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Eukaryotic cells traffic proteins and lipids between different compartments using protein-36 
coated vesicles and tubules. The retromer complex is required for generating cargo-37 
selective tubulovesicular carriers from endosomal membranes1-3. Conserved in eukaryotes, 38 
retromer controls the cellular localisation and homeostasis of hundreds of transmembrane 39 
proteins, and its disruption is associated with major neurodegenerative disorders4-7. How 40 
retromer is assembled and how it is recruited to form coated tubules is unknown. Here we 41 
describe the structure of the retromer complex (Vps26-Vps29-Vps35) assembled on 42 
membrane tubules with the sorting nexin (SNX) BAR protein Vps5, using cryo-electron 43 
tomography (cryoET) and sub-tomogram averaging. This reveals a membrane-associated 44 
Vps5 array, from which arches of retromer extend away from the membrane surface. Vps35 45 
forms the legs of these arches and Vps29 sits at the apex where it is free to interact with 46 
regulatory factors. The bases of the arches connect to each other and to Vps5 through 47 
Vps26. We observe the same arches on coated tubules within cells, confirming their 48 
functional significance. Vps5 binds to Vps26 at a position analogous to the previously 49 
described cargo and Snx3 binding site, implying the existence of distinct retromer-sorting 50 
nexin assemblies. The structure provides insights into the architecture of the coat and its 51 
mechanism of assembly, and suggests that retromer promotes tubule formation by 52 
directing the distribution of SNX proteins on the membrane surface while providing a 53 
scaffold for regulatory protein interactions.  54 

Retromer forms complexes associated with different cellular trafficking routes by 55 
associating with SNX proteins that contain phox homology (PX) and bin/amphiphysin/rvs (BAR) 56 
domains (Vps5 and Vps17 in yeast), or with SNX proteins lacking BAR domains such as Snx3 or 57 
Snx278-12. BAR domains form antiparallel homo- and heterodimers that are able to sense and/or 58 
modulate membrane curvature13,14. Retromer has previously been described as the cargo sorting 59 
complex15,16, although recent studies suggest that the retromer-associated SNX proteins are the 60 
essential mediators of cargo binding10,17. 61 

Bacterially co-expressed Vps35, Vps26, Vps35 retromer heterotrimers from Chaetomium 62 
thermophilum, (Extended Data Fig. 1a), were co-assembled with recombinant homodimeric Vps5 63 
in solution (Fig. 1a, Extended Data Fig. 1b-d). Coated membrane tubules were produced in vitro 64 
by incubating retromer-Vps5 complexes with Folch lipid liposomes, yielding tubules with a 65 
membrane-to-membrane diameter of 31 ± 6 nm, (n = 209). The sides and tips of tubules, as well 66 
as residual donor liposomes, were decorated with a ~15 nm thick protein coat. Membrane 67 
recruitment of retromer was dependent on Vps5, while stable membrane tubulation by Vps5 was 68 
enhanced by retromer (Extended Data Fig. 1e, f). We imaged the resulting retromer-Vps5 coated 69 
tubules by cryoET (Fig. 1b, Supplementary Videos 1a-c), and applied reference-free 70 
subtomogram averaging to determine the structure and arrangement of the coat. Initial alignment 71 
revealed the presence of arch-like units on the membrane surface, which were subjected to local 72 
alignment procedures to generate overlapping density maps at subnanometer resolutions that 73 
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together covered the complete, assembled structure (Fig. 1c, Extended Data Fig. 2, 3, Extended 74 
Data Table 1, Supplementary Video 2). Consistent with the resolution, α-helices were resolved in 75 
the cryoET maps. We determined the crystal structure of C. thermophilum Vps29 at 1.8 Å 76 
resolution (Extended Data Fig. 4a and Extended Data Table 2), and generated models of all 77 
other coat subunits from crystal structures of human homologues. These structures could be 78 
unambiguously modeled within the cryoET density maps to generate a pseudo-atomic structure for 79 
the assembled coat (Fig. 1c, d, Extended Data Fig. 5a-c, Supplementary Video 2; see 80 
methods). Vps5 forms a pseudo-helical inner array on the membrane surface. Dimers of Vps26 81 
interact directly with Vps5 and provide docking sites for Vps35 subunits that project away from the 82 

membrane. As predicted17-19, the Vps35 α-solenoids form highly extended structures, two copies of 83 
which meet at their C-termini to form an arch, with Vps29 cradled at the apex. By analogy, Vps26 84 
forms the “foot” between each Vps35 “leg” and the Vps5 layer. Retromer itself makes no direct 85 
contact with the membrane surface. Flexibility throughout the retromer-Vps5 coat allows it to adapt 86 
to differing membrane curvatures (Extended Data Fig. 5d, e and Supplementary Video 3). 87 
 Vps5 forms curved homodimers similar to those of Snx9 and Snx3314 (Fig. 2a, b, 88 
Extended Data Fig. 6a). Vps5 dimers bind with their concave surface around the circumference of 89 
the tubule, similar to F-BAR and N-BAR domains13,20, contacting the membrane through 90 
conserved, positively charged surfaces at the ends of the BAR domains as well as the PX domains 91 
(Fig. 2a, b). Vps5 dimers interact with each other to form rows via tip-to-tip contacts between the 92 

N-terminal end of the α1 helix of one BAR domain and α2 and α3 helices of the next BAR domain 93 
(Fig. 2c). Lateral contacts between rows occur through the PX domains, via the loop between the 94 

first and second β-strands and the beginning of the second α-helix (Fig. 2c). Vps17 is likely to be 95 
structurally homologous to Vps5, in which case a heterodimeric Vps5/Vps17 array would form via 96 
equivalent contacts (Extended Data Fig. 6b, c). 97 

The Vps26 subunit forms the sole contact between retromer and the membrane-proximal 

Vps5 array. Vps26 forms a homodimer via β-sheet complementation between the β7 strands of the 

N-terminal domains (Extended Data Fig. 4b). Each Vps26 dimer contacts four Vps5 dimers and 

bridges two adjoining Vps5 rows (Fig. 2a). The N-terminal sub-domain of Vps26 has two 

electropositive loops, L5 (54KDGKR58) and L9 (134RRMAD138), which were predicted to play a role in 

membrane association17. In the retromer-Vps5 complex however, this site instead forms a 

complementary electrostatic cleft engaging two Vps5 dimers near their tip-to-tip contacts (Fig. 2a). 

