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Lipid–protein interactions play pivotal roles in biological mem-
branes. Electron crystallographic studies of the lens-specific water
channel aquaporin-0 (AQP0) revealed atomistic views of such
interactions, by providing high-resolution structures of annular li-
pids surrounding AQP0. It remained unclear, however, whether
these lipid structures are representative of the positions of uncon-
strained lipids surrounding an individual protein, and what mole-
cular determinants define the lipid positions around AQP0. We
addressed these questions by using molecular dynamics simula-
tions and crystallographic refinement, and calculated time-aver-
aged densities of dimyristoyl-phosphatidylcholine lipids around
AQP0. Our simulations demonstrate that, although the experimen-
tally determined crystallographic lipid positions are constrained by
the crystal packing, they appropriately describe the behavior of un-
constrained lipids around an individual AQP0 tetramer, and thus
likely represent physiologically relevant lipid positions.While the
acyl chains were well localized, the lipid head groups were not.
Furthermore, in silico mutations showed that electrostatic inter
actions do not play a major role attracting these phospholipids to-
wards AQP0. Instead, the mobility of the protein crucially modu-
lates the lipid localization and explains the difference in lipid
density between extracellular and cytoplasmic leaflets. Moreover,
our simulations support a general mechanism in which membrane
proteins laterally diffuse accompanied by several layers of localized
lipids, with the positions of the annular lipids being influenced the
most by the protein surface. We conclude that the acyl chains
rather than the head groups define the positions of dimyristoyl-
phosphatidylcholine lipids around AQP0. Lipid localization is lar-
gely determined by the mobility of the protein surface, whereas
hydrogen bonds play an important but secondary role.

electron crystallography ∣ lipd bilayer ∣ atomistic simulations

Lipids and membrane proteins form biological membranes that
constitute the boundary of cells and their intracellular com-

partments. Lipids arrange in a bilayer conformation that serve
as a 2D fluid for membrane proteins. The lipid bilayer, however,
is more than a passive fluid and influences many aspects of mem-
brane proteins, including their insertion into the membrane (1,
2), assembly into complexes (3–5), and activity (6, 7). Conversely,
membrane proteins alter the conformational properties of lipid
bilayers, mediating for instance pore formation (8), fusogenicity
(9), and membrane bending (10, 11). Detailed knowledge of how
lipids and membrane proteins interact with each other is there-
fore crucial to understand the molecular machinery of biological
membranes.

To date, spectroscopic methods have contributed most to our
understanding of lipid–protein interactions, providing insight into
the dynamics of such interactions (1, 12). Atomistic views were
obtained by structures of membrane proteins either with few spe-
cifically bound lipids or surrounded by a complete ring of lipids,
determined by X-ray (13–17) and electron crystallography (18–
20). Furthermore, molecular dynamics (MD) and coarse-grained
simulations have added a wealth of dynamic and energetic infor-
mation creating a better understanding of the principles under-

lying lipid–protein interactions (for comprehensive reviews see
refs. 21 and 22).

Electron crystallographic studies of the lens-specific water
channel aquaporin-0 (AQP0) have emerged as a promising ap-
proach for systematic structural studies of lipid–protein interac-
tions (19, 20, 23–27). Electron crystallography uses 2D crystals of
membrane proteins reconstituted into artificial lipid bilayers and
thus allows the structure of membrane proteins to be determined
in their native environment (24, 25, 28). The 1.9-Å structure of
AQP0 crystallized in dimyristoyl-phosphatidylcholine (DMPC)
revealed not only the protein, but also the first shell of lipids,
called the annular lipids, surrounding the AQP0 tetramers (19).
The structure of the complete ring of annular lipids defined the
preferred lipid positions around the protein and provided insights
into the nature of nonspecific lipid–protein interactions. More-
over, the annular lipids were also observed in the recent 2.5-Å
structure of AQP0 crystallized in Escherichia coli polar lipids
(20), demonstrating that high-quality 2D crystals of AQP0 can
be produced with different lipids.

