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ABSTRACT: Nanoscale membrane curvature is a common
feature in cell biology required for functions such as
endocytosis, exocytosis and cell migration. These processes
require the cytoskeleton to exert forces on the membrane to
deform it. Cytosolic proteins contain specific motifs which bind
to the membrane, connecting it to the internal cytoskeletal
machinery. These motifs often bind charged phosphatidylino-
sitol phosphate lipids present in the cell membrane which play
significant roles in signaling. These lipids are important for
membrane deforming processes, such as endocytosis, but much
remains unknown about their role in the sensing of membrane
nanocurvature by protein domains. Using coarse-grained
molecular dynamics simulations, we investigated the interaction of a model curvature active protein domain, the epsin N-
terminal homology domain (ENTH), with curved lipid membranes. The combination of anionic lipids (phosphatidylinositol
4,5-bisphosphate and phosphatidylserine) within the membrane, protein backbone flexibility, and structural changes within
the domain were found to affect the domain’s ability to sense, bind, and localize with nanoscale precision at curved membrane
regions. The findings suggest that the ENTH domain can sense membrane curvature without the presence of its terminal
amphipathic α helix via another structural region we have denoted as H3, re-emphasizing the critical relationship between
nanoscale membrane curvature and protein function.
KEYWORDS: membrane curvature, phosphatidylinositol 4,5-bisphosphate, molecular dynamics, coarse-grained simulations,
epsin N-terminal homology domain

The lipid membrane is a dynamic organelle of the cell
required to bend and deform for a multitude of
biological processes. Membrane curvature is critical for

essential cellular functions such as clathrin-mediated endocy-
tosis (CME). CME requires cytosolic proteins to bind the
membrane in order to stabilize and assemble the clathrin coat.1

A key part of this binding relies on the presence of
phosphatidylinositol phosphate (PIP) lipids in the membrane,
in particular phosphatidylinositol 4,5-bisphosphate (also
notated PI(4,5)P2 or PtdIns(4,5)P2, referred to herein as
PIP2).2 Enrichment of these lipids in the membrane is known
to initiate endocytosis by recruiting early acting proteins
crucial to the endocytic cascade such as Adaptor Protein 2,
Fer/Cip4 homology domain only proteins 1 and 2 (FCHo1/
2), assembly protein 180 kDa (AP180), and a range of

epsins.3−6 Many of these proteins contain specific PIP-binding
motifs such as the pleckstrin-homology (PH) domain of
FCHo, the AP180 N-terminal homology (ANTH) domain of
AP180/CALM, and the epsin N-terminal homology (ENTH)
domain of the epsin protein family. The individual roles of
membrane curvature and phosphoinositides in endocytosis
have been widely studied with respect to protein reshaping of
membranes and phosphoinositide recycling in CME.1,7−9
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PIP2-binding proteins such as the Bin/amphiphysin/Rvs
(BAR) domain family and septin have been the subject of
extensive study for their membrane curving properties in the
past decade.10−13 However, the interplay between surface-
induced membrane curvature and lipid-mediated protein
binding has not been fully explored. Bioengineered nano-
textured surfaces have been shown experimentally to strongly
influence membrane curvature and internal cell mechanics,14,15

hence the interest and need for supporting computational
studies.
Epsins are of particular interest as some of the first proteins

to engage the endocytic machinery upon membrane binding.
When the ENTH crystal structure was solved by Ford et al.,6 it
was shown that Epsin-1 could drive membrane curvature
through its ENTH domain due to the insertion of an N-
terminal amphipathic α helix, referred to here as H0. The work
done by Ford et al. suggests that this helix is formed after
binding to PIP2 in the membrane. Its amphipathic nature then
prefers for it to sit within the membrane itself, wedging in and
creating membrane curvature. Indeed, the ENTH domain has
been shown to spontaneously localize and sense membrane
curvature both experimentally and in theoretical studies, and it
has become a model for curvature active protein domains.16−19