A further electrostatic contact with the C-terminal domain of Vps26 induces movement of the C-

terminal α-helix of one Vps5 monomer away from the rest of the coiled-coil bundle towards Vps26 

(Fig. 2d), where it occludes the putative cargo-binding pocket identified in the human 

Vps26/Vps35/Snx3/Dmt1-II peptide complex (Extended Data Fig. 4c, d). This is consistent with 

findings that retromer-Snx3 may function in distinct cargo sorting events from coats including BAR 

domain-containing SNX proteins9,12. Thus, cargo-recruitment into retromer-Vps5 tubules could 

occur through exchange of the SNX proteins bound to Vps26 during coat assembly, or through 
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direct cargo binding to retromer at different positions in the assembled coat (Extended Data Fig. 

4c). Notably, human SNX-BAR proteins were recently found to engage cargo through their PX 

domains, suggesting multiple modes of cargo recognition are possible21,22.  

The Vps35 α-solenoids interact via their N-termini with the N-terminal domain of Vps26, 98 
and via their C-termini with Vps29, as shown by crystallography17,18. Vps35 dimerises through a 99 
conserved interface at the apex of the arch on the opposite surface to Vps29 (Fig. 2e-g). Vps29 is 100 
exposed on the outside of the arch apex where it could recruit cytosolic regulatory factors, such as 101 

TBC1D523 and Varp24, reminiscent of ArfGAP2 recruitment by the exposed γ-COP appendage 102 
domain in the COPI coat25. The D620N mutation in human Vps35 that causes Parkinson’s 103 
disease6,7 lies adjacent to the Vps35 homodimerization interface, suggesting it may reduce Vps35 104 
dimerisation efficiency and subsequent coat formation (Fig. 2e).  105 

An extended membrane coat is formed via higher-order oligomerisation of retromer-Vps5. 106 
We visualized this higher-order arrangement on individual tubules by placing schematic retromer 107 
and Vps5 complexes at the positions and orientations determined by subtomogram averaging, 108 
revealing a semi-regular membrane coat structure (Fig. 3a). Membrane-associated Vps5 dimers 109 
form a pseudo-helical array with limited long-range order, suggesting plasticity that accommodates 110 
varying membrane curvatures. This patchwork Vps5 array provides multiple potential docking sites, 111 
and retromer complexes are positioned unevenly with respect to each other. We analysed the 112 
relative positions of Vps26 dimers (Extended Data Fig. 7), finding six different nearest-neighbour 113 
pairs corresponding to docking relationships on the Vps5 layer (Fig. 3b, Extended Data Fig. 7e, 114 
f). We determined local structures of the retromer coat for each of these preferred arrangements of 115 
Vps26 (Extended Data Fig. 7g). Arrangement 1 corresponds to the positioning of Vps26 at each 116 
end of a retromer arch, spanning two Vps5 dimers in adjacent rows. Other arrangements result 117 
from binding of Vps26 at alternative positions in nearby rows of the Vps5 array. When Vps26 118 
dimers are docked closely together, the retromer arches can tilt to accommodate closely 119 
associated neighbours (Extended Data Fig. 7h). These models were then combined to visualize a 120 
section of the retromer coat from a representative tubule (Fig. 3b, c). 121 

We next searched a dataset of cryo-electron tomograms of cryo-focused ion beam milled 122 
Chlamydomonas reinhardtii cells26 for protein-coated tubular membranes, and identified 17 coated-123 
tubules emanating from multivesicular bodies, trans-Golgi network or lysosomes (Fig. 3d). In some 124 
tubule coats, arch-like features could be directly observed in the tomograms (Fig. 3e). We applied 125 
reference-free subtomogram averaging to determine the native, in situ structure of these coats, 126 
which revealed an arch-like structure essentially identical at the determined resolution to that 127 
determined in vitro (Fig. 3f). While the resolution is insufficient to identify membrane-proximal 128 
protein densities, density corresponding to Vps26, Vps29 and Vps35 is clearly seen, indicating that 129 
the arch-like arrangement of retromer observed in vitro represents the architecture present within 130 
the cell, and furthermore, that this is conserved between yeast and green algae. 131 
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The retromer-SNX-BAR coat observed by cryoET (Fig. 1c, 3a-c) is very different from a 132 
recently proposed model17. Vps29 and Vps35 subunits are exposed on the outside of the coat and 133 
are accessible to interact with peripheral proteins including regulators of actin and Rab GTPases. 134 
Previous cryoEM structures of isolated BAR domain-coated tubules have almost exclusively been 135 
determined with enforced helical symmetry13,20,27. The irregular array of Vps5 we observe, 136 
however, is more similar to that recently described for Bin128, also determined without enforcing 137 
helical symmetry, and shows that BAR domain proteins can modulate membrane tubulation 138 
without forming a perfect helical scaffold. Our cryoET structure suggests that retromer can stabilise 139 
the Vps5 array in two ways. First, each Vps26 dimer staples four Vps5 dimers together. Second, 140 
each retromer arch bridges Vps5 proteins that are more than 200 Å apart on the membrane, 141 
thereby spanning ~60° angular sections of the tubule and allowing retromer to modulate curvature 142 
over long distances. The coat architecture is consistent with a model in which cargo recognition is 143 
mediated by SNX proteins alone10,21,22 or in concert with retromer17, and where the primary role of 144 
retromer itself is as a structural scaffold that propagates curvature and interacts with regulatory 145 
proteins. In general, the retromer-Vps5 architecture shares similarities with other membrane coats 146 

including COPI, where α-solenoid subunits provide arch-shaped scaffolds for positioning 147 