The electron crystallographic structures of AQP0 raised sev-
eral questions: Are the observed crystallographic lipid structures,
which correspond to lipids sandwiched in between two tetramers
in the 2D crystals, representative of the positions adopted by un-
constrained lipids surrounding a single AQP0 tetramer?What are
the molecular driving forces stabilizing the observed lipid posi-
tions around AQP0? How does AQP0 affect lipids beyond the
first annular layer? We addressed these questions by using
MD simulations and crystallographic refinement. We calculated
time-averaged density maps of DMPC bilayers either surround-
ing an individual AQP0 tetramer or constrained by four AQP0
tetramers simulating the situation in a 2D crystal.

Results
Lipid Arrangement Around a Single AQP0 Tetramer. We first
performed 100-ns MD simulations of a single AQP0 tetramer
embedded in a DMPC bilayer (Fig. 1A, Left, and SI Appendix,
Fig. S1) and calculated a time-averaged lipid-density map ρ
around the tetramer (in the following called MD map). Because
each monomer in the AQP0 tetramer has identical lipid inter-
faces, composed of surfaces S1 and S2 (Fig. 1A), we fourfold sym-
metrized the map to produce the average lipid density around a
single AQP0 monomer, which we could compare with the lipids
seen in the electron crystallographic structure of AQP0 (19)
(Fig. 1B).

For most of the crystallographic lipids (labeled PC1–PC7),
portions of their tails fall into high-density regions of the MD
map. In particular, almost the entire tails of lipid PC1 in the
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extracellular leaflet at surface S2 are represented by high density
in the computed map. The middle part of lipid PC3 at S1 and one
of the tail ends of lipid PC3 at S2 also coincide with high-density
regions in the MDmap, which also captures the separation of the
tails of lipid PC6 at S1. In addition, the MD map shows a favor-
able degree of correlation with the crystallographic B factors of
the lipids: Portions of the lipids with low B factors (less positional
uncertainty) match with high-density regions, and portions of the
lipids with high B factors (more positional uncertainty) corre-
spond to regions of weak density. Remarkably, two independent

simulations of a single tetramer, either including the crystallo-
graphic lipids or inserted into an equilibrated lipid patch (SI
Appendix, Fig. S1A), produced similar density maps (SI Appendix,
Fig. S2). Moreover, shortening the production runs to only 50%
of the simulation length (50 ns) did not induce substantial
changes in the density maps (SI Appendix, Fig. S3). These two
results indicate convergence of the lipid positions on the simu-
lated timescale. Unless stated otherwise, the MD map obtained
with a single AQP0 tetramer inserted into a DMPC patch (with-
out the crystallographic lipids) was used for all further analysis.

Fig. 1. Time-averaged lipid-density maps around AQP0 obtained fromMD simulations. (A) Top views (perpendicular to the membrane plane) of a single AQP0
tetramer embedded in a DMPC lipid bilayer (Left) and an array of four AQP0 tetramers with sandwiched DMPCmolecules (Right). AQP0 tetramers are shown in
white and DMPC lipids in orange and yellow. S1 and S2 indicate the two lipid-facing surfaces of an AQP0 monomer. B–E show side views of surfaces S1 and S2
indicated in A. (B) Comparison between the DMPC molecules seen in the electron crystallographic structure of AQP0 (19) and the lipid-density map obtained
from an MD simulation of an AQP0 tetramer inserted into an equilibrated DMPC patch (A, Left). The crystallographic lipids, labeled PC1 to PC7, are shown in
stick representation and color-coded according to their B factor (color scale at the bottom). The MD-derived density map is contoured at 4σ and shown as blue
surface enclosed by black lines. (C) Contributions of different lipid groups to the MD-derived lipid-density map shown in B. The density map at a distance of
5.6 Å from the protein is depicted according to the scale at the right side. (D–E) Lipid-density maps obtained from MD simulations of a system containing an
array of four AQP0 tetramers in a 2D crystal arrangement (A, Right), at 280 (D) and 300 K (E). Maps were contoured at 3.2σ. For comparison, the density map
obtained from the simulation with a single tetramer (B) is shown as black contours. The sketches on top represent the major conformations sampled during the
simulations by the lipids at the position of crystallographic lipid PC1.
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To further analyze the MD map, we inspected the contribu-
tions made by the different parts of the lipids (Fig. 1C). High-den-
sity values (ρ > 4σ), corresponding to more localized positions
during the simulations, are mainly observed for the acyl chains,
whereas the densities representing the head groups (choline,
phosphate, and glycerol) are found to be weak (ρ < 3σ).

