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(Background: Endocytosis can involve dimerization and membrane association of the protein endophilin.
Results: We found subnanomolar affinity for endophilin N-BAR dimerization. Membrane dissociation is substantially slower
than association, and membrane-bound protein density-dependent.
Conclusion: Endophilin binds membranes as dimers that subsequently oligomerize.
Significance: Our findings illuminate the membrane binding mechanism of endophilin, which is important in understanding
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The recruitment to plasma membrane invaginations of the
protein endophilin is a temporally regulated step in clathrin-
mediated endocytosis. Endophilin is believed to sense or stabi-
lize membrane curvature, which in turn likely depends on the
dimeric structure of the protein. The dynamic nature of the
membrane association and dimerization of endophilin is thus
functionally important and is illuminated herein. Using subunit
exchange Forster resonance energy transfer (FRET), we deter-
mine dimer dissociation kinetics and find a dimerization equi-
librium constant orders of magnitude lower than previously
published values. We characterize N-BAR domain membrane
association kinetics under conditions where the dimeric species
predominates, by stopped flow, observing prominent electro-
static sensitivity of membrane interaction kinetics. Relative to
membrane binding, we find that protein monomer/dimer spe-
cies equilibrate with far slower kinetics. Complementary optical
microscopy studies reveal strikingly slow membrane dissocia-
tion and an increase of dissociation rate constant for a construct
lacking the amphipathic segment helix 0 (HO). We attribute the
slow dissociation kinetics to higher-order protein oligomeriza-
tion on the membrane. We incorporate our findings into a
kinetic scheme for endophilin N-BAR membrane binding and
find a significant separation of time scales for endophilin
membrane binding and subsequent oligomerization. This
separation may facilitate the regulation of membrane traf-
ficking phenomena.

Clathrin-mediated endocytosis represents a prominent
mode of cellular regulation and uptake of external material (1).
In this dynamic process, assembly of clathrin at the plasma
membrane packages nascent vesicles for intracellular traffick-
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ing of receptors and cargo. Endophilin functions as an acces-
sory protein in clathrin-mediated endocytosis and additional
membrane-trafficking processes (2—6). The localization of
endophilin to endocytic sites at the plasma membrane has been
shown by live-cell fluorescence imaging to mark pivotal points
in the endocytic process (7—9). Membrane association of endo-
philin (10) is achieved by means of its N-BAR* domain (11),
facilitating membrane recruitment of additional proteins
through its Src homology 3 (SH3) domain (4, 6, 12—-15).

Endophilin-membrane complexes exhibit membrane inser-
tion of hydrophobic segments (16, 17), electrostatic interac-
tions (10, 16, 18), and intricate surface ordering of protein sub-
units (10, 19-23). In particular, two amphipathic segments,
designated as helix 0 (HO) (residues 1-22) and the helix 1 insert
(H1I) (residues 59 — 87), form helices upon membrane associa-
tion that insert into the bilayer (16, 17). This membrane inser-
tion is important for functional membrane remodeling by
endophilin (6, 11, 18). An additional aspect of the membrane-
remodeling mechanism arises from the shape that endophilin
presents to the membrane (11, 24, 25). Importantly, the cres-
cent shape of endophilin depends on its dimeric structure
(26, 27).

These aspects of endophilin function are well appreciated struc-
turally because of both experiment (10, 1618, 20, 21, 23, 28) and
computation (19, 29, 30). However, beyond qualitative kinetic
characterization by surface plasmon resonance (SPR) (28), little is
known about the timescales and mechanisms determining the
kinetics of endophilin-membrane interactions.

To fully elucidate the mechanisms of endophilin function,
kinetic characterization of its membrane association is essen-
tial. Toward this end, we hypothesized that endophilin associ-

“The abbreviations used are: N-BAR, Bin/amphiphysin/Rvs domain with
N-terminal amphipathic helix; AF-488, Alexa Fluor® 488; PB, Pacific Blue™;
DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPG, 1,2-dioleoyl-sn-
glycero-3-phospho-(1'-rac-glycerol); DPH-PC, 2-(3-(diphenylhexatrienyl)-
propanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine; FCS, fluores-
cence correlation spectroscopy; GUV, giant unilamellar vesicle; PI(4)P,
L-a-phosphatidylinositol  (4)-phosphate; PI(4,5)P,, L-a-phosphatidyl-
inositol (4,5)-bis-phosphate; DMSO, dimethyl sulfoxide; SEC, size exclusion
chromatography.

JOURNAL OF BIOLOGICAL CHEMISTRY 12533



Dimerization and Membrane Binding Kinetics of Endophilin N-BAR

ates with membranes as a dimer in an effective two-step process
leading to oligomerization even in the absence of pronounced
membrane deformation.

We assess this mechanistic hypothesis as follows. The evalu-
ation of N-BAR dimerization in solution serves as a prerequisite
of our mechanistic analysis of membrane binding. We employ
stopped-flow and microscopy-based techniques for kinetic stud-
ies. We find evidence for an important contribution of protein
oligomerization on the membrane in the mechanism. We arrive at
a kinetic model that is fitted to the experimental data. Finally, we
discuss the physiological relevance of the separation of time scales
for N-BAR membrane interactions observed here.

EXPERIMENTAL PROCEDURES

Materials—Lipids  1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glyc-
erol) (DOPG), L-a-phosphatidylinositol (4)- and (4,5)-bis-
phosphate (PI(4)P and PI(4,5)P,; brain, ammonium salts) were
obtained from Avanti Polar Lipids (Alabaster, AL). Folch Frac-
tion I was from Sigma. 2-(3-(Diphenylhexatrienyl)propanoyl)-
1-hexadecanoyl-sn-glycero-3-phosphocholine (DPH-PC), Pacific
Blue™ (PB) C5-maleimide, Alexa Fluor® 488 (AF-488) C5-ma-
leimide, and Texas Red-1,2-dihexadecanoyl-sn-glycero-3 phos-
phoethanolamine (triethylammonium salt) were from Invitro-
gen/Life Technologies. Casein was from Fisher Scientific.
Tris(2-carboxyethyl)phosphine was from Pierce/Thermo
Fisher Scientific. All commercial reagents were used without
further purification.

