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a b s t r a c t

In analogy with the hierarchical levels typically used to describe the structure of nucleic acids or proteins
and keeping in mind that lipid bilayers are not just mere envelopers for biological material but directly
responsible for many important functions of life, it is discussed here how membrane models can also be
interpreted in terms of different hierarchies in their structure. Namely, lipid composition, interaction
between leaflets, existence and interaction of domains arising from the coordinate behavior of lipids
and their properties, plus the manifest and specific perturbation of the lipid organization around macro-
molecules embedded in a membrane are hereby used to define the primary, secondary, tertiary and qua-
ternary structures, respectively. Molecular Dynamics simulations are used to illustrate this proposal.
Alternative levels of organization and methods to define domains can be proposed but the final aim is
to highlight the paradigm arising from this description which is expected to have significant conse-
quences on deciphering the underlying factors governing membranes and their interactions with other
molecules.
� 2022 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Bio-
technology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

What Rosalind Franklin, James Watson and Francis Crick expe-
rienced when they first got a glimpse of the DNA 3D structure [1,2],
or when John Kendrew captured what was coming out of myo-
globin RX into his sausage model [3,4], was surely comparable to
what a 20 diopters-myopic person feels when putting on glasses
for the first time. Those events changed the logic of biology
because the way in which we currently view DNA or proteins
affects how we think about their function. This has a significant
impact on hypotheses development, experimental design, and data
interpretation.

The three-dimensional structure of large biological molecules
such as proteins and nucleic acids is complex and confusing to
the naked eye. It is not easy to describe them accurately just using
mundane words. Because of this, it is convenient to introduce new
concepts. A series of hierarchical levels -typically referred as pri-
mary, secondary, tertiary, and quaternary structures- are com-
monly employed to describe biological macromolecules. These
different ‘‘organization levels” exhibit regularity and predictability
for natural phenomena represented in diverse ways, thus facilitat-
ing scientific inquiry and hierarchical causal explanations of differ-
ent biological processes.

In proteins and nucleic acids, the primary structure is associated
to the covalent chemical structure. It consists of linear arrays of
covalently bound building blocks with a common scaffold and a
variety of chemical substitutions. The number of different building
blocks is restricted to five in typical nucleic acids (including RNA),
and to twenty in proteins. Thus, the primary structure can be spec-
ified by the linear order, or sequence, of these building blocks. The
secondary structure refers to regular patterns of interaction
between adjacent or facing residues. The most illustrative exam-
ples are alpha-helices or beta-sheets observed in many proteins
and double helices found in virtually all nucleic acids. The tertiary
structure refers to the location of the atoms in three-dimensional
space, taking into consideration geometrical and steric constraints.
It usually provides the starting point for studies that attempt to
correlate structure and function. In proteins it comes from the
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folding of the secondary structure into distinct arrangements
known as domains, whereas the tertiary arrangement of DNA’s
double helix in space includes B-DNA, A-DNA, and Z-DNA. Quater-
nary structure describes the assembly of individual molecular units
into more complex arrays. The simplest example of quaternary
structure is a protein that consists of multiple subunits, which
are not connected to each other by covalent bonds and may be
identical or different. In nucleic acids, it refers to interactions with
other molecules, for example in the form of chromatin which leads
to its interactions with the histone small proteins.

