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The sorting nexin (SNX) family of proteins deform the membrane
to generate transport carriers in endosomal pathways. Here, we
elucidate how a prototypic member, SNX1, acts in this process.
Performing cryoelectron microscopy, we find that SNX1 assembles
into a protein lattice that consists of helical rows of SNX1 dimers
wrapped around tubular membranes in a crosslinked fashion. We
also visualize the details of this structure, which provides a molecular
understanding of how various parts of SNX1 contribute to its ability
to deform the membrane. Moreover, we have compared the SNX1
structure with a previously elucidated structure of an endosomal
coat complex formed by retromer coupled to a SNX, which reveals
how the molecular organization of the SNX in this coat complex is
affected by retromer. The comparison also suggests insight into
intermediary stages of assembly that results in the formation of the
retromer-SNX coat complex on the membrane.
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orting nexins (SNXs) exist as a large family of proteins de-

fined by the presence of a PX (phox homology) domain (1,
2). Members of this family have been found to act as coat proteins
in endosomal pathways that include recycling from endosomes to
the plasma membrane and retrieval from endosomes to the Golgi
complex (3, 4). Defects in these transport processes is associated
with various neurologic disorders including Alzheimer’s disease,
Parkinson’s disease, and Down'’s syndrome (5, 6).

Coat proteins assemble into complexes on the membrane to
initiate intracellular transport pathways by coupling two main
functions: bending the membrane to generate transport carriers
and binding to cargoes for their sorting into these carriers (7).
Retromer, a trimeric complex consisting of Vps26, Vps29, and
Vps35, has been found to couple with different SNXs to form
multiple endosomal coat complexes, in which select members of
the SNX family act in membrane deformation while retromer
acts in cargo recognition (8-17). Recently, a detailed molecular
view of this functional cooperation has been achieved by elucidating
the structure of a retromer-SNX complex on the membrane (18).

Notably, it has been further discovered recently that an endo-
somal coat complex can be formed with only SNX members. SNX1/
2 have been found to heterodimerize with SNX5/6 to form the
endosomal SNX-BAR sorting complex for promoting exit 1
(ESCPE-1) complex, in which SNX1/2 are proposed to act in
membrane deformation while SNX5/6 act in cargo recognition
(19). As such, a key question has become whether SNX that acts
in membrane deformation in this type of coat complex would be
organized similarly on the membrane, as previously elucidated
for SNX in the context of a retromer-SNX complex (18).

One of the best characterized mechanisms of membrane defor-
mation involves proteins that possess the BAR (Bin/Amphiphysin/
Rvs) domain. This domain has been shown to undergo homo-
dimerization to form a banana-shaped structure, which can im-
part membrane curvature through a scaffolding mechanism that
involves electrostatic interactions between the positive charges
lining the concave side of the curved BAR dimer and the neg-
ative charges that line the surface of the membrane bilayer. In
some cases, the BAR domain can deform the membrane through
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a second mechanism, which involves the formation of an amphi-
pathic helix that inserts into one leaflet of the membrane bilayer to
generate bilayer asymmetry in driving membrane curvature (20, 21).

Besides the PX domain, SNX1 also possesses a BAR domain.
However, studies have found that its BAR domain is not suffi-
cient in driving membrane deformation. Instead, the PX domain
as well as the linker region between the BAR and PX domains
are also needed (22, 23). As such, a key goal has been to achieve
a better understanding of how the various parts of SNX1 con-
tribute to its ability to deform the membrane.

Structural studies, such as those involving crystallography and
single-particle electron microscopy (EM), have been advancing a
molecular understanding of coat proteins (24), including compo-
nents of endosomal coats (17, 19, 22, 25-27). Notably, however,
these approaches solve protein structures in solution, but the
functional form of coat proteins involves their association with the
membrane. In this study, we have pursued cryo-EM to reveal how
SNX1 is organized on the membrane to explain its ability to deform
the membrane. The result advances a molecular understanding of
how an endosomal coat that contains only SNXs generates trans-
port carriers. Moreover, by comparing our SNX1 structure to the
previously solved retromer-SNX structure (18), we delineate the
extent to which the molecular organization of SNX on the mem-
brane is affected by the presence of retromer. This comparison also
suggests insight into intermediary stages of coat assembly that form
the retromer-SNX complex on the membrane.

Results

Membrane Binding and Tubulation by SNX1. We initially generated
liposomes that contain the major phospholipids of organellar
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membrane. To this mixture, we also added phosphatidylinositol
3-phosphate (PI3P), as it is enriched on endosomal membranes
and has been shown previously to promote membrane tubulation
by SNX1 (22, 28, 29). The generated liposomes were then in-
cubated with full-length SNX1 (Fig. 14) and analyzed for
membrane recruitment. We found that SNX1 binds to liposomes
independent of their size, which ranged from 50 nm to 1 pm in
diameter (Fig. 1B). We also confirmed that the full-length SNX1
induces membrane tubulation, as visualized by negative-stain
EM (Fig. 1C).

