

� �
eΨ xð Þ

;

np xð Þ = n0
p e−Ψ xð Þ

; P xð Þ = 1
q

e−Ψ xð Þ + ϕ η U xð Þ
;

ð7Þ

where the partition sum

q =
1
l

∫
l

0

dx e−Ψ xð Þ + ϕ η U xð Þ ð8Þ
ensures the normalization of P(x) according to Eq. (1). In addition, the
minimization of f results in the degree of deprotonation of PA

η =
1

1 + 1−η0
η0

e−Ψ 0ð Þ− 1−ϕð Þ1l∫l
0 dxU xð ÞP xð Þ

: ð9Þ

The actual degree of deprotonation (η) is thus equal to the intrinsic
degree of deprotonation (η0) if the electrostatic potential at the
headgroup of PA vanishes (Ψ(x=0)=0) and if no interaction
between PA and PE is present (U(x)=0). Below, in Eq. (12), we
specify how the intrinsic (η0) and actual (η) degrees of dissociation
relate to the intrinsic and apparent pK.

The distributions n+(x), n−(x), np(x), P(x), and η still depend on
the yet unknown electrostatic potential Ψ(x). We obtain Ψ(x) from
the familiar Poisson equation Ψ″(x)=−4πlBρ(x)/e, where we insert
into the volume charge density ρ(x), see Eq. (2), the Boltzmann
distributions in Eq. (7). This gives rise to the modified Poisson–
Boltzmann equation,

l2DΨ
″ =

sinhΨ−4πlBl
2
D 1−ϕð Þ
laq

e−Ψ + ϕηU 0 b x b l

sinhΨ l≤ x b∞:

8><
>: ð10Þ

Here, we have introduced the familiar definition 1/lD2 =8πlB(n0+np
0)

of the Debye screening length lD. Salt ions and protons can be present
both within and outside the headgroup region. Hence, both lines in
Eq. (10) account for their presence (through the term sinh Ψ). The
second term in the first line of Eq. (10) accounts for the additional
presence of the zwitterionic lipids, which interact with PA2− (present
with mole fraction ηϕ) through the non-electrostatic potential U(x).
For ϕ=1 no zwitterionic lipids are present, and our model reduces to
the classical Gouy–Chapman model with a dissociation equilibrium
[11]. We note that Eq. (10) needs to be solved with respect to the
boundary conditions Ψ′(x→∞)=0 and Ψ′(x=0)=−4πlBσ/e where
the surface charge density σ (measured at x=0) is given in Eq. (3).
The boundary condition at x=0 accounts for the large mismatch in
dielectric constants �L≪ �W within the membrane (�L≈4) and in the
aqueous phase (�W≈80). At x= l the potential Ψ(x) needs to be
continuous and smooth.

Themodified Poisson–Boltzmann equation can be viewed as a self-
consistency relation as it usually appears in mean-field models. In our
case, Eq. (10) also contains η and thus needs to be solved together
with Eq. (9) which, upon inserting the equilibrium expression for P(x)
from Eq. (7), becomes a Ψ(x)-dependent transcendental equation for
η. Solving this system of equations, which is the crucial step for
analyzing the implications of the present model, can be accomplished
by re-expressing Eqs. (9) and (10) in the form of a Newton–Raphson
iteration scheme [12], leading to a sequence of linearized equations
that can be solved using standard numerical methods.

The degree of deprotonation η can be expressed by an apparent pK,
which we denote by pKa. The two quantities are related through

η =
1

1 + 10pKa−pH : ð11Þ

We define ΔpK=pKa−pK, which is the change in the apparent pK
value upon exposing PA to both the electrostatic potential of the host
membrane and the non-electrostatic interactions with PE. Using
Eqs. (6), (9), and (11) we find

ΔpK =
1

ln10
ln

η0 1−ηð Þ
η 1−η0
� �

 !

