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30 Abstract

31 During endosomal recycling, Sorting Nexin 17 (SNX17) facilitates the transport of
32 numerous membrane cargo proteins by tethering them to the Retriever complex. Despite its
33 importance, the mechanisms underlying this interaction have remained elusive. Here, we report
34  the structure of the Retriever-SNX17 complex determined using cryogenic electron microscopy
35 (cryo-EM). Our structure reveals that the C-terminal tail of SNX17 engages with a highly
36 conserved interface between the VPS35L and VPS26C subunits of Retriever. Through
37 comprehensive biochemical, cellular, and proteomic analyses, we demonstrate that disrupting
38 this interface impairs the Retriever-SNX17 interaction, subsequently affecting the recycling of
39 SNX17-dependent cargos and altering the composition of the plasma membrane proteome.
40 Intriguingly, we find that the SNX17-binding pocket on Retriever can be utilized by other ligands
41  that share a consensus acidic C-terminal tail motif. By showing how SNX17 is linked to Retriever,
42  our findings uncover a fundamental mechanism underlying endosomal trafficking of critical cargo
43  proteins and reveal a mechanism by which Retriever can engage with other regulatory factors.
44

45 Main Text
46 Introduction

47 Plasma membrane (PM) proteins undergo frequent internalization into the endosomal
48  compartment, where they are either routed back to the cell surface for reuse or to lysosomes for
49  degradation. The maintenance of this trafficking process is vital for cellular homeostasis and
50 involves intricate regulatory systems. Among these, the trimeric protein complex Retriever plays
51 a crucial role in identifying PM proteins, also called cargoes, for recycling from endosomes.
52  Composed of VPS35L, VPS26C, and VPS29 (Fig. 1a), Retriever is remotely related to the well-

53 studied endosomal recycling complex Retromer'=, which handles a separate subset of cargoes.
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Recent studies have revealed that while Retriever shares a similar overall architecture with
Retromer, it possesses distinct structural features and regulatory mechanisms*”.

Retriever manages the recycling of a broad spectrum of cargoes, including integrins,
tyrosine receptor kinases, G-protein coupled receptors (GPCRs), and lipoprotein receptors*®°. In
contrast, Retromer handles a distinct subset of cargoes, which includes various transporters
(DMT1, ATP7A/B, GLUT1) and SorL1 (a sorting factor implicated in Alzheimer’s disease)'®"*.
Both Retriever and Retromer cooperate with additional factors to ensure efficient cargo sorting.
Integral to the function of both complexes is the WASH regulatory complex, which promotes

518 |n addition, Retriever

Arp2/3-mediated actin polymerization at endosomal membranes
associates with the COMMD/CCDC22/CCDC93 complex (CCC)? to form a larger-order complex
known as the Commander assembly'®?" in which the ten COMMD proteins form a ring-like
structure®’, while the CCDC22-CCDC93 dimer uses different domains to bridge the COMMD ring

to Retriever while also interacting with DENND10, a putative Rab guanine nucleotide exchange

factor (GEF).

Sorting nexin proteins represent crucial regulatory factors responsible for tethering
Retromer or Retriever to endosomal membranes and their specific cargoes®’. Retromer-
associated sorting nexins, like SNX1, SNX2, SNX5 and SNX6, mediate membrane deformation,
while SNX3 and SNX27 tether Retromer to particular cargoes. For example, SNX27 links
Retromer to over 100 cargo proteins by simultaneously binding to the VPS26 subunit of Retromer
and the PDZ binding motif in the cytoplasmic tail of the cargoes. In contrast, SNX17, a distant
homolog of SNX27, is specifically associated with Retriever. Unlike SNX27, SNX17 uses its
protein 4.1R, ezrin, radixin, moesin (FERM) domain to recognize the NPxY/NxxY motif in the
cytoplasmic tail of over 100 distinct cargo proteins®>2*, while its interaction with Retriever involves

its C-terminal tail*. The precise mechanism underlying the Retriever-SNX17 interaction, however,
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78 has yet to be deciphered (Fig. 1a). It also remains unknown if other regulatory factors connect

79  Retriever to additional cargos or recycling processes.

80 Here, we present the cryo-EM structure of the Retriever-SNX17 complex and
81 comprehensive validation of the binding mechanism through biochemical, cellular, and proteomic
82  analyses. Furthermore, we report the discovery of additional ligands for Retriever, which similarly
83 interact with the complex through the conserved SNX17-binding pocket. This finding expands the
84  repertoire of regulatory factors of Retriever and suggests versatile connections of Retriever with

85  other potential recycling targets.
86

87 Results
88  SNX17 uses its C-terminal tail to bind Retriever
89 Previous cellular and co-immunoprecipitation studies showed that the C-terminal (CT)
90 unstructured tail of SNX17 is important for interacting with Retriever* (Fig. 1a). Here, we used
91 recombinantly purified proteins to determine whether the interaction is direct and further elucidate
92 how the interaction occurs. Our GST pull-down assays showed that GST-SNX17 directly
93 interacted with Retriever and, consistent with previous cell-based results?®, the in vitro interaction
94  relied on the C-terminal tail of SNX17 (Fig. 1b). Deleting the last four residues (A467-470) or the
95 last residue (A470) of the tail abolished the interaction (Fig. 1b, lanes 2-3). We found that the tail
96 was both necessary and sufficient for the interaction, as a GST-tagged tail peptide, comprising
97 the last 20 residues, similarly pulled down Retriever (Fig. 1b, lane 6), and a chemically
98 synthesized peptide of the same 20 residues of the tail could compete off the binding of GST-
99 SNX17 in a dose-dependent manner (Fig. 1c). Using an equilibrium pull-down assay, we
100 determined that the binding has a dissociation constant (Kp) of ~0.11 uM in our buffer condition
101  (Fig. 1d; Extended Data Fig. 1a). In addition, in the same in vitro conditions, we found that SNX17

102  could similarly bind to Retriever complexed with the VPS35L binding domain (VBD) of the


https://doi.org/10.1101/2024.03.12.584676
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.12.584676; this version posted March 13, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

103  CCDC22-CCDC93 dimer (Fig 1e, lane 6), the key scaffold required for CCC complex assembly®,

104  suggesting that SNX17 interacts similarly with Retriever alone or with the Retriever-CCC complex.

