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(Background: PACSINs participate in cellular membrane remodeling.
Results: PACSIN 3 F-BAR induces different tubules compared with PACSIN 1 and 2. Structures of PACSINs reveal a novel
wedge loop-mediated lateral interaction and different packing mode in PACSIN 3.
Conclusion: The rigidity of the wedge loop determines the angles between neighboring dimers and further dictates tubule

Significance: The study provides novel insights into F-BAR domain-induced membrane deformation.
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BAR (Bin/amphiphysin/Rvs) domain-containing proteins
participate in cellular membrane remodeling. The F-BAR pro-
teins normally generate low curvature tubules. However, in
the PACSIN subfamily, the F-BAR domain from PACSIN 1
and 2 can induce both high and low curvature tubules. We
found that unlike PACSIN 1 and 2, PACSIN 3 could only
induce low curvature tubules. To elucidate the key factors
that dictate the tubule curvature, crystal structures of all
three PACSIN F-BAR domains were determined. A novel type
of lateral interaction mediated by a wedge loop is observed
between the F-BAR neighboring dimers. Comparisons of the
structures of PACSIN 3 with PACSIN 1 and 2 indicate that the
wedge loop of PACSIN 3 is more rigid, which influences
the lateral interactions between assembled dimers. We fur-
ther identified the residues that affect the rigidity of the loop
by mutagenesis and determined the structures of two PAC-
SIN 3 wedge loop mutants. Our results suggest that the rigid-
ity-mediated conformations of the wedge loop correlate well
with the various crystal packing modes and membrane tubu-
lations. Thus, the rigidity of the wedge loop is a key factor in
dictating tubule diameters.

Cellular membrane deformation is important in the process
of cargo transportation and cell movement (1-5). Membrane
remodeling is induced by the packing of protein oligomers on
the negatively charged membrane surface (6 —8). The Bin/am-
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phiphysin/Rvs (BAR)®> domain proteins, including N-BAR
(N-terminal amphipathic helix-BAR), EFC/F-BAR (Fes/CIP4
homology-BAR), and IMD/IBAR (inverse-BAR) domain pro-
teins, are important for membrane remodeling in vesicle bud-
ding, membrane trafficking between intracellular compart-
ments, and cell division (6, 9-14). F-BAR domain proteins
contain a central a-helix bundle that stabilizes the membrane
via the positively charged protein surface of homodimer and
bends the membrane into tubules with low curvature (8,
15-17). The crystal structures of FBP17 and CIP4 revealed that
F-BAR domain proteins form filaments through end-to-end
interactions between dimers in the crystal, and the diameters of
the induced tubules were proposed to be related to the intrinsic
large radial curvature of the F-BAR dimer (16). Cryo-EM stud-
ies of CIP4 and FBP17 showed that the F-BAR domain-induced
membrane tubulation is caused by the packing of the protein
helical lattice on the membrane surface via lateral and tip-to-tip
interactions of the F-BAR dimers (18).

PACSINSs (also named syndapin) constitute a branch of the
F-BAR domain protein family, which are cytoplasmic proteins
involved in receptor-mediated endocytosis, synaptic vesicle
trafficking, and biogenesis of different cellular organelles (11,
19-26). PACSINs contain the N-terminal F-BAR domain and a
C-terminal mono-Src homology 3 domain. The PACSIN family
contains PACSIN 1, 2, and 3, which differ in their tissue distri-
butions. PACSIN 1 is detected primarily in neuron cells, and
PACSIN 3 is found in lung and muscle tissues, whereas PACSIN 2
is expressed ubiquitously (21, 27, 28). The F-BAR-mediated
membrane deformation of PACSIN 1 is autoinhibited by its Src
homology 3 domain (29). Interactions of PACSINs with other
proteins such as dynamin and the neutal Wiskott-Aldrich syn-
drome protein also play important roles in membrane remod-
eling activities (30).

In contrast to the typical F-BAR domain proteins that mainly
generate low curvature tubules (100 nm in diameter), PACSIN

3 The abbreviations used are: BAR protein, Bin/famphiphysin/Rvs domain pro-
tein; PACSIN, protein kinase C and casein kinase substrate in neurons pro-
tein; PDB, Protein Data Bank.
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1 and 2 can induce a wide range radius of membrane tubules
including not only the typical 100-nm tubule but also smaller
tubules with an average diameter of 10 nm. In addition, they
also facilitate tubule constrictions (31). Both crystal structures
of the F-BAR domain of PACSIN 1 and 2 reveal a unique wedge
loop, which was proposed to contribute to membrane insertion
and binding (31). A hinge in the distal end of the murine PACSIN
2 F-BAR domain was predicted to contribute to membrane cur-
vature sensing (32). However, the detailed mechanism of how
the F-BAR dimers of PACSIN induce various curvature tubu-
lations remains unclear.

