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FIGURE 5. Images of an endophilin dimer docked to a lipid vesicle of 115

« radius (measured to the P atom of the head group).  Shown are the BAR

domain, the insert region, and parts of the phospholipid vesicle. The N-termi-

nal helices are not shown because its precise location relative to the BAR

domain has not yet been determined. A, side view of the protein illustrating

insertion of the insert helices (green) into the lipid and the fit of the BAR
domain scaffold to the lipid vesicle. B, view looking down the long axis of the
BAR domain, showing the tilt of the insert helices (green, residues 63-75). The
N terminus of each helix is located below the level of the P atoms (orange) of
the lipid head groups, whereas the C terminus is positioned above the lipid

surface. The loop of the insert (green line, residues 76-86) is also located
above the lipid surface. C, insert helix in one subunit, viewed from the C
terminus of the helix (orientation similar to that in A). Amino acids are identi-
fied in red (below the phosphate) and green(above the phosphate), consis-

tent with the nomenclature in Fig. 4.

cessibility data only (Fig. 4). Hence, Ala-63, Ala-66, Met-70,
Thr-73, and Met-74 are oriented into or toward the hydropho-
bic region of the lipids. All of the remaining side chains are
positioned above the phosphate head groups and may be con-
sidered in three categories. First, Arg-65 and Lys-67 are ori-
ented sideways from the helix and can interact with negative
charges on the lipid head groups. Second, three serine residues
and Asn-72 are either solvent-exposed or hydrogen-bonded to
head groups, and these residues produce an element of
amphipathicity in the helix. Third, Leu-68 and Ile-71 are two
hydrophobic residues that apparently break this amphipathic-
ity. However, the side chain of Leu-68 forms hydrophobic con-
tacts with Ile-55 and Leu-58 in the BAR domain. This interac-
tion, as well as the interaction between Ile-71 and Tyr-86 may
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help to stabilize the orthogonal orientation of the insert helices
(supplemental Fig. S4).

DISCUSSION

In this study, we investigated the structure of endophilin
bound to small and highly curved vesicles. Under these condi-
tions, the BAR domain of endophilin retains a dimeric structure
similar to that found in the crystal. This demonstrates that
endophilin does not undergo major conformational refolding
upon membrane binding, unlike the case of annexin B12 (19).
Moreover, we find that a central insert region (residues 63—75)
becomes helical and inserts into the membrane at an immer-
sion depth that is comparable (albeit slightly shallower) to that
of the N-terminal helix (5). The insert helix in each subunit is
tilted such that the side chains of Ala-63 and Ala-66 at the N
terminus are below the level of the phosphate head groups of
the lipid. The position of this helix with respect to the BAR
domain is flexible, but seems to adopt a preferential position
with the helical axes orthogonal to the BAR domain long axis.

The width of the DEER distance distributions for intersub-
unit distances between residues in the insert helices suggested
some structural heterogeneity. This manifested in the compu-
tational refinement as three distinct positions with angles of
about 140°, 90°, and 40° between the helical axis and the BAR
domain. Interestingly, the 40° position is very close to the posi-
tion adopted by the insert helices in the x-ray structure of
human endophilin (8). In this crystal structure, Arg-65 in the
insert helix forms a salt bridge with Glu-56, and a similar salt
bridge forms in the 40° structures obtained in our SAMD
refinement (supplemental Fig. S5A). In an analogous manner,
Lys-67 in the insert helix forms a salt bridge with Glu-56 (in the
opposite subunit) in the 140° structures generated in the SAMD
calculation (supplemental Fig. S5B), whereas the salt bridge
between Arg-65 and Glu-56 (same subunit) is broken. In the
orthogonal structures, neither Arg-65 nor Lys-67 is located
close enough to Glu-56 in the same or the opposite subunit, and
the positives charges are therefore free to interact with the lipid
head groups (supplemental Fig. S5C). Thus, a picture emerges
of a dynamic helix that that might occupy a range of conforma-
tions based on these electrostatically favorable interactions. It
appears that the orthogonal orientation should be favorable in
the membrane-bound state, but the other orientations of the
helix might be accessible to adjust to different membrane and
curvature conditions. This behavior and the detailed orienta-
tions of the side chains of the helices may be amenable to anal-
ysis by theoretical calculations along the lines of those per-
formed previously for membrane-bound endophilin (17).

