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a b s t r a c t

The study of membrane proteins requires a proper consideration of the specific environment pro-
vided by the biomembrane. The compositional complexity of this environment poses great chal-
lenges to all experimental and theoretical approaches. In this article a rather simple theoretical
concept is discussed for its ability to mimic the biomembrane. The biomembrane is approximated
by three mimicry solvents forming individual continuum layers of characteristic physical proper-
ties. Several specific structural problems are studied with a focus on the biological significance of
such an approach. Our results support the general perception that the biomembrane is crucial for
correct positioning and embedding of its constituents. The described model provides a semi-quan-
titative tool of potential interest to many problems in structural membrane biology.
! 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

All living cells maintain a barrier between what is considered
self and what is considered outside world. Biomembranes consti-
tute the physical medium of this barrier and all of the incoming
and outgoing signals need to be transmitted over this barrier via
specifically designed receptors. Biomembranes therefore establish
a semipermeable border that is vital to the cell. This central role
of biomembranes is reflected also in the industrial interest in this
particular domain. A considerable fraction of current drug discov-
ery efforts is focused on membrane proteins and related phenom-
ena [1]. Consequently, learning and understanding the
fundamental principles that govern the physico-chemical interac-
tion in biomembranes is of crucial interest to a mechanistic under-
standing of membrane-embedded receptors (which in turn is key
to a successful interference by any type of medicine).

A striking characteristics of biomembranes is their sudden
change in polarity and dielectric properties [2–4]. In fact, already
early attempts of describing the basic behaviour of membrane-
bound processes have tried to employ just this basic feature [5].
The approximation being made is to drop all atomic level of detail
and consider the biomembrane as a uniform dielectric medium of
low dielectric constant (e ! 2). Despite the rather crude nature of
such a model, the most essential features of biomembranes seem
to be retained by such a continuum approach [6–9]. Of course,
many membrane-related problems will need a more detailed pic-
ture—sometimes of even atomic resolution [10–12]. However, a
large body of conformational studies and problems concerning
energetic preference of membrane exposed orientations may be
described sufficiently well by such a simplistic continuum picture
of the lipid bilayer [13–15]. The present work builds on the contin-
uum approximation but will extend it as follows, (i) a refined com-
position into three layers of dielectric continua will be used, (ii) a
more complete physical description for each individual continuum
will be employed, (iii) the combined action of each individual con-
tinuum on an embedded protein will be brought together
smoothly via the boundary element method, and (iv) an efficient
computing scheme will be applied.

When stating ‘‘experiment is the sole judge of scientific truth”
Richard Feynman has made it all clear that all theoretical efforts
need experimental verification [16]. Biological assays will have to
provide the test-bed for studies involving biomembranes and the
level of appreciation of the theory will strongly depend on the
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accuracy and versatility of the model to reproduce experimental
findings. In the following a series of such biological problems will
be addressed by a continuum description of biomembranes. Differ-
ent aspects of biochemical importance will be examined and ana-
lyzed in detail. The focus is entirely on the biological relevance of
the approach rather than on methodic details. A picture is emerg-
ing that strongly supports the usefulness of the presented concept
with likely impact on routine practice in the biochemical
laboratory.

2. Materials and methods

2.1. Theoretical concepts

A multiple continua approach is adopted to describe the bio-
membrane. Three different regions of distinct physical properties
are considered. Correspondingly, three different mimicry solvents
serve for the description of these domains. The experimentally
determined dielectric constant representative of a particular do-
main inside the biomembrane [3] guides the selection process
for these solvents. Ethanol is used to represent the polar head-
group (PH) domain of the biomembrane (see Fig. 2). This also in-
cludes the acetyl region [3] and is estimated to spawn a 10 Å
thick layer at the aqueous interface of the biomembrane. A
30 Å thick interior domain is allocated for the hydrophobic core
region (HC) of the biomembrane and cyclohexane is employed
for its representation. The adjacent aqueous domains (AQ) are
also included via a continuum description of water. An enhanced
Poisson–Boltzmann description is used for each of the model sol-
vents [17]. The theoretical framework is based on the polarizable
continuum method (PCM) [18], hence the solvation/environmen-
tal free energy may be split into three major partial
contributions,