To elucidate further the mechanism of membrane remodel-
ing by the F-BAR domain of PACSINs, we investigated the
membrane deformation by the PACSIN 3 F-BAR domain com-
pared with PACSIN 1 and PACSIN 2 F-BAR domains, by neg-
ative-stain electron microscopy. We further determined the
structures of the F-BAR domains from PACSIN 3, PACSIN 1,
PACSIN 2, and two PACSIN 3 loop mutants, E128A and
P121Q. We found that different from PACSIN 1 and 2, PACSIN
3 could only induce ~100-nm tubules. Based on structure stud-
ies, we discovered that the more rigid PACSIN 3 wedge loop,
which is in a different structural conformation compared with
PACSIN 1 and 2, contributes to the distinct lattice formed by
the PACSIN 3 F-BAR domain in the crystal. The parallel lattice
of PACSIN 3 reveals a novel type of wedge loop-mediated lat-
eral interaction between neighboring dimers, and the lattice is
related to protein packing on the tubulated membrane. We fur-
ther identified the residues that determine the rigidity of the
wedge loop in the PACSIN 3 F-BAR domain. The mutations of
these residues change the structural conformation of the wedge
loop, which alters the wedge loop-mediated lateral interactions
between neighboring dimers and further influences the mem-
brane curvature. Therefore, the rigidity of the wedge loop in
PACSIN 3 is a key factor in dictating the diameters of tubules.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The F-BAR domain of
PACSIN 1 (residues 1-344), PACSIN 1 mutants, the F-BAR
domain of PACSIN 2 (residues 1-372) and PACSIN 2 mutant
E130A, the F-BAR domain of mouse PACSIN 3 (residues
1-341, which has 94% amino acid sequence identity to human
PACSIN 3) and PACSIN 3 mutants, were cloned into pET28a
vector. All proteins except PACSIN 1 truncate 1-344 were
expressed in Escherichia coli BL21 (DE3) cells and purified on a
Ni**-HiTrap affinity column followed by a Superdex-75 col-
umn (GE Healthcare) (33).

PACSIN 1 truncate 1-344 was expressed in B834 cells which
were cultured in M9 minimal medium supplemented with 50
mg/liter kanamycin and 40 mg/liter selenomethionine, and
purified as described (33).

Protein Crystallization and Structural Determination—Ini-
tial crystallization conditions were screened using kits from
Hampton Research including PEG, Crystal Screen, Crystal
Screen 2, and Index. Crystals were optimized by the hanging-
drop vapor diffusion method. Drops were prepared by mixing 2
ul of protein solution (8 mg/ml protein in 500 mm NaCl, 10 mm
HEPES, pH 7.5) with 2 ul of reservoir solution and were equil-
ibrated against 500 ul of reservoir solution at 293 K. A large
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crystal of PACSIN 1 F-BAR (600 X 190 X 200 pum) was
obtained within 2 weeks from 200 mm NH,H,PO,, 100 mm
HEPES, pH 7.5, 16% PEG 3350 (w/v), and 5% glycerol. The
crystal of PACSIN 2 F-BAR was obtained from 100 mm MgCl,,
100 mm sodium cacodylate, pH 6.5, 18% PEG 3350 (w/v) within
2 days. The crystal of PACSIN 3 F-BAR was obtained from 200
mMm KSCN, 100 mm HEPES, pH 7.3, 100 mMm CaCl,, 20% PEG
3350 (w/v) within 3 days. The crystal of PACSIN 3 E128A was
obtained from 200 mm CH;COONH,, 100 mm CaCl,, 16% PEG
3350 (w/v), and PACSIN 3 P121Q from 0.5 M ammonium sul-
fate, 0.1 M sodium citrate tribasic dehydrate, pH 5.6, 1.0 M lith-
ium sulfate monohydrate within 10 days. 15, 15, 25, 20, and 28%
glycerol was used as cryoprotectant for PACSIN 1, PACSIN 2,
PACSIN 3, PACSIN 3 E128A, and PACSIN 3 P121Q.

