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Autoinhibition of Endophilin in Solution via Interdomain Interactions
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ABSTRACT Endophilin is a key protein involved in clathrin-mediated endocytosis. Previous computational and experimental
work suggested that the N-terminal helix is embedded into the membrane to induce curvature; however, the role of the SH3
domain remains controversial. To address this issue, we performed computer simulations of the endophilin dimer in solution
to understand the interaction between the N-BAR and SH3 domains and its effect on biological function. We predict that the helix
binds to the SH3 domain through hydrophobic and salt-bridge interactions. This protects the hydrophobic residues on both
domains and keeps the SH3 domain near the end of the N-BAR domain, in agreement with previous experimental results.
The complex has a binding strength similar to a few hydrogen bonds (13.0 = 0.6 kcal/mol), and the SH3 domain stabilizes
the structure of the N-terminal helix in solution. Electrostatic calculations show a large region of strongly positive electrostatic
potential near the N-terminal that can orient the helix toward the membrane and likely embed the helix into the membrane
surface. This predicted mechanism suggests that endophilin can select for both curvature and electrostatic potential when

interacting with membranes, highlighting the importance of the SH3 domain in regulating the function of endophilin.

INTRODUCTION

Endophilin plays a central role in clathrin-mediated endocy-
tosis (CME) by inducing curvature in the vesicle neck
before scission occurs, and by recruiting the key proteins
dynamin and synaptojanin (1-4). Endophilin exists biologi-
cally as a homodimer. Each monomer consists of two key
domains (an N-terminal amphipathic helix Bin-Amphiphy-
sin-Rvs (N-BAR) domain and an SRC Homology 3 (SH3)
domain) joined by a flexible linker. The N-BAR domain is
able to induce curvature by wedging the N-terminal amphi-
pathic helix (the HO helix) and insert helices into the bilayer
(5-9). The SH3 domain includes a peptide-binding region
that is able to bind to dynamin and synaptojanin (10,11).
Although the functions of the N-BAR and SH3 domains
are understood individually, the mechanism by which full
endophilin is involved in endocytosis is controversial. For
instance, Bai et al. (4) suggested that the key function of en-
dophilin is to deform the membrane in an SH3-independent
manner before membrane scission of the vesicle. However,
Milosevic et al. (12) concluded that endophilin is not
required for vesicle scission but is necessary for uncoating
of the clathrin-coated vesicle (CCV), and that the SH3
domain is required to recruit synaptojanin for this process
(12). These two groups drew different major conclusions
from their studies, leaving the question as to what role the
SH3 domain plays in the endocytotic mechanism of endo-
philin unanswered.

Solution-phase small-angle x-ray scattering (SAXS)
measurements in another study (13) suggested that each
SH3 domain is located near either distal end of the
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N-BAR dimer. Atomic-level structures of the N-BAR dimer
and the SH3 domains were manually docked into the elec-
tron density calculated from the SAXS measurements.
The best fit was found by placing the SH3 domains at the
ends of the N-BAR dimer.

The structure derived from the electron density data
suggests that an interdomain interaction may exist between
the N-BAR and SH3 domains. Interestingly, an electrostatic
interdomain interaction between the SH3 and Fer-CIP4
homology-BAR (F-BAR) domains in syndapin was found
to regulate protein function by protecting the hydrophobic
residues in the peptide-binding groove while the protein is
in solution (14). Similar work was done to investigate
whether a similar interaction exists between the SH3
domain and positively charged residues on the N-BAR distal
tip, but it was concluded that the interaction between the two
domains was not the same as in syndapin (15).