DGsolv=env " DGpol # DGcav # DGdisp $1%

that account for polarization [19], cavitation [20] and dispersion ef-
fects [17]. The boundary element method (BEM) [21] allows each of
these three effects to be expressed with respect to individual
boundary elements. Consequently, different boundary elements
may be assigned to different domains of the biomembrane. Since
the latter are represented by specific mimicry solvents, the simple
generalization achieved here is to allow each of the boundary ele-
ments to choose their parameterization from the list of available
mimicry solvents. Let us consider a single-spanning membrane pro-
tein as depicted in Fig. 2. The protein is simultaneously exposed to
all various domains of the biomembrane as well as to the adjacent
aqueous domain. The aforementioned multiple continua approach
will account for such a situation by (i) assigning specific membrane
domain exposure to different parts of the protein, (ii) computing a
piecewise homogeneous boundary composed of BEs that are char-
acteristic of a particular mimicry solvent, (iii) solving Eq. (1) in a
compound fashion with simultaneous consideration of all types of
different interactions. In this context it is important to realize that
the above problem is not a simple sum of separated subproblems
(for different solvents) but merely a complex problem with mutual
interaction between each of the individual subdomains. A PCM-like
decomposition of such a multiple continua approach is particularly
advantageous since it facilitates a formally correct distinction of
individual boundary sections. Widely used surface area models
are problematic in this respect. A more detailed description of the
underlying theoretical concept is given in the Supplementary mate-
rial (Sections 1.1–1.3 for individual terms of Eq. (1), Section 1.4 for
generalization to multiple continua, Table I to summarize model
parameters).

2.2. Sample selection and preparation

Protein structure coordinates of representative examples were
downloaded from the repository PDBTM [22] (pdb codes, 2CPS,
1JDM, 2HAC). The most representative structure was selected from
the nuclear magnetic resonance (NMR) ensembles. AMBER param-
eters [23] (a molecular mechanics program and force field) were
assigned using adjustment parameters as summarized in Table I
of the Supplementary material. N- and C-terminal ends of trans-
membrane domains (TM) were selected by marking positions of
Ca atoms of the initial/final turns and computing the geometric
centre thereof. The TM-centre was calculated as the midpoint in
between these two terminal ends. Bent membrane protein struc-
tures and more complicated geometries would obviously require
a different protocol. The vector describing the TM-axis is computed
similarly and normalized. Knowledge of these two parameters is
sufficient to define the midplane of the biomembrane. Distances
for any arbitrary point away from this midplane can be computed
straightforwardly. Ca atoms of all residues of the selected sample
structures were examined and distances to the midplane com-
puted in direction perpendicular to the midplane. The correspond-
ing membrane domain was assigned following Ashcroft et al. [3].
Solvents ethanol, cyclohexane and water served for biomembrane
mimicry of domains PH, HC and AQ, respectively. Simple geometric
transformations such as translations along the TM-axis or rotations
around it were carried out using standard scripting techniques.
Program POLCH [19] was used for all multiple continua calcula-
tions following the framework described in the Supplementary
material. In addition to TM-domains simple organic molecules,
i.e. H2O, NH3 and O2, were probed for biomembrane insertion
experiments as reported by Berendsen and coworkers [10–12].
Parameterization of these small molecules was done similarly to
the process described previously [17]. The influence of conforma-
tional variability was partially addressed in the test carried out
with sample 1JDM. Here the main experiment was repeated sev-
eral times using a set of 35 different conformations instead of
the single static pdb structure. The 35 different 1JDM conforma-
tions were generated from a short term molecular dynamics simu-
lation (MD) recorded at standard conditions in explicit solvent. The
small subset of conformations was selected based on the root mean
square deviation (rmsd) value which was required not to exceed
2 Å when compared to the original pdb structure. More extensive
ensembles would have increased the fraction of non-natural con-
formations that deviate severely from the experimental geometry.