In addition, the MD map revealed an asymmetry between the
two leaflets regarding the number of well-defined tail positions
(Fig. 1B). Eleven well-defined tail positions are observed in
the extracellular leaflet and only six in the cytoplasmic leaflet.
Moreover, the density is much weaker in the cytoplasmic leaflet
than in the extracellular leaflet. The asymmetry is also reflected
in the computed deuterium parameters, which show different
average tilting angles (with respect to the axis normal to the mem-
brane) for the acyl chains of annular lipids in the extracellular
leaflet compared to those in the cytoplasmic leaflet (SI Appendix,
Fig. S4 A and B).

Effect of Crystal Packing on the Lipid Positions. To investigate the
effect of the dense protein packing in the 2D crystals on the po-
sitioning of the annular lipids surrounding AQP0, we performed
MD simulations with lipids sandwiched between four tetramers in
the crystal packing arrangement (Fig. 1A, Right, and SI Appendix,
Fig. S1B) at two different temperatures, 280 and 300 K.

To calculate the time-averaged lipid-density map, each lipid
molecule was assigned to its closest AQP0 monomer (labeled
first neighbor in Fig. 1 D and E). In the resulting density maps,
high-density regions are mainly located near surface S2 (Fig. 1 D
and E). High-density regions in these tetramer-array maps colo-
calize with those in the single-tetramer map on surface S2, with
the best-defined position observed at the place of crystallographic
lipid PC1. Nevertheless, the density at the position of crystallo-
graphic lipid PC3 is stronger in the tetramer-array maps than in
the single-tetramer map (see also differences in SI Appendix,
Fig. S5), indicating that this lipid is more strongly localized in
the context of a crystalline array than when associated only with
a single AQP0 tetramer. In addition, the deuterium parameters
were found to be in a broader range of values for the acyl chains
of lipids sandwiched in between AQP0 tetramers than for the acyl
chains of lipids surrounding an individual tetramer (compare SI
Appendix, Fig. S4 C and D with Fig. S4 A and B).

Interestingly, the tetramer-array maps revealed that lipids at
crystallographic position PC1 adopt primarily one conformation
in the simulation at 280 K (Fig. 1D) and alternate between two
conformations in the simulation at 300 K (Fig. 1E). The single
conformation in the 280 K map matches the conformation seen
on surface S2 in the single-tetramer map, but deviates from the
conformation seen on surface S1, as observed when the tetramer-
array map is projected onto surface S1 by assigning the lipid posi-
tions to the second-closest (second neighbor) AQP0 monomer
(compare Fig. 1D with Fig. 1B). In contrast, the 300 K map dis-
plays two conformations: The first one matches the one seen on
surface S1 in the single-tetramer map, and the second corre-
sponds to the one seen on surface S2 in the single-tetramer
map (compare Fig. 1E with Fig. 1B).