This hierarchical representation in four structural layers of
organization is extremely robust and well established empirically
for proteins and nucleic acids but it quickly loses its significance
when applied throughout the whole spectrum of biological enti-
ties. Different macromolecules and supramolecular structures,
such as polysaccharides and lipid membranes, exhibit clear
three-dimensional shapes and are built out of smaller subunits.
However, different levels of structure have not been defined in
these cases. Polysaccharides are quite similar to proteins in that
they are chains of repeated building blocks (monosaccharides) that
acquire well-defined three-dimensional topologies. The case of cell
membranes requires a more detailed explanation. According to the
fluid mosaic model proposed by Singer and Nicolson in 1972[5],
the cellular plasma membrane is a two-dimensional liquid, in
which lipid and protein molecules are mixed like a mosaic and
undergo thermal diffusion. This model is still widely accepted by
the research community. Under this approach all the molecules
are expected to be homogeneously distributed throughout the
plasma membrane, undergoing simple Brownian diffusion. How-
ever, an increasing number of evidence showing that this is not
the case are being found[6]. Like proteins, nucleic acids and even
sugars, lipid membranes can be also described using a hierarchical
organization in different levels of structure. The point of view aris-
ing from such description is expected to help to understand the
underlying factors governing membranes and their interactions
with other molecules. This is especially important since lipid mem-
branes do constitute one of the most important parts of any living
cell, acting as the main barrier between the cytoplasm and its sur-
rounding environment[7]. Their function is not limited to a mere
division between the inside and the outside of cells, but it is
extended to a wide range of processes, such as serving as anchor
points and modulators for signaling[8,9] and transport[9,10] pro-
teins, or playing a key role in cell motility[9,11]. Lipid membranes
are also known to be subject to substantial attacks and changes
upon disease related processes. For instance, some families of
pathogens such as enveloped viruses -HIV and SARS-CoV-2, among
many others- are known to enter a cell by fusing their membranes
with the host’s[12,13]. Once internalized and just before the viral
reproduction cycle is completed, they leave the cell by selectively
ripping apart[14] the infected cell’s membrane, making it their
own and leaving the host’s cell heavily modified in its lipidic com-
position. This modification is hypothesized to sometimes be able to
trigger an autoimmune response in the diseased host leading to
chronic inflammation[15], which might have fatal consequences.
On the other hand, cancerous processes are also known to display
significant alterations on the membranes of the affected tissues
[16,17]. While healthy mammalian somatic cells present an asym-
metry in their composition depending on the leaflet, leaving most
of the negatively charged lipids towards the cytoplasm; cancer
cells tend to lose this property providing them with negative
charges on their exterior, a characteristic that share with bacterial
cells[18,19]. All of this illustrates the important role that lipid
membranes play as targets both to invasive pathogens and to
potential therapies for diseases derived from such processes. It is
also reasonable to think that they play a role in some chronic
autoimmune responses[20,21]. Therefore, a proper understanding
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of the underlying factors governing membranes and their interac-
tions with different species is mandatory to obtain rational criteria
from which then derive effective and efficient solutions to the
problems that they are involved in. Characterizing living mem-
branes is not easy, as they are densely packed fluids with literally
thousands of different components, and their compositions vary
greatly depending on the type or source of the cell. Even with
much simpler models, empirical study can be cumbersome and
there are great difficulties in reaching the resolution needed to
get to the atomic or quasi-atomic levels at which some important
processes happen. Therefore, computational Molecular Dynamics
(MD) simulations are an excellent choice to develop and analyze
models of such systems[22].

In the present work, a set of hierarchical levels of structure are
proposed for lipid membranes, in line with those widely recog-
nized for other biomolecular structures such as proteins and
DNA. Original MD simulations results for large POPC, POPE-POPG
(1:1 ratio) and DMPC lipid bilayers at coarse grained (CG) resolu-
tion; and of several macromolecules embedded in an atomistic
DOPC membrane from a previous work[23] are employed to illus-
trate the proposal. This perspective for the description of lipid
membranes is inspired by what Franklin, Watson and Crick did
with DNA and Kendrew did with proteins. Alternative levels of
structure could of course be proposed to describe biological mem-
branes. The aim of this work is to discuss an approach that is
expected to contribute to understand better the behavior of mem-
brane models as well as of actual biological envelopes based on
lipids.
2. Methods

2.1. Simulation parameters

Three flat-square membranes (POPC, POPE-POPG and DMPC)
consisting of 5000 Martini 2.2 lipids[24] per leaflet were built
using the CHARMM-GUI Martini Maker[25–27]. The resulting
bilayers, spanning about 57 nm in the X and Y dimensions, were
solvated using a ratio of 23 non-polarizable Martini water particles
per single lipid molecule, thus leading to a 57x57x8 nm3 box.
Monovalent ions were added to the systems in just the needed
amount to make the total charge neutral. The coarse grained reso-
lution was employed due to the large size of the simulated sys-
tems, that cannot be afforded at atomic resolution. Periodic
boundary conditions were applied to the three spatial dimensions
and the energy of the systems was minimized for 5000 steps using
the GROMACS 2020.4 molecular dynamics engine[28,29] with a
steepest descent algorithm, a tolerance of 10 kJ�mol�1�nm�1 and
a step size of 0.01 nm. The simulation boxes were then equilibrated
for 100 ns of molecular dynamics simulation in five consecutive
stages, where the time step was sequentially increased from 2 fs
to 25 fs using the leap-frog integrator. During this process the tem-
peratures were maintained at 310 K with a velocity rescale algo-
rithm[30] and a coupling constant of 1 ps, while the pressures
were maintained at 1 atm with a Berendsen semi-isotropic baro-
stat,[31] a coupling constant of 5 ps and a compressibility modulus
of 3�10-4 bar�1. The electrostatic interactions were calculated with
the reaction-field method with a cutoff radius of 1.1 nm and a
dielectric constant of 15 beyond the cutoff. The van der Waals
interactions were calculated with a cutoff of 1.1 nm.