membrane-associated Arf1 subunits29, supporting the proposed ancestral function for extended α-148 
solenoid structures in organizing membrane-bending and cargo-binding modules at the membrane 149 
surface.  150 
 151 
  152 
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Figure legends 185 
Figure 1. CryoET structure of membrane-associated retromer-Vps5. (a) Coomassie-stained 186 
SDS-PAGE of purified retromer-Vps5. (b) Section through a cryo-electron tomogram of retromer-187 
Vps5 coated membrane tubules. a and b are representative of at least 3 independent experiments. 188 
(c) Ribbon model of retromer-Vps5 superimposed on overlapped, low-resolution electron density 189 
maps from an intermediate subtomogram alignment (Extended Data Fig. 2e). Lower-right shows 190 
three copies of the same density (one is boxed) placed at positions related by the two-fold dimeric 191 
interface formed by Vps26, illustrating how the coat can propagate around the tubule. (d) Close-up 192 
views of the retromer model fitted into the final high-resolution density maps.  193 
 194 
Figure 2. Structures of interfaces within retromer-Vps5.  195 
(a) Ribbon model of Vps26 dimer interacting with four membrane-bound Vps5 dimers. Segmented 196 
electron density for the lipid bilayer is illustrated. Top view highlights the two-fold symmetry of the 197 
Vps26-Vps5 assembly. Cross-section though the model illustrates interactions between Vps26 198 
loops and Vps5 helices. (b) Ribbon and surface models of Vps5. Surfaces are gradient-coloured 199 
by electrostatic potential from red (negative) to blue (positive). (c) Adjacent Vps5 dimers undergo 200 
tip-to-tip interactions between BAR domain helices and lateral interactions between PX domains. 201 
(d) Overlay of ribbon model and the electron density map showing that the C-terminal α-helix of 202 
one Vps5 monomer protrudes towards the Vps26 C-terminal domain. In human Vps26, this is 203 
where Dmt1-II cargo binds in cooperation with Snx3 (Extended Data Fig. 4c, d). (e) The apex of 204 
the retromer arch viewed looking towards the membrane (left) and from the side (right). It is formed 205 
by a homodimeric interaction of Vps35 subunits (interface in blue) on the opposite face to where 206 
Vps29 is bound. Vps35 residues D694 (D620 in human Vps35) are indicated (arrows). The human 207 
mutation D620N causes Parkinson’s disease. (f) Cut-away view showing one arch leg. (g) As in f 208 
coloured by sequence conservation from red (low) to blue (high).  209 
 210 
Figure 3. Organization of the retromer-Vps5 coat on membrane tubules, and the structure of 211 
retromer within the cell.  212 
(a) A typical retromer-Vps5 coated tubule. Models of the individual elements of retromer-Vps5 have 213 
been placed at positions and orientations determined by subtomogram averaging. Left panel 214 
shows Vps5 and Vps26 layers, right panel shows the complete coat, also viewed along the tube 215 
axis of a retromer tubule. Representative models were prepared by segmentation and low-pass 216 
filtering of key features, and their respective protein structures are illustrated. (b) A model of the 217 
Vps5-Vps26 layers (corresponding to dashed box in a). Vps26 dimers dock in six relative 218 
orientations on the underlying Vps5 array, indicated by magenta arrows (Extended Data Fig. 7e). 219 
(c) A complete model of the retromer coat section shown in b. (d) Slice thorough one of 12 220 
tomographic reconstructions of a C. reinhardtii cell in which retromer-coated membranes were 221 
identified (arrowheads). (e) Magnified views of two of 17 retromer-coated membranes in which 222 
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arches can be seen. (f) Density maps filtered to 35 Å from retromer structures determined by 223 
subtomogram averaging in situ within the cell and in vitro, fitted with retromer models.  224 
  225 
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Methods 302 
Protein expression and purification  303 

All proteins were expressed in Escherichia coli BL21(DE3) strain with induction by IPTG 304 
(Extended Data Table 3). For purification of retromer complex, Vps29 and Vps35 proteins were 305 
co-expressed whereas Vps26 was expressed separately. Cell pellets from both expressions were 306 
combined and lysed by high-pressure homogenization in R-buffer (20 mM HEPES-KOH pH 7.5, 307 
200 mM NaCl). The homogenate was cleared by centrifugation and loaded onto an HisTrap HP 308 
(GE Healthcare) resin cartridge followed by elution with 200 mM imidazole in R-buffer. The eluate 309 
was loaded onto a Glutathione-Sepharose 4B (GE Healthcare) cartridge and the retained protein 310 
was eluted by PreScission protease cleavage of the GST domain. The eluted retromer, devoid of 311 
GST-tag, was further purified by gel filtration chromatography using a Superdex 200 10/300 312 
column (GE Healthcare) in R-buffer with 1 mM TCEP (Extended Data Fig. 1a).  313 

His-tagged Vps5 dimer was isolated using a HisTrap cartridge followed by gel-filtration 314 
chromatography as above (Extended Data Fig. 1b, c). To prepare retromer-Vps5 complex, the 315 
purified Vps5 was mixed with Vps35-Vps26-Vps29 complex, and the mixture was purified by gel 316 
filtration on Superose 6, 10/300 (GE Healthcare) in R-buffer with 1mM TCEP.  317 

GST-tagged Vps29 was expressed and purified essentially as above but using thrombin 318 
(Sigma Aldrich) to cleave the linker between GST and Vps29, and 50 mM Tris-HCl pH 8.0, 200 mM 319 
NaCl buffer instead of R-buffer. The cleaved protein was further purified by gel filtration 320 
chromatography on a Superdex 75 10/300 column (GE Healthcare) in 50 mM Tris-HCl pH 8.0, 200 321 
mM NaCl.  322 
 323 
Crystal structure determination of C. thermophilum Vps29 324 