= − 1
ln10

Ψ 0ð Þ + 1−ϕð Þ1
l
∫
l

0

dx U xð ÞP xð Þ
" #

:

ð12Þ



Fig. 3. The degree of deprotonation η as a function of η0 (which is related to the pH and
pK of PA according to Eq. (6)) for various mole fractions of PA: ϕ=0, ϕ=0.1, ϕ=0.2,
ϕ=0.3, ϕ=0.4, ϕ=0.5, ϕ=0.7, ϕ=1 from top to bottom. As indicated, the left
diagram corresponds to U0=0, and the right diagram to U0=8.
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The most simple example is the presence of only PA, corresponding to
ϕ=1. The second term in the second line of Eq. (12) then vanishes.
The negative charges of PA cause a negative potentialΨ(0) and thus a
positive shift ΔpK. This is consistent with the interpretation that the
negative membrane potential causes additional protonation of PA at
fixed pH (as compared to the hypothetical case of vanishing
membrane potential). If the zwitterionic lipid is present (i.e., for
ϕb1), the second term in Eq. (12) will provide a positive contribution
(recall that a positive sign of U(x) corresponds to an attractive
interaction between PA and the mobile end of the zwitterionic
headgroup) and thus tends to oppose the positive shift of ΔpK.

3. Results and discussion

Throughout this work we use fixed values for the Bjerrum length
lB=0.7 nm (which expresses the dielectric constant of water
�w≈80), the cross-sectional area per lipid a=0.65 nm2, the
separation of the two opposite charges of the zwitterionic headgroup
l=0.5 nm, and the Debye length lD=1 nm (corresponding to a
physiological 0.1 M salt solution). We note that the definition of the
Debye length lD=[8πlB(n0+np

0)]−1/2 also contains the proton
concentration, and thus may depend on the pH. However, we safely
treat lD as a constant as long as the bulk salt concentration is much
larger than the bulk proton concentration np

0. This is certainly fulfilled
for all physiologically relevant pH values.

The non-electrostatic attractive potential −U(x) between the
phosphomonoester of PA and the hydrogen bond donor at the mobile
end of the zwitterionic headgroup is modeled according to the
square-well potential in Eq. (4). Our choice of l ̃=0.2 nm reflects a
typical effective interaction range of hydrogen bond formation [24].
For the interaction strength we chose U0=8 (recall from Eq. (5) that
U(x) is expressed in terms of kBT). This corresponds to ≈20 kJ/mol,
which is a typical energy scale for hydrogen bond formation [24]. We
note that a precise determination ofU0 which accurately accounts for
the differences in energy and entropy contained in the hydrogen
bond network for x being large (l ̃bxb l) and small (0bxb l ̃), is beyond
the scope of the present work. Yet, different choices ofU0 and l ̃would
not qualitatively change our results. (Below, in Fig. 7, we support this
assertion by presenting our model predictions for varying choices of
U0 and l ̃.) To understand the influence of the ability (PE) or inability
(PC) of the zwitterionic headgroup to form a hydrogen bond, we shall
compare the two cases U0=8 and U0=0.

In the following we study the behavior of the mixed lipid layer as a
function of the mole fraction ϕ of PA and the intrinsic probability η0
(which we recall to be a measure of the pH in the solution). We note
that η0 and also ϕ are usually experimentally fixed parameters.
Allowing for variations of ϕ (i.e., taking ϕ as a degree of freedom
instead of being fixed) would be important in accounting for a
tendency of the mixed lipid layer to laterally phase separate. Non-
ideal mixing (including phase separation in the presence of calcium
ions [25,26] or charged proteins [27]) is, in fact, a relevant subject for
membranes that contain PA [28]. As pointed out above, capturing
lateral phase separation within the Poisson–Boltzmann framework
requires the addition of an appropriate non-ideal mixing term in the
free energy that favors phase separation [21]. The present model lacks
any such incentive and thus will not predict phase separation.

Fig. 3 shows the degree of deprotonation η as a function of η0.The
left and right diagrams correspond to U0=0 and U0=8 respectively;
the curves in each diagram represent different mole fractions ϕ of PA
(with ϕ=0, ϕ=0.1, ϕ=0.2, ϕ=0.3, ϕ=0.4, ϕ=0.5, ϕ=0.7, ϕ=1
from top to bottom).