For crystal data collection, crystals were flash-cooled with a
nitrogen stream at 100 K, and x-ray diffraction data were col-
lected on Mar 345 image plate detector at SSRF. Data of PACSIN
1(1-344) were processed with HKL2000 and MLPHARE soft-
ware (34). Images of the F-BAR domains of PACSIN 1, PACSIN
2, PACSIN 3, PACSIN 3 mutant E128A, and PACSIN 3 P121Q
were integrated with Mosflm (35), and data were carried out by
Molecular Replacement by CCP4 (34) with PACSIN 1-344 as
the model, and finally refined by COOT (36).

Liposome Preparation—Lipids containing 80% DOPC and
20% DOPA (Avanti) were mixed and dissolved in chloroform.
The organic solvent was removed by evaporation under a
stream of nitrogen gas, followed by incubation for 2 h in a vac-
uum to ensure complete removal of solvent. Lipid films were
resuspended in HEPES buffer (10 mm HEPES, pH 7.4, 50 mm
NaCl, 0.2 mm EDTA) and subjected to 10 freeze-thaw cycles.
Large unilamellar vesicles were then formed by extrusion
through 100-nm nucleopore polycarbonate membranes. The
prepared liposomes were stored at 4 °C.

Liposome Sedimentation Assay—Protein (1 mg/ml) was
incubated with liposome (1 mg/ml) with 1:1 protein-lipid vol-
ume ratio for 20 min at room temperature. The protein-lipid
mixture was centrifuged at 140,000 X g for 30 min at 4 °C in an
ultracentrifuge (Beckman TLA100 rotor). Supernatants were
then collected, and pellets were resuspended in 40 ul of sample
buffer. Proteins in both fractions were subjected to SDS-PAGE,
stained with Coomassie Blue, and visualized by a Bio-Rad XRS
system.

Tubulation Assays—Protein (1 mg/ml) was incubated with
liposome (1 mg/ml) with 1:1 protein-lipid volume ratio for 5
min at room temperature. 6-ul protein-liposome samples were
then spread onto freshly glow-discharged Formvar- and car-
bon-coated electron microscopy grids, stained with 2% uranyl
acetate for 1 min, and air dried at room temperature. The grid
was examined on a transmission electron microscope (FEI 200
kV) with the electron energy set to 120 kV.

Nanogold Labeling Tubulation Assays—Protein (1 mg/ml)
was incubated with liposome (1 mg/ml) with 1:1 protein-lipid
volume ratio for 5 min at room temperature. 6-ul protein-lipo-
some samples were then spread onto freshly glow-discharged
Formvar- and carbon-coated electron microscopy grids and
stained with 5 nm Ni-nitrilotriacetic acid-nanogold (Nano-
probes) for 1 min at room temperature followed by staining
with 2% uranyl acetate for 1 min and air dried at room temper-
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FIGURE 1. PACSIN-induced liposome tubulation. A, negative stain EM images of liposomes and tubules induced by PACSIN 3 and PACSIN 1, two F-BAR
domains, and quantification of liposome tubulation in the same experiment. Liposomes were incubated with the purified F-BAR domain of PACSIN 1 (residues
1-344), PACSIN 2 (residues 1-372), and PACSIN 3 (residues 1-341). Insets show the higher magnifications of the tubules indicated by arrows. Scale bars, 50, 100,
and 500 nm, respectively. B, ribbon presentation of the F-BAR dimers of PASCIN 3. The two monomers interact with each other in an antiparallel manner. Each
monomer consists of six a-helices named 1-6. One monomer is tinted in a different color for the six a-helices; the other is colored in green. C, superimposition
of the F-BAR domain between PACSIN 3 (Protein Data Bank (PDB) code 3QE6) and FBP17 (PDB code 2EFL). Ribbon representation is shown. PACSIN 3and FBP17
are colored in cyan and yellow, respectively. The arrow indicates the unique wedge loop in the PACSIN family proteins that is not found in any other F-BAR

domain structure.

ature. The grid was examined on a transmission electron
microscope (FEI 200 kV) with electron energy set to 120 kV.

RESULTS

Membrane Tubulation Induced by F-BAR Domain of PAC-
SIN 3 Is Different from PACSIN 1 and 2—To investigate the
membrane deformation induced by PACSINs, the F-BAR
domains from PACSIN 1, 2, and PACSIN 3 were expressed in
E. coli and purified to near homogeneity. Liposome tubulation
induced by F-BAR domains was examined by negative stain
electron microscopy. Unlike other F-BAR domain-containing
proteins, tubules induced by PACSIN 1 and 2 have various
diameters, which is consistent with previous reports (31). These
tubules are mainly classified into three classes: the first class has
low curvature with a diameter of ~100 nm, the second class has
intermediate curvature with a diameter of ~50 nm, and the
third class has high curvature with a diameter of ~10 nm (Fig.
1A). In addition, tubules with other diameters were also
observed. In contrast, the PACSIN 3 F-BAR domain could only
induce low curvature tubules of ~100-nm diameter (Fig. 1A4),
despite sharing 55 and 60% sequence identity with the F-BAR
domain of PACSIN 1 and 2, respectively.