The diameters of membrane tubules were similar regardless of
the initial size of the liposome (Fig. 1D). Specifically, tubules
with a diameter of 39.6 + 5.0 nm were generated from liposomes
of 50 nm diameter (n = 41), tubules with a diameter of 36.6 +
5.4 nm from liposomes of 100 nm diameter (n = 62), tubules with
a diameter of 38.5 + 6.5 nm from liposomes of 200 nm diameter
(n = 60), tubules with a diameter of 41.7 + 3.9 nm from lipo-
somes of 400 nm diameter (n = 61), and tubules with a diameter
of 39.0 + 4.4 nm from liposomes of 1,000 nm diameter (rn = 70).
These measurements corresponded well to those previously ob-
served for liposome tubulation by SNX1 (22). Thus, different
from the properties of an F-BAR protein, whose ability to induce
membrane tubulation is dependent on liposome size (30), SNX1
can act on a wide range of liposome sizes to induce membrane
tubules that have relatively constant diameters.

Cryo-EM and Three-Dimensional Structure of Coated Tubules Containing
SNX1. To gain further insight into how SNX1 induces membrane
tubulation, we next pursued cryo-EM. After generating mixed
populations of tubules, the samples were flash frozen and then
EM micrographs were obtained. Images revealed that the outer
surfaces of tubulated liposomes were coated with SNX1 (Fig. 24).
Consistent with a previous report (22) and also our measure-
ments of these tubules by negative-stain EM (Fig. 1D), the diam-
eters of these tubules were in the range of 35 to 48 nm (SI Appendix,
Fig. S14).

We next segmented these tubules for more detailed analysis.
The spiral feature of some class averages suggested helical
symmetry for the packing of SNX1 on tubules. This was further
confirmed based on the layer-line diffraction patterns of select
well-ordered tubules. Two types of helical diffraction patterns
were observed and indexed, designated as class I and class II
(Fig. 2B and SI Appendix, Fig. S1B). Using the iterative helical
real-space reconstruction approach (31, 32), we determined the
cryo-EM map of SNX1-coated tubules with a resolution of 9.0 A
for class I and 10.0 A for class II, as assessed by Fourier Shell
Correlation (FSC 0.143) between two independent maps
reconstructed from the even- and odd-half dataset (S Appendix,
Table S1 and Fig. S1C). The layer-line diffraction patterns of
cryo-EM maps also matched well with the ones from the original
micrographs (SI Appendix, Fig. S1D). In an effort to improve the
map, we also pursued the package RELION3.0 (33). However,
no further significant improvement of resolution was observed
(8I Appendix, Fig. S2).

We next considered that SNX1/2 form heterodimers with
SNXS5/6, with SNX1/2 being responsible for membrane bending
and SNX5/6 acting in cargo binding (19). Thus, we also examined
a heterodimer composed of SNX1 and SNX6. This heterodimer
also binds liposomes (SI Appendix, Fig. S34) and induces mem-
brane tubulation (SI Appendix, Fig. S3B). The diameters of the
membrane tubules were mainly in the range from 30 to 50 nm (S7
Appendix, Fig. S3C), which are similar to those seen for tubules
induced by the SNX1 homodimer. Notably, however, tubules
induced by the SNX1/SNX6 heterodimer exhibit greater irregularity,
having variable diameters along the length of the tubule, suggesting
that the incorporation of a nonmembrane bending SNX member
(SNX6) contributes to the irregular tubules observed. At the
practical level, this variability also rendered the iterative helical
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real-space reconstruction approach unfeasible. Thus, when also
considering that our goal is to understand at the molecular level
how a prototypic SNX achieves membrane bending, we pursued
further studies focusing on the SNX1 homodimer.

Helical Lattices of SNX1 on Tubular Membrane. The class I tubules
formed by the SNX1 homodimer have an outer diameter of
39 nm with a protein-coat thickness of 7 nm (Fig. 2C and Movie
S1). The membrane beneath the protein coating could not be
clearly discerned, which could be attributed to the close inter-
action between the membrane layer and the protein coating
(which will be further discussed below). However, by lowering
the threshold for the membrane layer, we could observe a more
distinct membrane boundary in discerning the inner diameter of
the coated tubules (S Appendix, Fig. S4). At the higher threshold
set for the protein coating, the secondary structural elements of
the SNX1 assembly could be clearly resolved (Fig. 2C and Movie
S1). When compared to class I tubules, class II tubules exhibited
different helical symmetries and a larger diameter of 43 nm (S/
Appendix, Figs. S1B and S54). Nevertheless, the overall helical
packing of SNX1 on the membrane in class II tubules was similar
to that seen for class I tubules (SI Appendix, Fig. S5 A and B).