For ϕ=1 the lipid layer contains only PA. In the absence of
zwitterionic headgroups that potentially act as hydrogen bond
donors, the potential U(x) becomes irrelevant and the curves in
both diagrams must be identical. According to Eq. (9) the two limiting
values η0=0 and η0=1 always fix the corresponding degree of
deprotonation, η=0 and η=1, respectively. Yet, in between, η tends
to remain close to zero. The interpretation is straightforward: the
negative potential Ψ(x=0) at the headgroup of PA attracts protons,
and this shifts the equilibrium of the protonation/deprotonation
reaction PA−⇋PA2−+p+ towards the protonated state PA−.

For ϕb1 the choices U0=0 and U0=8 lead to significantly
different results. Consider first the case U0=0 (left diagram): Here,
the addition of zwitterionic lipids (decreasing ϕ) increases η only
moderately. Replacing PA by a zwitterionic lipid exchanges the
possibly two negative charges of PA by one single negative charge,
namely the phosphate group of the zwitterionic lipid. The potential
Ψ(0) remains negative, although less negative than for ϕ=1. The
negative potential Ψ(0) implies ηbη0; see Eq. (9) for U(x)=0. This
consideration also applies to the case ϕ→0 where PA is present in the
dilute limit (thus acting as a probe molecule). To sum up, for U0=0
we always find ηbη0 which simply reflects the negative sign of the
membrane potential. Consider now the other case, U0=8 (right
diagram): Here, the zwitterionic headgroup acts as a hydrogen bond
donor. Hydrogen bond formation leaves PA in its deprotonated state,
thus increasing η. In addition, hydrogen bond formation requires close
proximity of the positively charged end of the zwitterionic headgroup
to the headgroup of PA. This proximity of positive charge renders the
potential Ψ(0) more positive, further facilitating the state PA2− over
PA−. In the excess of zwitterionic lipids (small ϕ), almost all PA will be
subject to hydrogen bond formation, implying large η. In this case it is
ηNη0 despite the negative potential Ψ(0). For ϕ=0.4 we find
approximatively η=η0; here the negative potential Ψ(0) and the
tendency to form hydrogen bonds compensate each other, implying
Ψ(0)≈−(1−ϕ)(1/l)∫0

l dx U(x)P(x) for any choice of ϕ.
The dependence η=η(η0, ϕ), plotted in Fig. 3, can be used to

calculate the shift ΔpK according to Eq. (12). This is displayed in Fig. 4.
Again, the results for U0=0 and U0=8 must converge at ϕ=1where
no zwitterionic lipids (and thus no hydrogen bond formations) are
present. In addition, ΔpK always (for both U0=0 and U0=8)
increases with ϕ; this is implied by the decrease of η with growing
ϕ (see Fig. 3). For U0=0 (broken lines in Fig. 4) the shiftΔpK is always
positive. This reflects the negative potential Ψ(0) which favors the
protonated state PA− over PA2−. For U0=8 (solid lines in Fig. 4) the
shift ΔpK is negative for ϕ≲0.4 and positive for 0.4≲ϕ. Recall from the
discussion of Fig. 3 that at about ϕ=0.4 the negative potential Ψ(0)
and the tendency to form hydrogen bonds compensate each other,
leading to η≈η0 and hence ΔpK≈0. We also note that the total
changes of ΔpK are large for U0=8, spanning about four pH units
within the range 0≤ϕ≤1. The ionization state of PA thus depends
sensitively on themole fraction of potential hydrogen bond donors (in
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Fig. 4. ΔpK (see Eq. (12)) as function of ϕ for η0=0.1 (a), η0=0.7 (b), and η0=0.99
(c). The inset shows ΔpK vs. η0 for fixed ϕ as indicated. In all cases broken lines
correspond to U0=0 and solid lines to U0=8.

Fig. 5. Dimensionless electrostatic potential Ψ(x=0) at the polar/apolar interface (at
x=0) as a function of ϕ for η0=0.1, η0=0.7, η0=0.9, η0=0.99, and η0=1; from top to
bottom. The broken lines correspond to U0=0, and the solid lines to U0=8.