Refinement of Lipid Structures Based on Lipid-Density Maps Derived
from MD Simulations. Although the MD map shows many simila-
rities with the electron crystallographic structure, there are also
numerous differences in lipid conformations. To assess whether
these differences constitute inconsistencies between the MD-de-
rived and the crystallographic datasets or represent alternative
lipid conformations, we modeled lipids into the MD density
and then refined them against the electron crystallographic data
(19) (Fig. 2). Refinement did not affect the positions of the acyl
chains and glycerol backbone of lipid PC1, but parts of the
remaining lipids moved to slightly different positions (Fig. 2,
Left). The refined structure includes five complete lipids in the

extracellular leaflet and four in the cytoplasmic leaflet, and both
leaflets also contain a single acyl chain near the fourfold axis. In
comparison to the original structure, the MD map allowed iden-
tification of an additional acyl chain in the extracellular leaflet
(PC11) and an additional full lipid in the cytoplasmic leaf-
let (PC10).

The lipids in the refined structure based on the MD map show
many similarities with those in the original crystallographic struc-
ture, especially those in the extracellular leaflet, PC1, PC2, PC3,
and PC7 (Fig. 2, Right), but there are also some local differences.
For example, one acyl chain of lipid PC1, which shows the best-
defined density in all datasets, has a bent conformation in theMD
map but has a more straight conformation in the crystallographic
structure. Moreover, lipid PC9 is not in direct contact with the
protein surface in the original crystallographic structure, but it
is in contact in the MD map. The refined structure also exhibits
a different orientation for the two hydrogen bond-forming pro-
tein residues Arg113 and Arg196 (SI Appendix, Fig. S6D).

In addition to this converged MDmap, we also used a noncon-
verged MD simulation (100-ps length) as a control. The lipids
modeled into the nonconverged density map matched neither
the lipid positions in the converged MD map nor in the original
crystal structure (SI Appendix, Fig. S6 E and F). However, upon
refinement against the crystallographic data, the lipids modeled
into the nonconverged map exhibited big shifts (especially in the
first refinement steps) and finally approached the same positions
as those seen in the converged model after refinement (compare
SI Appendix, Fig. S6C with Fig. S6G, and see further details in
the SI Appendix).

Strong Protein-Lipid Interaction Sites and in Silico Mutations. We
monitored the potential energy between lipids and AQP0 during
the MD simulations (Fig. 3A), and thereby identified seven resi-
dues at the AQP0 surface that strongly interact with lipids: R5,
Y105, R113, R196, and K238 through electrostatic interactions,
and W10 and W202 through van der Waals interactions (see also
SI Appendix, Fig. S7A). Correlation between the Coulomb inter-
action energy and the presence of hydrogen bonds suggests that
the electrostatic residue-lipid interactions are mediated by hydro-
gen bonds (SI Appendix, Fig. S7B). In the extracellular leaflet, the
side chain of R196 forms up to four hydrogen bonds, for more
than half of the simulation time, mainly with the carboxyl and
phosphatidyl-ester oxygens (SI Appendix, Fig. S7C) of lipids at
positions PC1, PC2, and PC7 (SI Appendix, Fig. S7D). The neigh-
boring residues Y105 and R113 form hydrogen bonds with lipids
at positions PC1 and PC3, but less frequently than R196. Similar

Fig. 2. Refinement of lipid structures around AQP0 by using MD and elec-
tron crystallography data. The lipid moieties modeled into the density map
derived from the MD simulation of a single tetramer (presented in Fig. 1B)
are shown in blue. The lipids after refinement against the electron crystal-
lography data (19) are presented in yellow (complete lipids) and orange (in-
dividual acyl chains). The original crystallographic lipids (19) are shown in
cyan for comparison. The AQP0 monomer is shown in surface representation.
For clarity, lipid PC9 is depicted separately in the insets, and the individual
acyl chains PC8 and PC11 are not shown in the right figure.
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to R196 in the extracellular leaflet, the side chains of R5 and
K238 in the cytoplasmic leaflet also make intermittent hydrogen
bonds mainly with carboxyl and ester oxygens of the annular
lipids.