105 Intriguingly, SNX17 could not bind individual subunits of Retriever, including a VPS35L-
106  VPS29 binary subcomplex or the VPS26C subunit in isolation, and only bound to fully assembled
107 Retriever (Fig. 1f, lanes 4-6). This is not due to misfolding or mis-assembly of the isolated
108 components, as the interaction was readily recovered when the individually purified VPS35L-
109 VPS29 subcomplex and VPS26C were freshly mixed in the reaction (Fig. 1f, lane 7; also see
110 Extended Data Fig. 1b for size exclusion chromatography profiles of individual components
111 indicating monodispersed, well-behaving materials). The above results confirm the requirement
112 of VPS26C for binding* and suggest that SNX17 only directly interacts with fully assembled

113 Retriever in vivo.

114

115  Cryo-EM structure of Retriever-SNX17 complex

116 To understand how the SNX17 tail interacts with Retriever, we next determined the
117  structure of the Retriever-SNX17 complex using cryo-EM. After exhaustively surveying protein
118  constructs and grid conditions, we were able to obtain a cryo-EM map with a resolution of ~3.4 A
119 by using Retriever mixed with saturating concentrations of the SNX17 tail peptide (Fig. 2a, Table
120 1, Extended Data Fig. 2). We used local refinement and local resolution-based map sharpening?
121 to improve map quality and built the structural model starting with one generated by AlphaFold-
122 Multimer prediction (Fig. 2a and Extended Data Fig. 2 & 3a). The overall crescent-shaped
123 structure of Retriever is slightly extended compared to its apo form, with an average root-mean-
124  square deviation of ~1.9 A (Extended Data Fig. 3b). Due to potential conformational dynamics,
125  we could not obtain a well-resolved map for the VPS29-bound end, where the N-terminal “belt”
126  sequence of VPS35L was found to stabilize the bound VPS29 and the CT region of VPS35L in

127  our previous work® (Fig. 2a, represented by dashed line, and Extended Data Fig. 2 and 3b).
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128 Nevertheless, the map unambiguously located the density of SNX17’s CT tail over a
129 conserved surface nestled between the VPS35L and VPS26C subunits of Retriever (Fig. 2a, b,
130  with map quality shown in Extended Data Fig. 3c, d). This density readily accommodated 12
131 residues at the C-terminus of the peptide (Fig. 2a, b). The peptide adopts a uniquely twisted
132 conformation containing two short, distorted 1-turn helices separated by a short loop (Fig. 2c, d).
133  The majority of the interaction is mediated by a conserved and positively charged surface on
134  VPS35L, contributed largely by residues from helices a2, a3, and a4 (Fig. 2b, c; Extended Data
135  Fig. 4 a, b). In addition, a conserved and slightly positively charged surface on VPS26C, mainly
136  contributed by residues on Loop 1, Loop 13, and strand 12, interacts with the SNX17 peptide
137  from the opposite side (Fig. 2c; Extended Data Fig. 4a, b). This interaction is unique to Retriever,
138 as Retromer uses distinct surfaces to interact with SNX3, SNX27, or DMT12¢? (Extended Data
139  Fig. 4c). This experimentally derived cryo-EM model of the Retriever-SNX17 complex is
140 consistent with AlphaFold-Multimer predictions, with some differences in the residues leading to
141  the C-terminal tip of SNX17 (Extended Data Fig. 3a).

142 The structural model elucidates the significance of the last few amino acids of SNX17
143  previously shown to be critical to the binding to Retriever*. Remarkably, the last residue of SNX17,
144  L470, uses both its side chain and the carboxyl group to establish a network of interactions with
145  VPS35L critical for binding (Fig. 2c, d). Specifically, L470’s carboxyl group engages with residues
146 K204, R248, and T276 in VPS35L, while its side chain fits into a deep hydrophobic pocket formed
147 by V205, W280, and the alkyl chains of K204 and K283 of VPS35L. These interactions explain
148  why mutating L470 to G or deleting this residue abolished the Retriever-SNX17 interaction* (Fig.
149 1b, lane 2).

150 In addition to L470, the structure also explains how other residues in SNX17’s (tail
151  contribute to the binding (Fig. 2c, d). At the C-terminal portion of the peptide, D469 in SNX17 is

152  oriented towards K14 from VPS26C, while D467 in SNX17 and K204 in VPS35L engage with
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153  each other’s backbone. At the N-terminal portion of the peptide, F462 in SNX17 interacts with
154  residues L208, 1212, 1287, and K283 in VPS35L, with K283 in VPS35L further interacting with the
155  backbone of F462 and 1465 in SNX17. In addition, residues N459, F460, and A461 of SNX17 may
156  form van der Waals interactions with the VPS26C surface.

157 It is remarkable that the sequences of both VPS35L and VPS26C that contribute to the
158 SNX17 binding pocket, especially the residues directly involved in the interaction, are conserved
159 across a diverse range of organisms from human to amoeba and Arabidopsis (Fig. 2c-e; Extended
160 Data Fig. 4a). This suggests that the SNX17-Retriever interaction mechanism is conserved
161 through evolution. Moreover, at least three of these SNX17-interacting residues have been noted
162  to be mutated in cancer (Fig. 2e, indicated by pink dots)®, with the resulting missense change
163  predicted to be deleterious.

164 To validate our structural model, we purified a series of Retriever complexes in which we
165 mutated individual residues that make critical contacts with the SNX17 tail, either from the
166 VPS35L or VPS26C side. We then used GST pull-down experiments to examine how these
167 mutations affect the SNX17-Retriever interaction. Consistent with our structure, all mutations
168 abolished the binding to GST-SNX17 (Fig. 2f). Importantly, the disruption of the binding was not
169 due to misassembly of Retriever, as the mutant complexes behaved similarly to their wild-type
170  (WT) counterparts during protein expression, purification, and size-exclusion chromatography
171 (Extended Data Fig. 1b, c). Furthermore, the mutations did not affect the binding of Retriever to
172  the CCDC22/CCDC93 VPS35L binding domain (VBD) dimer (Fig. 2g; Extended Data Fig. 1d),
173  which is mediated by different conserved surfaces on the VPS29-bound end of the complex, away
174  from the SNX17 binding pocket (Extended Data Fig. 4a), further supporting that the mutations
175  were specific in disrupting the binding to SNX17. Thus, we postulate that the identified SNX17-
176  binding pocket (hereafter named SBP) is evolutionarily conserved and plays a specific role in
177  binding to SNX17.