C. thermophilum Vps29 is 201 amino acids in length and thrombin cleavage leaves an 325 
additional two non-native N-terminal residues (GlySer). Crystals of Vps29 were produced by 326 
hanging drop vapour diffusion using protein at a concentration of 15 mg/ml. Crystals in spacegroup 327 
P21 grew from a reservoir solution of 8% PEG20000, 8% PEG550MME, 0.2 M calcium acetate and 328 
0.1 M Tris (pH 8.0), and were cryoprotected in 25% glycerol. Crystals were screened at the UQ 329 
ROCX diffraction facility on a Rigaku FR-E Superbright generator with Osmic Vari-Max HF optics 330 
and Rigaku Saturn 944 CCD detector. Data for structure determination was collected at the 331 
Australian Synchrotron MX1 Beamline. Data was integrated with iMOSFLM30 and scaled with 332 
SCALA31. The structure was solved by molecular replacement with PHASER32 using the human 333 
Vps29 protein18 as an input model. The resulting models were rebuilt with COOT33 and refined with 334 
PHENIX34. Crystallographic data and structure statistics are provided in Extended Data Table 2.  335 
 336 
Liposome pelleting and tubulation 337 

Liposomes composed of POPC/POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 338 
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine in 70:30 molar ratio, Avanti Polar Lipids), 339 
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Folch brain extract (Sigma) and Folch brain extract supplemented with 3 mol% of dipalmitoyl-340 
phosphatidylinositol-3-phosphate (PI3P), (Echelon Biosciences) were prepared at 1 mg/ml 341 
liposome solution in R-buffer by extrusion through a 0.4 μm polycarbonate filter. For pelleting 342 

assays, liposomes at a final concentration of 0.5 mg/ml and protein at a final concentration of 3 μM 343 

were mixed in a final volume of 50 μl, incubated at room temperature for 15 min and then spun at 344 
50,000 g for 30 min at 20ºC in a Beckman TLA 100 rotor. Supernatant and pellet fractions were 345 
analysed by Coomassie stained SDS-PAGE (Extended Data Fig. 1e). While the relative 346 
stoichiometry of retromer to Vps5 cannot be reliably measured by Coomassie staining, we note 347 
that there appears to be a reduced stoichiometry of retromer to Vps5 in the assembled structure. A 348 
proportion of retromer may dissociate from the pre-assembled retromer-Vps5 complex as tubule 349 
formation proceeds. 350 

For tubulation assays, 2.5 μM of proteins were incubated with Folch liposomes (0.5 mg/mL) 351 
for 2 h at room temperature in R-buffer (Extended Data Fig. 1f). 352 

 353 
CryoEM sample preparation and image acquisition.  354 

The retromer-Vps5 liposome tubulation reaction was mixed with 10 nm gold fiducial 355 
markers in identical buffer solution. 3 μl of this mixture was applied on a glow-discharged holey 356 
carbon grid (CF-2/1-3C, Protochips), blotted from the back and plunge-frozen in liquid ethane 357 
(Leica EM GP automatic plunger).  358 

Imaging was performed on an FEI Titan Krios microscope fitted with Gatan Quantum 967 359 
LS and Gatan K2 Summit direct detector operated by Serial-EM software35. 71 tomographic series 360 
were acquired using a dose-symmetric scheme36 with tilt range ± 60°, 3° angular increment and 361 

defoci between -2.5 μm and -6.5 μm. The acquisition magnification was 105,000x resulting in 362 
calibrated pixel size of 1.35 Å. Tilt images were recorded as 10-frame movies in super-resolution 363 
mode at dose rate ~1.8 e-/A2/s and a total dose per tomogram of ~131 e/A2. Super-resolution 8K 364 
frames were aligned, combined and Fourier-cropped to 3838 × 3710 pixels using the “alignframes” 365 
command from the IMOD package. Data collection parameters are summarized in Extended Data 366 
Table 1. 367 
 368 
Tomogram reconstruction and subtomogram averaging 369 

A small number of high-tilt images were discarded (e.g. those showing significant 370 
movement or where other objects obscured the field of view). Tilt-series were filtered according to 371 
the cumulative radiation dose37 and aligned based on the gold fiducials using the IMOD package38. 372 
CTF correction was performed with “ctfphaseflip” IMOD command39 using defocus values 373 
measured by CTFFIND440 on non-dose-filtered images. Tomograms were reconstructed from CTF-374 
corrected, aligned stacks using weighted back-projection in IMOD. Tomograms were further binned 375 
2, 4 and 8 times (hereafter called bin2, bin4 and bin8 tomograms) with anti-aliasing, resulting in 376 
pixel sizes of 2.7 Å/px, 5.4 Å/px and 10.8 Å/px respectively.  377 
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Subtomogram averaging was performed using MATLAB (MathWorks) functions adapted 378 
from the TOM41, AV342 and Dynamo packages43 essentially as described previously44. To define 379 
initial subtomogram positions, the central axes of retromer tubules were manually traced in bin4 380 
tomograms and tube radii (measured from tube centre to the middle of the retromer layer) were 381 
recorded. The tubular geometry was used to define coordinates and initial rotations of overlapping 382 
sub-volumes along the tube surface. Rotations were defined to orient sub-volumes normal to the 383 
membrane and with the in-plane angle perpendicular to the main tubular axis; sub-volume spacing 384 
was 12 pixels (21.6 Å). 385 

Reference-free subtomogram averaging (SA) was performed independently on 1203 pixel 386 

subtomograms extracted from two bin4 tomograms acquired at -2.5 μm and -5.5 μm defoci. A low-387 
pass filter at 50 Å and a soft-edged cylindrical alignment mask were applied throughout. The 388 
alignment in both tomograms converged in 5 iterations revealing prominent two-fold symmetrical 389 
arch-like structures decorating the membrane layer (Extended Data Fig. 2a). These initial 390 
structures were aligned, averaged (Extended Data Fig. 2b) and rotated to place either the arch 391 
(“arch” model) or the base between two neighbouring arches (“base” model) in the centre of the 392 
reference (Extended Data Fig. 2c). The observed 2-fold symmetry was applied, and the reference 393 
was low-pass filtered to 50 Å prior to using it as a starting reference for alignment of the full 394 
dataset. 395 