Two mechanisms have been suggested by which insertion of
amphipathic helices can induce curvature. By inserting helices
into only the outer leaflet of the bilayer, an imbalance is created
between the two leaflets, and the tighter packing in the outer
leaflet causes an expansion that, in turn, leads to bending of the
membrane. In addition, insertion of helices at the level of the
head groups could induce additional curvature strains by pref-
erentially increasing the packing density in the head group
rather than the acyl chain region (32). In the case of membrane-
inserted amphipathic helices, these mechanisms are expected
to promote membrane curvature in a direction perpendicular
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Membrane Curvature Generation

to that of the helix axis. Thus, the antiparallel insert helices in
their most predominant orientation are ideally positioned to
induce curvature along the concave surface of the BAR domain.

In contrast, the ®-values for sites labeled on the concave
surface of the BAR domain did not indicate penetration into the
acyl chain region, and the endophilin BAR domain must, there-
fore, be positioned farther away from the membrane than its
amphipathic helices, Thus, if the concave surface of endophilin
interacts with the bilayer, it likely does so by interaction with
the more distal portions of the head group. This general behav-
ior is consistent with the model in Fig. 5, in which the BAR
domain is docked onto a lipid vesicle according to the immer-
sion depth information obtained for the insert helix. In this
model, the BAR domain follows the general shape of the vesicle
and is positioned to interact with the outer region of the mem-
brane head groups. Future studies will have to show whether
the structural features found under the present lipid conditions
will also apply to vesicles of different sizes or to tubules.
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Simulated Annealing Molecular Dynamics
Structure Building

The X-ray coordinates of the rat endophilin A1 dimer (PDB ID 2C08) were used as a
starting point for model building. Each monomer in this structure includes residues 25-
247 with a 19-amino acid gap from residues 68 to 86. Protons were added using the
LEAP module in AMBERS. Each monomer was then modified by addition of 23 amino
acids (SRAKLSMINTMSKIRGQEKGPGY, residues 64-86; residues 64-67 in the
original structure were deleted). Residues S64 to M74 (the putative a-helix insert) were
built with torsional angles of phi = -57° and psi = -47°, and residues S75 to Y85 (a
putative loop region) had phi = 180° and psi = 180°. The psi angle for A63 was included
as 0°, which gives a starting orientation with the S64-M74 a-helix axis approximately
orthogonal to the long axis of the BAR domain (see below).

An in-house algorithm (PRONOX) was used to generate the labeled structure, to
position the starting structure at the surface of an imaginary lipid vesicle, and to produce
a set of constraints for the simulated annealing molecular dynamics (SAMD)
calculations. PRONOX is a stand-alone algorithm for flexible construction of input files
for simulated annealing. Eight spin labels were added to each monomer at residues 63,
66, 70, 73, 74, 75, 77 and 83. The first six of these labels were added in the m,m
conformation (1) to residues in the helical region, and the last two were added in the m,¢
conformation to residues in the (initially extended) loop region.

The initial position of the BAR domain with added helices and loops was determined
with respect to a lipid vesicle of 115 A radius (the distance from the sphere center to the
phosphorus atom of the head group of the lipid in the outer leaflet). The BAR domain
was positioned such that the midpoint between Y57(Ca) in each monomer was 10 A
above the sphere circumference (the level of the P atom of each headgroup). Y57(Ca)
was chosen since the line connecting the two atoms in the dimer is approximately parallel
to the long axis of the BAR domain. The position of the BAR domain was based on EPR
data for residues 96, 159, and 166, as discussed in the main text.