A number of reports have suggested that hydrophobic
insertion of amphipathic helices is a key mechanism for
membrane curvature generation in cells.20−22 Many curvature-
active proteins contain amphipathic helices such as N-BAR-
containing proteins involved in endocytosis, as well as Arf1 and
Sarlp.23,24 However, recent studies suggest the exact role of
such helices is more complex. Membrane composition,
especially the presence of anionic lipids, plays a significant
role in modulating curvature activity of amphipathic helix-
containing proteins.25−27 Chen et al. suggests hydrophobic

residue insertion may only play a minor role in membrane
curvature generation.28 Similarly, Zeno et al. showed that
membrane curvature sensing occurs in disordered proteins via
purely nonspecific interactions, suggesting that electrostatic
and entropic forces can drive curvature sensing without the
presence of a structural sensing motif.29 Finally, recent work by
Mu et al. has shown that PIP2 localization to regions of
membrane curvature is key to initiating an ancient Moesin-
based phagocytotic pathway which is suggested to have been at
the origin of receptor-mediated phagocytosis.30 Although
hydrophobic insertion is an accepted mechanism for
membrane curvature sensing, it has not been explored at the
molecular level in combination with PIP2. Much is unsure
about the interplay between such proteins and their lipid
binding partner. We have previously assumed PIP2 to be a
necessary, yet neutral player in the complex act of membrane
curvature sensing, but could it be that PIP2 lipids play a more
active role in this process? In this work, we study a model
curvature sensing protein, the ENTH domain, and its
interaction not only with curvature but also with its key
binding partner, PIP2. Our work presents a previously
unexplored system, combining substrate-induced membrane
curvature, charged phosphoinositides and proteins, allowing us
to take a step closer to understanding the real-life conditions
under which membrane curvature sensing occurs in the cell.
Using coarse-grained molecular dynamics simulations, we

studied two crystal structures of the ENTH domain, with and
without its terminal H0 helix (shown in Figure 1a). For each of
these permutations, we also studied the interaction of the
domains with curved phosphatidylcholine (PC) membranes
containing various proportions of negatively charged lipids.
The three membrane variants investigated were: pure PC, PC
with 12.5% phosphatidylserine (PS), and PC with 2.5% PIP2.

Figure 1. (a) Crystal structures of the ENTH with (PDB code: 1H0A) and without (PDB code: 1EDU) its terminal domain α helix (H0)
alongside the elastic network applied to fix secondary structure. (b) Membrane compositions used to study ENTH binding and curvature
localization (100% PC, 87.5% PC + 12.5% PS, and 97.5% PC + 2.5% PIP2). The white, gray, blue, and green beads represent the
hydrophobic tails, ester linkers, phosphatidylcholine headgroup, and negatively charged groups, respectively. (c) Snapshots of the simulation
setup and a slice through the middle of the nanopore-deformed membrane along the y-axis (PIP2 lipids are highlighted in green, PC lipids
are highlighted in blue).
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For both crystal structures, we studied how the presence and
lack of a rigid elastic network, used to fix the tertiary structure
of the protein domain, affected their ability to sense membrane
curvature.
Following our previous work on nanopore-induced mem-

brane deformation, our models suggest that interfacing cells
with nanostructured surfaces can induce both physical as well
as functional changes within the cell, potentially allowing for
many applications where artificially localized cellular function
would be required.31 Understanding this relationship will allow
us to posit answers to both fundamental structural and cell
biology questions (for example, how important is the terminal
α helix insertion for curvature sensing? What role does PIP2
play in curvature sensing?) and will be useful in the
development of nanostructured biomaterials for both drug
delivery and cell manipulation (for example, what dimensions
should nanostructured surface adopt to facilitate the highest
rate of cellular uptake? How does nanoscale curvature affect
the local distribution of lipids and proteins in the cell
membrane?).14,32−35