Membrane Preparation—Extruded vesicles were prepared
by standard techniques (31). Chloroform solutions of lipid
stock were gently evaporated, by using compressed air, from a
round-bottom flask, which was subsequently evacuated. Vesi-
cle compositions are represented as the mole fraction DOPG,
with DOPC comprising the remaining portion. DPH-PC was
included at 0.7 mol % for stopped-flow Forster resonance
energy transfer (FRET) studies. Lipids were hydrated at 2
mg/ml with 20 mm HEPES buffer with indicated NaCl concen-
trations, pH 7.4, under bath sonication at 40 °C for 10 —15 min.
Lipid dispersions were extruded 13 times through single poly-
carbonate membranes (Whatman/GE Healthcare). Dynamic
light scattering consistently revealed an average hydrodynamic
radius of 75 = 15-30 nm for all lipid compositions utilized in
stopped-flow studies. For tubulation assays, 400-nm pore sizes
were used. Phosphate concentrations of extruded preparations
were determined by standard analysis (32). Giant unilamellar
vesicles (GUVs) were prepared by electroformation (33) as
described (34).

Plasmids and Protein Preparation—A plasmid encoding rat
endophilin A1, kindly provided by P. De Camilli, served as the
template for generation of a single Cys construct comprising
residues 1-247 with C108A/E241C substitutions (N-BAR_
C241), ANH (BAR) (residues 33-247 with and without the
A66W substitution), and N-BAR F10W. We employed sequen-
tial QuikChange (Stratagene) reactions for mutagenesis. A
plasmid encoding residues 1-247 of human endophilin A1 with
the A66W mutation in the pGEX6p vector (GE Healthcare) was
kindly provided by N. Mochizuki (24) and served as the tem-
plate for N-BAR_C234 (with A66W/C108S/Q234C substitu-
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tions). Relative to rat, human N-BAR differs by an M133I sub-
stitution. A plasmid encoding residues 1-247 of rat endophilin
A1 with the C108S/A247C substitutions (3) (N-BAR_C247) was
kindly provided by R. Langen. All sequences were verified by
DNA sequencing.

GST fusion proteins were purified from the soluble portion
of bacterial lysates (BL21(DE3) RIL CodonPlus, Stratagene)
using glutathione affinity. Fusion proteins were cleaved at the
GST moiety using PreScission protease or thrombin. BAR
domains were purified further by ion exchange with a linear
NaCl gradient and size exclusion chromatography (SEC)
(Superdex200 (GE Healthcare)), concentrated, aliquoted, and
flash-frozen in liquid nitrogen. Purity was assessed by SDS-
PAGE and analytical SEC. For measurements with thawed sam-
ples, we used ultracentrifugation supernatant portions. Con-
centrations were determined by Bradford analysis using bovine
serum albumin (Thermo Fisher Scientific) as a standard (35)
and absorption at 280 nm. Concentrations indicated refer to
total N-BAR in terms of monomeric units. Labeling was con-
ducted at introduced Cys residues for N-BAR_C241 and
N-BAR_C247 or endogenous Cys108 for ANH (BAR) (both
with and without the A66W substitution). 4-fold excess of
maleimide dye reagent was used via a DMSO solution for reac-
tion at 4 °C, in 150 mMm NaCl, 20 mm HEPES, 1 mm tris(2-car-
boxyethyl)phosphine, pH 7.4 solution (HNTcep buffer). Com-
monly, glutamate/arginine/HEPES, pH 7.4, was added to
promote protein solubility during labeling (36). Reactions were
quenched with excess dithiothreitol (DTT), and excess dye rea-
gent was removed via three 5-ml HiTrap desalting columns (GE
Healthcare) connected in series.

Liposome Tubulation Assay—Endophilin N-BAR variants
were incubated with 400-nm membrane-extruded vesicles at
room temperature for 30 min. Samples were applied to carbon/
Formvar-supported copper grids (Electron Microscopy Sci-
ences, Hatfield, PA). After a 5-min incubation, excess material
was removed by blotting on filter paper. Grids were then
stained with 2% (w/v) uranyl acetate for 2 min, washed in buffer,
and air-dried at room temperature. Grids were observed with a
JEM 1011 transmission electron microscope (JEOL) with the
accelerating voltage set to 100 kV.

Protein Cross-linking—Site-specific irreversible cross-link-
ing by reaction of Cys at residue 241 (Ca-Ca distance, 38 A) was
conducted with Bis-MAL-dPEG®11 (Quanta BioDesign, Pow-
ell, OH; linker length, 30 A). Reactions proceeded for 4 h at 4 °C
with 20 uMm protein in HNTcep buffer with equimolar cross-
linker added via a DMSO solution. Reactions were quenched
using 2-fold excess DTT, and unreacted reagent was removed
using a HiTrap desalting (GE Healthcare) column achieving
buffer exchange for stopped flow and SEC.

Size Exclusion Chromatography—N-BAR samples in HNT-
cep buffer were run at 4 °C over a Superdex 200 (GE Healthcare)
column pre-equilibrated with the same buffer. The retention
volume at peak absorption value (V) was used to calculate the
distribution coefficient according to

V-V,
KaV:
Vt_ Vo

(Eq. 1)
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where the column void V, and total volume V, were determined
using blue dextran (GE Healthcare) and acetone, respectively.