Crystal Structure of PACSIN 3 F-BAR Domain Shows Novel
Type of Lateral Interaction Mediated by Wedge Loop—To elu-
cidate the molecular mechanism to explain the differences in
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membrane tubulation between PACSIN 3 and PACSIN 1, 2, we
crystallized and determined the structures of the F-BAR
domain of PACSIN 3 (residues 1-304), as well as that of PAC-
SIN 1 (residues 14 —-308) and PACSIN 2 (residues 1-304) (sup-
plemental Fig. 1 and Table 1). The structure of the PACSIN 1
F-BAR domain was determined by single anomalous dispersion
phasing, using data collected with a crystal of selenomethio-
nine-derivatized protein, and the structures of PACSIN 2 and
PACSIN 3 F-BAR domains were solved by molecular replace-
ment using the initial structure of the PACSIN 1 F-BAR domain
as the searching model. The structures of PACSIN 1, PACSIN
2, and PACSIN 3 F-BAR domains were refined to resolutions of
2.9,2.7,and 2.6 A in the space groups C2, P2,, and P2,, respec-
tively (Table 1). The structures showed that PACSINs form a
dimer in the crystal and adopt a crescent shape with a six-helix
bundle core and two three-helix bundle arms extending from
the central body. Each monomer is composed of six a-helices
that interact with the other monomer in an antiparallel man-
ner. Two neighboring helices al form the main central
dimerization interface that are flanked by two wings composed
of helix a3 and the curved region of helix a4. Helix a3 and a
longer helix a4 both extend the length of the monomer with
bending ends. Helix @2 and the shorter helices a5 and a6 gen-
erate the bundle center that is associated with helix a1 (Fig. 1B
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Resolution range (A)

30-2.8 (2.91-2.8)

30-2.6 (2.75-2.6)

30-2.6 (2.67-2.6)

15-2.6 (2.67-2.6)

TABLE 1
Data collection and refinement statistics
Se-PACSIN PACSIN 2 PACSIN 3 PACSIN3E128A PACSIN3P121Q
(residues 1-307) (residues 1-304) (residues 1-304) (residues 1-302) (residues 6 —299)
Diffraction data
Space group C2 P2, P2, P2, P2,
Unit cell parameters
(a, b, c) (A) 85.3, 154.3, 215.4 31.58, 86.13, 353.80 46.9, 54.7,193.7 47.5,52.3,196.5 120.570, 108.901, 222.319
afy 90, 90.3, 90 90, 90, 90 90, 96.9, 90 90, 94.8, 90 90.00, 90.05, 90.00

50-3.1(3.18-3.1)

Unique reflections 63,353 41,646 28,175 28,283 98,202
Completeness (%) 96.2 (87.43) 99.7 (85.9) 97.8 (90.8) 99.8 (93.7) 98.68 (98.02)
Mean I/o(I) 16.65 (2.5) 14.5 (2.5) 35.4(3.4) 14.2 (2.4) 18.3(3.1)
Multiplicity 4.3 3.1 4.1 4 4.3
Refinement
R,/ Riee (%) 22.1/29.4 20.77/29.2 22.7/27.4 23.2/28.1 27/33.6
Modeled chain: residues A
Non-H atoms (protein/water) 13,874/213 9,683//202 4,648/34 4,587/10 16,535/197
Root mean square deviations
Bonds (A)/Angles (°) 0.017/1.692 0.015/1.593 0.022/2.041 0.011/1.297 0.0213/2.009
Ramachandran analysis
Favored 98.61 98.14 93.94 96.22 94.01
Allowed 1.33 1.68 5.81 3.78 5.14
Generously allowed 0.06 0.18 0.24 0 0.86
Disallowed 0 0 0 0 0

“ R =3||F,| = |F]|/Z|F,|. The full-length PACSINS proteins were first crystallized but degraded from the C-terminal Src homology 3 domain. Then the truncation of Se-
PACSIN (residues 1-305), PACSIN 2 (residues 1-305), and PACSIN 3 (residues 1-302) was designed and crystallized.

and supplemental Fig. 1A4). The structure-based sequence
alignment of the residues on the protein surface of the F-BAR
domains of PACSINs showed that the positively charged resi-
dues on the concave surface are highly conserved (supplemen-
tal Fig. 1, B and C). Consistent with the previously determined
structures of the F-BAR domain of PACSIN 1 and 2 (31), the
wedge loop between helices @2 and a3 is also present in PAC-
SIN 3, which is a distinct feature of the F-BAR domain of PAC-
SINs and has not been observed in other BAR domain-contain-
ing families (Fig. 1C).