RESULTS AND DISCUSSION
In order to study the interaction of the ENTH domain with
membrane curvature, we extended our previous work on
nanopore-deformed membranes.31 We simulated three curved
membrane variants containing either: neutral PC lipids, PC
and 12.5% PS, or PC and 2.5% PIP2, in the upper leaflet
(values shown are number percent). For cases with PS and
PIP2, we ensured an equal total negative charge on the
membrane surface. We allowed these membranes to interact
with a negatively charged nanoporous substrate containing a
central pore of 12 nm in diameter with tapered edges of 5 nm,
designed to promote membrane curvature. Figure 1 shows an
overview of the systems we investigated as well as snapshots of
our membrane curvature model. As a control, we also studied
how the ENTH domains interact with flat membranes of the
same compositions. A full list of the completed simulations can
be found in Table 1.
To study the role of charged lipids in curvature sensing of

the ENTH domain, we selected two crystal structures of the
ENTH domain, differing only in the presence or absence of the
N-terminal α helix, H0. Figure 1a shows both crystal structures
of the ENTH domain used in this study. For each crystal
structure we also investigated two variants, with and without
the addition of an elastic network to fix the proteins tertiary
structure, giving four structures in total. The elastic network
(shown in green in Figure 1a) maintains the overall tertiary
and quaternary structure of the protein throughout simulations
while allowing a limited degree of local flexibility. Supple-
mentary Figure S1 compares the crystal structures of the two
ENTH domains showing that the selected structures are
structurally consistent, aside from the presence of H0.
Throughout this work, we will refer to the ENTH domain
containing its H0 helix simply as “ENTH” and the ENTH
domain without H0 as “ENTH (w/o H0)”. Figure 1b,c shows
coarse-grained representations of the lipids used for mem-
branes as well as snapshots of the simulation system and a slice
through the membrane highlighting curvature. Supplementary
Figure 2 shows more detailed snapshots of the simulation cell
and a cross-section of the membrane showing its curved
regions.
Characterization of Membrane Curvature. The curva-

ture of our membrane system is illustrated in Figure 2a, which

shows the average position of lipid heads and the
corresponding evaluation of the membrane curvature profile.
The radius of curvature at its peak corresponds to
approximately 13 nm and is located approximately 10 nm
away from the central pore. Figure 2b shows computed spatial
characteristics of our curved membrane. The local PIP2 and PS
density changes across the membrane, with charged lipids
being enriched around regions of concave curvature in the pore
center and depleted around the convex curved region. The
curved membrane region around the central pore can be seen
from the orientation of the lipids along the z-axis in Figure 2b.

Curvature Sensing of the ENTH Domain. We initially
placed both protein structures approximately 1.5 nm above
both curved and flat membranes and let them interact under
various conditions. Figure 3 shows the heat maps of the
protein domains on the curved membrane seen from above,
both with and without the presence of an elastic network.
Figure 3 also shows the same data set as a function of radial
distance from the central pore, normalized to the radial
charged lipid density profile (the PC density profile is used for
the case where no PIP2 or PS is present). The fold change
(FC) represents the degree to which protein localization is
driven by lipid density and is determined according to eq 1:

r
f r
g r

fold change ( )
( )
( )

=
̂

̂ (1)

where r is the radial distance from the central pore, and f r( )̂ is
the kernel density estimator of the protein as a function of
radial distance, and g r( )̂ is the kernel density estimator of the
lipid as a function of radial distance. The lipid of interest is
chosen depending on the simulation case, that is, for PC-only,

Table 1. Summary of the Simulations Carried out for This
Study

simulation ID protein membrane Na
duration
(μs)

Curved Membrane (36 × 40 × 35 nm cell)
ENTH/PC ENTH PC 2 × 8 10
ENTH (w/o H0)/PC ENTH (w/

o H0)
PC 2 × 8 10

ENTH/PC/PIP2 ENTH PC/PIP2b 2 × 8 10
ENTH (w/o H0)/PC/
PIP2

ENTH (w/
o H0)