Fluorescence Correlation Spectroscopy (FCS)—Measurements
were carried out at 20 °C in glass-bottomed chambers (Nunc,
Rochester, NY) passivated with a polylysine-conjugated poly-
ethylene glycol solution. The concentration of labeled protein
(N-BAR_C247-AF-488) was held constant (between 7 and 17
nM) for each titration. The total protein concentration was var-
ied from 40 nMm to 40 uM via the addition of unlabeled protein.
The concentration of unlabeled protein was determined by
absorption, and the concentration of labeled protein was deter-
mined by FCS. For measurements following a 24-h incubation,
DTT was refreshed.

Details of the instrument used for FCS measurements have
been described (37). Laser power was adjusted to 5.3-5.6
microwatts (prior to entering the microscope).

For each concentration of protein, 30 traces of 10-s duration
were measured. The curves were averaged and analyzed as rep-
resenting a single diffusing species in three dimensions. The
ratio of radial to axial dimensions of the observation volume
was determined from measurements of a solution of free
AF-488 and was fixed for the protein measurements.

Fluorescence Anisotropy Decay—Experiments were carried
out at the University of Pennsylvania Ultrafast Optical Pro-
cesses Laboratory using time-correlated single photon count-
ing instrumentation described in Ref. 38, at ambient tempera-
ture with N-BAR_C241-PB in HNTcep buffer with 0.05 mm
phenylmethylsulfonyl fluoride, using 405 nm excitation. Sam-
ples were prepared to desired concentrations at 4 °C 18 h before
measurements. For 1 uMm, a sample prepared 60 h prior to mea-
surements yielded results indistinguishable from the 18-h sam-
ple (data not shown).

Fluorescence Spectroscopy—Measurements employed a Cary
Eclipse fluorometer with a Peltier-controlled temperature
block. Donor (PB) and acceptor (AF-488) N-BAR_C241 conju-
gates (D and A, respectively)® were examined with a fluoro-
phore ratio of 1:2, chosen to optimize FRET. For kinetic studies,
a temperature of 27 °C was selected to accelerate subunit
exchange relative to 22 °C. D and A samples in HNTcep buffer
were adjusted to identical concentrations and separately prein-
cubated at the experimental temperature for a duration equal to
that of the measurement. Protein adsorption to cuvette walls
was <5%, as confirmed by excitation spectra (not shown) in the
acceptor emission peak region (519 nm), at the start and end of
kinetic monitoring. To achieve this, quartz cuvettes were
treated with casein solution for 1 h and washed once with
sample buffer. The casein solution comprised the soluble
portion of a 2.5 mg/ml suspension in sample buffer following
sedimentation.

The dimer dissociation rate kg ,° was determined from
fluorescence emission time courses monitoring donor quench-

° A, protein conjugated to acceptor fluorophore (AF-488); D, protein conju-
gated to donor fluorophore (PB).

¢ The parameter definitions used are: k.., and kg, are protein dimer asso-
ciation and dissociation rates; K, is a protein dimerization equilibrium con-
stant; k, and k, _ are net rate constants for membrane binding and unbind-
ing of non-oligomerized N-BAR; and k, and k,_ are oligomerization and
disassembly rates for protein subunits on the membrane surface.
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ing relative to the initial time point (right after mixing D and A
solutions) by single-exponential fitting (39). The reaction
scheme for subunit exchange yields the rate of heterodimer
(DA) formation

d[DA]
gr = Kaisal DAl + ko [DI[A]

(Eq.2)

assn 18 the dimerization rate constant for association of
monomers. In this mixing experiment, the concentration of
monomers is unchanged. Hence, the second term in Equation 2
is constant, and a single exponential with time constant k4
results as the solution to Equation 2 (40).

For equilibrium measurements, the pre-equilibration period
for acceptor-donor mixtures was selected as 12 h at 27 °C, as
guided by the kinetics results. Emission measurements at the
acceptor wavelength upon excitation of the donor (400 nm)
were processed by the following previously reported routine
(41, 42). Briefly, acceptor-only and donor-only protein conju-
gate reference standards enabled accounting for emission aris-
ing from donor bleedthrough and acceptor cross-excitation. All
spectra were buffer-subtracted. Emission spectra were first cor-
rected for acceptor cross-excitation contribution, as deter-
mined by comparing excitation spectra at the acceptor emis-
sion wavelength of the standard and sample. Subsequently, the
contribution of the donor to measured emission in the acceptor
peak region was subtracted, as determined from the donor-only
standard equalized to the donor-acceptor mixture sample spec-
trum at the donor emission wavelength (455 nm). Finally, the
values were referenced to that observed at the highest protein
concentration used in the titration, yielding relative FRET, F,
proportional to the dimer fraction of the sample, and fitting was
conducted of

where k

issn

F= 4LCT(4CT + Kp — (Kb + 8c7Kp) (Eq.3)
where ¢ is the total protein concentration, and K, is the equi-
librium dimerization dissociation constant (41).

Stopped Flow—Measurements were carried out with an
Applied Photophysics (Surrey, UK) SX.18MV stopped-flow
spectrometer (43) using excitation at 280 nm and collecting
emission after passage through a 400-nm long-pass filter.
Between two and six traces were averaged for each condition,
and 50 ul each of protein and lipid solutions were mixed. For
light scattering measurements, we used an incident wavelength
of 430 nm, and lipid-only traces were subtracted from protein-
lipid mixing traces prior to fitting. Data before the dead time of
2 ms were excluded from fitting. All measurements were con-
ducted at 22.0 = 0.05 °C, in HEPES, pH 7.4, with varying NaCl
concentrations as indicated for particular experiments. For
concentration variations analyzed in conjunction with micros-
copy data (see below), 33 mm NaCl was selected as opposed to
physiological levels to improve signal-to-noise ratios.