To test whether these strongly interacting residues constitute
phospholipid-binding sites, we performed MD simulations in
which we mutated them to alanine: 10 simulations of 100 ns each,
including single, double, and triple mutations. Changes in the
lipid-density around AQP0 mutants are in the range from 1σ to
2σ. Larger changes in the density map primarily correspond to li-
pid atoms occupying space freed by deletion of the side-chains
of the mutated residues (Fig. 3B, Right, and SI Appendix, Figs. S8
and S9). Compared to wild-type AQP0, the mutations did not sub-
stantially modify the lipid positions, and the well-defined tail posi-
tions were always observed throughout all mutant simulations.

The Effect of Protein Mobility on the Lipid Positions. Calculation of
the rms fluctuations (RMSF) in the MD trajectories revealed that
the protein surface displays a wide range of flexibility (Fig. 4A).
Residues in transmembrane helices (especially those close to the
extracellular surface of the protein) are mostly rigid, whereas the
N and C termini are highly flexible. Despite their strong electro-
static interactions, residues R5, R196, and K238 are also very
mobile. Overall, we found that the RMSF are positively corre-
lated with the crystallographic B factors of the protein (19) (SI
Appendix, Fig. S11).

To analyze the relation between protein mobility and lipid den-
sity, we defined F as the fraction of a cylinder (of radius 7.5 Å and
height 4 Å) that is occupied by high lipid-density points (ρ > 4σ),
and plotted this quantity as a function of the RMSF of the protein
atom centered in the cylinder (Fig. 4B). Near high-RMSF atoms,
such as the ones in the flexible N and C termini, F invariably takes

on small values. In contrast, in the vicinity of low-RMSFatoms, F
displays a broader range of values, thus allowing highly localized
lipid positions.

Lipid Behavior Distant from AQP0. An analysis of the behavior of
lipids distant from the protein (Fig. 5 and SI Appendix, Fig. S12)
revealed that only the annular lipids display strong density re-
gions, whereas with increasing distance from the protein the lipid
density rapidly weakens and becomes “bulk-like.” However, at
intermediate distances (a few lipid shells away from AQP0), the
lipids still show a moderately localized behavior. Very different
density patterns are observed for the two leaflets. For instance,
at the height of the tips of the acyl chains, the map presents stron-
ger densities in the extracellular leaflet than in the cytoplasmic
leaflet. In contrast, at the height of the head groups (both glycerol
and phosphate), the density is predominantly higher in the cyto-

Fig. 3. Interaction energy between the lipids and AQP0 computed fromMD
simulations. (A) Time-averaged potential interaction energy derived from a
simulation of a single AQP0 tetramer embedded in a DMPC lipid bilayer. The
energy is depicted in color representation according to the scale at the bot-
tom. Labels correspond to AQP0 residues strongly interacting with lipids,
either through electrostatic (R5, Y105, R113, R196, and K238) or van der
Waals (W10 and W202) interactions. High lipid-density regions (presented
in Fig. 1B) contoured at 4σ are outlined in black. (B) Effects of mutating
AQP0 residues that strongly interact with lipids on the resulting MD-derived
lipid-density maps. Two representative maps, obtained with the W10A and
the R196A-Y105A mutations, are shown (see SI Appendix, Figs. S8–S10 for all
12 maps). The Top panels show the mutated residues in purple and the re-
sulting lipid-density maps contoured at 4σ as blue mesh. For comparison, the
lipid-density map obtained with wild-type AQP0 contoured at 4σ is displayed
as black contours. The lower panels depict differences between the lipid-den-
sity maps obtained with mutant and wild-type AQP0 (see scale for color cod-
ing). The red circles indicate regions with an increase in lipid-density near the
mutated residues.

Fig. 4. Effect of AQP0 mobility on lipid positions. (A) RMSF derived from MD
simulations are shown as a measure of the flexibility of the protein surface. The
RMSF are color-coded according to the scale at the bottom. (B) F defined as the
fraction of a cylinder (of radius 7.5 Å and height 4 Å) occupied by high lipid-
density points (ρ > 4σ) plotted as a function of the RMSF of the surface atom
centered in the cylinder. The gray scale represents the position of the atom
along the coordinate normal to the membrane (as illustrated in the inset).