PC/PIP2 3 × 8d 10

“Mutant” ENTH (w/o
H0)/PC/PIP2

ENTH (w/
o H0)

PC/PIP2 8 10

ENTH/PC/PS ENTH PC/PSc 2 × 6 10
ENTH (w/o H0)/PC/
PS

ENTH (w/
o H0)

PC/PS 2 × 6 10

Flat Membrane (20 × 20 × 20 nm cell)
Flat/ENTH/PC ENTH PC 2 × 5 4
Flat/ENTH (w/o H0)/
PC

ENTH (w/
o H0)

PC 2 × 5 4

Flat/ENTH/PC/PIP2 ENTH PC/PIP2 2 × 5 4
Flat/ENTH (w/o H0)/
PC/PIP2

ENTH (w/
o H0)

PC/PIP2 2 × 5 4

Flat/ENTH/PC/PS ENTH PC/PS 2 × 5 4
Flat/ENTH (w/o H0)/
PC/PS

ENTH (w/
o H0)

PC/PS 2 × 5 4

aN denotes the number of simulations run. All protein simulations
were performed both with and without elastic networks. b97.5% PC
and 2.5% PIP2. c87.5% PC and 12.5% PS. dTwo independent starting
positions were used for the flexible ENTH (w/o H0)/PC/PIP2
simulations.
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PS-containing, or PIP2-containing cases, we use the radial
distribution of PC, PS, or PIP2 lipids, respectively. A fold
change of one indicates that the densities of protein and lipid
are equal at that given radius and suggests that the protein
perfectly tracks lipid positions. Fold changes >1 indicate
enhancement of protein localization, values <1 indicate
reduced localization, and both indicate that protein localization
is independent of lipid positions. Supplementary Figure S3
shows the raw histograms and kernel density estimates of the
protein and lipid localization as a function of radial distance
from which the FC is calculated.
Figure 3 illustrates the results of this modeling. In

simulations using flexible ENTH domains, we consistently
see strong localization to convex membrane curvature, at
around 11 nm away from the central pore. The peaks in the
respective fold change indicate that this enhancement is greater
than any change in the underlying lipid density. This includes
the expected localization on neutral PC membranes, due to the
action of H0, see Figure 3a,b. Unexpectedly, neither removing
H0 (Figure 3c,d), nor adding PIP2 or PS to the membrane
(Figure 3e−h and Supplementary Figure S4, respectively),
changes this behavior. This is contrary to the presumption that
strong curvature sensitivity is reliant upon the presence of H0.
Indeed, looking at the data presented in Figure 3 as a whole,
we can see that flexible ENTH domains behave similarly both
with and without H0. This suggests that the ENTH domain
can sense membrane curvature independently from H0 via
another structural region. Our results also suggest that the
ENTH domain senses curvature more strongly when its
tertiary and quaternary structure is more flexible. Simulating
with an elastic network, makes the domain more rigid and
reduces the strength of the curvature sensing (as indicated by
smaller fold change in Figure 3b,d,h) and can even remove it
entirely in the ENTH/PC/PIP2 case (Figure 3f). The rigidity
of the protein means that the domain cannot adapt to
curvature in order to expose its hydrophobic residues to the
membrane core.
When PIP2 is added into the membrane, we observe an

additional localization peak in the fold-change plots between 0

and 5 nm (Figure 3f,h). These peaks are not present in the PC-
only simulations (Figure 3b,d). This is due to the local
enrichment of PIP2 in the central pore as shown in Figure 2b,ii
and in Supplementary Figure S3e,g. The clustering of ENTH
domains to dense PIP2 regions is interesting due to its
implications for endocytosis, as PIP2 is significantly enriched at
endocytic sites.1 Ford et al. previously showed that mutated
ENTH domains (which had been altered to disrupt H0
formation) localized to endocytic sites.6 This observed
behavior was explained due to the local high concentration
of PIP2 at these regions. Our simulations support this theory
of localized PIP2 enrichment and suggest that similar behavior
can also be explained by the activation of another curvature
sensitive region in the domain when H0 is not present.