Despite the structure similarity between the F-BAR dimer of
PACSIN 3 and those of PACSIN 1 and 2, we found that the
packing patterns of the neighboring dimers of these proteins
are strikingly different in the crystal: PACSIN 3 shows only a
parallel packing among all the different crystallization condi-
tions that have been examined, whereas PACSIN 1 and 2 show
different packing modes (supplemental Fig. 2).

We also found that the parallel packing of the PACSIN 3
F-BAR domain is similar to the packing lattice of the CIP4
F-BAR domain observed on the tubules by cryo-EM (18). How-
ever, a close-up view of the PACSIN 3 structure reveals a dis-
tinct type of lateral interaction between two neighboring
dimers (Fig. 2A4), in addition to the typical CIP4-like tip-to-tip
interaction. In CIP4, the lateral interactions between the neigh-
boring dimers involve only the residues of neighboring helices,
whereas in PACSIN 3, the lateral interactions are between one
of the PACSIN-specific wedge loops with the helix a2 of the
neighboring dimer (Fig. 2, A, left, and B, upper). The other
wedge loop of the same dimer extends out into the membrane
direction (Fig. 2, A, right, and B, lower). This observation sug-
gests that the wedge loop might function in two ways: one loop
in the dimer is involved in the lateral interaction, and the other
loop in the dimer extends out and inserts into the membrane
bilayer.
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Dual Roles of Wedge Loop in Mediating Protein Packing and
Membrane Binding—To confirm that the wedge loop is
involved in the interactions between the neighboring dimers,
we mutated the residues located in the lateral contacting area
(Fig. 2C, left). A total of 15 mutants of the five residues on the
contacting surface were constructed. The mutants were puri-
fied and examined by a liposome tubulation assay (Fig. 34). The
binding of these mutants to liposomes was investigated by a
sedimentation assay (Fig. 3B). Mutations in the wedge loop
(HI19E/A/Q, R127E/A/Q) or in the contacting area (E93R/
A/Q,E97R/A/Qand E100R/A/Q) abolished the liposome tubu-
lation activity completely, but retained the liposome binding
ability (Fig. 3 and supplemental Fig. 3B). This observation indi-
cates that the interaction between the wedge loop and its neigh-
boring dimer plays critical roles in protein packing on the mem-
brane to induce liposome tubulation.

We further examined the residues on the wedge loop that
may insert into the membrane bilayer. A series of mutants of
the wedge loop, AV1221.123, V122E/L123E, and V122R/L123R
of PACSIN 3 (Fig. 2C, right) were constructed in which the two
bulky hydrophobic residues at the base of the wedge loop were
either deleted or mutated. The liposome tubulation activities
and the binding of these mutants to liposomes were also inves-
tigated. Our results showed that the deletion of the wedge loop
(AV1221123) or mutation of residues Val-122 and Leu-123 at
the center of the wedge loop to Glu or Arg (V122E/L123E,
V122R/L123R) totally abolished induction of tubules and
reduced liposome binding (Fig. 3B), which is consistent with
the observation in the site mutation constructs 1125E or
M126E previously reported in PACSIN 1 (31). These results
indicate that the wedge loop binds liposomes through hydro-
phobic residues Val-122 and Leu-123 (or Ile-125/Met-126 in
PACSIN 1, and Met-124/Met-125 in PACSIN 2, supplemen-
tal Fig. 3B).
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FIGURE 2. Wedge loop plays dual roles in PACSIN 3 packing. A, novel type of loop-mediated lateral interaction found in PACSIN 3 F-BAR packing. The PACSIN
3 F-BAR domain packs in a parallel manner which connected by tip-to-tip interactions and the loop-mediated lateral interactions. B, close-up view of the two
wedge loops in the same dimer. One of the wedge loops interacts with its adjacent dimer (upper). The other wedge loop is exposed and extrudes into the target
membrane direction (lower). The right view is rotated by 90° clockwise relative to the left view. The two adjacent dimers are colored marine and yellow, and
presented as ribbon and surface, respectively. C, left image showing residues on the contacting surface between the wedge loop and the neighboring dimer.
Indicated residues are shown as side chain sticks. Right image shows the membrane binding wedge loop from residue His-119 to Glu-128 and is presented as

side chain sticks.