The BAR domain of SNX1 has been crystalized previously
(Protein Data Bank [PDB] 4FSZ) (22), which shows a dimer that
adopts a banana-shaped structure typical of a conventional BAR
domain. However, this structure, which was solved in solution,
was too highly curved to be docked onto our cryo-EM density
map, suggesting that the BAR domain of SNX1 adopts a lower
curvature upon binding to the membrane. Thus, we sought to fit
the structural model of SNX1 generated by i-TASSER (34-36)
and molecular dynamics flexible fitting (MDFF) (37) into the
cryo-EM map.

In the reconstructed class I tubules, there is one SNX1 dimer
forming an asymmetric unit of the helical packing. The dimer is
oriented with its concave surface facing the membrane and the
BAR domains mediating the dimerization, while the PX domains
are positioned at the opposite ends of the dimer (Fig. 2D and
Movie S1). Inspection of the SNX1 helical packing suggested two
main interfaces of protein—protein interaction. Along the same
helical row, two adjacent SNX1 dimers interact with each other
through short lateral contacts formed by the o2 and o3 helices
and the connecting loop between these two helices in the BAR
domain (Fig. 2E). This set of interactions is referred to hereafter
as “Interface I,” which is more similar to that previously seen for
the structure of N-BAR proteins, such as endophilin Al and B1
(38, 39), rather than that of a F-BAR protein, such as CIP4 (40)
(81 Appendix, Fig. S6). The other major protein—protein inter-
action, referred to hereafter as “Interface II,” involves contacts
between adjacent helical rows, which results in the crosslinking
of these parallel rows. This interaction is mediated through the
B-sheets and loops of the PX domain from one dimer residing in
one helical row interacting with the o2 helix of the BAR domain
from another dimer residing in an adjacent helical row (Fig. 2E).

In class II tubules, there is also one SNX1 dimer forming an
asymmetric unit of the helical packing (SI Appendix, Fig. S5B).
Moreover, the main interfaces are similar to those seen for class
I tubules (SI Appendix, Fig. SSC). However, in contrast to class I
tubules, the number of dimers in one complete helical turn in
class II tubules is seven as compared to six dimers seen for one
complete helical turn in class I tubules (Fig. 2D and SI Appendir,
Fig. S5B). This difference could be attributed to flexibility in the
short lateral interactions in Interface I, which allows the SNX1
lattice structure to slide or tilt on the membrane surface in ac-
commodating different curvature states. Overall, however, the
SNX1 lattice structure seen for the two classes of tubules is quite
similar, as reflected by the structural rmsd between class I and
class II being 1.9 A for 364 C-a when superimposing these two
classes (SI Appendix, Fig. S5D).
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Fig. 1. SNX1 is sufficient for membrane binding and tabulation. (A) Domain organization of SNX1 (NP_062701.2). PX, Phox homology domain; BAR domain.
(B) Binding of SNX1 to liposomes of varying sizes (as indicated) is assessed by coprecipitation assay. Supernatant, S; Pellet, P. (C) Negative-stain EM visualizing
liposomes incubated either with (first row) or without (second row) SNX1 (scale bar, 200 nm). The diameters of the liposomes are also indicated. (D) Statistical
histogram of the diameters of tubules generated by SNX1 is plotted as a percentage of all tubules; n = 41 for 50 nm liposomes, n = 62 for 100 nm liposomes,
n = 60 for 200 nm liposomes, n = 61 for 400 nm liposomes, and n = 70 for 1,000 nm.
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Fig. 2. Cryo-EM and three-dimensional reconstructions of SNX1 coated tubules. (A) Raw cryo-EM micrographs of tubules coated with SNX1. A regular tube is
boxed in red (scale bar, 50 nm). (B) Helical diffraction patterns of tubules exemplifying class I. (C) Cryo-EM map of a class | tubule, with the side view on the top
and cross-section view on the bottom, with a lower threshold in cross-section view to show the inner membrane more clearly. The map is colored according to
the cylinder radius from red to blue. (D) The structural models of SNX1 in cartoon representation are fitted into the map. The PX domain and BAR domain are
colored in gold and blue, respectively. (E) Structural model of the SNX1 helical assembly for the class | tubules. Interface | and Il are indicated by black circles,
with zoom-in views also shown.
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An Amphipathic Helix Is Required for Membrane Remodeling. A re-
markable finding is that the membrane under the SNX1 lattice
could not be distinctly discerned. There is an obvious density on
the concave surface of the SNX1 dimer that abuts closely to the
membrane, which is to some extent integrated into the membrane
(Fig. 34). Based on the ability to clearly identify other nearby
protein densities, the membrane-abutting region of SNX1 likely
involves the linker region that connects the BAR and PX domains.
Sequence analysis predicts that a portion of this linker region could
form an ampbhipathic helix (SI Appendix, Fig. S7), which has been
suggested previously to act in membrane remodeling by SNX
proteins (22, 41). As such, we next sought to fit the predicted am-
phipathic helix onto the cryo-EM map. This resulted in an excellent
match (Fig. 3 B and C). Multiple views of the reconstruction further
confirmed the likely presence of the amphipathic helix. In cross-
section 1, the amphipathic helix appears buried in the membrane,
which is even more clearly viewed in cross-section 2 (Fig. 3B), and
also from the view of the membrane (Fig. 3C). Further consistent
with this region forming an amphipathic helix, one side of the helix
is predicted to have mainly polar/charged residues, while the other
side is predicted to have mainly hydrophobic residues (Fig. 3D).