178
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179 Disrupting the SBP alters SNX17 binding in cells

180 Having defined the SBP as required for in vitro binding between Retriever and SNX17, we
181 examined whether this interaction mechanism held true in cells using co-immunoprecipitation
182  experiments. First, we observed that in transfected HEK293T cells, different mutations in the SBP
183  impacted the binding between SNX17 and Retriever to varied extents. The mutations V205D and
184 R248M in VPS35L substantially weakened the interaction, while other mutations (N279L and
185  W280Y) had minimal effects (Fig. 3a). Combining the V205D and R248M mutations (denoted as
186 DM for double mutant hereafter) had a more profound impact on SNX17-Retriever binding (Fig.
187  3b). Next, using immunoprecipitation in the reciprocal direction further confirmed the significant
188  contribution of VPS35L SBP residues (N279, W280, V205, and R248) to the interaction between
189 Retriever and SNX17 (Fig. 3c), with VPS35L DM displaying the most robust impairment.
190 Importantly, all the mutants tested retained normal interactions in cells with the Retriever subunits
191 VPS29 and VPS26C, as well as normal interactions with the CCC complex (CCDC22 and
192 DENND10) (Fig. 3c), confirming our in vitro results that the mutations specifically disrupted
193  Retriever binding to SNX17 without affecting other regions of Retriever.

194 Finally, we complemented a previously established VPS35L knockout (KO) HelLa cell line®
195 and generated polyclonal sublines stably re-expressing different HA-tagged VPS35L variants,
196 including WT, N279W, W280D, and DM, or a control line transfected with an empty vector (EV)
197 (Fig. 3d). Using these lines, we examined whether the SBP is required for SNX17 as well as
198  SNX31 binding. SNX31 is a homolog of SNX17 (40% identity between human proteins) expressed
199 onlyin very few cell types. SNX31 was previously found to bind to Retriever in a manner that also
200 required its CT leucine residue®. Our co-immunoprecipitation experiments demonstrated that both
201  SNX17 and SNX31 bound to VPS35L WT but not to the SBP mutants (Fig. 3e), indicating that
202  the SBP is required for Retriever interactions with both proteins.

203

204  Retriever-SNX17 binding is not required for their endosomal localization
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205 Next, we examined the potential impact of decoupling Retriever from SNX17 on the
206 localization of these proteins in cells. Using immunofluorescence staining in the aforementioned
207  stable lines shown in Fig. 3d, we found that the re-expressed VPS35L was localized to FAM21-
208 positive endosomes regardless of mutations in the SBP (Fig. 3f, g). Reciprocally, SNX17
209 localization in these cells was assessed after transfection of GFP-SNX17, showing that
210 endosomal localization of SNX17 appeared normal in EV cells and was not impacted by disruption
211  of the SBP (Fig. 3h). Thus, endosomal recruitment of VPS35L and SNX17 are both independent
212 of Retriever-SNX17 complex formation.

213

214  Disruption of the SBP alters PM homeostasis

215 Next, we examined the functional consequence of disrupting the Retriever-SNX17
216 interaction on endosomal protein sorting and PM protein homeostasis. To assess this, we first
217  utilized surface biotinylation, protein isolation, and mass spectrometry, coupled with tandem mass
218 tag (TMT) quantification, to compare the PM protein presentation in HelLa cells re-expressing
219 VPS35L WT or the DM mutant, or the knockout line (complemented with EV). This method
220 detected 25 proteins that were significantly reduced in VPS35L-deficient cells (EV) after surface
221  biotinylation. These included several integrins, which are known cargoes of SNX17 (Fig. 4a).
222  Consistent with previous observations, several cytosolic proteins were also detected, possibly
223 through indirect interactions with the biotinylated proteome. These included VPS35L itself, which
224  was depleted in the EV cells, as expected. Remarkably, all cargoes reduced in EV cells were
225  similarly reduced in VPS35L DM mutant cells (Fig. 4a), suggesting that the Retriever-SNX17
226 interaction plays a major role in Retriever-mediated cargo sorting and recycling to the PM.

227 To validate the PM proteomics result, we used immunofluorescence staining to directly
228  evaluate the cellular localization of Integrin a5 (ITGA5). Consistent with the proteomics data,
229 ITGA5 exhibited reduced staining at the PM and significant accumulation in FAM21-positive

230 endosomes of EV cells (Fig. 4b, c). Importantly, SBP mutations in VPS35L led to a comparable
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231  phenotype, showing significant endosomal trapping of ITGA5 (Fig. 4b, ¢). The same analysis of
232 another SNX17 cargo, Integrin 1 (ITGB1), revealed a similar pattern of endosomal trapping in
233 cells lacking VPS35L (EV) or expressing VPS35L with SBP mutations (Fig. d, e). Associated with
234 the endosomal trapping phenotypes was an altered morphology of FAM21-positive endosomes,
235  displaying enlarged endosomal domains and coalescence in the perinuclear region (Fig. 4f). The
236  coalescence phenotype, quantified as area of FAM21-positive endosomes per cell, showed
237  significant alterations in VPS35L deficiency (EV) as well as in all SBP mutants tested (Fig. 49).
238 Thus, decoupling Retriever from SNX17 had a profound effect on endosomal sorting and
239  homeostasis of various PM proteins.

240

241  SBP mutations reveal other acidic tail partners of Retriever

242 Next, we assessed the range of protein-protein interactions for VPS35L WT and compared
243  its interacting partners with the DM variant. To accomplish this, we immunoprecipitated VPS35L
244 from the corresponding HelLa cell lines and used mass spectrometry to identify interacting
245  partners in an unbiased manner. Using 10-fold enrichment over the EV knockout as a threshold,
246  coupled with statistical testing, we identified 25 potential VPS35L interacting proteins (Fig. 5a).
247  This analysis readily identified all components of the Retriever and CCC complexes (Fig. 5a,
248 green labels), but could not detect SNX17, potentially due to its cellular abundance, low
249  stoichiometry or affinity of binding, or poor peptide ionization. Our method also identified several
250 proteins not previously reported to be partners of Retriever such as LRMDA, CDIPT, ADGRES3,
251 PFH5A, DYNLL1 RNF169, BAG2 and LRP12 (Fig. 5a, orange labels).