For global analysis of progress curves incorporating off-rates
from microscopy experiments (see “Results”), the reaction
scheme (44) detailed below yielded differential equations
(Equations 4-7) characterizing chemical species as dimeric
N-BAR D, the membrane as L, the intermediate as D*L (where
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the asterisk is meant to represent an inserted species), and
oligomerized species as D, L, treated as a dimer of N-BAR
dimers represented as D,L.

d[D]
G = —k,[D][L] + k,_[D*L] (Eq.4)
dlL]
ot = —k,[D][L] + k,_[D*L] (Eq.5)
d[D*L] _ . ka %12 *
“gr = KDL = ko [D¥L] = 20 [DALY + 2k, [D;7L]
(Eq.6)
d[D,*L] ka %172 *
Tde =[O ke [D21L] (Eq.7)

Terms for which k, appears as a coefficient (related to the mem-
brane-bound bimolecular reaction) are divided by [L],, the ini-
tial vesicle concentration in terms of total lipid used in the mix-
ing experiment. This approach considers the concentration of
membrane-bound species in terms of a dimensionless density.
Equations 4 —7 were numerically integrated and fitted to exper-
imental data employing MATLAB (The MathWorks, Natick,
MA).

Microscopy-monitored Protein Dissociation—Protein and
GUVs containing 25% DOPG were incubated in ~180 ul of an
equimolar solution of sucrose and glucose, pH 7.4, containing
HEPES and varying NaCl concentration, with the same
osmolarity as the prepared GUV dispersion (measured with an
Advanced Instruments Inc. (Norwood, MA) micro-osmome-
ter) in a polypropylene tube for 1 h.

Imaging chambers (2 mm thick) were formed from two cov-
erslips (24 X 40 mm) overhanging a glass microscope slide. The
protein-GUV mixture was added to the chamber on a surface
pretreated with 2 ul of 2.5 mg/ml casein, 20 mm Tris, and 2 mm
EDTA.

Micropipettes were prepared as described (34) and treated
with the casein solution applied to the chamber. Transfer cap-
illaries (outer/inner diameters: 1.5 mm/1.12 mm, World Preci-
sion Instruments Inc., Sarasota, FL) were cut to desired lengths
with a ceramic glass cutter and equipped with a rubber O-ring
as a handle.

GUVs were aspirated in micropipettes at constant aspiration
pressure (less than 60 pascals). The transfer capillary was man-
ually positioned as to enclose the aspirated GUV. Protein dilu-
tion was achieved by transfer of the GUV using a motor-con-
trolled micromanipulator from the protein chamber into an
adjacent chamber, composed typically of ~400 ul of buffer
solution, under the protection of the transfer capillary (see Fig.
4A, below). Finally, the transfer capillary was removed to
expose the protein-covered GUV.

The protein dissociation process was monitored by using a
confocal fluorescence microscope (34). The protein fluores-
cence intensity was determined by fitting a Gaussian ring to the
GUV contour (excluding the aspirated region) using MATLAB.
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FIGURE 1. Subunit exchange FRET experimental design. A, schematic in
which dimeric N-BAR variants separately labeled with donor (D) and acceptor
(A) fluorophores undergo subunit exchange, generating fluorescence
changes. B-E, electron micrographs of liposome vesicles (Folch Fraction 1) in
the absence of endophilin N-BAR (B) and in the presence of N-BAR_C247 (C),
N-BAR_C241 (D), or N-BAR_C241-AF-488 (E), revealing N-BAR-induced tubule
formation. Protein concentrations were 5-7 uMm, and lipid concentration was
0.1 mg/ml, in 20 mm Tris-HCl, 150 mm NaCl, T mm DTT, pH 7.4 buffer. Scale bars,
200 nm.

RESULTS

Subnanomolar Dimerization Affinity—We first asked the
question whether the membrane binding mechanism of endo-
philin involves a dimerization step. This hypothesis is sup-
ported by previous reports of low dimerization affinities for this
protein (16, 35, 45, 46).

Because the measurement of affinities requires establish-
ment of monomer/dimer equilibria, we first designed an exper-
iment to accurately assess N-BAR dimerization kinetics using
FRET (Fig. 14). A single Cys N-BAR construct, N-BAR_C241,
was separately labeled with donor (PB) and acceptor (AF-488)
fluorophores. We showed that this mutant exhibits functional-
ity in liposome tubulation in labeled and unlabeled form (Fig. 1,
B-E).

To uncover the equilibration time for dimer dissociation at
27 °C, we monitored FRET (Fig. 24), characterizing dimer dis-
sociation kinetics for N-BAR_C241. We selected this optimized
variant as N-BAR_C247 (see “Experimental Procedures”)
exhibited low (although detectable) FRET, hindering quantita-
tive analysis, whereas N-BAR_C234 showed appreciable FRET
but poor tubulation functionality (data not shown). We deter-
mined a value for kg, of 1.4 = 0.3 X 10"* s ' at 27°C
(means = S.E. of five measurements) from fitting FRET time
traces such as those shown in Fig. 2B with a model resulting
from Equation 2.
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FIGURE 2. Subnanomolar dimerization affinity revealed for N-BAR by
FRET. A, emission spectra of a mixture of endophilin N-BAR_C241-PB and
N-BAR_C241-AF-488, 2 um total protein, 27 °C. A representative time series is
plotted from ~30 s after mixing (small dashed line) to 500 min (long dashed
line), revealing donor quenching and sensitized acceptor emission (empha-
sized by arrows). Fl., fluorescence; AU, arbitrary units. B, FRET efficiency
Erger calculated from the example in A as donor quenching relative to the
initial spectrum, shown with single-exponential fit, yielding infinite time
Eerer = 30% and kgeen, = 1.3 X 1074 s, C, fluorescence spectra at 22 °C,
donor:acceptor 1:1 of an endophilin N-BAR sample that was simultaneously
labeled with PB and AF-488 (black solid line) and a mixture of twice the con-
centration of free dye compounds (gray dashed line), individually normalized
(norm.) to emission maxima. D, fluorescence spectra of a mixture of
N-BAR_241-PBand N-BAR_241-AF-488,0.13 uM total protein, equilibrated for
40 h at 22 °C (black). SDS was added to 1%, and the emission was collected
immediately, corrected for dilution, and plotted (gray) relative (rel.) to the
maximum of the initial spectrum. PAGE (not shown) revealed that SDS suf-
fices to dissociate N-BAR dimers at 22 °C. E, relative FRET F calculated as
described under “Experimental Procedures” (41) for a representative concen-
tration series following a 12-h incubation, with fit of Equation 3 yielding K, of
0.57 nm. See “Results” for average values. The gray lines indicate predictions
using a K, of one-half (dotted) and two times (dashed) the best-fit value. F, F as
in E extended beyond 10 um total protein and corrected for the inner filter
effect.