After equilibration, unrestrained 10-ls-long MD production tra-
jectories using a leap-frog integrator with a timestep of 25 fs were
obtained. Removal of center of mass motion was performed each
1000 steps, and position coordinates were written with the same
period (25 ps). Neighbor lists were obtained with the Verlet
[32,33] method and updated every 20 steps. Temperatures were
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maintained again at 310 K with a velocity-rescale algorithm and a
coupling constant of 1 ps; while pressures were kept constant at
1 atmwith a semi-isotropic Parrinello-Rahman barostat,[34] a cou-
pling parameter of 12 ps and a compressibility modulus of 3�10-4
bar�1. Electrostatic interactions were calculated with the
reaction-field scheme, a cutoff radius of 1.1 nm and a dielectric
constant of 15 beyond the given radius. van der Waals interactions
were calculated with a cutoff of 1.1 nm.

2.2. Analysis

All the analyses were carried with homemade scripts written in
Python. The recurrently used libraries were MDAnalysis[35,36] to
directly read trajectory files in GROMACS format, Numba[37] to
facilitate high-performance parallelization schemes, Statsmodels
[38] to calculate autocorrelation functions, NumPy[39] for general
data handling and mathematical operations, and Matplotlib[40] for
data representation.

2.2.1. Determination of local properties
The analysis performed in this work was done within the

Monge gauge framework, as described by M. Deserno[41]. For that,
we relied on the discretization of the lipid membrane in a square
grid spanning the whole XY plane, with an average of NL lipid
heads (PO4 groups) per cell. The coordinates of the grid cells were
the same for the two leaflets and were kept constant over the
entire trajectory. A battery of different properties was then deter-
mined for each cell and independently analyzed for each leaflet.

In order to describe the dynamic behavior of the membrane, as
well as local domains and the connections between them, a local
reference system (LRS) per grid cell as a function of time was deter-
mined. The orthonormal vectors describing these LRS were defined
as: (i) the normal to each cell, Z0

iðtÞ; (ii) the normalized cross pro-
duct between Z0

i tð Þand the gradient of the curvature:, X0
i tð Þ -i.e. the

direction of Isocurvature; and (iii) the cross product between the
previous two vectors, Y 0

iðtÞ, -the direction of Anisocurvature. The
protocol used to define these vectors is described in detail in the
Supplementary Material (SM). By using these LRS it is possible to
determine structural properties such as membrane thickness or
tail orientation while accounting for local deformations of the lipid
bilayer. Such deformations might be ignored in small membranes,
but they are significant in patches of several tens of nm long per
edge, as it will be shown later.

The set of properties analyzed in the present paper can be com-
puted with different size resolution. This is given by the number of
lipids per grid cell (NL). Different values of this parameter were
tested in our code and after several tests we decided to present
the results obtained with NL = 10. which allows observing signifi-
cant changes in the quantitative properties computed for the lipid
bilayer, with good spatial resolution and optimizing the computa-
tional resources employed.

Using these parameters, the topography of the membrane was
determined as the average Z coordinate of the PO4 groups per grid
cell. The local membrane curvature was calculated as described in
the Supporting Materials. The thickness of the membrane was
determined using the LRS. The thickness is given by the average
difference between the position of PO4 groups along the local
Z0
iðtÞ axes. The orientation of the tails was represented by a Lipid

Director vector, as described by M. Ergüder and M. Deserno[42]
and explained in the Supporting Materials. The Director tilt was
calculated with respect to the L.R.S.