Lipid Binding of the ENTH Domain. The protein
localization results suggest that H0 may not be the only
driving force behind the ENTH domains curvature sensitivity.
Domains simulated with less rigid structures appear to better
sense curvature. To understand this further, we analyzed how
the residues of each domain bind to PC-, PC/PIP2-, and PC/
PS-containing membranes. Figure 4 shows these contacts for
the first 100 residues of the domains on PC and PIP2-
containing membranes (Supplementary Figure S6 shows the
full contact analysis for all 160 residues of the ENTH domain).
Figure 4a shows the hydrophobic contacts between the ENTH
domain and the different membranes. We define a hydro-
phobic contact as a contact between any protein residue and
the hydrophobic region of the membrane, that is, the tail group
of the lipid molecules present (white colored beads in Figure
1b).
In H0 containing systems, we consistently observe hydro-

phobic interactions from residues 3−15 corresponding to H0,
which are absent in the ENTH (w/o H0) domain. However,
we also see hydrophobic interactions around residues 49−65.
This second region corresponds approximately to helix 3 of the
domain, which we will denote as H3 for clarity. The
hydrophobic activity of this region is conserved in both
flexible ENTH domain models (Figure 4a,i and iii) and elastic
and flexible ENTH (w/o H0) models (Figure 4a,ii, and iv and

Figure 2. Characteristics of the curved membrane showing (a) average position of PC lipid heads, curvature profile, and the computed
curvature of the membrane as a function of radial distance from the central pore. (b) Heat maps showing (i) a top-down snapshot, (ii)
relative PIP2 density, (iii) lipid orientation along the x−y axis defined by a vector connecting the lipid headgroup bead to its first ester bead,
and (iv) PS density on the curved membrane. Dashed lines represent the start and stop of the tapered region of underlying nanoporous
wafer approximating the region of membrane curvature.
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Supplementary Figure S7a). Conversely, simulating the
domain with H0 and an elastic network results in the loss of
the hydrophobic activity of H3 (Figure 4a,i and iii). Examining
the sequence and structure of the ENTH domain in
Supplementary Figure S8, we see that H3 has a strong
hydrophobic face, more so than H0. In the elastic network
ENTH (w/o H0) cases, we see the highest hydrophobic
exposure at residues 48, 50, and 51 (Figure 4a,ii and iv). This
corresponds to the “elbow” region of the protein which, even
when the protein is left rigid, still wants to expose itself to
curvature (see Supplementary Figure S8). When left flexible,
H3 can fully expose itself hydrophobically, allowing for
increased curvature sensing. This can be seen qualitatively in
Supplementary Figure S9 which shows snapshots of flexible
and elastic network ENTH domains in contact with curvature.
Here, we can observe a collapse change in conformation of the
flexible proteins, maximizing hydrophobic exposure, as
opposed to the elastic network which is oriented away from
the membrane.
These results reinforce our observations from the previous

section. The ENTH domain can sense membrane curvature
without the presence of H0, and our results suggest that helix 3
may be a complementary curvature-active region of this

protein. When left flexible, the ENTH domain can adapt to
curvature in order to expose its hydrophobic residues
simultaneously (H0 and H3), allowing it to adequately sense
membrane curvature. These residues give the domain its
inherent curvature sensing ability. Elastic network simulations
force the domain to only expose one region at a time.
From the solved crystal structure of the ENTH domain

bound to PIP2, we computed the distance between the center-
of-mass of the PIP2 headgroup and each residue of the protein.
Figure 4b shows this distance profile, from which we can
determine the binding pockets of PIP2 to the ENTH domain.
Figure 4c shows PIP2 binding behavior for both ENTH and
ENTH (w/o H0). Peaks are observed around residues from 0
to 10, around 30, and between 65 and 75, for both flexible and
elastic network domains, consistent with the location of the
binding pockets represented in Figure 4b. These results suggest
that the flexible domains conserve the expected binding
functionality with PIP2 (and also when interacting with PS-
containing membranes, see Supplementary Figure S7).