252 Intriguingly, we found that two proteins, LRMDA (leucine rich melanocyte differentiation
253  associated) and TIMMZ23 (translocase of inner mitochondrial membrane 23), preferentially bound
254  to VPS35L WT but not the DM mutant (enrichment ratio of 10 or greater). Immunoprecipitation
255 and Western blot confirmed that LRMDA only interacted with VPS35L WT but not the SBP

256  mutants (Fig. 5b). In contrast, TIMM23 appeared to bind equally to all mutants (Fig. 5b). LRMDA

10
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257  contains an NT leucine-rich repeat (LRR) domain and a CT unstructured tail (Fig. 5c, cartoon).
258 Immunoprecipitation in Lenti-X 293T cells transfected with the full length (FL), NT LRR, and CT
259 tail of LRMDA revealed that the CT tail is both necessary and sufficient for binding to Retriever
260  (Fig. 5¢), analogous to SNX17.

261 Comparing the CT tail sequences of validated SBP-dependent binders (SNX17, SNX31,
262 and LRMDA) versus the non-SBP-dependent binder (TIMM23) across various representative
263  species revealed the presence of significant homology among their extreme C-terminus (Fig. 5d),
264  suggesting a potentially shared mechanism of binding. This homology can be summarized as an
265  evolutionarily conserved consensus motif comprising the last 6 residues, denoted as I-x-aaa-L,
266  where “a" denotes an acidic amino acid residue (Fig. 5d, black box). The sequences preceding
267  this motif lack a discernable pattern, suggesting the decisive role of this motif in binding to
268  Retriever.

269 In this motif, the last Leu residue seemed the most invariant, followed by the first lle
270 residue, which could be Leu or Phe in several species. The three central acidic residues could be
271 a combination of Asp, Glu, Asn, and GIn, while the x position appeared to tolerate various amino
272  acids. To further understand the composition of this motif, we performed mutagenesis of various
273  residues in the CT acidic tail of SNX17 and tested how they affected the binding to Retriever (Fig.
274  5e). We found that any mutations of the terminal Leu abrogated the binding, consistent with the
275 sequence alignment analysis in Fig. 5d. Mutations of the central acidic residue did not disrupt the
276  binding, except the mutation to Arg, which weakened the binding. This is consistent with the cryo-
277  EM structure, in which E468 side chain points away from the binding surface to the solvent (Fig.
278  2d). Mutating 1465 to Leu or Val, or mutating the “x” position (G466) to various amino acids did
279 not have an appreciable effect on binding in vitro (Fig. 5e). Combining the sequence alignment
280 and the mutagenesis of SNX17 tail, we redefined the consensus motif as [I/L/V]-x-[DEQN]-x-

281  [DEQNJ-L.

11
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282 Based on this motif, we searched the human genome and identified additional proteins
283  containing such a sequence in an unstructured C-terminal tail (Fig. 5f, Extended Data Fig. 5).
284  These proteins have diverse membrane localizations and were previously not shown to bind to
285 Retriever. When fused to GST, the last 20 amino acids of SNX17, SNX31, LRMDA, and PATE1
286  supported robust binding to Retriever in vitro (Fig. 5g), while TIMM23 showed a weak interaction.
287  Notably, all interactions were abrogated by the DM mutation, confirming that they use the same
288  mechanism to interact with the SBP of Retriever (Fig. 59).

289

290

291 Discussion
292 Our study provides a pivotal advance in our understanding of Retriever-mediated

293  endosomal cargo recycling. Unlike the well-studied Retromer®2%2 the precise mechanisms of
294  cargo selection by Retriever have remained elusive®. Our findings elucidate how the cargo-
295  recognition factor SNX17 uses its acidic C-terminal tail to anchor into a conserved surface formed
296 by the VPS35L and VPS26C subunits of Retriever (Fig. 6). Furthermore, we have identified other
297  regulatory factors that interact with Retriever through the SBP and via similar acidic tails,
298  suggesting that the SBP is a critical surface that connects Retriever to other cellular functions
299  beyond SNX17-dependent cargo recycling® (Fig. 6).

300 We emphasize that despite sharing remote homology with Retromer and SNX27,
301 Retriever and SNX17 operate through very distinct mechanisms. Notably, the residues
302  surrounding the binding pocket on both the VPS35L and VPS26C sides are highly conserved
303 across species, representing one of the most conserved surfaces on Retriever (Extended data
304 Fig. 4a). This remarkable conservation underscores the evolutionary and functional significance
305 of the interaction between Retriever and SNX17, as well as other acidic tail co-factors.

306 Another striking observation is that disrupting the Retriever-SNX17 interaction has

307 profound consequences on PM protein homeostasis, with effects on cellular signaling and
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308 potential clinical implications. This is evidenced by our proteomic and cellular analyses, as well
309 as the association between somatic mutations at the SNX17 binding pocket and human cancers.
310 Mutations at these residues disrupt the Retriever-SNX17 interaction in our experimental system,
311 suggesting that the cancer-associated mutations may act by perturbing the homeostasis of crucial
312 cargoes involved in cell adhesion, proliferation, or metabolism. This binding pocket, therefore,
313  offers a promising target for the development of novel therapeutic interventions or small molecule
314  drugs to modulate cellular signaling dynamics.

315 Our proteomic and cellular studies indicate that SNX17 does not constitutively bind to
316 Retriever. It is plausible that the binding could be modulated by factors such as SNX17's
317 expression level, post-translational modifications, cargo density, and cellular localization. For
318 example, based on PhosphoSitePlus®!, two key residues at the SBP could be potentially modified,
319 including acetylation of K14 in VPS26C and ubiquitylation of K204 in VPS35L, which could disrupt
320 the binding.

321 Moreover, the identification of other factors containing the SNX17 homologous acidic tail
322  sequences suggests a versatile role for the binding pocket. These additional factors may act as
323  competitors of SNX17 and connect Retriever to a broader range of recycling pathways, cargoes,
324  orother cellular locations and functions. Given the conservation and functional importance of the
325 binding pocket, we speculate that pathogens might exploit this system by hijacking the Retriever-
326 SNX17 interaction with effector proteins that mimic the critical C-terminal motif, thus
327 compromising host cellular functions to create a niche or augment pathogen fitness. In summary,
328 our research not only elucidates a key mechanism in endosomal trafficking but also opens the
329  door for further exploration into the biological significance of other Retriever-ligand interactions.
330