We next pursued functional mutagenesis studies to confirm
our structural reconstructions. Initially, we performed membrane-
binding assays and found that mutating the amphipathic helix, with
residues 281 to 297 replaced by a linker (GGGSGGGSGGGS,
AH-Mut), led to reduced binding of liposomes by SNX1 (Fig. 4 A
and B). Next, performing liposome tubulation studies, we found
that mutating the amphipathic helix also reduced the ability of
SNX1 to induce membrane tubulation (Fig. 4C). To assess mem-
brane tubulation in a more physiologic setting, we also performed
cell-based studies. Overexpression of SNX1 has been shown previ-
ously to induce endosomal tubulation in cells (22). We found that the
AH-Mut also impaired this ability of SNX1 (Fig. 4 D and E).
Thus, the collective results supported that the linker region be-
tween the BAR and PX domains of SNX1 plays an important
role in membrane binding and tubulation, which is predicted to
involve an amphipathic helix.

Key Residues in SNX1 Acting in Membrane Binding and Tubulation.
The BAR domain has been suggested to bend the membrane
through a scaffolding mechanism, which involves the BAR do-
main forming a banana-shaped dimer that binds to the negatively
charged membrane surface through positively charged patches
on the concave surface of the curved dimer (40, 42). On the
concave surface of the SNX1 dimer that contains the BAR do-
main, we also observed several positively charged patches, R418/
R458, K428/K429 and R435/K441/K444 (Fig. 3 E and F). Thus,
we also performed functional mutagenesis studies to assess their
role in membrane binding and bending.

When the R418/R458 residues were mutated to glutamates,
we observed a relatively modest effect on membrane binding by
SNX1 (Fig. 4 A and B). Mutating residues K428/K429 or R435/
K441/K444, by substituting with alanines or glutamates, also had
modest effects on membrane binding by SNX1 (Fig. 4 4 and B).
We also found that these mutations on the concave surface of
the BAR domain had a modest impact on the ability of SNX1 to
induce liposome tubulation (Fig. 4C). Thus, these results sug-
gested that the positively charged patches at the ends of BAR
domains are not the dominant elements in mediating membrane
binding and bending by SNXI1. In support of this conclusion, we
found that high salt concentration did not affect membrane
binding by SNX1 (SI Appendix, Fig. S84).

We next considered that the curved structure of the SNX1
dimer extends to the PX domain and, notably, a positively
charged patch exists on the concave side of this region. When
residues (R185/K225) in this patch were mutated to alanines, we
found that membrane binding by SNX1 was more dramatically
reduced (Fig. 4 A and B). Moreover, as structure-based analysis
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predicted that R185/K225, along with F186, would participate in
a PI3P binding pocket (SI Appendix, Fig. S8B), we next generated
a more involved mutation (R185A/F186A/K225A) and found
that membrane binding became even more reduced (Fig. 44 and
B). We also performed the liposome tubulation assay and found
that mutating these residues affects membrane bending by SNX1
(Fig. 4C). This finding was further confirmed by the cell-based
assay that examines the ability of overexpressed SNX1 to induce
endosomal tubulation (Fig. 4 D and E).

Comparison of the SNX1 Lattice Structure with Other Structures of
SNX1. We next compared the SNX1 structure on the membrane
to the structure of SNX1 previously solved in solution (PDB
4FZS) (22). This revealed that the positive curvature of the
SNX1 dimer in the membrane-associated state is smaller to that
seen in the solution state. Specifically, there is an ~13° rotation
of helix-a2 in SNX1 in the membrane-bound state as compared
to that in the solution state (Fig. 54), which predicts that a
conformational change in the BAR domain occurs when SNX1 is
recruited to the membrane, resulting in a more elongated SNX1
dimer along the long axis when it is assembled into the lattice
structure. Our reconstructed SNX1 lattice also suggests that
these changes likely involve flexibility in the kinks of the a2 and
a3 helices of the BAR domain.