We excluded putative “proximity” FRET due to random
localization of fluorophores, based on measurements with free
dyes in solution (Fig. 2C). Our interpretation of the FRET signal
as reporting on protein dimerization (Fig. 14) is further sub-
stantiated by the elimination of FRET upon SDS-induced dimer
dissociation (Fig. 2D).

Knowledge of the kinetics determined above allowed us to
equilibrate endophilin samples to study dimerization equilibria
at 27 °C (Fig. 2, E and F). We determined a K, at 27 °C of 0.41 =
0.15nM (mean = S.E. of three measurements exemplified in Fig.
2E) by fitting FRET data with Equation 3. The determined K,
value corresponds to a substantially higher affinity than a value
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resulting from published measurements at reduced tempera-
ture (10 um) (16). Additional transitions at protein concentra-
tions much higher than K, were not revealed by FRET mea-
surements (Fig. 2F).

Protein cross-linking (Fig. 3, A and B), SEC (Fig. 3, Band C),
time-resolved fluorescence anisotropy (Fig. 3D), and FCS
measurements (Fig. 3E) are also inconsistent with 10 um
dimerization affinity. SEC of 2 um N-BAR under conditions of
the subunit exchange FRET studies (Fig. 3, B and C) reported a
Stokes radius in agreement with that calculated for dimeric
N-BAR, using HYDROPRO (47), as opposed to monomeric
N-BAR. In support of this reasoning, we note that HYDROPRO
analysis outputs a radius of gyration of 35 A for dimeric N-BAR
in agreement with the experimental value of 35.8 A (48).
Although a nearly 2-fold change in rotational correlation time
is predicted comparing N-BAR monomer and dimer (using
HYDROPRO (47)), indistinguishable values are observed for 1
and 16 um samples (Fig. 3D). Similarly, the diffusion coeffi-
cients of monomeric and dimeric N-BAR are expected to differ,
although indistinguishable diffusion times are reported by FCS
over a range of concentrations (Fig. 3E). Hence, these data do
not report a monomer-dimer transition occurring in the con-
centration regime investigated. We next aimed to elucidate the
N-BAR membrane binding mechanism through measurements
of endophilin N-BAR membrane binding and unbinding
kinetics.

Dissociation from Single GUVs Reports Long Membrane Res-
idence Time—W e studied dissociation kinetics via a rapid dilu-
tion strategy through the transfer of single protein-bound
GUVs to a solution devoid of protein (Fig. 44). To reduce the
complexity of kinetic processes, we limited our experiments to
conditions where membrane morphology transitions, such as
tubulation, are not observed (Fig. 4, B and C).

Considering the electrostatic component of N-BAR/mem-
brane interactions (10, 16, 18), we selected a membrane com-
position containing 25 mol % of negatively charged lipids that
was recently employed in N-BAR studies (50). A fluorescence
decay time of 1010 * 245 s (mean * S.E. for nine GUVs) was
determined (Fig. 4, D and E).

Early Membrane Association Assessed by Stopped Flow—We
next extended the membrane binding investigation to shorter
timescales by using stopped-flow rapid mixing and FRET
between endophilin N-BAR A66W and DPH-PC embedded in
vesicle membranes, or alternatively, by monitoring light scat-
tering changes induced by protein binding (Fig. 54). The
kinetic traces are well fitted by a single exponential (Fig. 5B) for
a wide range of conditions investigated. We used this approach
to compare membrane binding kinetics of cross-linked (irre-
versibly dimerized) and non-cross-linked endophilin N-BAR
domains. Consistent with our finding of subnanomolar
dimerization affinity, we determined indistinguishable mem-
brane binding kinetics for cross-linked and non-cross-linked
samples under the same experimental conditions (Fig. 5C).

Taken on its own, the observation via stopped flow of single-
exponential membrane binding kinetics could be consistent
with a one-step membrane binding process (51). However, the
slow dissociation kinetics observed by microscopy (Fig. 4E)
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FIGURE 3. Demonstration that dimeric N-BAR predominates at low micromolar and submicromolar concentrations. A, denaturing 10% polyacrylamide
gel with Coomassie Brilliant Blue staining demonstrating inter-protomer cross-linking of N-BAR_C241 with Bis-MAL-dPEG®11. Molecular mass standard
positions are indicated in kDa on the left, along with predicted molecular mass of N-BAR dimer and monomer. B, SEC showing unchanged retention peak after
cross-linking (red) relative to N-BAR_C241 at 16 um (black) and 2 um N-BAR_C241 (gray). Absorption (Abs.) at 280 nm was plotted individually normalized (norm.)
to trace maxima. C, SEC calibration (49) with endophilin N-BAR result (red dashed line) from Bwhen compared with R, of 28.7 and 34.5 Aformonomerand dimer,
respectively (gray and black) determined theoretically via the software HYDROPRO (47). Sgrt, square root. D, representative fluorescence (Fl.) anisotropy decay
of N-BAR_241-PB at 1 and 16 um. Double-exponential fitting (lines) yielded rotational correlation times (= fit error) 0.32 = 0.05 and 3.04 = 0.27 ns (1 um), and
0.36 = 0.05and 3.32 == 0.29 ns (16 um), whereas a single exponential with time constant 0.22 ns describes free dye data. Similar results were obtained from three
consecutive acquisitions using the same protein samples, analyzed with deconvolution of the instrument response function, by FluoFit software (PicoQuant
GmbH) (not shown). AU, arbitrary units. £, measured diffusion times by FCS of N-BAR_247-AF-488 as a function of total protein concentration plotted on a log

scale, at 20 °C after 5 min of mixing (circles) and then again after 24 h of incubation at 4 °C, for selected concentrations (squares).

suggest (as further discussed below) the presence of a second
step in the membrane binding mechanism.