331

332
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Table 1. Cryo-EM data collection and model statistics.
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VPS35L- VPS35L VPS35L
VPS29- artial)- artial)- .
VPS26C- Vee260. |upeze) | Composite map
SNX17 SNX17 | (EMD- (EMD-43872)
(PDB 9AU7)
(EMD-43873) | (EMD- 43871)
43870)
Data collection and processing
Magnification 105,000
Voltage (kV) 300
Electron exposure (e /A?) 64
Defocus range (um) -09t0-24
Pixel size (A) 0.83
Symmetry imposed C1
Initial particle images (no.) 1,009,886
Final particle images (no.) 227,973
Map resolution (A) 3.4 3.35 | 3.75
FSC threshold 0.143
Refinement
Initial model used AlphaFold
Multimer model
(ma-swt4h)
Model composition
Nonhydrogen atoms 8601
Protein residues 1079
Ligand 0
R.m.s. deviations
Bond lengths (A) 0.005
Bond angles (°) 1.026
Validation
MolProbity score 1.93
Clashscore 13.06
Poor rotamers (%) 0.21
Ramachandran plot
Favored (%) 95.65
Allowed (%) 4.35
Disallowed (%) 0.00

Protein residues included
in the model

VPS35L:115-131,
180-253, 264-349,
352-738, 742-755,
768-786
VPS29: 3-186
VPS26C: 1-53, 63-
146, 150-297
SNX17:458-470
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367 Figures and Figure Legends
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369 Fig. 1 SNX17 uses its C-terminal tail to bind Retriever

370 a. Cartoon depiction of Retriever and the domain architecture of SNX17. b. Cartoon
371 representation of GST-SNX17 constructs used (left panel) and Coomassie blue-stained SDS
372 PAGE gels showing in vitro GST pull-down between indicated GST-SNX17 constructs and
373  Retriever (right panel). c. Coomassie blue-stained SDS PAGE gels showing in vitro GST pull-
374  down between GST-SNX17 and Retriever in the presence of increasing concentrations of a
375 competing peptide consisting of the last 20 amino acids of SNX17. d. Binding isotherms obtained
376 from EPD assays measuring the binding affinity between GST-SNX17 CT and Retriever. Data
377  were pooled from three independent experiments and globally fitted to a one-binding site model

378  to obtain the Kp and fitting error*2. GST pull-down as a negative control was from one experiment.
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Representative Coomassie blue-stained SDS-PAGE gels from the EPD experiments are shown
in Extended Data Fig. 1a. e-f. Coomassie blue-stained SDS PAGE gels showing in vitro GST pull-
down between GST-SNX17, and Retriever complexed with CCDC22-CCDC93 VBD dimer (e) or
isolated subunits of Retriever (f). Representative results from at least two independent

experiments are shown.
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Extended Data Fig. 1 Quality control of proteins used in this study.

a. Representative Coomassie blue-stained SDS PAGE gels showing the supernatant from the
EPD assays used for quantification. b-c. Size exclusion chromatograms through a Superdex 200
Increase column (b) and Coomassie blue-stained SDS PAGE gels (¢) showing loading control of

indicated Retriever constructs used in pull-down assays shown in Fig. 2f. d. Coomassie blue-
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391 stained SDS PAGE gel showing MBP pull-down of indicated Retriever constructs using MBP-tag
392  as a negative control, in comparison to MBP-CCDC22-CCDC93 VBD pull-down in Fig. 2g.
393

394
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397 Fig. 2 Structure of SNX17 C-terminal tail binding to Retriever
398 a. Schematic and overall colored cryo-EM map of the SNX17 CT peptide (golden) complexed with
399 Retriever (VPS35L in green, VPS29 in magenta, and VPS26C in cyan). Dotted lines indicate

400  structural elements not resolved in cryo-EM. N-terminal domains of SNX17 are shown as a
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401 reference. b-d. Close-up views showing key interactions between the SNX17 CT peptide (carbon
402  in green, oxygen in red, and nitrogen in blue) and its binding surface on VPS35L and VPS26C:
403  (b) shows cryo-EM density of the SNX17 CT peptide; (c-d) shows surface conservation calculated
404  with ConSurf®, with color-to-white gradients representing the most (ConSurf score =9) to the
405 least conserved residues (ConSurf score = 1). Contacting residues are shown as sticks. Dotted
406 vyellow lines indicate polar interactions. Residues mutated in this study are indicated by a black
407 box. e. Sequence alignment of human VPS35L and VPS26C with orthologs from indicated
408 representative species. Residues contacting SNX17 are indicated with yellow boxes and
409  arrowheads. Deleterious somatic mutations found in the COSMIC database and mutations tested
410 for binding to SNX17 are indicated. f-g. Coomassie blue-stained SDS PAGE gels showing GST-
411  SNX17 (f) or MBP-CCDC22-CCDC93 VBD dimer (g) pulling down purified Retriever bearing the
412  indicated point mutations in VPS35L or VPS26C. Representative results from at least two
413  independent experiments are shown.

414
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Extended Data Fig. 2 Cryo-EM data processing summary.

a. Representative cryo-EM micrograph from a total of 10,009 micrographs used for data
processing. b. Representative 2D class averages. ¢. 3D angular distribution of all Retriever-
SNX17 particles that contributed to the final main map. d. Local resolution of the consensus map
(upper) and the composite map stitched from two locally refined maps as indicated (lower). The
orientation of the map is the same as in (c). e. Fourier Shell Correlation (FSC) plots for the

consensus map (upper) and the two locally refined maps (lower). f. Schematic showing cryo-EM
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424  data processing steps for obtaining 3D reconstruction of the Retriever-SNX17 complex. Maps and
425  structural model deposited to PDB/EMDB are labeled.
426

427
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429 Extended Data Fig. 3 Overall structure comparison and local map quality.

430 a. Left: Overlay of models derived from AlphaFold-Multimer prediction (white) and the cryo-EM
431  model (color). Middle: Overlay of AlphaFold-Multimer models colored using predicted local
432  difference distance test (pLDDT) scores for local structure accuracy. Right: Predicted aligned
433 error (PAE) scores for distance error of the top-ranked AlphaFold-Multimer model. b. Overlay of

434  the cryo-EM models between the Retriever-SNX17 complex (dark color, PDB 9AU7) and the
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435  Retriever apo form (light color, PDB 8SYO). ¢-d. Semi-transparent composite map overlayed with
436 final model (left) (EMD-43872, PDB 9AU7) and the map colored by local resolution (right) showing
437  the quality of the map and modeling of the SNX17 binding pocket in (¢) and the SNX17 CT peptide
438 in (d).

439
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442  Extended Data Fig. 4 Surface conservation and electrostatic property.