The full dataset was aligned against the “base” and “arch” models in two identical but 396 
independent procedures. Initial alignment was performed using 603 pixels subvolumes extracted 397 
from bin8 tomograms applying a low-pass filter at 50 Å and 2-fold symmetry. Upon alignment 398 
convergence (Extended Data Fig. 2d), where two or more subvolumes had converged to similar 399 
positions (within 5 pixels distance), only the subvolume giving the highest cross-correlation value to 400 
the reference was retained. Retained subvolumes were divided into odd and even datasets, which 401 
were processed independently hereafter. 402 

Subsequent iterations of alignment and averaging were performed on sub-volumes of 723 403 
pixels extracted from bin4 tomograms, and then subvolumes of 1443 pixels from bin2 tomograms. 404 
The step-increment of the angular search was gradually decreased and the low pass-filter was 405 
gradually moved towards higher resolution (but set at least 3 Fourier pixels lower than the 406 
frequency corresponding to 0.5 Fourier-shell correlation between the odd and even datasets). A 407 
shell mask that follows the curvature of the membrane layer was applied so that only retromer 408 
density was considered during alignment. A population of sub-volumes with lowest cross-409 
correlation (~40 %) were removed by imposing a cross-correlation threshold selected manually for 410 
each tomogram. The threshold was set to remove sub-volumes that were not aligned to the 411 
membrane. The resolution for both “base” and “arch” alignments reached ~13 Å upon convergence 412 
(see maps in Extended Data Fig. 2e). 413 

Further alignments were performed using masks focussed on three different regions of the 414 
arch structure (apex, leg and the membrane-associated region below the apex, Extended Data 415 
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Fig. 2f, panels 1, 2, and 3 respectively) and two different regions of the base structure 416 
(immediately adjacent to, and slightly above, the membrane, Extended Data Fig. 2f, panels 4 and 417 
5 respectively) to generate five maps (Extended Data Table 1). Two-fold symmetry was applied 418 
except for the alignment focussed on the leg, where two subvolumes were extracted from each 419 
arch using dynamo_subboxing_table (Dynamo), and symmetry was not applied.  420 

Final converged averages were formed by 37,360 asymmetric units for “arch”-derived and 421 
32,074 asymmetric units for “base”-derived maps. The measured overall resolutions for each 422 
average ranged from 8.8 Å to 9.7 Å (Extended Data Fig. 3a). Local resolution maps are provided 423 
in Extended Data Fig. 3b. Final maps were reweighted by division by their summed CTFs and 424 
sharpened by empirically determined B factors of between 1300 and 1600.  425 
 426 
Homology modelling  427 

Human Snx1 (4FSZ) is the deposited atomic model with highest sequence similarity with C. 428 
thermophilum Vps5 BAR domain. However, the Snx1 BAR dimer in 4FSZ is highly curved and 429 
cannot be docked into the Vps5 BAR densities in our reconstruction. In contrast, the two deposited 430 
structures of SNX-BAR domains, Snx9 (2RAJ) and Snx33 (4AKV), correspond well to the shape of 431 
our experimentally-determined Vps5 densities. To allow Snx1 to be used as a template for 432 
structural homology modelling, we adapted the curvature of the Snx1 to match that of Snx9. This 433 
was done by flexibly fitting the Snx1 BAR domain into a density map simulated from the Snx9 434 
structure using VMD and MDFF software (within NAMD)45. Secondary structure changes were 435 
prohibited throughout the simulation. The resulting “curvature adjusted” Snx1 BAR model was then 436 
used to build a homology model of the Vps5 BAR domain using the i-TASSER online service46. 437 
The Vps5 PX domain was modelled on the Snx7 PX domain (3IQ2) with i-TASSER. A complete 438 
Vps5 PX-BAR dimer was modelled by aligning the models of Vps5 PX and BAR domains to the 439 
Snx9 template as rigid bodies using the match-maker tool in Chimera.  440 
 No structures of the full-length retromer complex are available. Two partial homology 441 
models were generated using crystal structures of an N-terminal fragment of human Vps35 bound 442 
to Vps26 (5F0J) and a C-terminal fragment of human Vps35 bound to Vps29 (2R17). The Vps26-443 
Vps35(N) complex and Vps29-Vps35(C) complex include residues 14-470 and 476-780 444 
respectively, together covering nearly the entire human Vps35 sequence (796 residues in total). 445 
These two models were used as templates for modelling C. thermophilum Vps26-Vps35(N) and 446 
Vps29-Vps35(C) respectively using the “hetero-project” pipeline on the Swiss-Model web-server47. 447 
In the latter model the modelled Vps29 was then replaced by our X-ray structure of C. 448 
thermophilum Vps29 (1W8M).  449 
 450 
Model building 451 

UCSF Chimera48 and ChimeraX49 were used for rigid-body fitting and visualization. The 452 
relative orientations of the locally aligned maps were determined by sequential alignment of the 453 
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maps using their overlapping regions using the “fit” command preceded by rough manual 454 
placement. The obtained composite was used to visualize the relative positions of structural 455 
models built in individual locally-aligned maps and to transfer models between the maps. 456 

Vps26-Vps35(N), Vps29-Vps35(C) and Vps5 dimer homology models were fit into locally 457 
aligned maps using the Chimera fit command with random initial placement. Unique docking 458 
positions were identified displaying the highest cross-correlation and coverage scores (Extended 459 
Data Fig. 5a-c).  460 

The results of rigid body fitting showed excellent correspondence with the observed density. 461 
For Vps5 and the central region of Vps35, some small differences in the positions of helices were 462 
observed between the fitted model and the EM density. Vps5 and residues 122-816 of Vps35 were 463 
therefore flexibly fit into the density maps with the highest local resolution using the MDFF software 464 
within NAMD45, maintaining all secondary structure. A long yeast-specific loop (305-387) and a 465 
long linker between N- and C-portions of Vps35 (537-559) were excluded from the Vps35 model. 466 
An unoccupied density (indicated by arrowhead in Extended Data Fig. 3b) may correspond to the 467 
putative helical region (340-370) in the 305-387 loop of Vps35. 468 