Fig. 5. Lipid density around an AQP0 monomer beyond the annular lipid
shell, recovered from the simulation of a single tetramer embedded in a
DMPC lipid bilayer without the crystallographic lipids (see SI Appendix,
Fig. S12 for simulations with and without the crystallographic lipids). The col-
or maps represent lateral projections (onto the xy membrane plane) of the
lipid density, at the different z positions indicated on the AQP0 monomer
(white). Projections were taken at the average z positions of the center of
masses (COM) of the indicated lipid groups (for both leaflets, upper and low-
er maps) and the AQP0 monomer (middle map).
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plasmic leaflet compared to that in the extracellular leaflet. This
finding indicates that the effect of leaflet asymmetry (noted be-
fore for annular lipids) extends to lipids distant from the protein.

Discussion
Lipids in AQP0 2D Crystals Behave Similarly to Lipids Surrounding a
Single AQP0 Tetramer. Our results demonstrate that the majority
of lipid structures and their B factors seen by electron crystallo-
graphy of AQP0 2D crystals are representative of the average po-
sitions adopted by unconstrained lipids surrounding an individual
AQP0 tetramer seen in the MD map (Fig. 1B). Nevertheless,
lipids sandwiched in between AQP0 tetramers have a stronger
degree of alignment than lipids only in contact with a single
AQP0 tetramer, as reflected in the calculation of the deuterium
order parameters (SI Appendix, Fig. S4).

The favorable agreement between the computed lipid-density
maps and the crystallographic structures also provides an inde-
pendent validation of the used lipid and protein simulation para-
meters (force field). Moreover, the similarity of the lipid-density
maps obtained in two independent simulations (SI Appendix,
Fig. S2) indicates that lipids adopt stable positions around AQP0
in a timescale of tens of nanoseconds, and independent of their
initial positions.

Our simulations reveal that the acyl chains are the most loca-
lized parts of annular lipids, generating strong density in the time-
averaged map, whereas the lipid head groups are less localized
and thus create only weak density (Fig. 1C). This result supports
the hypothesis deduced from electron crystallographic structures,
that acyl chains are mainly responsible for stabilizing the satu-
rated DMPC lipids around AQP0, whereas the head groups make
only a secondary contribution to lipid localization (20). Electron
crystallography also revealed that acyl chains of unsaturated
Escherichia coli polar lipids occupy similar positions as those
of the saturated DMPC lipids (20), thus suggesting that acyl
chains play an important stabilizing role not only for saturated
but also for unsaturated lipids.

Our simulations also show that the lipids in the 2D crystal ac-
commodate closer to protein surface S2 of a tetramer than to S1
of their adjacent tetramer, suggesting that S2 mostly defines the
lipid positions in the crystal (Figs. 1 D and E). This effect can be
attributed to the observed strong electrostatic interactions be-
tween the lipids and residues R196, Y105, and R113 (extracellu-
lar leaflet), and R5 (cytoplasmic leaflet), all of which are located
at surface S2 (Fig. 3A). The lack of electrostatic interactions with
residues at S1 may also explain why high-density contours in the
MD map (resulting from stable lipid positions) and the positions
of the crystallographic lipids do not match as well at S1 as they do
at S2.

Lipids at the crystallographic position PC1 were found to
adopt two conformations at 300 K, when located in the crystal
environment. Each conformation matches one of the two confor-
mations adopted by lipids at position PC1 around an isolated
AQP0 tetramer facing either surface S1 or S2 of the monomer
(Fig. 1E). This result thus suggests that the lipid at this position
in the 2D crystal, sandwiched between surfaces S1 and S2, alter-
nates between two conformations at 300 K, and also illustrates
how the lipid conformations may be influenced by the surface
of the protein. When the temperature was decreased to 280 K,
only one of the two conformations was sampled (Fig. 1D). At the
very low temperature at which the electron crystallographic data
were collected, the lipids would be expected to only adopt this
conformation, which was indeed the case.