443  a-b. Overall surface conservation (a) and electrostatic potentials (b) of Retriever complexed with
444  SNX17 CT peptide (shown in cartoon presentation). Surface conservation was calculated with
445  ConSurf®, with color-to-white gradients representing the most (ConSurf score =9) to the least
446  conserved residues (ConSurf score = 1) following the same color scheme used in Fig. 2c, d.
447 CCDC22-CCDC93 VBD model derived from AlphaFold-Multimer predictions are shown as semi-
448 transparent cartoon presentation as a reference. ¢. Cartoon presentation (left) and surface
449  presentation of electrostatic potentials (right) of Retromer, showing the binding sites for indicated
450 ligands.
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454  Fig. 3 Disrupting the SBP impairs SNX17 and SNX31 binding in cells

455  a-b. Immunoprecipitation of SNX17 (FLAG) followed by immunoblotting for VPS35L and VPS26C
456  (HA) in HEK293T cells transfected with the indicated expression vectors. EV, empty vector; DM,
457  double mutant. ¢. Immunoprecipitation of VPS35L (HA) followed by immunoblotting for SNX17
458  (FLAG) and indicated protein components of the CCC and Retriever complexes in HEK293T cells
459 transfected with indicated SNX17 and VPS35L variants. d. Immunoblotting analysis for

460 endogenous and stably expressed VPS35L in the indicated HelLa cell lines derived from a
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461  VPS35L knockout (KO) rescued with the indicated variants of VPS35L or an empty vector (EV)
462  control. The parental HeLa cell line used to derive the VPS35L knockout line is included for
463  comparison. e. Immunoprecipitation of SNX17 (top) or SNX31 (bottom) after transfection in the
464  indicated HelLa cell lines, followed by immunoblotting for VPS35L (HA). f-g. Representative
465 confocal images (f) and quantification of colocalization (g) derived from concurrent
466  immunofluorescence staining for VPS35L (HA, green) and the endosomal marker FAM21 (red) in
467 Helacells shown in (e). In (g), each dot represents an individual cell, with number of cells in each
468  group indicated above the graph. Mean and standard deviation are shown. One-way ANOVA with
469 Dunnett’s correction was used. NS, not significant. h. Representative confocal images showing
470  concurrent immunofluorescence staining for GFP-SNX17 (green) and the endosomal marker
471  FAM21 (red) in HelLa cells shown in (e) and transfected with GFP-SNX17.
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478

479  Fig. 4 Disrupting the SNX17-Retriever interaction impairs PM homeostasis
480 a. Heat map of PM protein abundance quantified by TMT-based proteomics after surface
481  biotinylation and streptavidin purification, using indicated HelLa stable cell lines (shown in Fig. 3d).

482  Only proteins whose abundance was significantly different between WT and EV lines (p value
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483  <0.05) are displayed. b-c. Representative confocal images (b) and quantification of colocalization
484  (c) derived from concurrent immunofluorescence staining for the cargo protein ITGA5S (green) and
485  the endosomal marker FAM21 (red) in the indicated cell lines. d-e. Similar to (b-¢) but focusing
486  on the cargo protein ITGB1 (green). f-g. Representative confocal images (f) and quantification of
487  the area of FAM21-positive endosomes (g) derived from immunofluorescence staining of FAM21
488 in the indicated HelL a stable cell lines. In all quantifications, each dot represents an individual cell,
489  with number of cells in each group indicated above the graph. Mean and standard deviation are
490 shown. One-way ANOVA with Dunnett’s correction was used. ****, p < 0.0001.
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495  Fig. 5 Interactome analysis reveals other Retriever ligands with an acidic CT tail.
496 a. Heat map of VPS35L-interacting proteins quantified by mass spectrometry after
497  coimmunoprecipitation of HA-tagged VPS35L, using indicated HelLa stable cell lines shown in
498  Fig. 3d. Protein spectral counts, fold change between indicated cells, and corresponding p-values
499  are depicted. Components of CCC and Retriever are highlighted in green, while other proteins
500 are marked in orange. b. Immunoprecipitation of VPS35L (HA) followed by immunoblotting for
501 LRMDA, TIMM23, and CCDC93 in indicated stable HelLa cell lines. ¢. Immunoprecipitation of
502 LRMDA full-length (FL), NT, and CT in Lenti-X 293T cells, followed by immunoblotting for
503 indicated Retriever and CCC subunits. d. Sequence alignment of the CT tail of indicated proteins
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504  across representative species. Gold, light-gold, and white shading denote sequences identical to,
505 similar to, and not conserved with the human SNX17 CT sequence, respectively. The identified
506 6-residue acidic sequences are highlighted by the black box, with each position denoted by a
507 colored dot corresponding to the residues mutated in (e). e. Coomassie blue-stained SDS PAGE
508 gel showing in vitro pull-down of Retriever by GST-SNX17 CT tails containing indicated point
509 mutations. f. Sequence alignment of the CT tail of indicated proteins in humans, of which the last
510 six residues concur to the motif [LVI]-X-[DEQN]-X-[DEQN]-L and exist in unstructured tails. Gold,
511 light-gold, and white shading denote sequences identical to, similar to, and not conserved with
512 the human SNX17 CT sequence, respectively. g. Coomassie blue-stained SDS PAGE gel
513  showing in vitro pull-down of Retriever WT vs. the DM mutant by GST-tagged CT acidic tails of
514  the indicated proteins.
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SNX17 | Human ASASDVHGNFAFEJIGDED]] SNX17 | Human ASASDVHGNFAFEJIGDEDI]
Human PTPKTPPCQARLAKLDEDET} Human PEAPVFSTHDIPPVVSDENI]
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Human EPEQKEQSTGQKR! E1 CD34|chicken  ENGASRNGRGTAQSLADTSM
Mouse GPEQEEQSAGQKRHSKNDEL} Frog TPTTTNGHSTKKQTMSDTKV
Chicken SSKKEKKPEAGGE EI}
Frog ADATSQKPSEKPDHSHKTEL Human QILTALSRKLEPPHVKQAEL
Zebrafish DDKTESTESSKSENHIEDEL Mouse QILTALSRKLEPPSGKQAEL
HYOU1 | Fruitfly  VDEITPTPAEEETKTPHSEL Chicken TALSRKLEPPPVKQVEQLST
Nematode  STKKANESKVENESEIKTEL BCAR3 | Fro9 RYHKFGQILTALSRKLEPPS
Sponge EPEVLTLPPAADG! GEL} Zebrafish KLILTALSRKLEPAVKHTEI
Trichoplax KEEKKGDDKQENADEKHSEI Lamprey EQILNVLSKRLEPHVKQSEL
Capsaspora NDAPEQAQDQREEHQETHEI Fruit fly NKLEKVLTLMADKE] EQ
Arabidopsi EEQSKSSDEAAKEHESHDEL Nematode  SLLAQRRESELTDQFKSLAT
Human KSEDELDQASTPTDVRDIDI] Human ESSKTDQYLCDADRLOERET]
Mouse KSVEDPDQATTPTDVRDVDY Mouse
Chicken KTIEELDQASTPTDVRDINI Chicken
Frog KSVNELDQASTPTDVQDINI MTO1 | Frog
CCND2| rish KALDDQDQSSTPTDVRDINY Zebrafish
Lamprey RGVDELDIAGTPTDVRDVAL Lamprey
Trichoplax ANGYMSETPTDLDDMQHLVT Fruitfly
Fruitfly  HTCKMQAQAQAQNHIQDVT Nematode AIVVLMRHLKNPAHVRSSAV
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Mouse AVRRRRQALERPLAEDTEI
Chicken AIQRRRQTLERPDVIVDTEL
USH1G | Frog GIQRRRQAIDRPSTMGDTEL
Zebrafish ACMRRLETLEEPGHIEDTEM
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Fruitfly AIQERRNALANPGHLVDSRI
51 6 Sponge KRNRHINTPVRE DTEL}