We note that Vps5 dimers that contact Vps26 via their C-terminal helix (“stabilised dimers”) 469 
are better resolved than dimers with free C-termini (Extended Data Fig. 3b). In the final model, the 470 
“stabilised” Vps5 dimer that was fit into the map with highest local resolution was copied to all other 471 
positions where “stabilised” dimers were present and was fitted locally as a rigid body. For 472 
“unstabilised” Vps5 dimers, the fit into the map with highest local resolution was copied to another 473 
equivalent position.  474 

 475 
Arrangement of the retromer coat. 476 

The arrangement of the retromer coat on individual tubules was visualised by placing 477 
models of protein components of the coat at the coordinates and rotations to which subtomograms 478 
converged during alignment (see example in Fig. 3a). Simplified models were prepared by 479 
segmenting densities of interest from the corresponding Gaussian-smoothed subtomogram 480 
averages using UCSF Chimera. 481 

To assess the long-range order of the retromer coat, we determined the relative orientation 482 
of neighbouring retromer subunits. To do this, we took the positions and rotational orientations of 483 
all subtomograms in the final alignment, and plotted the relative positions of all neighbouring 484 
subtomograms (those within 416 Å). We performed this operation for subtomograms aligned on 485 
Vps26 and for subtomograms aligned on the apex of the retromer arch. In this way, the positions of 486 
16037 and 18680 sets respectively of distance-selected neighbours were plotted to generate a 3D 487 
density plot (Extended Data Fig. 7a, b). To simplify visualisation, we flattened and projected the 488 
3D density plot to give a 2D density plot (Extended Data Fig. 7c, d). The presence of peaks in the 489 
density plot shows that neighbours are found in preferred relative positions. The membrane-490 
associated layer of the coat (represented by Vps26 dimers) shows more long-range order than the 491 
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retromer arches, likely due to relative structural flexibility in the arch (compare Extended Data Fig. 492 
7c and d).  493 

Analysing the 3D density plot for Vps26 neighbours reveals six positions at which the 494 
nearest-neighbour Vps26 is located. Subtomograms were divided into groups according to whether 495 
a neighbour was identified in each of the six peaks (numbered in Extended Data Fig. 7e). Peaks 496 
related by the two-fold symmetry of Vps26 are equivalent and were therefore included in the same 497 
groups. Each of the six groups of subtomograms was then separately averaged (at bin4) to 498 
generate six local density maps of the retromer coat (Extended Data Fig. 7g). Each of the 499 
structures therefore shows the conformation of retromer when a nearest-neighbour is present in 500 
one of the six preferred positions (Fig 3b). 501 

Models shown in Fig. 3a were prepared by segmentation and low-pass filtering, their 502 
respective protein structures are illustrated in the boxed panels. The models shown in Fig. 3b and 503 
c were built by fitting retromer components into the six density maps for each relation (Extended 504 
Data Fig. 7g), and combining the fitted structures in the relative arrangements observed in Fig. 3a. 505 