Although the SAXS data suggest that there is an interac-
tion between the N-BAR and SH3 domains, the nature of
these interactions remains unknown. Looking beyond
a direct interaction between the tips of the N-BAR core,
a visual inspection of both the N-terminal helix and the
SH3 domain peptide-binding groove suggests that an inter-
action may exist between the two moieties. Specifically, the
location of the SH3 domain at the distal end of the BAR
domain suggests that it may be near the HO helix, and
both the helix and the SH3 domain can be aligned such
that the hydrophobic residues on the helix are placed in
the so-called peptide-binding groove of the SH3 domain
(16), protecting nonpolar residues on both domains. If this
interaction were to occur, it would also lead to the formation
of salt bridges between the helix and the loops surrounding
the groove that could further stabilize the complex.
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Although this interaction is not directly suggested by exper-
iments, a computational study of this possible structure
could be used to determine whether this HO-SH3 interaction
reasonably explains the previous observed results, and
whether this new structure warrants further experimental
investigation.

However, previous experimental and computational work
suggested that in the absence of the SH3 domain, a single
free N-terminal helix of the endophilin N-BAR domain is
unstructured in solution. Electron paramagnetic resonance
(EPR) (6) and circular dichroism (5) spectroscopy experi-
ments showed that a single HO helix only folds when in
the presence of an appropriately curved membrane. Addi-
tionally, computer simulation studies of the folding ener-
getics of a single HO helix showed that the unfolded state
was favored in solution, whereas the folded state was
favored when the helix was in the top bilayer of a curved
membrane (8). However, the formation of an HO/SH3
complex in endophilin could serve to stabilize the helix
structure when the protein is in solution, and control when
the helix interacts with curved membranes as opposed to
other proteins.

In this work, we used fully atomistic molecular-dynamics
(MD) simulations combined with metadynamics for
enhanced sampling (17-19) to investigate whether endophi-
lin can autoregulate its function in solution by forming
a complex between the HO helix and the SH3 domain.
The formation of this HO/SH3 complex could then protect
hydrophobic residues on both domains, and may also
explain how the SH3 domain can be held at the distal end
of the N-BAR domain. These simulations of the full endo-
philin protein in solution show that the HO/SH3 complex
forms hydrophobic interactions and salt bridges between
the helix and the peptide-binding groove, and that the
complex is stable over a 100 ns simulation. We used
umbrella-sampling simulations to probe the binding energy
of the helix and SH3 domain and found that the predicted
binding strength is on the order of a few hydrogen bonds,
mostly dominated by a series of hydrophobic interactions
between the amphipathic helix and the peptide-binding
groove. We also performed metadynamics simulations
(17-19) to probe the folding landscape of the HO helix in
the peptide-binding groove and found that the SH3
domain is able to stabilize the HO helix and keep it from
unfolding in solution. Cui et al. (8) performed similar
simulations on the HO helix in solution and in the presence
of a curved membrane, and found that while it is unstable
in solution, the membrane can stabilize the helical
structure. Lastly, we calculated the electrostatic potential
of the full equilibrated endophilin protein and found that
the HO/SH3 complex has a region of large positive electro-
static potential concentrated on the helix and negative elec-
trostatic potential concentrated on the SH3 domain, with a
region of neutral electrostatic potential separating the two
regions.
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Our simulation data lead us to propose a new model for
the role of the SH3 domain while endophilin is in solution.
While in solution, the SH3 binds with the amphipathic helix,
forming an interdomain complex that protects the hydro-
phobic residues on both domains and serves to autoregulate
the function of the protein. When the endophilin reaches the
membrane surface, if the membrane has an appropriate
negative electrostatic potential, the SH3 domain will point
away from the membrane surface and orient the helix
toward the surface. Eventually, the HO helix unbinds from
the SH3 domain and inserts into the membrane without
the need to unfold in solution and refold in the lipid
bilayer, and remodels the membrane surface (presumably
into membrane-curvature-induced defects) (8). After this
process is completed, the SH3 domain is free to move
away from the end of the N-BAR dimer and recruit other
proteins to the membrane surface. This mechanism may
explain how the SH3 domains are held near the distal
ends of the BAR domain, as suggested by the SAXS data.
It also suggests that the SH3 domain plays a role in modu-
lating the endocytotic function of the full endophilin protein
by creating a structure that can electrostatically screen
which types of membranes the HO helix interacts with, as
well as by avoiding interactions with hydrophobic patches
of other proteins.