Fig. 6. The probability P(x) for η0=0.7 and ϕ=0.5. Inset: Average position 〈x〉 of the
mobile (positively charged) end of the zwitterionic headgroup as a function of ϕ for
η0=0.1, η0=0.7, η0=0.9, η0=0.99, and η0=1, from top to bottom. In both the main
diagram and the inset broken lines correspond to U0=0 and solid lines to U0=8.
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our model the zwitterionic headgroups). The large shifts of ΔpK with
composition ϕ are a consequence of the electrostatic–hydrogen bond
switch mechanism; these shifts are much larger than those that could
realistically be achieved by a regulation entirely through the
electrostatic potential. The large changes in ΔpK as function of the
availability of hydrogen bond donors is likely to be a key for the ability
of proteins to specifically interact with (and thus sequester) PA.

It is interesting to note thatΔpK can be calculated analytically in two
limiting cases. Namely, for η0=0 and ϕ=1 the membrane contains
onlyPA−,whereas forη0=1andϕ=1itonly consists of PA2−. As iswell
known [29], the (dimensionless) potentialΨ(0) at a planar surfacewith
surface charge density σ=−ze/a (where z denotes the valence of the
charge) is−2 arsinh (2zπlBlD/a) (this is one of the few analytical results
of the classical non-linear PoissonBoltzmannmodel). Hence for PA−we
obtain Ψ(0)=−2 arsinh (2πlBlD/a)=−5.2, implying ΔpK=−Ψ(0)/
ln10=2.26. Similarly, for PA2− we findΨ(0)=−2 arsinh (4πlBlD/a)=
−6.6 and thus ΔpK=2.87. We see that increasing η0 from η0=0 to
η0=1 (atfixedϕ=1) increasesΔpK from2.26 to 2.87. In otherwords, a
very large increase inpH (which changingη0 from0 to 1 corresponds to)
leads to a small increase inΔpK. This is notable because both the pK and
pKa represent equilibrium constants, implying that the pH—while
affecting the protonation/deprotonation state—should not influence
ΔpK. Yet, in our present model the pKa does depend on the pH value
which is a result of thepH-inducedmodificationsof theelectrostatic and
structural properties of the membrane. However, the pH-dependent
changes ofΔpK are small, and they remain so for all η0 irrespective ofU0.
The weak dependence of ΔpK as function of η0 is demonstrated in the
inset of Fig. 4, thus supporting the usefulness of introducing an apparent
pK that is independent of the ambient pH.

Another quantity that our model predicts is the (dimensionless)
electrostatic potential Ψ(0), measured at the polar/apolar interface
x=0. Fig. 5 showsΨ(0) as function of ϕ. For U0=0 (broken lines) the
potential decreases monotonously with growing ϕ and η. As
mentioned above, growing ϕ corresponds to replacing the one single
negative charge of the zwitterionic lipid at x=0 by potentially two
negative charges of PA. More negative charge then lowers the
potential Ψ(0). The situation is different for U0=8. Here, the mixture
of PA with zwitterionic lipids leads to hydrogen bond formation, thus
favoring the deprotonated state with a corresponding lower potential.
This may even lead to a local minimum inΨ(0) at intermediate values
of ϕ where hydrogen bonding is most efficient (see Fig. 5). We recall
from above that for ϕ=1 the potentials Ψ(0)=−5.2 for η0=0 and
Ψ(0)=−6.6 for η0=1 can be expressed analytically, because these
cases correspond to a single charged surface with fixed surface charge
densities σ=−e/a (for PA−) and σ=−2e/a (for PA2−), respectively.

The final quantity that our model predicts is the probability
distribution P(x) of zwitterionic headgroup orientations. An example,
derived for η0=0.7 and ϕ=0.5, is shown in Fig. 6. For U0=0 (broken
line) the probability P(x) is largest close to x=0 due to the
electrostatic attraction between the negative charge(s) of the
phosphomonoester and the positive charge of the mobile end of
the zwitterionic headgroup. Without this electrostatic attraction the
headgroup's orientational entropywould cause a uniform distribution
P(x)=1. For U0=8 (solid line) the additional tendency to form a
hydrogen bond favors large headgroup angles θ≈π/2 (see Fig. 2) even
more. The probability P(x) in Fig. 6 exhibits an almost step-like decay
at x= l ̃=0.2 nm, where we recall that l ̃ sets the range of attraction for
the formation of a hydrogen bond in our present model. Orientations
with xN l ̃ have an essentially vanishing probability.