2.2.2. Global analysis of the lipid bilayer
Once the previously described properties are computed for each

grid cell, time dependent local domains could be directly observed
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by plotting them in suitable representations (see results section
and SM). A Singular Value Decomposition (S.V.D.) analysis is then
performed to identify a set of independent properties associated
to the membrane structure as well as to quantify the coupling
between the different studied properties (see SM for a detailed
description). Each of the three components of the previously
defined vectorial magnitudes were independently treated as scalar
properties for this analysis.

We ensured that the individual trajectory frames used for the
analyses were statistically independent by calculating the autocor-
relation functions (A.C.Fs.) for the variance of the curvature over
the surface of the membranes for each frame, along the whole tra-
jectories. Values close to 0 in the A.C.Fs. indicate that the property
for which the function was calculated gets decoupled from itself
after the corresponding value of time, thus indicating statistical
independence. For all the simulations a sensible choice was
s ¼ 20ns (Figures S10, S11 and S12), as the A.C.Fs. have almost
completely decayed by that time. Hence, just frames separated
by 20 ns were selected for the S.V.D. analysis.
3. Results & discussion

The different hierarchical levels of structure proposed to rein-
terpret membrane models are described here in detail. As
explained in the introduction, MD simulations of large POPC,
POPE-POPG and DMPC membranes at CG resolution, as well as ato-
mistic simulations of different macromolecules embedded in a
DOPC membrane taken from a previous work are used to illustrate
the new concepts. The large membranes were chosen to show the
impact of the system size in some of the analyzed properties, to
prove that even a membrane with a single component exhibits
the proposed levels of structure and to test the effect lipid head-
groups, tail unsaturation and tail length have in such structural
descriptions. In the main text just the results for the large POPC
bilayer will be shown, for the sake of brevity. However, the results
for the other two cases can be seen in the Supplementary Materials
and are qualitatively equivalent to those discussed in the Main
Text. The atomistic simulations of more complex systems were
employed to show the highest level of structure, as explained later.
3.1. The primary structure of the lipid bilayer: A ‘‘sequence” of
thousands of non-covalent basic units

In our analogy with the hierarchical representation of four
structural layers of organization in proteins and nucleic acids, the
primary structure (Fig. 1A) of lipid membranes is identified with
the composition of each leaflet, that is different in asymmetric
bilayers. Variations in headgroups and aliphatic chains allows the
existence of more than 1,000 different lipid species just in a single
eukaryotic cell[43]. As explained in the introduction section, a
number of infections and diseases have a serious impact on the
lipid composition of the host cells. This lipid composition can be
employed as a target for the actuation of the immune system
and for artificial therapeutic treatments. Actually, all living organ-
isms have a series of short, cationic and amphipathic peptides
known as Host Defense Peptides (HDPs) which are able to recog-
nize and disrupt pathological and pathogenic membranes based
on their composition[44,45]. These HDPs are an important part of
the innate immune system. This illustrates the huge importance
of the lipid composition of biological membranes, and it justifies
that it is identified with the primary structure of the lipid bilayer.
However, there are clear discrepancies in this analogy with respect
to the primary structure of nucleic acids and proteins. The most
obvious difference is that the lipids in a membrane are not cova-
lently bound, in contrast to the nucleotides in DNA or RNA and



Fig. 1. Schematic representation of primary (A), secondary (B), tertiary (C) and quaternary (D) levels of structure of a lipid bilayer. Each color in A represents a different lipid
type. See text for details.
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to amino acids in proteins. Another evident difference is that lipid
membranes are locally flat, even though they can form closed
quasi-spherical compartments with significant defects or protu-
berances. Because of the previous two features, membranes have
lipids diffusing throughout them, incorporate other molecules into
their structure, fuse with other membranes and exhibit a high abil-
ity to adapt to environmental changes by altering their composi-
tion. Lipid membrane composition alterations take place as a
response to almost any environmental change: pH, temperature,
diet, etc.[46] This would be equivalent to a protein or a nucleic acid
altering its sequence as a response to an external perturbation,
which is not possible because their residues are joined by covalent
bonds. The high plasticity and flexibility of biological membranes
allow them to maintain their bioactivity despite the effect of exter-
nal perturbations. Thus, within our proposal, the primary sequence
of membrane is simply the proportions of different lipids in each
leaflet.