MATERIALS AND METHODS
Simulation of the full endophilin in solution

The CHARMM 22 force field (20) with CMAP corrections (21) was used
for all MD simulations. Simulations of the full endophilin Al in solution
were performed using NAMD 2.7 (22) (http://www.ks.uiuc.edu/Research/
namd/) and were run on the Texas Advanced Computing Center Ranger
supercomputer cluster. The structure of the N-BAR domain was taken
from Masuda et al. (7) (PDB ID: 1X03) and the SH3 domain structure
was taken from Trempe et al. (10) (PDB ID: 31QL). The HO helix was
manually placed into the peptide-binding groove and aligned such that
the hydrophobic residues were protected from the solvent. Each SH3
domain was placed so that it would be in contact with its monomer’s cor-
responding helix. The protein was solvated on all sides with at least
15.0 A of TIP3P water and 0.15 M NaCl using VMD (24) (http://www.
ks.uiuc.edu/Research/vmd/). The system was simulated using isothermal
and isobaric constant NPT conditions with an integration time step of 2
fs. Bonds between heavy atoms and hydrogen atoms were constrained using
SHAKE/SETTLE (25). The temperature was gradually heated to 310 K and
held constant using a Langevin thermostat (26) with a dampening coeffi-
cient of 0.5 ps~". The pressure was held constant at 1 bar using a Langevin
barostat (27) with a piston period of 0.2 ps and a damping frequency of 0.2
ps~'. Periodicity was imposed in all directions and long-range electrostatics
were accounted for using the particle mesh Ewald method (28). The system
was initially minimized with 100 kcal/(mol A) harmonic restraints placed
on the C, backbone atoms. The system was minimized using 100,000
conjugate-gradient steps and the restraints were gradually released over
800 ps of simulation time. The system was then equilibrated for 101 ns.
The salt-bridge distance distributions for each monomer chain were
calculated with VMD using the last 20 ns of the simulation, with frames re-
corded every 2 ps. The hydrophobic residue distance distributions were
calculated by measuring the distance between the side-chain centers of
mass, using the same simulation data set employed for the salt bridges.
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The electrostatic potential of the full endophilin Al protein was calculated
by placing 0.1 kcal/(mol A) restraints on the C, backbone atoms and
continuing to run the simulation for 20 ns, with frames recorded every 2
ps. The calculation was performed using the PMEPot plugin in VMD,
which uses a particle mesh Ewald routine.

HO/SH3 binding free energy

Umbrella-sampling simulations were performed using the colvar module in
NAMD 2.9 to explore the binding strength between the HO helix and the
SH3 domain in the presence of the full endophilin protein. The equilibrated
full protein structure was prepared in the same way as the full protein equi-
librium studies. The system was then simulated for an extra 5 ns to ensure
that the density of the solvent had relaxed. The distance between the helix
atoms (residues 4-21) and the residues in the peptide-binding groove (resi-
dues 299, 304, 324, 327, 338, 340, and 343) on monomer A was used as
a collective variable. Sampling windows, spaced 0.25 A apart and spanning
from 4.0 A t0 30.0 A, were used to calculate the binding potential of mean
force between the helix and SH3 domain. The individual windows were
prepared by moving the initial starting configuration to the corresponding
distance by using a moving harmonic restraint of 25.0 kcal/(mol A) over
500 ps. The window was then relaxed for 500 ps. The starting configura-
tion for each window was the window immediately preceding it or, in
the case of the windows below the original configuration, the window
immediately after it. The individual windows were run for 4 ns under
NPT conditions as previously described with a 25.0 kcal/(mol A) harmonic
restraint on the collective variable distance. The potential of mean
force was calculated using the weighted histogram analysis method
(WHAM) (29).