We also compared our SNX1 structure to the previously
solved structure of a retromer-SNX complex on the membrane,
in which Vps5 (the yeast ortholog of the mammalian SNX1) was
used (18). The diameters of tubules coated by the retromer-Vps5
complex were variable (SI Appendix, Fig. S9A4), and thus the
structure of retromer-Vps5 complex (PDB code 6H7W) could be
only resolved by cryoelectron tomography and subtomogram aver-
aging (18). To estimate the diameter of the retromer-VpsS—coated
tubule, we superimposed the VpsS dimer from one end of its
structure to the other end and repeated this operation to gen-
erate a predicted helical model of Vps5S assembly. When this
assembly was compared to the two classes of our SNX1 struc-
tures, similar diameters were observed (SI Appendix, Fig. S9B).

The overall structure of Vps5, when assembled with retromer,
was similar to that of our solved SNX1 structure, as the rmsd was
2.5 A for 260 C-a when superimposing these two structures
(Fig. 5B). However, some differences could be discerned in the
packing lattice of these two structures. First, when super-
imposing four dimers (labeled as N, N+1, N+6, and N+7) that
span across two helical rows, the distance between dimer N+6
and N+7 in the same helical row is decreased 55 A, from 157A
in the SNX1 lattice to 102 A in the retromer-SNX lattice
(Fig. 5C). Second, the distance of the two PX domains between
dimer N+1 and N+7 in adjacent helical rows is lowered to 36 A
from 59 A, resulting in contacts formed between the helical rows
through the PX domains, which involves loop1 between the first
and second p-strands and the beginning of the second a-helix
(Fig. 5C). These differences suggest that Vps5 exists in a more
compact state when assembled into the retromer-SNX coat complex,
for which the likely explanation is that contacts with retromer induces
Vps5 to adopt this more compact state (schematized in Fig. 5D).

Discussion

We have advanced a molecular understanding of how an SNX
deforms the membrane, a process that acts in generating endo-
somal transport carriers. SNX1 possesses both a BAR and a PX
domain. Whereas the BAR domain in some proteins has been
found to be sufficient in driving membrane deformation (39, 43,
44), SNX1 has been known to require not only its BAR domain
but also its PX domain, as well as a linker region that connects
these two domains (22, 23). Our structural reconstruction of the
SNX1 protein lattice on the membrane now provides a molecular
understanding of how all three parts of SNX1 contribute to its
ability to deform the membrane.
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Fig. 3. An amphipathic helix on the membrane interaction surface of SNX1. (A) Ribbon model of the SNX1 dimer interacting with the membrane. The colors
of the PX and BAR domains are the same as shown in Fig. 2E. The amphipathic helix is highlighted in green. Dashed black lines denote cross sections that are
rotated by 90° and shown in B. (B) Corresponding cross sections of the tube along the dashed black lines 1 and 2 in A; shown is the fitness between the
structural model and the map with high threshold. (C) The cross section rotated by 30° from that shown in B, which provides the view from the membrane. (D)
Ribbon model of the amphipathic helix, with charged surface on one side and hydrophobic surface on the other side and key residues labeled. (E) Electrostatic
surface representation on the concave surface of SNX1, with positive charges colored blue and negative charges colored red. Positively charged patches and
other areas implicated in membrane binding and tubulation are labeled. (F) A Ribbon model of SNX1 with the location of charged patches in the BAR domain
shown in magenta, the amphipathic helix shown in green, and the predicted PIP3 binding site of the PX domain shown in cyan. A hypothetical membrane is
depicted based on the diameter (~40 nm™") of tubules observed in EM maps.
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Fig. 4. Functional mutagenesis assessment of membrane binding and tabulation. (4) Binding of mutant forms of SNX1 (as indicated) to liposomes is assessed
by the coprecipitation assay. Supernatant, S; Pellet, P. (B) Quantitation from three independent experiments is shown. All error bars represent SD from three
independent experiments. Statistical analysis was performed comparing the wild-type and different mutants, with **P < 0.001 and *P < 0.01. (C) Negative-
stain EM visualizing tubules induced by mutant forms of SNX1 (as indicated) (scale bar, 200 nm). (D) Confocal image of a HeLa cell expressing WT or mutant
forms of GFP-tagged SNX1. Inset highlights endosomal tubulation seen in cells expressing WT, but not mutant, forms. (Scale bar, 10 pm.) (E) Quantitation of
the above confocal analysis from three independent experiments. Error bars represent SD from three independent experiments.