Structural Dynamics of the Flexible ENTH Domains.
We investigated the structural changes of the flexible ENTH
domains by averaging their structures over the whole
simulation ensemble for each simulation. By calculating the

Figure 3. Statistical frequency heat maps showing center-of-mass positions of ENTH domains and density profiles normalized to lipid
density for (a,b) ENTH domain and (c,d) ENTH (w/o H0) domain interacting with a curved PC-only membrane and for (e,f) ENTH
domain and (g,h) ENTH (w/o H0) domain interacting with a curved PIP2-containing membrane. Dashed lines represent the start and stop
of tapered regions of underlying nanoporous wafer, approximating the region of membrane curvature.
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Figure 4. Contact analysis of the first 100 residues of the ENTH domain. (a) Average number of hydrophobic contacts of the ENTH
domains in contact with PC- or PC/PIP2-containing membranes. (b) Distance between the PIP2 headgroup center-of-mass and each residue
of ENTH computed from the crystal structure (PDB code: 1H0A). Black asterisks represent binding pockets of PIP2. (c) Average number of
contacts with PIP2 headgroup of the ENTH domains in contact with PIP2-containing membranes. A schematic of the ENTH domains
secondary structure as a function of residue number is represented above the figures, and each block represents an α helix.

Figure 5. (a) RMSD between flexible and elastic network ENTH domains as a function of protein residues. (b) Representative snapshots of
the structures of the flexible (blue) and elastic network (green) ENTH domains with asterisks highlighting flexible regions of the protein
along with the backbone RMSD difference between each structure (calculated from residues 35 to 160).
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root mean squared deviation (RMSD) between the flexible and
elastic network simulations, we gained insight into the
dynamics and flexibility of the protein residues. Figure 5a
shows the RMSD for each case as a function of residue
number. Due to the lack of constraints on the protein structure
in the flexible cases, we observe a fairly large RMSD per
residue as expected, but we also observe consistent changes in
the residue positions in two distinct regions of the protein,
approximately located between residues 0 to 35 (pink asterisk
in Figure 5a) and residues from 100 to 120 (black asterisk in
Figure 5a). These regions are highlighted in the overlaid
snapshots of the flexible and elastic network ENTH domains
shown in Figure 5b and are consistently dynamic across all
cases. The structures in Figure 5b are purely representative and
were taken at a random time within the simulations for each
case. Supplementary Figure S9 shows overlaid snapshots of the
averaged structures for each simulation as well as root mean
squared fluctuations (RMSF) and RMSD changes over the
simulation time.
For ENTH domains with H0, this first dynamic region

(residues 0−35, pink asterisk in Figure 5) can be associated
with rotation/reorientation of the H0 helix in the membrane
along with the associated motion of H1 and the disordered
chain connecting H2. This behavior can be observed in the
snapshots in Figure 5b as well as in Supplementary Figure S10
which shows more a detailed reorientation of the H0 and H1
helices for the flexible ENTH/PC/PIP2 simulations. For the
ENTH (w/o H0) cases, the dynamics in this region (residues
0−35) correspond to flip-flopping of H1 and the disordered
chain connecting H2. This region can flip above the domain,
most likely to allow for easier exposure of H3 to the
hydrophobic region of the membrane (see Figure 5b ENTH
(w/o H0)/PC/PIP2 and Supplementary Figure S10). As such,
we posit that the flexible simulations allow for the N-terminal
region of the protein to adapt to membrane curvature, allowing
either better hydrophobic insertion of H0 for the ENTH
domain or closer association of H3 in the ENTH (w/o H0)
domains. The second dynamic region (residues 100−120,
black asterisk in Figure 5) of the protein corresponds mainly to
the loop connecting helices H6 and H7. For both ENTH and
ENTH (w/o H0), this loop “retreats” toward the protein core
(see Figure 5b) in order to maximize hydrophobic exposure of
protein residues to curvature and allow the domain to flatten
onto the membrane. Both of these dynamic regions are
oriented toward the membrane upon binding, and as such,
each must undergo some amount deformation to maximize
hydrophobic exposure of H0 and H3. Finally, we also observe a
small increase in RMSD between residues 40 and 60,
corresponding to H3. We can rationalize these changes as
H3 is hydrophobically exposed to the membrane core.
Despite these fluctuations, we see a relatively close overlap