Kinetic Model—W e formulated a kinetic two-step model (see
Equations 4-7) as a minimal model consistent with our obser-
vations for the endophilin-membrane interaction. This model
bridges the time scales characterized by stopped flow and
microscopy (Fig. 6A4). In this model, dimeric protein compo-
nents in solution (D in Fig. 6A) represent the membrane-bind-
ing species, achieving both association with the lipid membrane
(L) and insertion of amphipathic helices effectively in the same
step. Our model thus does not include separate steps for asso-
ciation of the protein with the membrane and the insertion of
amphipathic segments. This is due to the fact that the stopped-
flow data are well described by a single exponential (see e.g. Ref.
52) and that the folding transition associated with membrane
insertion is likely not rate-limiting (53). We designate the
resultant N-BAR-membrane intermediate species D*L, where
the asterisk is meant to represent an inserted species, and —L
indicates membrane-bound species. Intermediate D*L subse-
quently oligomerizes on the membrane, generating the species
D, L, which is proposed to govern membrane residence time.

To test this kinetic model, we identified a range of protein
and vesicle concentrations in which N-BAR is dimeric but does
not alter membrane morphology (Fig. 6, B and C) for collection
of stopped-flow data (Fig. 6D). We note that this model corre-
sponds to that recently proposed in analysis of the binding
mechanism of an amphipathic membrane-binding peptide
(44).
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To determine the rate constants specified in the model, we
employed global fitting of numerically integrated rate equa-
tions to the entire data set of Fig. 6D (results in Fig. 6A), treating
membrane-bound species (D*L) within a surface density per-
spective (see “Experimental Procedures”). The oligomeric spe-
cies was approximated as a dimer of N-BAR dimers (i.e. #» = 2in
Fig. 6A). We used the single-exponential decay constant
observed in GUYV dissociation experiments (see example trace
in Fig. 4E; using the acidic lipid content and ionic strength of the
stopped-flow series of Fig. 6D) as an estimate of k,_ (Fig. 6A).
Global fitting with this two-step model yields rate constants for
the first step of k, =0.11 £ 0.01 um~ ‘s 'and k,_ =36.4 = 2.4
s~ '. These values can be compared with those resulting from
fitting a single-step model to the data shown in Fig. 6D; we find
k, =0.122 = 0001 um~'s tand k,_ = 351 * 2457}, e
identical values within fit errors when compared with the two-
step model. Consistent with this finding is a large uncertainty of
the fit value for k, of the two-step model; our stopped-flow
measurements report on the first membrane binding step (Fig.
64, k, not reported) only. These findings are consistent with a
large separation in time scales for membrane binding/unbind-
ing of dimeric BAR domain proteins on the one hand and olig-
omerization/deoligomerization of membrane-bound BAR
domain protein on the other hand.

Substantiating the Role of Oligomerization in the Mechanism
of N-BAR Membrane Binding—Our hypothesis of oligomeriza-
tion following membrane binding is supported by the direct
observation (via cryo-electron microscopy imaging) of oligo-
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FIGURE 4. Dissociation kinetics under nontubulating conditions. A, dia-
gram of dissociation kinetics experiments employing rapid dilution via
micropipette-mediated GUV transfer. B and C, electron micrographs of lipo-
somes (composed of 25% DOPG) in the absence of endophilin N-BAR (B) and
in the presence of 300 nm N-BAR_C241-AF488 (4 um lipids, 33 mm NaCl) (C).
D, fluorescence micrograph of N-BAR_241-AF-488 bound to a GUV (25%
DOPG) aspirated in a micropipette, in 33 mm NaCl, 1 mm DTT following prein-
cubation at 300 nm protein, 4 um lipids, and identical ionic strength. Scale bar,
5 um. E, fluorescence (FL) intensity record and single-exponential fit (solid
line) charting dissociation of N-BAR, as diagrammed in A, with conditions of D.
norm., normalized.
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FIGURE 5. Stopped-flow assessment of early timescale of membrane
association. A, FRET between endophilin N-BAR A66W and DPH-PC (alterna-
tively, excess light scattering using unlabeled proteins and membranes) used
to follow binding upon rapid mixing of protein with vesicles. B, representative
stopped-flow record of light scattering monitoring the process diagrammed
in A, using 100% DOPG vesicles, 72 um total lipid, and 0.4 um N-BAR_C241 in
100 mm NaCl with 2 mm DTT, and single-exponential fit (gray). AU, arbitrary
units. C, single-exponential decay constants from stopped-flow progress
curves as in B, with and without cross-linking (Fig. 3, A and B).
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FIGURE 6. Global experimental data analysis to rationalize two promi-
nent timescales of endophilin-membrane interactions under nontubu-
lating conditions. A, scheme as described under “Results.” Amphipathic he-
lices are indicated by outlined circles. Rate constants represent global fitting
results from panel D. B and C, electron micrographs of liposomes (55 um total
lipid) in presence of 0.65 um (B) and 1.3 um (C) N-BAR A66W. Liposomes in the
absence of protein are imaged in Fig. 4B. Scale bars, 200 nm. D, stopped-flow
DPH-PC FRET data (black) used for quantitating the proposed model below.
Gray lines display global fitting to predictions of the model, as described
under “Experimental Procedures,” yielding parameters in A. Each graph
shows post-mixing concentrations of 25% DOPG vesicles of 55, 80, 115, and
160 um total lipid (with increasing signal magnitude) for fixed N-BAR A66W
concentrations of 0.65,0.81, 1.0, and 1.3 um as indicated in 33 mm NaCl, 1 mm
DTT. Protein solutions were prepared to premixing concentrations 24 h prior
to measurements. AU, arbitrary units.

merization of membrane-bound endophilin N-BAR (23).
Importantly, endophilin N-BAR domain lattice formation has
been observed even in the absence of morphological changes
relative to the bare membrane, as is true of our conditions (Figs.
4, Band C, and 6, B and C).