3.2. The secondary structure of the lipid bilayer: A Velcro strap more
resistant than helices or beta sheets

The secondary structure of DNA arises from the interaction
between two polynucleotide chains forming a double helix while
in proteins it is defined by local and specific interactions between
amino acids leading to alpha-helices or beta-sheets, among other
patterns. The case of lipid bilayers is similar to DNA in the sense
that they consist of two monolayers facing each other as a Velcro
strap (Fig. 1B), whereas DNA has two complementary chains inter-
acting as a zipper. This analogy is not only structural but also with
respect to the interactions. The local interactions (by H-bonds)
between two nucleotides in a DNA fragment is significantly stron-
ger than the hydrophobic (mainly van der Waals type) interaction
between two lipids of different leaflets in a membrane patch, how-
ever these latter interactions are highly cooperative - exactly as in
a Velcro strap - and altogether makes the interaction between
monolayers extremely strong.

This secondary structure is critical for the stability of lipid bilay-
ers as lipid monolayers do not exist in solution (although they are
stable in a hydrophobic/hydrophilic interphase). Again, there are
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differences between the two systems for this level of structure,
e.g., the interaction between leaflets taking place in two dimen-
sions instead of the one-dimensional interaction between polynu-
cleotide chains, and the fluidity of lipids in a membrane compared
to the fixed position of nucleotides in each DNA strand. As a result
of this level of structure, the two leaflets in a lipid bilayer are
highly correlated to each other. This is clearly illustrated in the
topography of both monolayers as well as in the field lines arising
from the Normals, Isocurvature and Anisocurvature (see Methods)
vector fields (Fig. 2, Fig. S6, Fig S9).

3.3. Determination of local quantitative descriptors for the lipid
bilayer. The tertiary structure of the lipid bilayer.

Higher levels of structure can be inferred from the coordinate
behaviour of lipids, leading to local domains that interact with
each other (Fig. 1C). It is worth to note that these domains do
not correspond to different thermodynamic phases in equilibrium
with each other but they are spatial regions defined by strong cor-
relations in a given property of the lipids: topography, thickness,
tail orientation, etc. Therefore, the definition of the specific
domains depends on the analyzed property. For instance, the
topography of a membrane patch may exhibit protuberances and
valleys (Fig. 2, S6 and S9), the same structure could also have
regions of different thickness (Fig. S23, S25 and S.27), and the lipid
tails could be orientated in a coordinate way forming patterns
(Fig. S13, S14 and S15). Each of these properties would lead to dif-
ferent criteria to define domains. The analysis proposed in the
methodology section identifies different kind of lipid domains as
well as of interactions or couplings between them. The results cor-
responding to the large bilayers simulated using coarse grained
resolution are presented and discussed in what follows.

3.3.1. Identification of domains
As shown above (Fig. 2), the diameter and amplitude of the

membrane protuberances conditions the vector fields arising from
the LRS. Both the topography and these vector fields form well-
defined domains. The distribution of the curvature exhibits a max-
imum at 0 Å�1, as expected as the membranes are overall flat and



Fig. 2. Topographic heatmap and LRS vector fields for both leaflets (see labels on plots) of the POPC membrane. Image obtained from the average over the last ns of the
trajectory. The topography maps exhibit clear hills and wells whose projection in the XY plane spans a diameter of � 15 nm with an amplitude of � 2 nm in Z. The negative
correlation between the two leaflets is evident. The field lines obtained from the Isocurvature, Anisocurvature and Normals vector fields are also clearly correlated with the
topography of the membrane. The correlation/connection betweenn different regions and the anti-complementarity between the two leaflets are also obvious in these vector
field maps. The Normals show field lines falling down the top of the hills and rising up the bottom of the wells, as expected. The Isocurvature exhibits strong curls and long,
continuous fields lines contouring regions of same elevation. The Anisocurvature displays shorter and straighter field lines, with no curls at all, and with vector line sources in
regions where the Isocurvature presents dextro-rotating curls and wells in the regions where the Isocurvature presents levo-rotating curls.
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are indistinguishable for both leaflets (Fig. S2, S5 and S8). The asso-
ciated heatmaps (Fig. S1, S4 and S7) show that the more extreme
values for the curvature correspond to parts where the topography
of the membrane diverts further from the ideal planarity.