517 Extended Data Fig. 5 Sequence alignment of additional proteins potentially containing a
518 SNX17 homology acidic tail.

519 Gold, light-gold, and white shading denote sequences identical to, similar to, and not conserved
520 with the human SNX17 CT sequence shown on the top, respectively. The 6-residue acidic
521 sequences are highlighted by the black box.
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525 Fig. 6 Schematic of Retriever-mediated endosomal recycling.

526  Our study suggests that Retriever could use the same SNX17-binding pocket (SBP) to interact
527  with additional factors. The interaction with SNX17 tethers Retriever to many cargoes recognized
528 by SNX17 through NPxY/NxxY motifs in their cytoplasmic tails (left), while the interaction with
529 other factors can potentially link Retriever to distinct cargoes, recycling pathways, or cellular
530 destinations (right).
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607 Methods

608 Plasmids: All constructs were created using standard molecular biology procedures and verified
609 by Sanger sequencing. Detailed information about constructs for recombinant protein production
610 and mammalian expression, recombinant protein sequences, and DNA oligonucleotides for
611 construct generation can be found in Supplementary Tables 1, 2, and 3, respectively. The ORFs
612 of human VPS35L and VPS26C were previously described*¢. The mammalian expression
613  vector for SNX17 was previously described®. SNX31 mammalian expression vector was
614  designed by GeneArt at Thermo Fisher Scientific. For insect cell expression of Retriever, human
615 full-length VPS35L (untagged, synthesized as a codon-optimized GeneString from Thermo Fisher
616 to improve expression), VPS26C (untagged), and VPS29 (isoform 2) containing a C-terminal
617 (GGS).-Hiss tag were cloned in a modified pFastBac™ vector for insect cell expression as
618 previously described®. For bacterial expression of isolated VPS26C, codon-optimized
619  GeneString (Thermo Fisher) was cloned in a pMalC2Tev vector®*. Bacterial expression vector of
620 GST-SNX17 was previously described®. Bacterial expression vectors of CCDC22 VBD and
621 CCDC93 VBD were previously described*. The CT 20 amino acids of SNX17, SNX31, LRMDA,
622 TIMMZ23, PATE1, ARHGEF25, and HYOU1 were codon-optimized and cloned into a pGexTev
623  vector using PCR.

624

625 E. coli strains for protein expression: Standard, commercial E. coli strains used in this study
626  include Mach1™® (Thermo Fisher) and BL21 (DE3)"'R (Sigma), and are grown in Luria-Bertani
627  medium using standard molecular biology conditions.

628

629 Insect cell lines for protein expression: Sf9 cells (Expression System) were maintained in Sf-
630 900™ |l serum-free medium (Thermo Fisher) and used for baculovirus preparation and large-

631  scale expression.
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632

633  Cell culture: HEK293T (Cat # CRL-3216) and HelLa (Cat # CCL-2) cell lines were obtained from
634  the American Type Culture Collection (Manassas, VA). Lenti-X 293T cells (Cat #632180) were
635 obtained from Takara. All cell lines were cultured in high-glucose Dulbecco’s modified Eagle’s
636 medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37
637 °C with 5% CO,. Periodic PCR-based testing for Mycoplasma spp. was conducted to ensure
638  culture purity. A Hela line with VPS35L deficiency was previously described® and these cells
639 were complemented using a lentiviral vector to express HA tagged VPS35L protein versions as
640 indicated.

641

642  Transfection and lentiviral methods: HEK293T or Lenti-X 293T cells were transfected using
643  Lipofectamine 2000 (Life Technologies) or PolyJet (SignaGen), respectively, and cultured for
644  either 24 or 48 hours before analysis. VPS35L Hela knockout cells were reconstituted with HA
645 empty vector or various HA-tagged VPS35L using a lentivirus system. Lentivirus experiments
646 followed a standard protocol as previously described for viral vector production and selection*®4'.
647

648 Immunofluorescence staining: We followed protocols previously described®=°. Briefly, cells
649  were fixed with cold fixative (4% paraformaldehyde in PBS) for 18 min at room temperature in the
650 dark, followed by 3-min permeabilization using 0.15% Surfact-Amps X-100 (28314, Thermo
651 Fisher) in PBS. Samples were then incubated overnight at 4 °C in a humidified chamber with
652  primary antibodies in immunofluorescence (IF) buffer (Tris-buffered saline plus human serum
653  cocktail). After three washes in PBS, samples were incubated with secondary antibodies (1:500
654  dilution in IF buffer) for 1 h at room temperature or overnight at 4 °C in a humidified chamber.
655  After four washes in PBS, coverslips were mounted on slides with SlowFade Anti-fade reagent
656 (Life Technologies). Primary and secondary antibodies used are provided in Supplementary Table

657 4. Images were obtained using an A1R confocal microscope (Nikon, x60 /1.4 oil immersion
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658  objective) operated by the NIS-Elements A1R (Nikon) software v5.42.03. Fluorescence signal
659 values were quantified using Fiji v1.54f (Imaged, NIH). Data were processed with Excel
660 (Microsoft) and plotted with Prism v9.5.1 (GraphPad) or a Python web application

661  htips://biochempy.bb.iastate.edu. Each dot in the graphs represents the value from a single cell,

662  with the horizontal bar indicating the mean and the error bars representing the standard error of
663 the mean (SEM). Spearman’s Rank correlation coefficient was measured using EzColocalization
664  Fiji Plugin within manually outlined regions of interest (ROIs).