Membrane Deformation by SNX1. The ability of a BAR domain to  residues that interact electrostatically with the negatively charged
bend the membrane has been explained through a scaffolding  membrane surface to induce membrane bending (40, 42). In the
mechanism, which involves the concave surface of the curved case of SNXI, although the concave surface of its curved dimer also
BAR dimer possessing multiple patches of positively charged  contains positively charged clusters in the BAR domain, a previous
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Structural comparison of a SNX1 dimer solved in the context of the membrane versus the BAR domain of SNX1 solved previously in solution (PDB: 4FZS). The
membrane structure of the SNX1 dimer is colored in blue while the solution structure of the BAR-domain dimer is colored in green. (B) Structural comparison
of the SNX1 dimer solved in the current study versus the Vps5 dimer from Chaetomium thermophilum (PDB: 6H7W). The SNX1 dimer is colored in blue and
the Vps5 dimer is colored in pink. (C) Structural comparison of the SNX1 assembly solved in the current study versus the Vps5 assembly solved previously in the
context of a retromer-Vps5 assembly. Four dimers are shown in different colors which are labeled as N, N+1, N+6, and N+7. The distances between
the centroids of adjacent dimers in the same helical row and also between the PX domains in different helical rows are labeled and indicated by black lines.
Protein—protein interactions are highlighted by dashed red circles. (D) A cartoon representation of conformational changes in the SNX assembly upon the

further binding by retromer.

study found that mutating them does not affect the ability of SNX1
to bend the membrane (22). However, an explanation remained
elusive, as the study had only solved the structure of the SNX1
BAR dimer in solution (22). In the current study, by solving the
structure of the protein lattice formed by SNX1 on the membrane,
we find that the positively charged residues in the BAR domain of
SNX1 do not form significant electrostatic interactions with the
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negatively charged membrane surface. Instead, the positively charged
residues in the PX domain of the curved SNX1 dimer play a more
significant role in mediating electrostatic interactions with the neg-
atively charged membrane surface.

We have also elucidated how the BAR domain in SNX1, al-
though not providing the main contacts with the membrane, is
nevertheless important for the ability of SNX1 to deform the
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membrane. Our SNXI1 structure reveals that the BAR domain
participates in protein—protein interactions that are needed to
maintain this lattice structure in two ways. First, the extension of
a helical row involves the BAR domains of two adjoining SNX1
dimers in the same row interacting with each other. Second, the
BAR domain participates in crosslinking adjacent helical rows,
with the BAR domain of a SNX1 dimer in one helical row inter-
acting with the PX domain of an SNX1 dimer in another row.

The cooperative roles of the BAR and PX domains in SNX1
bear some resemblance to that of another coat protein that we
previously examined. Like SNX1, ACAP1 (Arfgap Coil-coil
Ankryin-repeat Protein 1) also possesses a BAR domain in
tandem with a domain that binds phosphoinositides, which in
this case is known as a PH (pleckstrin homology) domain. Rather
than the BAR domain, we found that the PH domain in ACAP1
plays the dominant role in membrane binding and bending (45).
However, a notable difference is that membrane deformation by
SNX1 has been known to involve not only the BAR and PX
domains but also a linker region that connects these two domains
(22). Thus, by solving the structure of SNX1 on the membrane,
we have provided a detailed understanding of how all three parts
of SNX1 cooperate to drive membrane deformation.

We further note that SNX6 contains an overall structural or-
ganization similar to SNX1, having also BAR and PX domains
connected by a linker region, as well as a linker region predicted
to possess an amphipathic helix. However, as SNX6 cannot in-
duce membrane deformation by itself (22), this consideration
further underscores the significance of our study that has pro-
vided a detailed molecular understanding of how SNX1 achieves
membrane deformation.

Insight into the Assembly of the Retromer-SNX Coat Complex. Our
reconstruction of the SNX1 lattice on the membrane also sug-
gests insight into how the yeast retromer-Vps5 complex is as-
sembled. In the initial stage that involves the recruitment of
VpsS from the cytosol to the membrane, a comparison of the
previously solved structure of SNX1 in solution (22) and our
currently solved SNX1 structure on the membrane suggests that
the curvature of the Vps5 dimer would become reduced upon
membrane association. As for the subsequent stage that involves
the recruitment of retromer, a comparison of Vps5 in the pre-
viously solved retromer-Vps5 complex (18) to our currently
solved SNXI1 structure suggests that contact by the retromer
results in the Vps5 dimer having a more compact state. As such,
we propose the following sequential steps in the assembly of the
yeast retromer-VpsS complex on the membrane.

When Vps5 is initially recruited to the membrane, the curvature
of the Vps5 dimer changes from a higher curved state to a lower
one, resulting in a more extended state of the dimer. This change is
likely due to Vps5 interacting with the membrane, for which we
have identified molecular roles for the BAR and PX domains as
well as the linker region that connects these two domains in the
context of SNX1. Subsequently, when retromer is recruited to the
Vps5 assembly, interactions between retromer and Vps5 induces
the Vps5 dimer to achieve a more compressed state.

We further note that the elucidation of cargo binding by the
mammalian SNX1-containing coats in recent years has suggested
that retromer is not involved (19), in contrast to the situation in
the yeast. However, as only exemplary cargoes have been examined,
one cannot rule out that other cargoes, yet to be examined, may be
found in the future to require retromer. As such, the prospect exists
that our proposed model for how the retromer-Vps5 complex is as-
sembled on the membrane may also be relevant to understanding how
a potential mammalian equivalent of this yeast complex is assembled.