The vector fields arising from the Lipid Director were deter-
mined as described in section 2.2.1 and in the Supplementary
Materials. (Fig. S2). The field lines emanate from the lowest points
and converge in the highest regions (Fig. S13, S14 and S15) a pat-
tern that was already expected since the curvature itself conditions
the orientation of the lipid tails in the observed directions. The vec-
tor field of the Lipid Director is antiparallel to that obtained from
the Normals (Z’). It is also useful to measure the angle between
the lipid tail vectors and the Z’ axis of the LRS (Fig. S16, S18 and
S20). The corresponding heatmaps (Fig. S17, S19 and S21) are less
clear than, for instance, the curvature, likely because the lipid
bilayer is in fluid phase; but slighter lower angles (i.e., with lower
projection over the Z’ axis of the LRS) can be observed for the
regions where the topographic slope is maximum.

The membrane thickness calculated considering the LRS exhi-
bits a narrow normal-like distribution centered at different values
depending on the specific membrane, as expected. (Fig. S22, S24
and S26). The associated heatmaps show domains of different
thickness, in a more or less obvious way depending on the case
(Fig. S23, S25 and S27). The correlation between the thickness
and the topography is not evident, although the order of the lipid
tails is expected to simultaneously depend on both properties
and so they are expected to have some connection.

3.3.2. Filtering non-redundant properties
In general, it is clear that all the analyzed properties arise from

the interaction between groups of lipids and that they define struc-
tural regions - or domains - in the lipid bilayer that span several
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cells of the discrete grid defined for the analysis. These domains,
as well as the interaction between them, will be identified in the
present work with the tertiary structure of the lipid bilayer, in
analogy with that in nucleic acids and proteins arising from the rel-
ative spatial location of nucleic acids and amino acids.

However, as stated above, a single definition of the domains is
not clear because those defined by the topographymay be different
from those defined by the thickness or by any other property. It is
convenient to identify which properties are coupled to each other,
thus providing identical or cooperating domains, and which prop-
erties are independent from the rest thus providing non redundant
information. Next, a minimal set of quantitative descriptors
obtained from the properties calculated in the previous section will
be identified. This set of variables should be able to describe the
structure of the lipid bilayer without redundancy. An SVD factor-
ization of the data matrix containing the variables’ z-score normal-
ized values, over all the grid cells and for all the selected
independent frames of our trajectory, will be employed for this
aim (see methods section for details). As both leaflets behave
equivalently, the SVD analysis was separately carried out for each
leaflet, giving equivalent results (Figs S28 - S29, S31 - S32 and S34
– S35).

The explained variance per eigenvector is a step function with
several groups of properties contributing equally to the total vari-
ance (Figs S28 - S36, panel A). This is a consequence of the close
connection between variables – such as the topography of the
membrane and the curvature, or the Normals, Isocurvature and
Anisocurvature vector fields - and their cooperative behavior form-
ing the membrane domains, which in these cases would not be
defined by just one property but by the combination of several
ones. Complementarily, just 11 variables are required to explain
the 95% of the total variance for all the studied membranes
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(Figs S28 - S29, S31 - S32 and S34 – S35; panel A). Furthermore, the
last 3–4 eigenvectors are almost completely redundant, as they do
not add anything to the Cumulative Variance. The VT matrices con-
taining the eigenvector components in the space generated by the
properties used for the analysis, indicates too that several variables
are coupled, since they can be explained by almost identical
eigenvectors.

This inter-variable coupling was quantified through the dot pro-
duct between the column vectors consisting of the normalized rel-
evance matrix (Figs S28 - S29, S31 - S32 and S34 – S35; panel C).
The results of these dot products were then represented as a cou-
pling matrix (Figs S28 - S29, S31 - S32 and S34 – S35; panel D). In
these matrices, it is clearly seen that the X and Y components of the
Isocurvature, Anisocurvature and Normals vector fields are fully
coupled to each other. Moreover, the X and Y components of the
surface normal are strongly coupled to the X and Y components
of the Lipid Director. These correlations were already expected
after inspecting and comparing Fig. S3, S6 and S9 with Fig. S13,
S14 and S15 - as the antiparallel disposition of the Director and
Normals vector fields is rather evident to the eye - but finding
them as a result can be considered as a validation of the method.