There is a possibility that the mutant proteins may be dis-
torted in structure, thus influencing the membrane tubulation
property. We therefore monitored the secondary structure of
all of the mutant proteins by a circular dichroism assay. Our
results showed that the secondary structures of these mutants
are similar to the wild-type protein (supplemental Fig. 3), indi-
cating that the lost of the tubulation activity is caused by the
elimination of protein-protein interaction, not by destroying
the structure of the protein.

To characterize further where the PACSIN proteins localize
in the tubulation process, 5-nm Ni*" -nitrilotriacetic acid-
linked nanogold particles were used to label the His-tagged
PACSIN F-BAR proteins in tubulation assays (Fig. 3C). The
results showed that the nanogold particles were concentrated
on the surface of the tubules. This observation indicates that
tubules are induced by the PACSIN F-BAR proteins.

Rigidity of Wedge Loop Influences Lateral Interactions and
Dictates Diameter of Tubules—Superimposition of the wedge
loops among PACSIN 3 and PACSIN 1 and 2 revealed that the
wedge loop of PACSIN 3 has a different conformation. The
wedge loop of PACSIN 3 is wider and bends more toward
the inner side of the dimer compared with the relatively flat,
outward-splayed loops in PACSIN 1 and 2 (Fig. 44, left). We
therefore hypothesized that the conformational difference of the
wedge loops would be an important factor in determination of the
interaction pattern between neighboring dimers and would con-
tribute further to the variations in membrane tubulation.

Structure-based sequence alignments of the wedge loop
region in PACSINs revealed that the predominant difference
between PACSIN 3 and PACSIN 1 or 2 is residue Pro-121
located in the center of the wedge loop of PACSIN 3, which
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superimposes onto residue GIn-124 and Gln-123 in PACSIN 1
and 2, respectively (Fig. 4, B and C). The rigidity of the proline
residue may restrain the flexibility of the wedge loop in PACSIN
3 and affect the interaction pattern between neighboring
dimers and membrane tubulation.

To verify the above predictions, we mutated Pro-121 of
PACSIN 3 to glutamine, which is found in PACSIN 1 and 2, and
substituted the equivalent glutamine of PACSIN 1 and 2 with
proline. The effects of the mutant proteins on liposome tubu-
lation were investigated by negative stain EM. Consistent with
the hypothesis, replacement of proline with glutamine at posi-
tion 121 (P121Q) in PACSIN 3 led to the formation of a large
number of pseudopod-like small tubules, in addition to the
large tubules (Fig. 54). These pseudopod-like tubules were
approximately 10 nm in diameter, and some are budded from
the surface of the large tubules. At the same time, replacement
of GIn with Pro in PACSIN 1 Q124P and PACSIN 2 Q123P
induced only one type of large tubules that are ~100-nm in
diameter (Fig. 5B). Moreover, we determined the crystal struc-
ture of the PACSIN 3 P121Q mutant to 2.9 A resolution (sup-
plemental Fig. 4 and Table 1). The structure revealed that the
mutation of proline to glutamine changed the orientation of the
wedge loop of PACSIN 3, and the wedge loop in the mutant
structure points outward and superimposes very well with the
wedge loop of native PACSIN 1 and 2 (Fig. 4A, middle). In
addition, the crystal packing of PACSIN 3 P121Q showed an
obvious change of the angle between the neighboring dimers,
which resembles that found in PACSIN 1 and 2 packing lattices
(supplemental Fig. 2). These results demonstrate that the rigid-
ity of the wedge loop in the PACSINs F-BAR domain correlates
with the conformational change of the wedge loop and further
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FIGURE 4. Comparisons of the wedge loop among PACSINSs. A, structural alignments of the wedge loop among PACSIN 1, 2, 3 and PACSIN 3 mutants P121Q
and E128A.The wedge loop in PACSIN 3 points inward by 45° compared with PACSIN 2 and points inward by 30° compared with PACSIN 1 (left). Compared with
the wedge loop in the wild-type PACSIN 3 F-BAR domain, the wedge loop in the PACSIN 3 P121Q mutant swings outward and is superimposable with the
wedge loop of PACSIN 1 and 2 (middle); and the wedge loop in the PACSIN3 E128A mutant reoriented significantly by swinging 30° outward to resemble the
outward-splayed wedge loop in PACSIN 1 and PACSIN 2 (right). B, close-up view of the wedge loops of PACSIN 1, PACSIN 2, PACSIN 3, and PACSIN 3 E128A
mutant. All of the native structures of the PACSIN F-BAR domains include a conserved hydrogen bond between Glu and His at the base of the wedge loop
(Glu-131 and His-122 for PACSIN 1, Glu-130 and His-121 for PACSIN 2, and Glu-128 and His-119 for PACSIN 3), whereas this hydrogen bond is absent in the
PACSIN 3 E128A mutant. C, sequence alignments of the wedge loop among PACSINs from human and mouse using ClustalX. Instead of the conserved residue
GIn in PASCIN 1 and 2, it is a conformationally restrained Pro residue at position 121 in PACSIN 3. Asterisks and colons indicate homology sequence among
PACSIN 1 PACSIN 2 and PACSIN 3.