Simulated Annealing Molecular Dynamics (SAMD)

SAMD calculations were performed in AMBERS. Preliminary calculations indicated
that the most effective approach was to include breaks between residues P62 and A63R1
(the point of connection of the BAR domain and the helix), S75R1 and K76 (the putative
joint of the helix and the loop; residue 75 was retained in the helical region based on the
EPR data in Fig. 4), and Y86 and P87 (the connection of the loop back to the BAR
domain). These breaks are included simply by addition of “TER” lines at the appropriate
positions in the input PDB file, and with no changes in geometry or deletion or addition
of atoms. From the perspective of the force field, each TER indicates termination of a
protein chain, and so the calculation proceeds as a simulation of a series of disconnected
protein segments (but with constraints to prevent the segments moving too far from each
other; see below).

After a brief minimization of the starting structure, two equilibration cycles were
performed with loose constraints on the “missing” peptide bonds (< 13 A and <8 A in
preliminary cycles 1 and 2, respectively). These cycles were performed for 60 ps each at
a constant temperature of 298K (i.e., no simulated annealing), a time step of 0.002 ps,
and the other constraints shown in Table S2. In the preliminary cycles, the position of
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P60, N61 and P62 were fixed. All other conditions were similar to those described for the
SAMD cycles in the following paragraphs.

The two preliminary cycles were followed by 60 cycles of SAMD performed for 60
ps / cycle. The “missing” peptide bonds were constrained to distances < 5 A and these
and other constraints were implemented as shown in Table S2. This approach allows
flexible motion of the putative helix and loop regions, but inclusion of distance
constraints for the “missing” peptide bonds provides a limitation on the flexibility. We
also imposed symmetry onto the insert region by inclusion of torsional constraints
defined between equivalent Ca atoms in each subunit, using two “dummy atoms”
positioned above and below the protein on an axis orthogonal to the long axis of the BAR
domain. The P60-P62 (linker from the bar domain to the helix), A63R1-S75R1 (helix)
and K76-Y86 (loop) of each subunit were free to move in the SAMD calculations. The
position and structure of the BAR domain were fixed.

Each SAMD cycle included a heating phase from 0K to 1200K in 8 ps, during which
the force constants for the constraints were increased from 0.1 to 10.0; maintenance of
the temperature at 1200K for a further 12 ps; and then cooling to 0K over 40 ps, with
stepwise adjustments of the TAUTP parameter. This approach was based on the standard
recommended protocol for simulated annealing calculations in the AMBERS manual (2)
and on our approach to refinement of the lipid-bound alpha-synuclein structure (3). The
molecular dynamics was performed with a time step of 0.002 ps, a distance dependent
dielectric of 4, and a cut-off of 10.0 A.

The “atom” representing the center of the imaginary lipid vesicle was constrained to
the origin with a force constant of 1000.0 kcal/mol/A. In the SAMD simulation, the lipid
vesicle is a sphere with which the starting position of the protein has a defined
geometrical relationship, thereby allowing inclusion of the EPR depth data as constraints
in the calculation. This relationship is established in PRONOX through rotation and
translation of the protein with respect to the sphere. In the SAMD calculation, there are
no explicit lipid molecules included. However, PRONOX can build a molecular
representation of the lipid bilayer that is consistent with the curvature of the sphere and
sterically consistent with the position and conformation of the protein determined in the
SAMD calculations. Therefore, images of the location of the protein in the lipid can be
generated after the SAMD procedure is completed.

Structures were collected at the end of each SAMD cycle, giving a total of 60
structures. Each of these was processed further to connect the missing peptide bonds.
AMBERS forcefield parameters for the bonds were included and then residues 60 to 86
of each subunit were subjected to a brief minimization of 1000 steps, a 1 ps simulation at
low temperature (raised from 0 to 100 K over 1 ps), and then a final minimization for
1000 steps. The simulation was performed using the same constraints as those in the
SAMD calculation, with additional torsional angle constraints on the new peptide
linkages to ensure that a trans conformation was achieved around these bonds. All
structures were checked for correct chirality and trans configurations around the peptide
bonds. In the image shown in Fig. 5, the conformations of the side chains of M70, T73
and M74 were adjusted (while maintaining staggered conformers around side chain
bonds) to give orientations consistent with the EPR data and the chemistry of the side
chain.
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Full details of the PRONOX and AMBER input files and the force field parameters
used to perform the SAMD calculations will be provided on request. The executable for
the PRONOX algorithm will also be made available on request.