between both the elastic and flexible structures from the
snapshots in Figure 5b. This is reinforced by the backbone
RMSD values (calculated from residues 35 to 160) between
each structure being relatively low for such dynamic
simulations (approximately 0.5 nm). This is significant,
however, as the overlap between elastic and flexible domains
suggests that the flexible cases are not denaturing as a whole. In
fact, the flexible cases appear to retain relatively stable
structural regions located between residues 35 and 100 and
between residues 120 and 160. Furthermore, the curvature
sensing data in Figure 3 and the PIP2-binding data in Figure 4
suggest that the observed function of the flexible domains is

consistent with elastic-network structures and can even
replicate observed experimental curvature sensing behavior
which the latter cannot (see Figure 3e,f).
Figure 6 shows the location of H0 and H3 as well as a

schematic of the ENTH domain binding to membrane

curvature with and without H0. Here, we can clearly see that
when bound to PIP2, H3 is an ideal candidate for curvature
sensing due to its proximity to PIP2, and as such, it will be very
close to the membrane surface, and its orientation toward the
membrane. Under flexible conditions, H3 can loosen itself to
adequately expose its hydrophobic residues to membrane
curvature, while under the elastic network, only the “elbow” of
H3 can be exposed (see Supplementary Figure S8).
Furthermore, without H0, the ENTH domain has ample
space to orient itself in order to “flatten” onto curvature and
present H3 to curvature.

CONCLUSION
Our simulation model allows us to query functional and
structural characteristics of the model curvature active ENTH
domain. We have shown that we can incorporate charged
signaling lipids into our membranes and characterize the
binding of our domains. We have explored the effect of
backbone flexibility on the curvature activity of our proteins.
Surprisingly, we see that a domain can localize to curvature
even without H0, the supposed curvature active region. We
attribute this to the hydrophobic action of another
amphipathic helix in the ENTH domain, H3, which can also
sense membrane curvature. We performed all simulations both
with and without an elastic network, which is typically used to
fix the protein’s tertiary and quaternary structure during
modeling. We find that enabling backbone flexibility allows the
protein to expose hydrophobic residues at regions of curvature
and effectively “sense” curvature. Allowing flexibility in protein

Figure 6. (a) Structure of the ENTH domain highlighting helices
H0 and H3 in pink and orange, respectively, and bound PIP2 in
green. (b) Schematic overview of our work showing a cartoon
ENTH domain sensing curvature both with and without H0.
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backbones may be useful for exploring both protein function
on membranes in a computational setting as well as uncovering
active structural regions in protein domains which might
otherwise be locked out. There is also potential to expand our
model to investigate other curvature active or lipid-binding
domains to investigate their behavior on deformed membranes.
We have only focused here on substrate-induced membrane

curvature, with further work required to explore the response
on free-standing membranes. Free-standing membranes would
be able to adapt dynamically to curvature and potentially
deform spontaneously on the insertion of hydrophobic protein
residues. In addition, more work is required to evaluate
membranes with varying degrees of curvature, different lipid
compositions, and when exposed to multiple proteins co-
interacting on curvature. Furthermore, it will be important in
the future to further calibrate the MARTINI force field against
atomistic simulations. Here, however, we have strong
experimental evidence to back up the behavior of our proteins
on membrane curvature and have evaluated the dynamics on
our proteins during simulation.6,16,36