Materials and Methods

Protein Preparation. Full-length mouse SNX1 (NP_062701.2) was subcloned
into the plasmid pGEX-6P-1 (GE Healthcare) and then expressed as glutathione
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S-transferase (GST)-tagged fusion proteins in Escherichia coli BL21 (DE3) cells.
Cells were grown in 2x yeast extract-tryptone (YT) medium at 37 °C until the
optical density (OD) at 600 nm reached 1.2~1.5 and then induced at 16 °C for
16 h with 0.1 mM isopropyl-p-p-thiogalactoside (IPTG). Cells were harvested
by centrifugation, resuspended in PBS buffer (140 mM NacCl, 2.7 mM Kdl,
10 mMNayHPO,4, 1.8 mM KH,PO,4 pH 7.4, and 10% Glycerol), and lysed by
sonication. After centrifugation for 30 min at 15,000 rpm, the supernatant was
collected and incubated with glutathione-Sepharose 4B at 4 °C and then
washed using phosphate-buffered saline (PBS) buffer. After cleavage using
Precision Protease (GE Healthcare) to remove the GST tag, the eluted proteins
were further purified by size-exclusion chromatography using Superdex 200 10/
300 glass (GL) column (GE Healthcare) with elution buffer (50 mM Hepes pH
7.4, 100 mM NacCl). The target protein was collected and stored at —80 °C for
further experiments. Site-directed mutations of select residues were performed
by overlap PCR, and mutant proteins were expressed and purified as described
above for the wild-type protein.

Full-length mouse SNX6 (NP_081274.2) was subcloned into pET28a-His6-
SUMO vector. Plasmids encoding SNX1 and SNX6 were cotransformed into
Rosetta (DE3) cells. Heterodimer SNX1/SNX6 was expressed and purified
firstly as described for SNX1 above. After cleavage using Precision Protease
to remove the GST tag, the eluted fraction was loaded further onto Ni-NTA
column, washed with the buffer of 20 mM Tris, pH 8.0, 300 mM NacCl, and
30 mM Imidazole to remove unbound samples, and eluted with the buffer
containing 300 mM Imidazole. The elution was cleaved using Ubl-specific
protease 1 (ULP1) and reloaded onto Ni-NTA column to remove SUMO
tag. The target protein SNX1/SNX6 in the flow through was collected and
stored at —80 °C for further experiments.

Liposome Production and Cosedimentation Assay. All lipids were purchased
from Avanti Polar lipids. Lipid mixtures, containing 40% phosphatidylcholine,
30% phosphatidylethanolamine, 20% phosphatidylserine, and 10% PI3P,
were dried under gas nitrogen and then kept under vacuum for at least 3 h.
Dry lipid mixtures were suspended in 50 mM Hepes, pH7.4, and 100 mM - NaCl
for 30 min at 37 °C, frozen in liquid nitrogen, thawed at 37 °C for five cycles,
and extruded through membrane filters of 0.05, 0.1, 0.2, and 0.4 pm for the
production of 50-, 100-, 200-, and 400 nm diameter of liposomes, respec-
tively. For cosedimentation assay, the 200 nm liposomes (1 mg/mL) and SNX1
protein (0.2 mg/mL) were incubated for 30 min at 20 °C before ultra-
centrifugation at 250,000x g for 20 min and then the supernatants and
pellets were subjected to sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) analysis.

Negative-Stain EM. SNX1 protein (0.9 mg/mL) was incubated with liposomes
(0.5 mg/mL) for 30 min, and then the mixture was applied onto a glow-
discharged carbon-coated EM grid and stained with uranyl acetate. The
EM grids were examined with a transmission EM (FEI Spirit 120), and the
micrographs were recorded with an EMSIS VELETA 2K*2K CCD camera under
the nominate magnification of 49,000x.

Cryo-EM and Helical Reconstruction. SNX1 protein (5 mg/mL) was incubated
with 200 nm diameter liposomes (1.7 mg/mL) at room temperature for
60 min. A drop (3.5 pl) of the mixture was then applied onto a quantifoil
300-mesh R2/1 holy carbon grid that was pretreated in plasma cleaner (PDC-
32G, Harrick Plasma). The grid was then blotted for 3.5 s with a blot force 2
at 100% humidity, using FEI Vitrobot (Mark IV), before it was quickly frozen
in liquid ethane that was cooled by liquid nitrogen.