Comparative studies with an endophilin variant lacking the
HO sequence (ANH (BAR) (residues 33—-247 (16))) further sup-
port our incorporation of membrane-mediated oligomeriza-
tion in the model and exclusion of an explicit step for mem-
brane insertion. Recently published cryo-electron microscopy
reconstructions showing intermolecular interactions between
helix 0 components (21, 23), site-specific cross-linking studies
(21), and recent optical imaging studies (28) document the role
of HO in mediating oligomerization of membrane-bound endo-
philin N-BAR. Considering these studies, our model predicts
that ANH (BAR) would exhibit accelerated dissociation relative
to N-BAR. Indeed, remarkably accelerated dissociation was
observed for the helix deletion construct ANH (BAR) relative to
N-BAR under the same conditions (Fig. 7, A and B).

In further support of our view on oligomerization being a
second step in the membrane binding mechanism, we found a
dependence of the dissociation time on the protein density on
the membrane (Fig. 7B). Conversely, no density dependence of
membrane dissociation rates is expected for a protein that does
not oligomerize on the membrane because in that case, protein
unbinding will follow a kinetic first-order process. The density
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FIGURE 7. N-BAR exhibits density-dependent membrane dissociation
and ANH (BAR) exhibits accelerated membrane dissociation. A, protein
dissociation records, as in Fig. 4, D and E, within a solution without added salt
(toincrease membrane binding) following preincubation at ~10 mm NaCl, pH
7.4, and 400 nm protein. GUVs contained 25 mol % DOPG. Lines represent
single-exponential fits. For both constructs, the decay constant is orders of
magnitude different from the timescale of the unbinding rate constant
yielded by analysis of stopped-flow data assuming a single-step binding/
association mechanism (data not shown). Fl,, fluorescence; norm., normal-
ized. B, dependence of membrane dissociation time of N-BAR and ANH (BAR)
determined as in A on the initial protein fluorescence (corrected for differing
labeling efficiencies of the two proteins) measured on the GUV, proportional
to membrane-bound protein density. Protein concentration used for prein-
cubation was varied from 100 to 400 nm for N-BAR and from 100 to 800 nm for
ANH (BAR), to yield a range of initial membrane-bound protein densities.
Other conditions are the same as in A. Lines represent linear fits. Error bars are
the errors of single exponential fits to data shown in A. AU, arbitrary units.

dependence is significantly more prominent for N-BAR relative
to ANH (BAR), consistent with changed N-BAR protein orga-
nization at elevated membrane-bound density, leading to
slower dissociation.

In sharp contrast to the slow timescale for membrane disso-
ciation of endophilin N-BAR (Figs. 4E and 6A), direct/compet-
itive binding stopped-flow measurements of peripheral pro-
teins not known to oligomerize on the membrane have revealed
membrane dissociation rate constants typically between 0.1
and 100s™ ' (see e.g. Refs. 54 —57). We note that the single dimer
unbinding rate constant (k; _ = 36 s '; Fig. 6A) determined for
endophilin does indeed lie within this range. For HIV1-Nef and
a myristoylated alanine-rich C kinase substrate (MARCKS)
peptide, both known to insert into the bilayer, respective disso-
ciation rate constants of 0.5s~ ' (58) and 1.5 s~ * (59) have been
measured. Thus, the alternative hypothesis that a deinsertion
process underlies the slow dissociation of N-BAR and the influ-
ence of the HO segment on dissociation kinetics (Fig. 7A) is not
consistent with previously measured rate constants. We note in
passing that the on-rate for endophilin membrane binding
(k; = 0.1 pm~ ' s7') lies within the range of values typically
determined for peripheral membrane proteins (43, 54, 57, 58,
60-63).

Role of Electrostatics in the Association Phase of the Mecha-
nism of N-BAR Membrane Binding—W e applied stopped-flow
analysis to describe the determinants of the first step in the
binding mechanism (Fig. 6A4). Promotion of electrostatic inter-
action strength by varying vesicle acidic lipid (DOPG) content
accelerated association and decelerated dissociation (Fig. 84).
This trend is inferred (via the relation k= k; _ + [L]k;) from
increased slopes and decreased y-intercepts (Fig. 84) extracted
from plots exemplified in Fig. 5C. Increasing ionic strength
from 33 to 750 mMm NaCl significantly decelerated association,
as indicated by similar analysis (Fig. 8B), albeit with a lower
influence on dissociation (data not shown).
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FIGURE 8. Prominent role of electrostatics in the first step of the mem-
brane binding mechanism. A, parameters extracted from analysis of titra-
tions as shown in Fig. 5C, for indicated membrane compositions, averaged
over 3-7 vesicle preparations (error bars indicate S.E.), with 33 mm NaCl and
0.3 um N-BAR A66W. B, averaged slope as in A for experiments varying solu-
tion ionic strength via the NaCl concentration, with 72% DOPG and 0.3 um
N-BAR A66W (error bars indicate S.D. and S.E. over =3 vesicle preparations). C,
DPH-PC stopped-flow association analysis in the pseudo-first-order regime,
using 0.3 um N-BAR A66W, 33 mm NaCl, with 25% DOPG and phosphoinositi-
des (PI(4)P and PI(4,5)P,) incorporated to 3 mol %. D, pseudo-first-order
parameters extracted from plots exemplified in C. Error bars represent S.D.
and S.E. of datasets as in C from =3 vesicle preparations. A similar trend was
observed using 150 mm NaCl and a background composition of 35% DOPG
(data not shown).