2.3. Re-computing the experimental hydrophobicity scale of Wimley
and White

The same set of peptides used in the Wimley–White experiment
[24] was model-constructed with program PROTEIN from the TIN-
KER package [25]. N-terminal acetyl groups were employed while
the C-terminal end was unprotected, hence carried a negative
charge. The basic pattern reads Ac-WL-X-LL in single letter amino
acid code. The variable X represents any of the 20 different types of
amino acids under investigation. The second subset of AcWLm pep-
tides with m ranging from 1 to 5 was constructed similarly. All
model peptides were placed in solvent boxes (using explicit water),
minimized and equilibrated to room temperature. 1 ns MD simula-
tions were then carried out using standard protocols and package
AMBER [23]. One hundred snapshots of intermediate configura-
tions were saved and the solvent molecules discarded (used only
to provide a more reasonable environment and prevent internal
structural collapse). Each of the 100 snapshot structures for all
the 20 different types of amino acids (and the additional AcWLm

series) were then considered within the multiple continua ap-
proach using all three types of mimicry solvents representative
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of the AQ, PH and HC domains. Average net solvation free energies
were computed for all samples and the two Wimley–White rela-
tions employed (see Fig. 1 and Eq. (1a) in Ref. [24]). Interface par-
titioning free energies are computed as
DGWLXLL " DGenv=PA

WLXLL & DGenv=AQ
WLXLL and individual terms represent aver-

age free energies.

3. Results and discussion

In order to evaluate the multiple continua approach, we chose
four examples involving short peptides and small membrane span-
ning proteins (MP). Experimentally determined NMR structures for
the latter class were available. The individual examples classify
four main problems:

' what is the preferred domain for different types of amino acids
when having the choice between the aqueous (AQ) and the
membrane interface domain (PH);

' what is the favoured vertical position of a TM segment;
' how are MP-subdomains arranged with respect to each other;
' how are non-covalently formed dimers oriented within their

complex.

3.1. The experimentally determined hydrophobicity scale of Wimley
and White [24] is largely reproduced by the multiple continua
approach using mimicry solvents for representation of the
biomembrane

In a rather prominent experiment Wimley and White have
tested the tendency of all 20 different types of amino acids to mi-
grate into the bilayer interface [24]. Short structureless pentapep-
tides were employed and a series of ascending hydrophobicities
was established ranking each individual type of amino acid accord-
ing to its tendency to migrate into the bilayer interface. A graphical
representation of the Wimley/White scale is shown in Fig. 1 (upper
panel). The same set of pentapeptides was also considered within
the multiple continua approach. To account for conformational
flexibility short runs of MD simulations were carried out and 100
snapshots were saved for each different type of pentapeptide. An
identical evaluation scheme was followed as described in the origi-
nal Wimley/White article [24]. Partitioning free energies are com-
puted here as

DG$PH%!$AQ%
WLXLL " DG$AQ%

WLXLL & DG$PH%
WLXLL $2%

with PA and AQ indicating the residence domain, i.e. either aqueous
or polar headgroup domain of the biomembrane, where the latter is
exactly the region probed by the Wimley/White experiment. WLXLL
explains the composition of the host–guest peptides and X stands
for any of the 20 types of amino acids under investigation. Mimicry
solvents are water (AQ) and ethanol (PH). The theoretically com-
puted hydrophobicity scale is also shown in Fig. 1 (lower panel).
Corresponding free energies are summarized in Table II of Supple-
mentary material. The theoretical results resemble the experimen-
tal results rather closely. The order is largely reproduced with
particular success for charged residues and a high level of agree-
ment for the remainder (notable exceptions V and T). Even semi-
quantitative accuracy is achieved. The current results support the
principal usefulness of a theoretical method like the multiple con-
tinua approach. The agreement to the Wimley/White experiment
emphasizes the conceptual importance of including an extra layer
for the interface domain (PH). A further remarkable signature of
methodic strength is revealed when carefully analyzing the partial
contributions of the different terms shown in Eq. (1). Detailed data
are provided in Table III of the Supplementary material for two
examples on either end of the Wimley/White scale. The important
aspect to notice is the change in sign of transfer free energies—a
crucial requirement for successful reconstruction of the Wimley/
White scale.