Simulations of the HO/SH3 complex in solution

Metadynamics folding simulations were done using a single HO helix (resi-
dues 1-21) and SH3 domain (residues 292-352) taken from the equili-
brated full endophilin simulation, where the terminal residue on the helix
(residue 21) was patched with a methylamide cap to reduce electrostatic
interactions between the helix C-terminus and the peptide-binding pocket.
The preequilibrated HO/SH3 complex was prepared in the same way as the
full protein, and the system was minimized with 0.1 kcal/(mol A) restraints
on the C, backbone atoms using 50,000 conjugate gradient steps, after
which the restraints on the protein C, backbone atoms were reduced
over 800 ps.

HO helix folding in the presence of the SH3
domain

The folding free-energy landscape of the HO helix in the peptide-binding
groove was calculated using metadynamics to probe whether the SH3
domain stabilized the helical structure of the N-terminal helix in solution.
The metadynamics simulations were performed using NAMD 2.9 with
PLUMED (30) in explicit solvent to explore the folding space using the
well-tempered metadynamics method with multiple walkers (17-19).
Two collective variables were used to describe to folding of the HO helix,
the o-@ similarity of the Ramachandran dihedral angles to ideal angles,
and the number of backbone 1-4 hydrogen bonds formed. These are the
same collective variables that were used by Cui et al. (8) to describe the
folding of the HO helix in a similar study. All of the folding simulations
were performed under previously described conditions, except for the use
of constant volume instead of constant pressure. The simulation was
prepared by relaxing the system at constant volume for 2 ns. The initial
hill height was set to 0.5 and the bias factor was set to 12. Hills were added
every 200 fs. Five metadynamics walkers were used for a total simulation
time of 478 ns.
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RESULTS AND DISCUSSION

Interdomain interactions keep SH3 at the distal
ends of N-BAR

A fully atomistic MD simulation of full endophilin in solu-
tion, which was prepared by placing the HO helix into
the peptide-binding groove, formed a stable interdomain
complex between the N-terminal helix and the SH3 domain.
The helix and SH3 domain were manually aligned so that
the hydrophobic domains on the helix and peptide-binding
groove were hidden from the solvent, and even after the
protein was allowed to relax for 101 ns, the HO/SH3
complex was found to stay at the distal ends of the endophi-
lin dimer, which is where the SAXS data suggest the SH3
domains are located (Fig. 1). Some asymmetry is seen
between both monomers, but they both maintain the interac-
tion between the HO helix and the SH3 domain and keep the
helix stabilized while in solution. The helix and SH3
domains on both chains form a hydrophobic interaction
between the Phe'® residue on the helix and the Phe**®
residue on the SH3 domain (Fig. 2), resulting in a pincer-
like gripping of the helix Phe'® residue by the SH3 residues.
In addition to the hydrophobic interactions, the helix and
SH3 domain form salt bridges between oppositely charged
residues on either domain, specifically between Lys’-
Asp®** and Lys'®-Glu®™ (Fig. 3), that further stabilize the
structure. Although Fig. 3 shows what appears to be an inter-
action corresponding to Lys'®-Glu*, the distance between
the two residues is too large for an actual electrostatic inter-
action to occur without being shielded by the solvent.
Instead, what appears to be occurring is that a kink in the
helix corresponding to a metastable folding state for the
helix (see subsection titled “The SH3 domain stabilizes
the HO helix structure in solution” below) causes the
distance between the residues to remain fixed due to the
Lys'®-Glu** salt bridge.