 506 
Determination of the retromer coat structure within C. reinhardtii.  507 

In a previously described study, C. reinhardtii cells were vitrified, and thin lamellae 508 
containing regions of the cell interior were prepared by cryo-focused ion beam milling50,51 before 509 
imaging by cryo-electron tomography26,52. We reanalyzed these tomograms, identifying 17 coated 510 
tubular membranes in 12 tomograms. The coat on these tubes appeared distinct from previously 511 
observed COPI, COPII and clathrin coats. For 9 tubes, we could determine the morphology of the 512 
compartment they emanated from: 4 budded from multivesicular bodies, 4 from TGN 513 
compartments (rounded translucent cisternae without luminal vesicles), and 1 from a lysosome-like 514 
compartment. In tomographic slices of some of the tubes positioned perpendicular to the XY plane, 515 
we observed that the coat was formed by arch-like densities. We performed reference-free 516 
subtomogram averaging to determine the structure of the coat, essentially as described in 26, using 517 
a modified wedge mask that accounts for the amplitudes of the determined CTF and applied 518 
exposure filters at each tilt53. We extracted subtomograms from binned tomograms (pixel size 1.36 519 
nm) normal to the tube surface with a spacing of 8 pixels (11 nm) and box size of 64 pixels. 520 
Subtomogram positions were randomized by 4 pixels along the tube axis to avoid any artefacts 521 
from periodic picking. The initial average was created and subtomograms were aligned to it with 522 
only z-axis shifts followed by 12 iterations of alignment with a soft cylindrical mask of 16 nm 523 
diameter and 37 nm height, with a lowpass filter set to 60 Å. The resulting average displayed two 524 
arches. The centermost arch was shifted to the center of the box and used as a reference for 4 525 
additional iterations of alignment with two-fold symmetry applied. Overlapping subtomograms were 526 
removed with the distance threshold of 8 pixels (11 nm), the dataset was split in two halves from 527 
which the averages were generated. The resolution was estimated using mask-corrected FSC 528 
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between these references, and was 37 Å at 0.5 cross-correlation, extending significantly beyond 529 
the 60 Å lowpass filter used during alignment. 530 
  531 
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Extended Data 532 
Extended Data Figure 1. The retromer-Vps5 complex in solution and binding to membranes 533 
(a) Retromer forms a stable complex in solution. Fractions containing retromer (Vps35, Vps26 and 534 
Vps29) after gel-filtration on a Superdex 200 column analysed by Coomassie-stained SDS-PAGE. 535 
(b) Gel-filtration profile of Vps5 and MALLS analysis of molecular weight. Mean molecular weight 536 
and standard deviation from three independent gel-filtration experiments are shown. The expected 537 
molecular weight of Vps5 monomer is 67 kDa, so the observed molecular weight of 129 kDa 538 
indicates formation of a homodimer (c). A Coomassie-stained SDS-PAGE of Vps5 fractions from b. 539 
(d) Vps5 binds to retromer in solution. SDS-PAGE of GST-Vps5 and of retromer are given in the 540 
“input” panels. Retromer was incubated with GST-tagged Vps5 or GST baits, and the resultant 541 
complex was isolated on Gluthathione Sepharose beads (“pull-down” panels). The bottom panel 542 
shows the intact PAGE gel used to extract lanes for the upper panel. (e) Retromer membrane 543 
recruitment is dependent on Vps5. GST-Vps5 alone, GST-Vps5 with retromer complex, and 544 
retromer complex alone were incubated with liposomes and pelleted to isolate the liposome-bound 545 
protein fraction. Supernatant (S) and pelleted fraction (P) were compared with Coomassie stained 546 
SDS-PAGE. PC/PE liposomes were used as a negative control. Vps5 is efficiently pelleted by 547 
Folch brain extract liposomes, and the introduction of PI3P does not increase the amount of 548 
pelleted protein. The retromer complex shows no membrane association on its own, but is 549 
recruited to Folch and Folch/PI3P membranes when it interacts with Vps5. (f) Retromer promotes 550 
tubule formation by Vps5. Characteristic cryoEM images at medium (left) and high (right) 551 
magnification of Folch liposomes incubated either with Vps5 alone (top panels) or in the presence 552 
of the retromer complex (bottom panels). Data shown in all panels are representative of at least 553 
three independent experiments. 554 
 555 
Extended Data Figure 2. Overview of the subtomogram averaging procedure.  556 
Stages in the subtomogram averaging procedure are shown from top to bottom. Key steps are 557 
illustrated by average volumes (grey) overlaid with the corresponding alignment mask (gold). 558 
Alignment masks are shown at 0.5 value threshold. Volumes in a-c are low-pass filtered to 50 Å. 559 
(a) The final iteration of reference-free subtomogram averaging procedure independently 560 
conducted in bin4 tomograms that were acquired at -2.5 mm (left) and -5.5 mm (right) defoci, 561 
filtered to 50 Å resolution. (b) The average of the references shown in a. (c) The volume from b 562 
was rotated to place either the apex of the arch (left) or the base of the arch (right) in the box 563 
centre, 2-fold symmetrized, and filtered to 50 Å. These two volumes were used as starting 564 
references for further alignments. (d) The references after alignment at bin8. (e) The references 565 
after alignment at bin2. After SA convergence in bin2, focused alignment was conducted on 566 
individual structural features. The final maps are shown in f1-f3 and f4-f5 for alignments focussed 567 
on the regions within the gold alignment masks. 568 
 569 
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Extended Data Figure 3. CryoET map and reconstruction resolution.  570 
(a) Mask-corrected FSC curves for each of the final focused maps shown in Extended Data Fig. 571 
2f. The overall resolution at the 0.143 criterion is marked. (b) Sharpened maps coloured by local 572 
resolution according to the indicated colour map determined by FSC within a moving local mask. 573 
Arrowheads indicate an unassigned density, which may correspond to a helical element in loop 574 
305-387 of Vps35.  575 
 576 
Extended Data Figure 4. Crystal structure of C. thermophilum Vps29, and comparison of 577 
cryoET structures with previous crystal structures. 578 
(a) Crystal structure of C. thermophilum Vps29 (red) overlaid with the crystal structure of human 579 
Vps29 (blue)18. Crystallographic structure determination statistics are given in Extended Data 580 
Table 2. (b) The fitted Vps26 dimer model with monomers coloured in dark green and light green. 581 

The homodimeric interface is formed by β-sheet extension of two N-terminal β-sandwich domains. 582 
The positions of the docked Vps26 models suggest formation of an extended hydrophobic core 583 
between subunits. Close-up images of fitted Vps26 subunits highlight the extended hydrophobic 584 
core. (c) Surface representation of the Vps26-Vps35-Vps29 trimer mapped with binding regions for 585 
retromer effectors. Neighbouring Vps5 and retromer proteins in the assembled array are shown as 586 
ribbons. Retromer components are coloured as in Fig. 1. Lower panels show higher magnification 587 
views of the overviews in the upper panels. Binding sites observed in structural data are coloured 588 
according to colour of the corresponding label; dashed lines indicate binding regions identified in 589 
biochemical assays. The binding interfaces of human Snx27, Snx3, Snx3/Dmt1-II, Varp/TBC1d5 590 
were modelled using coordinates with PDB accession numbers 4P2A, 5F0L and 5GTU 591 
respectively; the Dmt1-II cargo peptide is shown as a ribbon. The Snx3/Dmt1-II binding site 592 
overlaps with that of Vps5. The binding site of the Snx27 PDZ domain on Vps2610 is accessible 593 
although due to a lack of structural information on full-length Snx27 it is unclear whether this 594 
binding is simultaneously consistent with membrane binding by the Snx27 PX domains. The 595 
regulatory factors Varp and TBC1d5 share a binding interface on Vps29 that is exposed towards 596 
the outer extremity of the coat. This site in human Vps29 is also hijacked by the RidL protein from 597 
the pathogen Legionella pneumophila54,55. However, as for Snx27, full-length structures of Varp, 598 
TBC1d5 and RidL are not available so we cannot be sure how they will be arranged in the fully 599 
assembled array. Rab7 has been speculated to contribute to membrane recruitment of retromer by 600 
binding to Vps35 in the region indicated by the dashed line56,57. The deletion of this helical region 601 
(helix 6 in S. cerevisiae) resulted in loss of interaction with Ypt757 (the Rab7 homologue in yeast). It 602 
has been shown recently that retromer binding to the PX-BAR complex displaces Rab7 during 603 
formation of tubules58,59. The Vps10 “binding site” (dashed line) indicates a region where point 604 
mutations affect Vps10 recycling16, however, no biochemical interactions between Vps10 and 605 
retromer have been shown, and our efforts at detecting a physical interaction between Vps35 and 606 
the cytosolic domains of Vps10 have not shown any direct binding. (d) Snx3 and Dmt1-II 607 
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(transparent yellow and dark green surfaces respectively), as bound to Vps35/Vps26 from PDB 608 
5F0L17, overlayed with our retromer-Vps5 complex structure (ribbons, coloured as above) 609 
demonstrating a sterical clash between Vps5 BAR and Snx3 PX domains. Note that C-terminal 610 
helix of Vps5 BAR (arrowheads) clashes with the Dmt1-II cargo peptide density. Left panel shows 611 
the same view as in the panel above in C; right panel shows the model rotated by 90 degrees 612 
around the vertical axis to provide the view along the long axis of BAR domain.  613 
 614 
Extended Data Fig 5. Global rigid body docking of Vps5, Vps26/Vps35(N) and 615 
Vps35(C)/Vps29, and adaptation of the retromer coat to different membrane curvatures.  616 
(a-c) Fitting of structures to electron density maps was performed from 10000 random initial 617 
placements of atomic models using Chimera fit command. The cross-correlation between model 618 
and EM map, is plotted against the fraction of the structural model within the EM density threshold 619 
for: (a) Global fit of Vps5 dimer into the membrane-associated BAR domain density under the arch 620 
(map f3 in Extended Data Fig. 2); (b) Global fit of Vps26/Vps35(N) into the base of the arch (map 621 
f5 in Extended Data Fig. 2). (c) Global fit of Vps29/Vps35(C) into the apex of the arch (map f1 in 622 
Extended Data Fig. 2). Arrows indicate the high-scoring rigid body fits which were used as starting 623 
points for flexible fitting. (d, e) For a subset of ~50% of the data we calculated tube centroids by 624 
spline fitting, and determined local membrane curvature as the inverse of the distance from the 625 
subtomogram to the tube centroid. (d) Slices through averages of 20% of the subtomograms from 626 
the dataset with lowest (left) and highest (right) membrane curvature, focused on the arch (top) or 627 
Vps26-dimer (bottom). See also animation in Supplementary Video 3. (e) Distribution of 628 
membrane curvatures of retromer tubules in situ and in vitro. Lumenal diameter of each tube were 629 
measured manually from which mean and standard deviation were calculated.  630 
 631 
Extended Data Figure 6. Comparison of yeast PX-BAR proteins Vps5 and Vps17. 632 
(a) Overlay of the Vps5 heterodimer model after flexible fitting into the cryoET structure (blue) with 633 
the human Snx9 PX-BAR domains (beige; the bound PI3P headgroup is also shown in magenta in 634 
stick representation). The PX and BAR domains in Vps5 adopt a very similar architecture to the 635 
Snx9 protein, but there are variations in the angle between the BAR domains, and in the 636 