This change in sign can only be facilitated by significantly vary-
ing contributions of the non-polar terms, DGcav and DGdisp. Com-
monly employed SASA models are too insensitive to establish
similar levels of accuracy. It is important to note that the current
results are achieved without any re-adjustment of internal param-
eters. All mimicry solvents have been parameterized stand-alone
on separate data sets and when applied in compound fashion with-
in the multiple continua approach default parameters of the indi-
vidual mimicry solvents are used.

3.2. The vertical biomembrane insertion profile of a single-spanning
MP highlights mechanisms of membrane integration

a-Helical structure was reported for sarcolipin [26], a single-
spanning membrane protein regulating Ca2+-release in the context
of skeletal muscle contraction. Vertical insertion of sarcolipin into
the bilayer is probed via a multiple continua approach where var-
ious degrees of insertion are considered individually (see Fig. 2).
The resulting DGenv profile is shown in Fig. 2. The shape of the ob-
tained DGenv profile is very symmetric. This implies that the amino
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Fig. 1. Comparison of the experimentally determined hydrophobicity scale (Wim-
ley and White) to theoretical results obtained with mimicry solvents using a
multiple continua approach. Details are given in the text and in Ref. [24]. The
theoretical data resemble the experimental results rather closely. The ranking order
is perfectly reproduced for the charged residues and qualitatively comparable for
the remainder (minor exceptions V and T). Even semi-quantitative agreement
between experimental and theoretical scale may be claimed.
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acid sequence is not the decisive factor for the vertical insertion
process. The optimal location is found in the middle of the bilayer
when the TM-helix is fully integrated. Shifting terminal ends into
either direction away from this position would result in an energy
penalty. Similarly, inserting the tips of the TM from either site into
the membrane is energetically disfavoured up to a certain ‘‘turning
point” from which on any further movement would result in
quickly adopting the optimal orientation. At first sight it appears
counterintuitive that a membrane-destined protein would face a
certain resistance when immersed into the biomembrane (as im-
plied by the insertion profile shown in Fig. 2). Biology, however,
makes us think differently. MPs follow a different route to end
up at the biomembrane [27]. Only a small minority of MPs become
operational via simple ribosomal release into the cytosol followed
by passive or assisted transport and integration into the biomem-
brane [28–30]. Much more common is the detour via the translo-
con [31], a strongly conserved multi-component complex [32],
that guides MPs eventually into the bilayer via lateral partitioning
from the already membrane-embedded translocon [33]. Thus, the
biological essence of a MP is correctly reproduced from an inser-
tion profile of the type shown in Fig. 2. Partial term analysis of
the DGenv profile shown in Fig. 2 highlights the determining role
of polarization and cavitation. Dispersion seems to be less decisive
for this process. Sensitivity with respect to conformational flexibil-
ity has been partially addressed by repeating the above experiment
but using averages over a small data set of 35 individual conforma-
tions (the latter obtained from a short MD run). Corresponding
data are shown in Fig. I of Supplementary material. While the over-
all variation of individual terms is small and main features of the
single point evaluation shown in Fig. 2 are recovered, there is a cer-
tain reduction of free energy gain observable at the midpoint posi-
tion of MP integration.

3.3. Different orientations of a MP fragment probed at the top layer of
the biomembrane reveal one favoured conformation that is identical to
the experimentally observed one

The Major Coat Protein of M13-Bacteriophages has been re-
ported to attain a flail-like structure [34]. One branch is inserted
into the membrane similar to a TM-helix, while the other part at-
taches flat on top of the lipid bilayer (see Fig. 3). This specific
arrangement led to a hypothetical model of coat protein assembly.
For the present purpose the TM-domain (green to blue stretch in
Fig. 3) is cut off and not included in any calculation. The environ-
mental effect, DGenv (see Eq. (1)), is estimated via a multiple con-
tinua approach where the N-terminal a-helical fragment is
rotated around its own axis and various specific orientations are
studied. This means, essentially, varying re-assignment of helix
residues to the AQ or PH domain, respectively. The rotation profile
is depicted in Fig. 3. Little change is seen in the cavitation and dis-
persion terms and the entire effect becomes an effective function
of the polarization term. A single conformation is projected out
as the energetically preferred one. This favoured conformation cor-
responds to the experimentally observed one (see Supplementary
material Table IV). Biologically this arrangement meets two goals
at the same time. On the one hand, it prevents the N-terminal
branch to integrate deeper into the membrane interior, while on
the other hand it allows great—but directed—flexibility to the N-
terminal a-helix as is probably required for proper coat protein
assembly [35].