>

FIGURE 1 (a) A full endophilin protein was initially prepared by placing
the N-terminal helix into the peptide-binding region of the SH3 domain
with the hydrophobic residues of the helix pointed toward the groove to
hide them from the solvent. (b) The protein was relaxed in solution for
101 ns and the HO/SH3 complex was found to be stable. The interaction
between the helix and the SH3 domain was found to keep the SH3 domains
at the distal end of the BAR domain and keep hydrophobic residues on both
domains hidden from the solvent. The proteins are shown here in the New
Cartoon representation. The BAR domain and linker are colored according
to the protein chain, and the HO/SH3 complex is colored according to the
residue type (hydrophobic residues are white, polar residues are green,
acidic residues are red, and basic residues are blue).
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FIGURE 2 (a and b) The distributions of distances between hydrophobic residues on the helix and SH3 domain for the first (@) and second (b) endophilin
monomer chains show that the strongest interactions exist between the Phe'® residue on the helix and residues Trp>%’ and Phe*® on the SH3 domain. (c)
Inspection of the equilibrated HO/SH3 complex shows that the Trp®?” and Phe®*® residues form a pincer-like structure around the Phe'® residue, leading
to a strong interaction. The HO/SH3 complex is shown using the New Cartoon and van der Waals representations and is colored according to residue

type (hydrophobic residues are white, polar residues are green, acidic residues are red, and basic residues are blue).

To further justify our initial choice of the HO/SH3 struc-
ture, we also simulated four configurations in which the HO
helix was rotated azimuthally around the vector of the helix
to change the initial interactions between the two domains
(Fig. S1 of the Supporting Material). These additional
simulations (detailed in the Supporting Material) show that
when the helix is rotated, the helix and SH3 domain become
disordered; however, the original configuration maintains
its structure over 200 ns of simulation (Fig. S2).

Umbrella-sampling simulations were used to calculate
the binding free energy of the HO/SH3 complex in the full
protein, and showed that most of the interaction strength
in between the two domains is due to hydrophobic interac-
tions. As the helix is moved farther away from the peptide-
binding groove, the hydrophobic interactions are broken
until only transient salt-bridge interactions are able to occur
(Fig. 4), resulting in a binding energy of 13.0 £ 0.6 kcal/
mol, a binding strength on the order of a few hydrogen
bonds. The free-energy minimum was also found to corre-

spond to the structure seen in monomer A, which further
suggests that monomer B is in a metastable state that is
similar to monomer A in function but different in energy.
This is most likely because fully atomistic MD simulations
are limited to shorter timescales and length scales than
are seen in real biological systems; however, the binding
free energy suggests that the HO/SH3 structure is still ther-
modynamically stable and worthy of further experimental
investigation.

The SH3 domain stabilizes the HO helix structure
in solution

Because previous work showed that a single HO helix is
unstructured in solution (5,8), we used metadynamics simu-
lations to explore the helix folding landscape. Our calcula-
tions show that the SH3 domain’s peptide-binding region
is able to stabilize the HO helical structure in solution.
When the amphipathic helix is in solution alone, it becomes
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FIGURE 3 The distance distributions of the salt bridges that formed between the HO helix and the SH3 domain for the first (a) and second (b) endophilin
monomer chains show that the long-lived salt bridges are formed between the Lys’ and Asp>>* residues and the Lys'® and Glu** residues. () The equilibrated
HO/SH3 structure shows that when the helix hides its hydrophobic residues from the solvent, the oppositely charged residues are aligned to form salt bridges
that further stabilize the HO/SH3 complex. The HO/SH3 complex is shown using the New Cartoon and Van der Waals representations and is colored according
to residue type (hydrophobic residues are white, polar residues are green, acidic residues are red, and basic residues are blue).
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FIGURE 4 The binding energy of the HO/SH3 complex in the full endophilin protein is 13.0 = 0.6 kcal/mol, on the order of several hydrogen bonds. (a)
The stability of the complex is driven by the hiding of the hydrophobic residues on both domains from the solvent. (b) As the distance is increased between
the helix and the SH3 domain, more hydrophobic residues are exposed to the solvent, and the structure becomes less energetically stable. (¢) Eventually, the
hydrophobic residues on both structures are fully exposed to the solvent, leading to an unfavorable structure. (d) A further increase in distance leads to some
transient salt-bridge formation, until there is no interaction between either of the domains. The proteins are represented here using the New Cartoon and van
der Waals representation. The BAR domain and linker are colored tan and the HO/SH3 complex is colored according to residue type (hydrophobic residues
are white, polar residues are green, acidic residues are red, and basic residues are blue).