Refinement of Crystallographic Lipid Positions Validates the MD Data.
When lipids were built into the MD map and subsequently
refined against the electron crystallographic data, annular lipid
PC1 in the extracellular leaflet retained its position, and the re-
fined structures matched the original crystallographic lipid struc-

tures (Fig. 2 and SI Appendix, Fig. S6). When, as a control,
the lipids were deliberately built into a nonconverged MD map,
refinement against the electron crystallographic data moved
the lipids close to the crystallographic positions (SI Appendix,
Fig. S6). These results underscore the validity of the MD-derived
density maps and show that the refined structures are not strongly
biased by the initial model. In addition, they reveal that the lipids
adopt preferred positions around AQP0 not only in the context of
a 2D crystal but that they use similar positions when surrounding
an individual AQP0 tetramer.

AQP0 Does Not Have Specific Phospholipid-Binding Sites. Strong
electrostatic protein–lipid interactions—mediated by hydrogen
bonds—suggested the possibility that Y105, R113, and R196
at the extracellular leaflet, and R5 and K238, at the cytoplasmic
leaflet, correspond to phospholipid-binding sites that drive the
lipids into the positions observed in both simulations and experi-
ments (Fig. 3A). However, these residues did not form stable
hydrogen bonds with a specific lipid, but rather transient bonds
with all the lipids in their vicinity. The transient nature of the
hydrogen bonds is also reflected in the different conformations
of the involved protein residues in the refined structures (SI
Appendix, Fig. S6D) and also in their high mobility (Fig. 4A).
Moreover, in silico mutations of these residues to alanine did not
appreciably change the well-defined positions of the lipid tails, in
10 independent simulations with AQP0 mutants spanning a total
time of 1.0 μs (Fig. 3B, Right, and SI Appendix, Figs. S8 and S9).
Our simulations thus dispose of electrostatic interactions as the
main cause that defines the positions of phospholipids around
AQP0, and corroborate the conclusion from the electron crystal-
lographic AQP0 structures (20) that residues R196 and Y105 are
not part of a phospholipid-binding site as defined by Palsdottir
and Hunte (29).

Protein Mobility Interferes with the Localization of Lipids. Our simu-
lations revealed that AQP0 is not a rigid entity but displays a
broad range of flexibility. Transmembrane-helix residues at the
protein surfaces facing the lipid environment are the most rigid
parts, while the N and C termini are highly mobile (Fig. 4A). This
result is in perfect agreement with the experimental B factors of
the protein (19) (SI Appendix, Fig. S11). Interestingly, lipid den-
sity near the flexible termini was found to be more diffuse com-
pared to the lipid density close to the rigid parts, and only a minor
fraction of high-density points was found to reside near highly
mobile protein atoms (Fig. 4B). Our results thus suggest that mo-
bile segments of the protein interferes with the localization of
lipids.

Protein mobility may also provide an explanation for the ob-
served asymmetry in lipid density between the two leaflets
(Figs. 1B and 5). This asymmetry does not appear to result from
lipid immobilization due to protein contacts between the two
layers in the double-layered 2D crystals. Instead, it appears that
rigid AQP0 residues allow lipids in the extracellular leaflet to be
localized, while the flexible termini interfere with localization of
lipids in the cytoplasmic leaflet.