3.4. The biomembrane stabilizes the relative TM orientation in the
zeta–zeta dimer

Activation of the T-cell receptor is a complex interplay of many
components. Among them is the dimerization of the zeta TM do-

mains [36]. Corresponding NMR studies of the zeta–zeta TM dimer
have been carried out and an activation model was proposed. Sim-
ilar to other NMR studies on TM dimerization [37,38] specific inter-
actions between the two TM domains are identified as the driving
force (i.e. the aspartic acid pair [36]). The multiple continua ap-
proach allows the TM-dimer to be analyzed from a different per-
spective. Only the stabilizing/de-stabilizing effect of the
membranous environment can be examined without considering
any specific interactions between the two TM domains. Particu-
larly interesting is the question whether different parts of the
TM-helices are preferentially exposed outwards where they would
face the membranous environment or rather prefer to be oriented
inwards where they would become covered in the dimer-interface
domain. Probing a set of model dimer structures should help to ad-
dress this point. Therefore we first break the disulfide bond be-
tween the two CYS2 residues of both TM domains to facilitate
free individual rotations around either TM axis. Then we separate
the TM domains into individual structures and rotate the first TM
by 105" around its own TM axis (deviating from the NMR geome-
try). What follows is a series of corresponding rotations of the sec-
ond TM domain by 0", 105", 210" and 315" (also deviating from the
NMR geometry). Any pair of individual rotations is followed by re-
combination to a dimer structure (at changed relative orientation

Fig. 2. Insertion of a single-spanning a-helical protein. The NMR structure of
Sarcolipin (N-terminus red, C-terminus blue, PDB-code 1JDM) was probed for seven
positions along the membrane normal (AQ, water; PH, polar heads; and HC,
hydrophobic core) using the multiple continua approach. The partial free energy
contributions DGcav (black bars), DGdisp (green bars), and DGpol (blue bars) combine
to the total environmental effect DGenv (red, dotted line). Both the positions in
aqueous environment as well as a central, membrane-integrated state are stabilized
by the polarization term.
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of the two TM domains) and molecular mechanics minimization of
the resulting geometry (2000 steps steepest descent/conjugate
gradient). The latter is necessary to clear the model-built dimer
structure of arising steric conflicts. Further incremental rotations
of the first TM domain by another 105" combined with the
above-mentioned corresponding rotations of the second TM do-
main will complete the cycle of geometrical transformations. Even-
tually a set of 16 hypothetical conformations of the zeta–zeta TM
dimer will have been constructed and visually inspected. Note that
the 0,0 conformer will represent the original NMR structure. Note
further, that a rotation of 315" in the a-helical world means having
gone back to the original conformation (1–4 interaction in the helix
backbone). Each of these 16 conformations will be considered
within the multiple continua approach and results are summarized
in Fig. 4. All identified minima in the environmental free energy
profile involve rotation angles of either 0" or 315" (see Fig. 4),
hence correspond to the original NMR structure. In other words,
the biomembrane itself drives the relative arrangement of the
two TM domains into its optimal state. A detailed compilation of
the data shown in Fig. 4 is provided in the Supplementary material
Table V. It is interesting to re-identify the NMR structure via such
purely theoretical considerations. However, the in vivo formation
of the zeta–zeta dimer will be largely determined from the forma-
tion of the disulfide bond between the CYS2 residues on the TM do-
mains. Once the disulfide bridge is established it will tether