unstructured due to exposure of the hydrophobic residues to
the solvent. The SH3 domain, however, allows the helix
to hide its hydrophobic residues, namely Phe'’, in the
peptide-binding groove. The folding free-energy landscape
calculated from metadynamics shows that a mostly helical
HO structure is energetically favorable when the HO/SH3
complex is in solution, although some of the residues are
unstructured (Fig. 5). The barrier to (mostly) unfold the
helix is 7.0 kcal/mol, which is greater than the thermal

16

energy by an order of magnitude (kg7 = 0.68 kcal/mol,
where kg is the Boltzmann constant and 7' = 310 K). The
convergence of the metadynamics simulations is discussed
in the Supporting Material and illustrated in Fig. S3.

Electrostatic potential of the HO/SH3 complex

An electrostatic analysis of the equilibrated endophilin
protein shows a sharp separation between the positively

-
n S

—_
(=]

Hydrogen bond
©

15

20 25 30

Alpha-beta similarity

35

20
~ :
15 .
¢ %
g a b
10=
[v]
2
5
c d
0

40

FIGURE 5 The folding free-energy landscape of the HO/SH3 complex in solution shows that the presence of the SH3 domain stabilizes the N-terminal
helix. (a—d) The free-energy minimum (d), along with the other energetically stable folded states (b and c), keeps the Phe'” residue on the helix hidden
from the solvent, whereas the unfolded state (a) exposes the residue to the solvent, resulting in a higher free-energy state. The HO/SH3 complex is shown
using the New Cartoon and Van der Waals representations and is colored according to residue type (hydrophobic residues are white, polar residues are green,

acidic residues are red, and basic residues are blue).
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and negatively charged electrostatic potentials on the HO/
SH3 complex. The volume slice of the electrostatic potential
through the HO/SH3 complex shows that the negative elec-
trostatic potential is concentrated on the SH3 domain and
the positive electrostatic potential is concentrated on the
exposed region of the N-terminal helix, with a region of
neutral electrostatic potential between the two domains
(Fig. 6). This is further illustrated by the surface representa-
tions of the full endophilin electrostatic potential (Fig. 7).
The positive electrostatic potential is concentrated on the
exposed regions of the amphipathic helices and the negative
electrostatic potential resides in the interior of the protein.
The electrostatic surface suggests that when the protein is
in contact with the membrane surface, which will have
a negative electrostatic potential, the HO/SH3 complex
will be oriented such that the helix will be pointed toward
the membrane and the SH3 domain will be oriented away
from the membrane.

CONCLUSIONS

The simulations presented here predict that at least one role
of the SH3 domain is to regulate endophilin function in solu-
tion by binding with the N-terminal helix on the N-BAR
domain. Our computational studies suggest that the stability
of the HO/SH3 complex and the folded character of the helix
in the peptide-binding groove are governed by hydrophobic
interactions between both domains, hiding the hydrophobic
residues from the solvent while allowing the charged resi-
dues on the helix and the SH3 domain to form salt bridges.
The electrostatic potential resulting from the HO/SH3
complex shows that the positive electrostatic potential is
concentrated on the outer helix while the negative potential
is concentrated on the SH3 domain. This separation of the