The SNX1 coating membrane tubules were imaged with a FEI Titan Krios
cryoelectron microscope that was operated under 300 kV and equipped with
a direct electron-detector device Falcon Il camera (Thermo Fisher Scientific
Incorporated). Low-dose images (25 e-/A2) were collected manually. The
nominal magnification was set to 59,000x, which corresponds to a pixel size
of 1.42 A. The defocus range was set to 0.5 to ~2.5 pm. A total of 500 cryo-
EM micrograph movie stacks were collected. Motion correction and defocus
estimation for all these micrographs were performed using MotionCorr2 (46)
and Gctf (GPU-accelerated contrast transfer function program) (47), re-
spectively. Those raw micrographs with bad qualities such as ice contami-
nation, poor Thon rings, or too large defocus values (greater than 3 pm)
were sorted out and not included for further image processing. About 300
remaining micrographs were then multiplied by their theoretical contrast
transfer function (CTF) for initial correction of CTF. A total of 476 SNX1 tubes
were boxed using e2helixboxer.py in the package of EMAN2 (48) with a box
width of 384 pixels. All tubes were classified according to their diameters.
Each tube was projected along the z-axis of the tube. The minimum peak
values of intensities at both sides of the center for one-dimensional projection
array were searched. The distance between the two peaks was calculated which
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approximately equaled to the diameter of the tube. All tubes were then clas-
sified according to their diameter values. This diameter measurement and
classifying process was performed by MATLAB code. Two main classes with
diameters of 39 and 43 nm were obtained, and we performed helical recon-
struction for these two classes, defined as class | and class Il, respectively. An
initial segment stack was generated from the two classes’ tubes with an overlap
of 90%. Class | generated 11,795 segments, while 11,677 segments were gen-
erated for class Il. The diffraction patterns for each class were then calculated.
The diffraction patterns in each class were found to be homogeneous although
they were classified from tubes with diverse diameters. Cylinders with 39- and
43 nm diameters, respectively, were generated by SPIDER (49), and they were
set as the initial models for following reconstructions. Initial helical parameters
were calculated by indexing the layer lines in the power spectrums of the
boxed tubes in each class. An initial helical rise of 8.76A and twist of 60.13°
were obtained for the class I, while the corresponding values were 7.51A and
51.51° for class Il. All these values were used as initial parameters for helical
reconstruction through an iterative helical real space reconstruction (IHRSR)
algorithm (31, 32). Different out-of-plane tilt ranges were inspected during the
projection matching procedure. Finally, (-15° to 15°) range can have a normal
azimuth angle distribution and was used for IHRSR helical reconstruction of
both classes. For class |, the helical parameters finally converged to 8.74 A for
the helical rise, and 60.11° for the helical twist, while these parameters con-
verged to 7.53 A and 51.53° for class Il. We multiplied CTF for raw micrographs
according to their estimated defocus values, with the two reconstructed maps
for the two classes being divided by corresponding CTF? for amplitude cor-
rection. SPIDER was used for negative B-factor sharpening. Resolutions of the
final maps were estimated based on the gold standard FSC 0.143 criterion,
which revealed ~9.0 A resolution for class | map and 10.0 A resolution for class
Il map.

Model Building and MDFF. Since the crystal structure of the SNX1 BAR domain
(PDB code 4FSZ2) is highly curved and cannot be docked into the BAR densities
in our reconstruction, we generated the initial model of the full-length SNX1
by i-TASSER online service, which started from structure of Vps5 (PDB code
6H7W). For each class, the model was rigid fitted onto the map using
Chimera (50). Then the model was adjusted manually in Coot (51). The re-
gion not fitted well with the map was truncated and remodeled as a helix
corresponding to residues 279 to 302 that fits into the density between BAR
and PX domain. Then a full-length model was generated by combining
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different segments. Finally, using this full-length model, we performed
MDFF simulation using NAMD2.10 (52) with CHARMM 36 force field (53).
The temperature was kept at 300 K with a 5 ps~' damping coefficient. The
time step was 1fs, and cutoff distance was 10 A for nonbonded interactions.
Restraints for secondary structures were introduced to the system. Finally,
the model generated after MDFF simulation was further refined by
Phenix (54).

Immunofluorescence Microscopy. SNX1 forms were subcloned into the plasmid
pEGFP-C1 (Clontech) to generate GFP-tagged forms and then transfected
into HelLa cells using Fugene 6 reagent (Roche). After 24 h of expression, cells
were fixed with 2% paraformaldehyde in PBS for 15 min and then coverslips
were mounted onto slides by Fluoromount G (Thermo Fisher). Cells were
examined using a Zeiss LSM-800 confocal microscope with Plan-Apochromat
63x objective and 488 nm laser line. The images were acquired using the Zen
2.6 Blue edition software (Zeiss) and processed by NIH Image J 1.54e. A total
of 50 cells were examined in each condition. The percentage of cells with
tubules labeled with GFP-tagged SNX1 were quantified.

Data Availability. The EM maps of helical tubules have been deposited in the
EM Data Bank with the accession codes EMD-30592 (55) for class | and EMD-
30593 (56) for class Il, respectively. The corresponding fitted coordinates of
SNX1 helical array on the tubule have been deposited in the PDB with the
accession codes 7D6D (57) and 7D6E (58), respectively. Uncropped gel scans
are shown in S/ Appendix, Fig. S10.
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