together the TM-helices at the N-terminal end and bring the two
conserved ASP6 residues into close proximity leaving little confor-
mational freedom to the rest of the zeta–zeta TM dimer. When
estimating the environmental contribution to the dimerization
process, i.e. DDGenv (dimer–TM1–TM2), small but positively signed
energies are obtained, hence this effect is not the sole driving force
for the process (see Supplementary material Fig. II). A signalling-
defunct double mutant (D2A D2A) does not reveal significant dif-
ferences to the wt when analyzed in a similar manner (see Supple-
mentary material Fig. II). While for the present problem rigid
rotations followed by structural optimizations appear to be suffi-
cient, a more rigorous account of the conformational flexibility will
be necessary for more complex problems to be studied in a similar
manner. This could be achieved from carrying out MD simulations
first, saving a series of snapshot structures along the trajectory and
post-processing the latter with a series of individual multiple con-
tinua calculations.

3.5. The multiple continua approach achieves semi-quantitative levels
of accuracy

Assessment of the quantitative accuracy of the multiple con-
tinua approach was done by comparing results to high level molec-

Fig. 3. Planar orientation at the membrane–water interface. The N-terminal a-
helical fragment of the Major Coat Protein of bacteriophage M13 (N-terminus red,
C-terminus blue, PDB-code 2CPS) is probed for various rotation angles hat the top-
layer of the biomembrane (AQ, water; PH, polar heads; and HC hydrophobic core).
The TM domain (cut-off as indicated) was not considered for this analysis. The
partial free energy contributions DGcav (black bars), DGdisp (green bars), and DGpol

(blue bars) combine to the total environmental effect DGenv (red, dotted line). The
preferred orientation (h = 210") matches the one observed in the NMR structure.

Fig. 4. Relative orientation of two transmembrane-helices. The NMR structure of
the TM-dimer in the zeta–zeta complex of the T-cell receptor (N-terminus red, C-
terminus blue, PDB-code 2HAC) were rotated independently by 105" increments
around their helical axes. The sterical conflicts for some of the orientations were
removed before computing the environmental free energy by the multiple continua
approach. The partial free energy contributions DGcav (black bars), DGdisp (green
bars), and DGpol (blue bars) combine to the total environmental effect DGenv (red,
dotted line). All the four minima in the scan involve rotation angles of 0" or 315"
and thus refer to the original NMR structure.
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ular dynamics data. We use the extensive work of Berendsen and
coworkers [10–12]. The passage of small molecules across the bi-
layer is studied using the multiple continua approach and compar-
ing results to the molecular dynamics simulations of Berendsen
and coworkers. Fig. 5 shows the relative free energy profile of a sin-
gle molecule of water crossing the biomembrane. Owing to the fact
that the boundary of the substance in question defines the assign-
ment to a particular domain, small molecules like water will expe-
rience a large number of ‘‘degenerate” positions on their path
across the bilayer. In fact, such a simplistic model offers only 5 dif-
ferent positions to probe small molecules for varying environmen-
tal conditions, i.e. residing entirely in the AQ, PH or HC domains, or
at the interface between the AQ and PH domains, or at the interface
between the PH and HC domains. The profile will be perfectly sym-
metric with respect to the midplane of the bilayer. Thus only the
initial five data points (red squares) in Fig. 5 represent distinguish-
able multiple continua calculations. In spite of all these simplifying
conditions rather close agreement between the multiple continua
approach and the much more elaborate molecular dynamics data
of Berendsen and coworkers is observed, both in qualitative as well
as quantitative terms. Similar results are obtained for the same
type of analysis of small molecules NH3 and O2 (see Supplementary
material Figs. III and IV). Partial term analysis of the permeation
profiles reveals a dominating contribution of the cavitation and
polarization terms but rather static behaviour of dispersion. The
latter, however, is the sole counter-balancing effect in the case of

O2 passage (see Supplementary material Fig. IV), hence deserves
its classification as principal constituent.

3.6. Conclusion

A series of case studies based on a simple biomembrane model
renders the underlying physical approximation of the latter rea-
sonable. The PCM-like [18] composition proves to be valuable for
a deeper analytic insight into how different types of physical inter-
action work together. Improvements in the continuum description
of solvated matter have set the stage for more complex problems
to be addressed. All cases studied within this present work point
towards an active role of the biomembrane in defining location
and relative orientation of biomolecules in the bilayer.
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