The sensitivity of stopped-flow parameters to electrostatic
interaction strength is consistent with the assumption that the
association step (rather than helix insertion) governs kinetics of
processes on this timescale. However, carefully delineating the
kinetic contributions of membrane association and amphi-
pathic membrane insertion remains an aim for future study.

Electrostatic influences on kinetics are likely to have impli-
cations in the context of a model (64) accounting for the role of
endophilin in clathrin-coated vesicle formation (13, 65). In par-
ticular, this model attributes a role in vesicle fission to a prefer-
ence of BAR domain proteins for PI(4,5)P, over PI(4)P. This
affinity difference has been supported by equilibrium lipid
binding studies for endophilin (13, 28). We found a marked
influence of phosphoinositides on kinetics, although revealing
no significant difference comparing PI(4,5)P, and PI(4)P in
association or dissociation (Fig. 8, C and D). Thus, localization
of N-BAR proteins to necks of budding vesicles may rely more
heavily on membrane curvature than on membrane lipid
composition.

DISCUSSION

Our in vitro results document the separation of time scales
for the following three principal interaction features of endo-
philin N-BAR at 22-27 °C. Assembled dimers remain associ-
ated for hours to days, bind the membrane in tens of millisec-
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onds, and following higher-order oligomerization, remain
membrane-bound for tens of minutes.

Implications of Dimerization Affinity and Kinetics—An influ-
ence of monomeric species on the mechanism of endophilin
membrane association has been suggested previously. Particu-
larly, the dimerization dissociation constant for N-BAR was
measured at 4 °C as 10 um (16), a far lower affinity than that
determined here at 27 °C.

The higher affinity for endophilin dimerization found here
relative to previously reported results is, in fact, closer to a value
that may be predicted by consideration of dimer-interface sur-
face area. Notably, endophilin exhibits high dimer interface
area, as do BAR domains in general (27, 66, 67), calculated using
PISA (68) as 2743 A2 for the human N-BAR structure (24). This
value is over two times larger than the maximum of a recent
tabulation of homodimers classified as weak affinity, which
have measured K, values down to 12 nm (69). Using the affinity
curation of Nooren and Thornton (70) this interface area pre-
dicts a subnanomolar K),, consistent with our experimentally
determined value at 27 °C.

Our finding of subnanomolar affinity rationalizes previous
studies that are consistent with the predominance of N-BAR
dimers over monomers at sub/low micromolar concentrations:
distance measurements via EPR methods in solution at low
micromolar concentrations (17), biochemical analysis of
extracts from rat brain (71) and from cultured cells exogenously
expressing endophilin A2 (45), and fluorescence microscopy
analysis of endophilin A2 and A1 fluorescent protein chimeras
in cultured cells (35). An analogous notion has been advanced
for the BAR protein sorting nexin 9 (72). We note in passing
that &, for endophilin dimerization may be calculated from
our measured dissociation equilibrium and rate constants (Fig.
2), as k.. = kyooo/Kp = (14 X 107 % s71)/(0.4 X 107° M) =
3.5 X 10° M~ 's™ ' at 27 °C. We conclude that our results do not
support a role for dimerization in the kinetic mechanism of
membrane binding.

Deoligomerization Kinetics—Our value for k,  suggests far
slower dissociation of membrane-bound oligomers for N-BAR
relative to a peptide examined recently (44), likely reflecting
intersubunit interactions of higher complexity for N-BAR. We
note that disassembly of membrane lattice components in live
cells is commonly not spontaneous, but depends on additional
agents, as has been illuminated in recent in vitro studies
(73-75).

Electrostatic Influence on Membrane Binding—Equilibria of
electrostatic membrane binding are well predicted by Gouy-
Chapman-Stern theory (76 —78). However, predictions for elec-
trostatic influences on kinetics (79— 81) of membrane binding
are less well developed. Trends in kinetics for varying vesicle
acidic lipid content observed here resemble those previously
reported for a C2 domain (54), a C1 domain (61), and the HIV-1
Nef protein (58). The increase in association rates with DOPG
content for N-BAR (Fig. 84) indicates that a stage in the N-BAR
binding mechanism in which PG hydrogen-bonding networks
are disassembled (82) is not rate-limiting.

Physiological Relevance of the Separation of Time Scales of
Endophilin Interactions—Live-cell imaging reports slower
apparent membrane recruitment times (5-15 s) (7, 9) relative
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to the present stopped-flow measurements (Figs. 5B and 6D).
Numerous features not present in our in vitro experiments
likely contribute to this difference, with dynamin GTPase activ-
ity (83) and actin scaffolding (5) representing factors with doc-
umented influences on endophilin membrane recruitment in
vivo.

It has been suggested that BAR domains oligomerize at clath-
rin-coated pits (84). Based on the marked extension of mem-
brane residence time observed here and attributed to oligomer-
ization for endophilin N-BAR, this process may underlie the
detection of endophilin in internalized vesicle preparations (85,
86). However, recycling of endophilin between membranes and
the cytoplasm would likely require mechanisms for the dissoci-
ation of endophilin oligomers to thereby regulate the mem-
brane residence time of the protein. Indeed, a regulatory role
for membrane-mediated oligomerization of synaptotagmin has
been proposed (87). Recent work has shown the effects of phos-
phorylation within endophilin H1I on membrane binding and
tubulation, and in turn, functional recycling of endophilin
between membrane and cytoplasm. A direction for future stud-
ies is thus to pursue whether phosphorylation within HO (88)
may provide alternative regulation by impacting endophilin
oligomerization on the membrane (89).
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