The previous information suggests that the minimum number
of properties used to efficiently characterize the lipid membrane
can be reduced. Such set of properties could be considered as the
origin for an orthogonal basis of quantitative descriptors for the
lipid bilayer, this is, their eigenvectors. It is interesting to observe
the absolute lack of correlation between different properties, indi-
cating that they are independent and complementary to each
Fig. 3. Results for the SVD analysis performed on the nonredundant set of variables. Cum
(A); VT matrix (B); relevance matrix (C); coupling matrix (D). All the L.R.S. components are
Isocurvature. The L.R.S. components are simultaneously coupled to the X and Y compo
governed by the directions of curvature of the membrane. The Z component of the Norm
director are coupled between them, pointing to a close interplay between these magn
Director vector field. (For interpretation of the references to color in this figure legend,
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other. For instance, the topography of the membrane does not dis-
play any correlation with the X or Y component of either the Iso or
Anisocurvature but does faintly show it with the Z component of
the latter vector field, and quite more clearly with the membranes’
curvature. It is clearly seen in Fig. 2 that the X and Y components of
the normal vector are negligible in the maxima and minima of the
membrane protuberances, thus a clear correlation between the Z
component of said vector and the relative Z position of the lipid
heads was to be expected. The reason for the observed lack of cor-
relation is that it is only present at such maxima and minima but,
not in general, such as at intermediate positions which weigh
muchmore in the ensemble. For instance, the normal vectors at flat
regions are also parallel to the Z axis of the global reference system,
although the relative Z position of the corresponding head groups
is null in these cases.

The redundant properties of the previous analyses were
detected based on their shape similarities in the eigenvector space.
This is, starting from the total SVD, pairs of properties that share an
identical or quasi-identical - as an example, X’X and Y’Y in Fig. S28
– profile along a column in the Relevance matrix, are deemed
equivalent, and one of the two is then filtered out. After removing
such variables, the SVD analysis was repeated with the following
descriptors: the Z component of the Isocurvature, the X and Y com-
ponent of the Anisocurvature, the complete Normals vector field,
the Curvature scalar field, the membrane’s Thickness, the Lipid
Director Tilt, and the full Lipid Director vector field. It is remarkable
that by following this filtering-out procedure, we take out four
variables (Height Function, X and Y Isocurvature components and
ulative (red) and explained (blue) variance, 95% explained marked with a red line
coupled to each other, thus one eigenvector is associated to the Z component of the
nents of the Lipid Tail Director, indicating that the orientation of the lipid tails is
als vector field, the Curvature scalar field, the thickness and the angle of the lipid

itudes. The latter properties are also coupled to the Z component of the Lipid Tail
the reader is referred to the web version of this article.)
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Z Anisocurvature component), in good agreement with the fact
that the full SVD analysis produces 4 redundant eigenvectors. Note
that by not explicitly considering these variables we are not actu-
ally eliminating them, but assuming that they can be well repre-
sented by some other property. It is also worth noting that for all
the studied membranes the candidate to filtering out properties
were always the same, indicating that the underlying mechanisms
governing the interaction between membrane domains – the pro-
posed Tertiary structure - are independent of membrane composi-
tion at this level.

No redundant eigenvectors were observed in the cumulative
variance plot (Fig. 3A, S30, S33 and S36), as expected when all
the properties considered for the analysis are independent from
each other. The final VT, normalized relevance and coupling matri-
ces (Fig. 3B-D) shows that there are strong couplings between dif-
ferent variables. Some similarities are seen again in the Relevance
matrices, but because of the previously mentioned lack of redun-
dant eigenvectors, no more variables can be removed this time.

From the initial set of 31 properties, considering both leaflets,
12 quantitative descriptors resulted to be not superfluous. In anal-
ogy with the tertiary structure of proteins, the different domains
interacting with each other -described by the set of non-
redundant properties as shown in Fig. 3D- and their couplings
can be associated to a tertiary structure in lipid bilayers. In the pre-
sent work a simple homogenous POPC, a binary POPE-POPG and a
homogeneous DMPC bilayer are analyzed. The correlation between
Fig. 4. Schematic representation of the quaternary structure in a DOPC lipid bilayer cont
obtained from the orientation of the lipid SN1 tail (A,C) and SN2 tail (B,D) in the upper lea
color gradient for divergence-convergence, respectively. (For interpretation of the refere
article.)
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the different analyzed properties are comparable for all the simu-
lations. This means that the observed relationships between vari-
ables are an underlying mechanism of how membranes organize
themselves in equilibrium, beyond their composition – or Primary
Structure. This will not necessarily happen if different properties
are analyzed. Going further, the projection of the different eigen-
vector over the MD trajectory (Fig. S37, S38 and S39) could provide
an alternative group of complementary domains defined by the
collective behavior of groups of lipids considering specific linear
combinations of the quantitative descriptors employed in our
analysis.