.-2 V

FIGURE 6 A volume slice of the electrostatic potential through the HO/
SH3 complex shows the separation in electrostatic potential between the
helix and the SH3 domain. The negative electrostatic potential resides
solely on the SH3 domain, whereas the positive potential is on the helix.
Separating both is a region of neutral electrostatic potential. The HO/SH3
complex is shown using the New Cartoon and van der Waals representations
and is colored according to residue type (hydrophobic residues are
white, polar residues are green, acidic residues are red, and basic residues
are blue).
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FIGURE 7 Electrostatic potential surfaces of the full endophilin protein.
The red surface is the electrostatic potential at —2 'V, the clear surface is the
electrostatic potential at 0 V, and the blue surface is the electrostatic poten-
tial at 2 V. The positive electrostatic potential is concentrated on the amphi-
pathic helices of the protein and is separated from the rest of the protein by
the neutral potential surface. The separation of electrostatic potential
between the SH3 domain and the N-terminal helix suggests that when the
protein is on the membrane surface, the HO/SH3 complex will be oriented
such that the helix will be pointed toward the membrane and the SH3
domain will be repulsed away from the bilayer surface. The protein is
shown using the New Cartoon and van der Waals representations. The
BAR domain and linker are colored according to the protein chain, and
the HO/SH3 complex is colored according to residue type (hydrophobic
residues are white, polar residues are green, acidic residues are red, and
basic residues are blue).

positive and negative electrostatic potential suggests that
when the full protein is on or near the membrane surface,
the SH3 domain will point away from the membrane and
the outer helix will point toward the membrane.

The importance of the SH3 domain has been unclear, and
different studies have yielded contradicting conclusions
regarding its necessity for the function of endophilin in
CME (4,12). According to the model we have presented
here, the SH3 domain can autoregulate endophilin protein
function when the protein is in solution through the forma-
tion of an interdomain complex between the N-terminal
helix and the SH3 domain peptide-binding region. This
complex ensures that the protein will protect the hydro-
phobic residues that are required for inducing curvature on
the HO helix and keep the SH3 domain from recruiting
proteins while in solution. The new model also helps to
explain how the SH3 domain is held in place at the distal
ends of the N-BAR domain, as suggested by previous
SAXS studies (13).

The electrostatic potential of the HO/SH3 complex also
suggests that the mechanism for insertion of the N-terminal
helix is changed by the interaction between the SH3 domain
and the HO helix. Because the helix is unstructured in solu-
tion, it is thought that the HO helix inserts into the membrane
by refolding into areas of the membrane where defects are
found. Although this is the case for the N-BAR domain,
the stabilization of the helix and the change in electrostatic
potential caused by the formation of the HO/SH3 complex
would allow the folded helix to instead orient itself toward
the membrane surface and possibly insert without having
to first adopt an unfolded state. Additionally, because of
the electrostatic potential separation between the HO helix
and the SH3 domain, insertion of the HO helix would most
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likely favor membranes with a higher concentration of nega-
tively charged lipids. The autoinhibited form of the full en-
dophilin protein would allow the protein to screen for the
correct combination of electrostatic surface potential and
packing defects before insertion of the helix occurs.

Our simulations do not predict the explicit role of the
membrane environment in disassembling the HO/SH3
complex; however, they do suggest a model for how the
full protein interacts with the membrane. The binding
energy of the complex is on par with a hydrogen bond
when the protein is in solution, but it seems likely that
when endophilin is on the membrane surface and the helix
is oriented toward the bilayer, the unbinding free energy
would be lowered to facilitate the insertion of the helix.
The lowering of the unbinding energy would also likely
be correlated with the concentration of negatively charged
lipids, due to the electrostatic potential of the complexed
protein. Additionally, membrane curvature, and specifically
membrane defects, may play a role in aiding the insertion
of the helix into the membrane (5,8). Future work to
answer these questions will involve calculating the free
energy required to move the HO helix from the SH3
domain to the lipid bilayer for the full endophilin
protein—clearly, a computationally demanding task. It
will also be important to compare lipid bilayers with dif-
ferent levels of curvature to understand the role membrane
defects play in the insertion of the N-terminal helix. Such
future work, combined with the simulations we have
already performed and new experimental work probing
the interaction between the HO and SH3 domains with
methods such as EPR measurements of the HO helicity,
fluorescence resonance energy transfer studies of the HO/
SH3 binding kinetics, and cross-linking studies investi-
gating how biological function is affected, will help further
validate or refine the proposed autoregulation model for
endophilin in solution.
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