The probability P(x) can be used to calculate the average position

〈x〉 =
1
l
∫
l

0

dx P xð Þx ð13Þ

of the mobile end of the zwitterionic headgroup along the x-axis. The
results are shown in the inset of Fig. 6. Without any interactions we
would find constant P(x)≡1 and thus 〈x〉=0.25. The actual value of
〈x〉 is smaller than 0.25 because of the electrostatic attraction between
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the positive charge of the zwitterionic headgroup and the negative
charges at x=0. ForU0=0 the value of 〈x〉 decreasesmonotonously as
function of growing ϕ and η. In this case, the tilting of the headgroup
(larger θ) can be understood completely in terms of an increased
electrostatic interaction. For U0=8 the tendency to form a hydrogen
bond leads to a substantially more pronounced headgroup tilt angle
(i.e., smaller 〈x〉). For intermediate η0 the average 〈x〉 (ϕ) passes
through a minimum; this reflects the competitive tendencies of the
phosphomonoester to undergo hydrogen bond formation or to get
protonated. The latter, which releases the headgroup, dominates at
large ϕ because the number of zwitterionic headgroups (hydrogen
bond donors) becomes small.

We finally discuss how the predictions of our model are influenced
by the choice of the parameters U0 and l ̃ in the square-well potential
−U(x) (see Eq. (4)). Recall that the depth U0 and width l ̃ of the
square-well represent phenomenological parameters whose magni-
tudes are not obvious to estimate within the Poisson–Boltzmann
framework (see also the discussion in Appendix A). In Fig. 7 we
display the influence of U0 and l ̃ onΔpK (for fixed η0=0.7 in all cases).
The three sets of solid curves correspond to U0=3 (a), U0=8 (b), and
U0=16 (c). Each set contains three solid curves, derived for l ̃=0.1,
l ̃=0.2, l ̃=0.3. Comparison to the absence of hydrogen bond
formation (U0=0; the dashed line in Fig. 7) shows that the qualitative
predictions of our model are not affected by the specific choices of U0

and l ̃. That is, the electrostatic–hydrogen bond switch generally
increases the sensitivity of the dissociation state of PA with respect to
the PA/PE ratio present in the membrane. For larger U0 the changes in
ΔpK as function of ϕ become larger whereas the influence of l ̃ is small.
We also point out that the cross-sectional area per lipid a has a minor
influence on ΔpK. This is exemplified by the dotted line in Fig. 7 which
was calculated for a=0.45nm2 (all other result in this work refer to
a=0.65nm2).

4. Conclusions

In summary, despite the negative potential Ψ(0) at the headgroup
of PA, the membrane-induced change in pK value, ΔpK, can be
negative as a result of the electrostatic–hydrogen bond switch
mechanism. Concomitantly, the changes of ΔpK as function of
membrane composition ϕ are large, spanning several pH units.
Hence, membrane composition (or, more generally, the availability
of hydrogen bond donors for the phosphomonoester head group of
PA) serves as an efficient regulator of the charging state of PA. This
mechanism may contribute to the specific binding between PA and
proteins that possess hydrogen bond donating groups.
Fig. 7. ΔpK (see Eq. (12)) as function of ϕ for fixed η0=0.7. The three sets of solid
curves correspond to U0=3 (a), U0=8 (b), and U0=16 (c), each derived for l̃=0.1,
l̃=0.2, l ̃=0.3 (in the small ϕ region from top to bottom). The dashed line corresponds
to U0=0. The dotted line is for U0=16, l ̃=0.3, and a=0.45nm2.
The present work suggests that even complex regulating mech-
anisms, such as the electrostatic–hydrogen bond switch, can be
captured qualitatively using the classical Gouy–Chapman approach,
given that appropriate modifications are introduced. The key
modifications in the present study are the (phenomenological)
account of hydrogen bond formation through the square-well
potential −U(x) and the structural model for a zwitterionic lipid
headgroup (with its orientational degree of freedom θ). It should be
pointed out that our modified Gouy–Chapman approach represents a
minimal model that lacks any atomistic detail and thus aims at a
qualitative understanding instead of a quantitative description (for
which atomistic simulations are muchmore appropriate). This is even
more so because our results are also subject to the familiar
approximations of the Gouy–Chapman approach, namely the absence
of electrostatic correlations, its continuum level description, the
modeling of all involved ions as point charges, and the neglect of the
solvent structure. In addition, any variations of the system properties
in the lateral membrane direction are ignored. This includes variations
of the electrostatic potential in the x≡0 plane which arise from the
discreteness of the surface charges [30]. Strictly then, these variations
may lead to correlations between lipids, mediated for example by the
bridging of the cationic end of the zwitterionic lipid headgroup to the
anionic charge of a neighboring lipid. These effects would only be
insignificant if the headgroup length l was large compared to the
distance