3.4. The quaternary structure of the lipid bilayer

The levels of structure described above are expected to be pre-
sent in all membranes, regardless of their composition, however
the highest-order hierarchy remains to be established. In nucleo-
tides, the quaternary structure is related to the interaction with
different biomolecules which fold the double stranded DNA in dif-
ferent patterns. Following the same philosophy, it is sensible to
test the response of membranes to the presence of macromolecules
in their environment (Fig. 1D).

Taking advantage of previous work[23] we test and compare
the behaviour of an atomistic DOPC membrane model when in
the presence of a carbon nanotube (CNT) and a simple b-barrel
model (Fig. 4 and Fig. S40). Just by visual inspection, the influence
aining a carbon nanotube (A,B) and a b-barrel protein model (C,D). The vector fields
flet are plotted together with the corresponding divergence represented in red-blue
nces to color in this figure legend, the reader is referred to the web version of this
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of the macromolecules on the lipid organization is remarkable and
distinguishable. In both cases the lipid tails become highly ordered
around the macromolecule and they distort the nominal kind of
organization seen in previous sections. The CNT creates a series
of concentrical circular ripples around itself and generates a con-
tinuous pattern in the lipid tails. The divergence heatmap also dis-
plays rings, indicating that there will be circular regions defined by
coordinate orientation of lipids. On the other hand, the beta-barrel
generates local clumps of lipids with the same orientation, but
there is no overall cohesion, contrary to the former case. Similarly,
the divergence heatmap also displays protein-induced lumps with
no clear global organizational pattern.

Thus, the case of the quaternary structure is defined straightfor-
wardly from that of proteins of nucleic acids: it is the response and
interaction of lipid membranes to other macromolecules, which is
distinctive depending on the case.
4. Conclusions

A hierarchical set of structural levels is proposed for lipid bilay-
ers in analogy to the primary, secondary, tertiary and quaternary
structural levels of nucleic acids and proteins. The primary struc-
ture is identified with the lipid composition of each leaflet, the sec-
ondary structure is defined by the interaction between the two
leaflets conforming the membrane, the tertiary structure arises
from the lipid domains obtained from the analysis of the properties
calculated throughout the membrane surface, as well as from the
interaction or coupling between such domains, and the quaternary
structure comes from the impact of macromolecules embedded in
the lipid bilayers. The coupling matrix proposed to identify the ter-
tiary structure is expected to be a descriptor of how the mechanical
domains interact with each other, or how the membrane curvature
affects the bilayer thickness, among other connections. The impact
of the presence of macromolecules embedded in the membrane,
corresponding to the quaternary structure, is huge. The pattern
of the lipid tails orientation is highly specific around rigid struc-
tures such as carbon nanotubes and less ordered around more flex-
ible structures. Alternative approaches to the definition of
hierarchical structural levels for membrane models or to the defi-
nition of membrane domains can be defined, our approach repre-
senting an illustrative example on this interesting perspective.
Part of our treatment is based on a set of local quantitative descrip-
tors, but different sets of properties could also be employed with
the same objective. POPC, POPE-POPG, DMPC unaltered mem-
branes, and DOPC membrane with different macromolecules
embedded in it are employed to illustrate the proposed approach.
The different compositions do not have a significant impact in the
different levels of structure proposed and analized in the present
work. This result will not necessarily be valid for alternative prop-
erties such as the number of contacts between lipid heads and
water molecules -which is expected to strongly depend on the lipid
head- or the local lateral displacement of lipids, amongst other
properties that have not been analyzed in the present work. The
connection of the domains obtained from our analysis with biolog-
ical activity is still unexplored. The method and analytical methods
proposed here have a lot of room for improvement, but we hope
they will have an impact in the understanding of membrane mod-
els as well as in the design of compartmentalized structures for
new biotechnological applications.
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