Structure Analysis

The motion of the S64-M74 helices in the SAMD calculation was monitored using
an angle between the helical axis and a line parallel to the long symmetry axis of the
BAR domain (Fig. S3). This angle was defined as Co(residue 74)-Ca(67)-Coa(182),
where Ca(74)-Ca (67) is an approximation of the helical axis and Ca(182) was chosen
such that the calculated angle was close to 90° when the S64 to M74 helix was
approximately orthogonal to the BAR domain axis. For visualization, the structures were
overlaid in WebLab Viewer.

Additional Calculations

Further sets of SAMD calculations were performed with variation of the position of
the BAR domain, the starting position of A63 psi (-47°), variation of the force constants
applied to the symmetry constraints, and/or elimination of the symmetry constraints, but
otherwise identical conditions to those for the calculations described above. Similar
behavior of the S64-M74 helices was observed in these calculations, with adoption of the
three general helical orientations described above. The only exception was the calculation
run without symmetry constraints in which, as expected, the helices moved independently
of each other and asymmetrical structures were generated. However, each helix still
adopted one of the three orientations identified in the symmetry-constrained calculations.
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Table S1. Label depths used in SAMD calculations.

Measured Distance from
Label Depth (A) ! Center (A)?
63 5.4 109.6
66 6.6 107.4
70 4.2 110.8

! Depth of the label below the phosphate group of the lipid based on EPR accessibility
data and depth calibration using spin-labeled lipids (see methods).

? Distance from the label (assumed to be from the N atom of the nitroxide group) to the
center of an imaginary lipid vesicle of diameter 230A. This value is calculated as 115 A

— N A, where N is the measured depth and 115A is the radius.
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Table S2. Constraints used in SAMD calculations.

Geometry Structural Element in
Value ! 1?2 2?2 32 42
Element Each Monomer
Inter-label Labels at 63, 66, 70,
Exptl. N (A) N-6 N-5 N+5 N+6
distance 73,74, 75,77, 83
Label-vesicle
Labels at 63, 66, 70 Exptl. N (A) N-3 N-2.5 N+2.5 N+3
center distance
Backbone H- Residues 63 to 75
2.15A 1.3A 1.8A 25A 3.0A
bond distance (helix)
Ho - So
Labels 2.8 A 1.8A 23A 33A 38A
distance
Peptide bond Bonds connecting
<50A 1.4 A 1.5A 30A 50A
breaks 62-63, 75-76, 86-87
Residues 63 to 86
Symmetry 3 180° 177° 178° 182° 183°

Co - Dm - Dm - Co.*

" The value is either experimental (see Table 1 for DEER inter-label distances and Table

S1 for depth data) or an idealized value for the particular geometry element.

?The values for r1 to r4 define the limits of the potential function used for inclusion of

constraints in simulated annealing in AMBER (2).

 Dm = dummy atom. Details are given in the supplementary text.
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Table S3. Intra-dimer distances in membrane-bound and soluble endophilin derivatives
obtained from continuous wave (CW) or pulsed (DEER) EPR. The distances are

compared to the a-carbon distances obtained crystallographically.