affects lateral interactions of neighboring dimers and mem- charged residues, or deletion of them, resulted in the complete

brane tubulation.

To investigate whether mutation of Pro-121 in PACSIN 3 to
glutamine affects the specific interactions between the wedge
loop and membrane, a sedimentation assay was performed. The
result showed that PACSIN 3 P121Q did not change the bind-
ing of protein to lipid bilayers (supplemental Fig. 3B). Con-
versely, the mutations of PACSIN3 Val-122 and Leu-123 to

loss of the membrane binding ability even though Pro-121 is
still intact (Fig. 3). These results indicate that Pro-121 is not
involved in membrane insertion. Therefore, the reason that
P121Q can induce the large type of tubules is not due to the
change of the wedge loop insertion.

Structure-based sequence alignments also suggest that there
isanother residue, Glu-128 in PACSIN 3 (Glu-131 in PACSIN 1

FIGURE 3. Tubulation and sedimentation assays of PACSIN 3 F-BAR and mutants. A, negative-stained electron micrographs are shown. Liposomes were
incubated with PACSIN 3 and its mutant proteins and examined by EM. AV122L.123, V122E/L123E, V122R/L123R altered only membrane binding, whereas
R127E,H119E altered only the interactions between neighboring dimers. E93R, E97R, and E100R are mutations on the contacting surface of neighboring dimer
as shown in Fig. 2C, left. B, liposomes were incubated with PACSIN 3 and its mutant proteins and examined by sedimentation assays. Supernatant (S) and pellet
(P) fractions were analyzed by SDS-PAGE. Band in pellet represents the protein bound to liposome. Histograms with means =+ S.E. (error bars) show the
quantified protein in supernatant and pellet with the total protein defined as 100%. C, liposomes were incubated with the His-tagged F-BAR proteins of
PACSINs followed by Ni-nitrilotriacetic acid-nanogold particles (5-nm diameter) treatment and then visualized by EM.
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FIGURE 5. Key residues in determination of diameter of liposome tubules. Liposomes were incubated with different mutant proteins and examined by EM.
The numbers of the tubules were quantified on five independently prepared EM grids. Membrane constrictions are denoted by arrows. A, mutation in the
wedge loop of PACSIN 3 F-BAR P121Q has a profound influence on the diameters of the induced liposome tubules. B, substitution of residue GIn to Pro in the
wedge loop of PACSIN 1 and 2 only results in low curvature tubules as shown in PACSIN 3 F-BAR in Fig. 1C. C, mutation in the wedge loop of PACSIN 3 E128A
induces predominantly tubules with a diameter of 50 nm, in addition to the typical 100-nm tubules as induced by PACSIN 3 F-BAR.

and Glu-130 in PACSIN 2) that forms a hydrogen bond with the
main chain of His-119 (His-122 in PACSIN 1 and His-121 in PAC-
SIN 2) (Fig. 4B), may also be important for the conformation of the
wedge loop. The crystal structure of the PACSIN 3 E128A mutant
determined here to 2.8 A resolution (supplemental Fig. 4 and
Table 1) showed that substitution of Glu-128 with alanine elimi-
nated the hydrogen bond between Glu-128 and His-119 (Fig. 4B)
and resulted in a significant conformational change in the wedge
loop. The E128A wedge loop of PACSIN 3 was found to resem-
ble the wedge loop of PACSIN 1 and 2 in an outward-splayed
pattern (Fig. 4A, right). Structural comparisons of the PACSIN
3 E128A loop with that of the wild type suggest that the hydro-
gen bond between Glu-128 and His-119 could function as alock
to maintain the loop conformation. The PACSIN 3 E128A was
found to induce predominantly tubules with a diameter of 50
nm in addition to the typical 100-nm tubules induced by wild-
type PACSIN3 (Fig. 5C), which resemble the intermediate and
low curvature tubules induced by PACSIN 1 and 2. Similarly,
mutants E131A and E130A of PACSIN 1 and 2 also showed
more membrane constrictions budding from the tubules (sup-
plemental Fig. 5) and more high curvature tubules compared
with the wild-type PACSIN 1 and 2. These data suggest that, in