Irregularities in the Shape of the Protein Surface Modulate the Lipid
Density. Our simulations with AQP0, which has an uneven sur-
face, showed highly localized positions of individual lipid tails
for the annular lipids, whereas simulations with transmembrane
helices, which have smoother surfaces, did not (30). This result is
consistent with the hypothesis by Niemelä et al. that lipid posi-
tions in the annular shell are modulated by irregularities in
the protein surface (31). Moreover, our MD maps obtained with
alanine substitution mutants showed increased lipid density in the
space originally occupied by the side chains of the mutated resi-
dues (Fig. 3B and SI Appendix, Figs. S8–S10), illustrating the
effect of the shape of the protein surface on lipid arrangement.
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An analysis of the protein surface curvature allowed us to distin-
guish between low curved convex regions (bumps), and highly
curved concave areas (clefts) (SI Appendix, Fig. S13). Surpris-
ingly, the lipid density did not show a strong correlation with
either type of concavity, and high lipid-density points were ob-
served near both concave and convex surface regions. Our cur-
vature calculations therefore support the notion that lipids
adapt to the roughness of the exterior surface (bumps or clefts)
to form a tight seal around the protein that prevents leakage of
solutes across the membrane (for a detailed analysis of the pro-
tein surface curvature and concavity see the SI Appendix).

AQP0 Influences Lipid Behavior Beyond the First Lipid “Solvation”
Shell. In our simulations, lipids only gradually recover their bulk
properties with increasing distance from AQP0 (Fig. 5). The pro-
tein thus influences not only the localization of the first lipid shell,
the annular lipids, but also the following lipid shells. Similar lipid-
immobilization patterns have been observed in previous simula-
tion studies with transmembrane helices (30) and ion channels
(31). Our results therefore support the model proposed by
Niemelä et al. (31), in which the protein forms an obstacle for
lateral lipid diffusion perpendicular to the protein surface, there-
by influencing the localization of several lipids shells around the
protein. Our results, together with these computational studies
(30, 31), thus suggest a general mechanism in which membrane
proteins laterally diffuse with a highly coordinated lipid solvation
shell that consists of several lipid layers, with the positions of the
annular lipids being influenced the most by the protein surface.

Conclusions
We used MD simulations and crystallographic refinement to
study the localization of DMPC lipids around AQP0. We found
that the positions of the constrained lipids in the 2D crystals de-
termined by electron crystallography together with their B factors
are representative of the behavior of unconstrained lipids sur-
rounding individual AQP0 tetramers. We conclude that positions
of DMPC lipids around AQP0 are defined by the acyl chains

rather than the head groups. Furthermore, we observed that
the positions of these lipids are largely influenced by the local
mobility of the protein, whereas specific hydrogen bonds play
a secondary role. Finally, our results are consistent with a general
mechanism in which membrane proteins laterally diffuse asso-
ciated with several layers of lipids, with the positions of the lipids
in the first solvation shell being also modulated by irregularities
in the protein surface. It will be interesting to investigate if
these features are specific for DMPC lipids surrounding AQP0,
or rather represent general principles underlying lipid–protein
interactions.

Materials and Methods
MD simulations were carried out using the GROMACS 4.0 simulation package
(32, 33). Two different systems were simulated (Fig. 1A and SI Appendix,
Fig. S1). The first system consisted of a single AQP0 tetramer embedded in
a fully solvated DMPC lipid bilayer, simulating a membrane at low protein
concentration. The second system included four densely packed AQP0 tetra-
mers in the 2D crystal arrangement, with DMPC molecules filling the gaps
between the tetramers and surrounded by explicit water molecules. The
production runs were 100 ns in length and the first 10 ns were excluded
to account for equilibration time. Additional simulations with AQP0 mutants
(12 in total), in which residues of interest were substituted by alanine, were
carried out following the same simulation scheme as for the single-tetramer
system. The lipid density around a single AQP0 monomer was time-averaged
over a concatenated trajectory consisting of fitted trajectories of individual
AQP0 monomers (four in the single-tetramer and 16 in the four-tetramer sys-
tem) together with their closest surrounding lipids. Additional simulation de-
tails, the methods used to calculate the lipid-density maps and other
observables from the simulations, and the structure refinement procedure
are described in the SI Appendix.
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