EPR distance (A) EPR distance (A) Crystal
Mutant membrane solution structure (A)
63R1 9 (CW) 9 (CW) 12
66R1 19 (DEER) 24 (DEER) 23
70R1 28 (DEER) 35 (DEER) 35
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Supplemental Figure Legends
Figure S1. Membrane Interaction of endophilin A1 monitored by electron
microscopy and EPR. (A) Negative stain image of endophilin Al incubated with Folch
liposomes for 20 minutes at room temperature. The original size of the vesicles was ~
400nm, but after the addition of endophilin A1, vesicle diameters are 23 nm on average.
Scale bar is 100nm. Folch liposomes before incubation with endophilin contained mostly
large liposomes. (B) 4-pulse DEER data obtained for membrane-bound endophilin
derivatives. The baseline subtracted data are shown in black, while the Gaussian fits are
shown in red. The distance distribution corresponding to the observed oscillation is given
in the right column. In order to further verify that the measured distances for doubly
labeled derivatives were within a given subunit, DEER data were also obtained from
samples in which spin labeled protein was diluted with excess of wild-type protein and
comparable results were obtained (data not shown). (C) Comparison of the continuous
wave EPR spectra for fully labeled (red) and spin-diluted (black) endophilin 63R1 bound
to membrane. Spin-dilution was accomplished by labeling with a mixture of R1 and its
diamagnetic analogue R1’ (4). Distance analysis was performed using analysis of the
Pake pattern broadening function as implemented in the ShortDistances program
generously provided by Drs. Altenbach and Hubbell. The fit obtained using the program
is shown in blue and resulted in an inter-label distance of ~9A. (D) As a control distance
obtained for membrane-bound endophilin derivatives where compared to those obtained
from soluble proteins. The baseline subtracted 4-pulse DEER data are shown in black,
while the Gaussian fit is shown in red. The distance distribution corresponding to the
observed oscillation is given in the right column.
Figure S2. Four-pulse DEER data obtained for membrane-bound endophilin
derivatives. The baseline subtracted data are shown in black, while the Gaussian fit is
shown in red. The distance distribution corresponding to the observed oscillation is also
given.
Figure S3. Helices in the insert region are flexible. A. Motion of the A63-S75 helices
in the SAMD calculation monitored using an angle (0) between the helical axis and a line
parallel to the long symmetry axis of the BAR domain. 6 was defined as Co(residue 74)-
Ca(67)-Ca(182), where Ca(74)-Ca (67) is an approximation of the helical axis and
Ca(182) was chosen such that 6 was close to 90° when the A63-S75 helix was
approximately orthogonal to the BAR domain axis. B. Representative structures for 6 =
40° (blue), 90° (green) and 140° (orange).
Figure S4. Interactions of hydrophobic residues in the helix insert (residues 63-75)
in a conformation orthogonal to the BAR domain. L68 has stabilizing interactions
with 155 and L58 of the BAR domain. [71 may interact with Y86 in the loop of the insert
region.
Figure S5. Interactions of charged residues in the helix insert. Interactions of charged
residues (R65 and K67) in the helix insert (residues 63-75) in conformations with 6 = 40°
(blue), 140° (orange) and 90° (green) (see Fig. S4 for a definition of 0). The amino acids
are labeled as “a” and “b” to denote the two subunits of the endophilin dimer. A. With the
insert helices in the 6 = 40° conformation, R65a forms an intra-subunit salt bridge with
E56a. A similar interaction occurs between R65b and ES6b. B. In the 6 = 140°
conformation, the insert helices are rotated such that K67a forms an inter-subunit
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interaction with E56b. A similar interaction occurs between K67b and E56a. C. In the 6 =
90° conformation, neither R65 nor K67 have an interaction with E56.

0TO0Z ‘S 41890100 Uuo ‘ABojoIg 1enasjol JOo qe DHIN e Blo g mmm woly papeojumod


http://www.jbc.org/

Figure S1.

A)

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2010/04/23/M110.127811.DC1.html
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Figure S2.
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Supplemental Material can be found at:
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Figure S3.
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Figure 54.

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2010/04/23/M110.127811.DC1.html
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Figure S9.

0TO0Z ‘S 41890100 Uuo ‘ABojoIg 1enasjol JOo qe DHIN e Blo g mmm woly papeojumod


http://www.jbc.org/