22394 JOURNAL OF BIOLOGICAL CHEMISTRY

PACSINS, the hydrogen bond between Glu-128 (Glu-131 or
Glu-130) and His-119 (His-122 or His-121) helps to reinforce
the rigidity and orientation of the wedge loop and therefore
affects the curvature of the tubules.

DISCUSSION

Membrane curving by BAR domain proteins is an important
biological process involved in vesicle trafficking and subcellular
structure stabilization. Various tubules induced by the F-BAR
domain of PACSINs are important in membrane deformation
(20-25). It was suggested that the distinct wedge loop of PACSIN
1 and 2 F-BAR domains inserts into lipid bilayers of membrane
(31). However, there is no clear interpretation to explain why the
F-BAR domains of PACSIN 1 and 2 induce tubules with such
diverse diameters.

Here, we performed structural and biochemical studies on
the F-BAR domains from all three PACSINs and systematically
compared the differences of the F-BAR domains between PAC-
SIN 3 and 1, or 2 with respect to structure and membrane tubu-
lation activities. Our analyses revealed that the more rigid wedge
loop in the F-BAR domain of PACSIN 3 is responsible for its
unique feature of inducing only low curvature tubules compared
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with PACSIN 1 and 2. When the wedge loop in the F-BAR domain
of PACSIN 1 and 2 was mutated to the more rigid structure as
found in PACSIN 3, these mutants induced only low curvature
tubules as the wild-type PACSIN 3. Conversely, mutants that
modified the PACSIN 3 wedge loop to resemble the wedge loop in
PACSIN 1 and 2 induced tubules with dimensions similar to those
found in the wild-type PACSIN 1 and 2.

The distal end of murine PACSIN 2 was proposed to sense the
membrane (32). Comparisons of the distal ends of wild-type PAC-
SIN 3 with PACSIN 1 and 2 show no obvious difference in all the
structures we determined (supplemental Fig. 6), suggesting that
the various phenotypes presented by PACSIN 1 and 2 F-BAR may
not be correlated with the intrinsic curvature of the dimer surface.

It was previously reported that during tubulation, F-BAR
proteins make tip-to-tip interactions and contacts between lat-
erally adjacent dimers (18). The diameters of the induced
tubules were proposed to be related to the intrinsic large radial
curvature of the F-BAR domain, such as CIP4 and FBP17 (16).
However, in PACSINS, the intrinsic curvature itself certainly
could not result in such diverse tubules with various diameters
because PACSIN 1 and 2 induce tubules different from those
induced by PACSIN 3 even though all three PACSINs almost
have the same intrinsic curvature. According to the crystal
packing pattern of PACSIN 3, we propose a potential mem-
brane tubulation model for PACSINSs (supplemental Fig. 7): the
F-BAR domain is connected by tip-to-tip interactions and the
wedge loop-mediated lateral interactions to form filaments.
The filament of the F-BAR protein bends as a hinge motion at
the tip-to-tip interaction to various extents. The extent of the
motion is dependent on the angle between two adjacent dimers,
and this angle is determined by the conformation of the wedge
loop. This results in the filament winding spirally around a
cylindrical membrane. The larger the angle is between the two
dimers, the more the dimer bends the membrane; the more the
membrane is bent, and the smaller the diameter of the tubule is
(supplemental Fig. 7E). This model also shed light on under-
standing why PACSINs generate different size tubules in so
many biological processes, such as trans-Golgi network vesicle
formation, filopodia tips, and lamellipodia dynamics, micro-
spike formation, and caveola fission (22, 24, 37, 38).

In conclusion, the membrane tubulation by PACSIN 3 was
shown to be different from PACSIN 1 and 2, and these differ-
ences are due to different degrees of rigidity of the wedge loop.
We demonstrated that the rigidity of the wedge loop in the
PACSIN F-BAR domain is a key factor that determines the dif-
ferent angles between two neighboring dimers and dictates the
diameters of various tubules. Our study provides new insights
for understanding the mechanism of membrane deformation
by the PACSIN family proteins.
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