Overall, these results open questions regarding the role of
amphipathic helices in curvature sensing by proteins. The
ENTH domain is arguably the first protein to be discovered to
have a curvature generating function due to the action of H0
and has since served as a “gold-standard” membrane curvature
protein. If the ENTH domain can sense curvature without H0,
what other amphipathic helix-containing proteins might also
sense curvature without it? This could be explored both
computationally and experimentally in the future. Further-
more, our results begin to point toward how membranes
behave when exposed to nanoscale features and the potential
biological implications of both spontaneous lipid distributions
as well as protein enrichment.

METHODS
Simulations Details. All simulations were performed using

Gromacs 4.6.7.37 Protein simulations were performed at 323 K
using the MARTINI 2 force-field with explicit water.38 The
temperature was coupled to a velocity rescale thermostat using a
time constant of 1 ps, with the protein, membrane, wafer, solvent, and
ions each being coupled independently. The protein crystal structures
were from the RCSB protein database: ENTH with helix (Protein
Data Bank (PDB) code: 1H0A) and ENTH without helix (PDB code:
1EDU). Proteins were coarse-grained using the martinize.py script
from cgmartini.nl, and an elastic network was added, where noted,
using a force constant of 500 kJ/mol and a cutoff distance of 0.9 nm.
The systems were equilibrated for 20 ns using a 0.02 ps time step and
a semi-isotropic Berendsen barostat using a time constant of 1 ps. For
production runs, a 0.03 ps time step was used with a Parinello−
Rahman barostat and a 12 ps time constant. The protein center-of-
mass was computed using the g_traj tool, and contacts analysis was
performed using the g_mindist tool, both in Gromacs.37 The velocity
rescaling thermostat was used throughout
Trajectory Analysis. All snapshots were taken using VMD.39 The

heatmaps and radial distribution histograms were computed from the
protein center-of-mass (CoM) data extracted from the simulations
using the g_traj tool mentioned above. Heatmaps in Figure 3 were
created by converting the x−y CoM data into absolute distances from
the central pore (x = 16 and y = 20). These data were then mapped
onto a 50 × 50 grid of equally spaced bins (x limits = 0−20 nm and y
limits = 0−25 nm). The histograms from which the fold change is
calculated were determined by converting the x−y CoM data into
radial distance from the central pore following:

r x y( 16) ( 20)2 2= − + −

where r is the radial distance of the protein as a function of time and x
and y are the x and y components of the protein CoM at a given
frame. These radial data were then converted into a histogram over
100 equally spaced bins between 0 and 25 nm. In addition, kernel
density estimates of the raw radial data were computed using the
stats.gaussian_kde command from the python scipy package. Both the
x−y histograms and radial histograms were normalized so that the
sum over each bin in the histogram equals 1.

Structural Analysis. The g_rmsf tool was used to compute
protein residue dynamics (RMSF and RMSD), and the g_covar tool
was used to compute average structures of the domain. The backbone
RMSD values were calculated using VMD.

Wafer Construction. The nanoporous wafer was constructed
following our previous work.31 40 × 40 nm PC-only, PC/PS, and PC/
PIP2 membranes were first built using the insane tool and were
sectioned into ribbons by removing 4 nm from either edge of the
membrane along the x-direction, thereby leaving the membrane
continuous only along y.40 These were equilibrated for 20 ns and
simulated for 300 ns under the same conditions mentioned above.
Following this, the membranes were placed above the nanoporous
wafer and again equilibrated for 20 ns and simulated for 300 ns in
order to interface with the wafer. Once curved on the wafer, the unit
cell was sliced from 40 × 40 nm to 32 × 40 nm in order to have a fully
continuous membrane. This method ensures that we are not
introducing any artificial tension in the membrane during the curving
process.
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