ffiffiffi
a

p
between neighboring lipids. In our model the two

distances are comparable which thus will affect the system properties
to some extent (for a comparison of the present Poisson–Boltzmann
model for zwitterionic lipids with Monte Carlo simulations see [16]).
Despite these inherent limitations it is striking that the sensitive
regulation of headgroup charge, via the formation of a hydrogen bond,
is captured by our model. An understanding of the electrostatic–
hydrogen bond switch by calculations such as these should lead to a
better appreciation of the sensitive mechanisms influencing PA–
protein interactions. In the case of Opi1 it is likely that binding to PA is
facilitated by the electrostatic–hydrogen bond mechanism. The
corresponding regulation of the protein binding strength via relatively
small changes in the intracellular pH effectively links metabolism and
membrane biogenesis by utilizing the ionization properties of the
simplest glycerol-phospholipid, PA.
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Appendix A

Some force fields in molecular simulations (such as AMBER)
employ a 10–12 potential to describe the energetics of hydrogen bond
formation [23]. The 10–12 interaction potential can be expressed as

U10−12 xð Þ = Ũ −6
x̃
x

	 
10

+ 5
x̃
x

	 
12
" #

ð14Þ

where x is the distance between the hydrogen atom and the hydrogen
bond acceptor, Ũ is the depth of the energy minimum (i.e., the
strength of the hydrogen bond), and x̃ the corresponding optimal
distance. The 10–12 interaction potential in Eq. (14) is plotted in
Fig. 8. In our present work we have used a square-well function −U
(x) to approximate U10–12(x). Recall that U(x) is characterized by the
two parameters U0 and l ̃; see Eq. (4). Let us choose these two
parameters so that −U(x) best approximates U10–12(x). To this end
we first note that U10–12(x)=0 for x = x̃ =

ffiffiffiffiffiffiffiffiffiffi
5= 6

p
= 0:913. We place

the left border of the square-well at this position (see Fig. 8). Scaled
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Fig. 8. The scaled 10–12 interaction potential U10–12/Ũ according to Eq. (14) (dashed
line) and the corresponding optimal (scaled) square-well potential −U(x)/Ũ (solid
line). Width and depth of the optimal square-well are 0.314x̃ and 0.692Ũ, respectively.

1992 D.H. Mengistu et al. / Biochimica et Biophysica Acta 1808 (2011) 1985–1992
depth (U0/Ũ) and width (l ̃/x ̃) of the square-well can then be found by
numerically minimizing the integral

∫
∞

ffiffi
5
6

p
x̃

dx U10−12 xð Þ + U xð Þ½ �2 ð15Þ

The result is

U0 = 0:692 Ũ; l̃ = 0:314 x̃ ð16Þ

The resulting function −U(x)/Ũ is plotted together with U10–12(x)/Ũ
in Fig. 8. Hence, for any choice of the two parameters Ũ and x ̃ in
Eq. (14) we can formally find the corresponding values for U0 and l ̃ of
the square-well potential −U(x). It should be pointed out, however,
that the present Poisson–Boltzmann approach neglects the steric size
of all involved ions. That is, the attractive part of the square-well
potential −U(x) starts at x=0 whereas U10–12(x) is repulsive for
0≤x≤

ffiffiffiffiffiffiffiffiffiffi
5= 6

p
x̃ and becomes attractive only for x N

ffiffiffiffiffiffiffiffiffiffi
5 = 6

p
x̃. The

neglect of the steric ion sizes in the Poisson–Boltzmann model
might be compensated for by assigning a larger value to l ̃ than given in
Eq. (16), but the optimal choice is not obvious.
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