orientations of the lateral PX domains. The second and third α helices of the Vps5 BAR domain 637 
are also longer than in Snx9. (b) Sequence alignment of Chaetomium thermophilum (CtVps5, 638 
CtVps17) and human (hSnx1, hSnx5) PX-BARs. CtVps5 secondary structure is indicated above 639 
the sequences. Sequence alignment and its representation were prepared in MultAlign60 and 640 
ESPript 3.061. (c) Overlay of ribbon models of CtVps5 (blue) and CtVps17 (grey). CtVps17 641 
structure was modelled using CtVps5 as a template (SWISS-MODEL). 642 

Extended Data Figure 7. Arrangement of the retromer coat on membrane tubules by cryoET  643 
3D plots that visualise the relative positions of (a) neighbouring Vps26 dimers or (b) neighbouring 644 
Vps35/Vps29 arches (see supplementary information for details). The isosurface for visualization is 645 
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set at 8σ. (c, d) Flattened cylindrical projections through the boxed regions in volumes a and b 646 
respectively. Blue to red gradient colouring is proportional to pixel values. The white circle shows 647 
the position of the central Vps26 dimer or arch. (e) A close-up view at the boxed region in c with 648 
arrows indicating position and the identity of neighbours corresponding to each of six nearest-649 
neighbour relative arrangements between Vps26 dimers. (f) Bar plot of frequency occurrence of 650 
arrangements from e for 15795 analysed Vps26 dimers. The arrangements numbered 3 and 6, 651 
where Vps26 dimers are very closely packed, are less frequent than other arrangements. Models 652 
of these relative arrangements are shown in Fig. 3b, c. (g) Density maps are shown for the local 653 
retromer structure for each of the six different relative Vps26 arrangements. Numbering 654 
corresponds to arrangements shown in Fig. 3b. Maps are radially coloured in grey, blue, green 655 
and gold for the membrane, Vps5, Vps26 and Vps35/Vps29 layers respectively. (h) Overlay of 656 
density maps for arrangements 2 and 3, and 2 and 4, showing that in some arrangements, the 657 
Vps35 arch can tilt relative to the tubule to accommodate nearby arches. The average of 658 
arrangement 2 is coloured as above, while arrangement 3 and 4 averages are coloured 659 
transparent grey. 660 
 661 
Extended Data Table 1. CryoET data collection and processing parameters 662 
 663 
Extended Data Table 2. X-ray crystallography data collection and refinement statistics for C. 664 
thermophilum Vps29 665 
 666 
Extended Data Table 3. E. coli expression constructs for C. thermophilum proteins used in 667 
this study  668 
 669 
  670 
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Supplementary Figure 1. 671 
Source images for gels. 672 
 673 
Supplementary Video 1, a-c. CryoET image of retromer-Vps5 coated tubules. 674 
Three series of sequential image slices through example tomograms from the total dataset of 71 675 
tomograms of retromer-Vps5-coated membrane tubules. Scale bar – 100 nm. We note that the tips 676 
and residual donor liposomes are also coated. These have similar membrane curvatures at least in 677 
one direction to that of the sides of the tubules. 678 
 679 
Supplementary Video 2. Structure of the membrane-assembled retromer coat by cryo-680 
electron tomography. 681 
A video summary of the structural data presented in this study.  682 
 683 
Supplementary Video 3. Retromer coat adapting to different membrane curvature. An 684 
animation of the data shown in Extended Data Fig. 5a. 685 
 686 
 687 
  688 
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