665

666 Mammalian protein extraction, immunoblotting, and immunoprecipitation: For most
667  experiments, whole cell lysates were prepared using Triton X-100 lysis buffer (25 mM HEPES,
668 100 mM NaCl, 10 mM DTT, 1 mM EDTA, 10% Glycerol, 1% Triton X-100) supplemented with
669  protease inhibitors (Roche). Immunoprecipitation, SDS-PAGE, and immunoblotting experiments
670  were performed largely as previously described®. Specifically, for LRMDA immunoprecipitation,
671  48h after transfection, cells were harvested in NP-40 lysis buffer and mixed with anti-FLAG M2
672  magnetic beads (Sigma-Aldrich, Cat# F4799) for 2 hours at 4°C. The beads were washed 4 times
673  in NP-40 lysis buffer, and the bound proteins were eluted with 150 ug/mL 3xFlag (Sigma-Aldrich,
674  Cat# F4799) at 4 °C for 1.5h. Western blot images were collected using ChemiDoc and Image
675 Lab v6.1.0 (Biorad). Antibodies used are detailed in Supplementary Table 4.

676

677 Cell surface biotinylation: Cell surface biotinylation was performed as previously reported.
678  Briefly, cells were incubated at 4°C with Sulfo-NHS-SS-biotin (Pierce) in biotinylation buffer (10
679 mM triethanolamine, 150 mM NacCl, 2 mM CaCl,, pH 8.0). After 30 min, cells were lysed in Tris-
680 lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% Na deoxycholate, 5 mM
681 EDTA, 5 mM EGTA) supplemented with Halt Protease/Phosphatase inhibitor (Thermo Fisher).
682  Biotinylated proteins were captured using nanolink Streptavidin magnetic beads (Solulink) and

683  washed three times with the same lysis buffer, once with high salt buffer (50 mM Tris-HCI, pH 7.4,
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684 500 mM NaCl), and once with low salt buffer (10 mM Tris-HCI, pH 7.4, 5 uM Biotin). Proteins on
685 the beads were eluted using at the elution buffer (PBS, 6M urea, 0.2% SDS (v/w) containing
686 100mM DTT at 65 °C for 30 min. For TMT proteomics, the eluted proteins were directly submitted
687  in solution to the UT Southwestern Proteomics core facility.

688

689  Protein affinity purification: Knockout cells expressing HA-tagged VPS35L were grown on
690 culture dishes and lysed in Triton-X lysis buffer. Clarified cell lysates containing equal amounts of
691 protein were added to HA-resin to capture HA-tagged proteins. HA beads were washed using
692 lysis buffer and eluted using 3 x LDS/DTT gel loading buffer at 95 °C. Eluted proteins were
693  analyzed by SDS-PAGE and LC-MS/MS mass spectrometry at the UT Southwestern Proteomics
694  core.

695

696 Proteomic interactome and cell surface analysis: We combined protein identification,
697 abundance (based on spectral index), and enrichment ratios (compared to empty vector) to
698 identify potential interacting proteins. After reduction with DTT and alkylation with iodoacetamide
699  (Sigma—Aldrich), samples were digested overnight with trypsin (Pierce). After solid-phase
700 extraction cleanup with an Oasis HLB plate (Waters), digested samples were injected into an
701  Orbitrap Fusion Lumos mass spectrometer coupled to an Ultimate 3000 RSLC-Nano liquid
702  chromatography system. Through a 75 umi.d., 75-cm long EasySpray column (Thermo), samples
703  were eluted with a gradient from 1-28% buffer B over 90 min. Buffer A contained 2% (v/v) ACN
704  and 0.1% formic acid in water, and buffer B contained 80% (v/v) ACN, 10% (v/v) trifluoroethanol,
705 and 0.1% formic acid in water. The mass spectrometer operated in positive ion mode with a
706  source voltage of 1.8-2.4 kV and an ion transfer tube temperature of 275 °C. MS scans were
707  acquired at 120,000 resolution in the Orbitrap. Uto 10 MS/MS spectra were obtained in the ion
708 trap for each full spectrum acquired using higher-energy collisional dissociation (HCD) for ions

709  with charges 2-7. Dynamic exclusion was set for 25 s after an ion was selected for fragmentation.
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710  Forthe plasma membrane and interaction proteomics samples, raw MS data were analyzed using
711  Proteome Discoverer v3.0 (Thermo), with peptide identification performed using Sequest HT
712  searching against the human protein database from UniProt. We set fragment and precursor
713  tolerances at 10 ppm and 0.6 Da, respectively, and allowed three missed cleavages. We set
714  cysteine carbamidomethylation as a fixed peptide modification and methionine oxidation as a
715  variable modification. We applied a false-discovery rate (FDR) cutoff of 1% for all peptides.

716  To analyze protein complex composition in native gel samples, raw MS data were analyzed using
717  MaxQuant v.2.0.3.0, with peptide identification performed against the human protein database
718  from UniProt. We set fragment and precursor tolerances at 20 ppm and 0.5 Da, respectively, and
719 allowed three missed cleavages. We set cysteine carbamidomethylation as a fixed peptide
720 modification, and methionine oxidation and N-terminal acetylation as a variable modification. We
721  used iBAQ quantitation for protein quantitation within each sample.

722

723  TMT proteomics: For TMT-based proteomic quantification, samples were thoroughly mixed with
724 25 pL of 10% SDS and 100 mM triethylammonium bicarbonate (TEAB) by vortexing and then
725 reduced by 2 pL of 0.5 M tris(2-carboxyethyl)phosphine (TCEP) at 56 °C for 30 min. Free
726  cysteines were then alkylated by 2 pyL of 500 mM iodoacetamide in the dark at room temperature
727  for 30 min. Afterwards, samples were added with 5.4 yL of 12% phosphoric acid and 300 pL of
728  S-Trap (Protifi) binding buffer before being loaded onto an S-Trap column. Samples were digested
729 by 1 pg of trypsin overnight at 37 °C. Digested peptides were dried and reconstituted in 21 pL of
730 50 mM TEAB buffer. Based on absorbance at 205 nm using NanoDrop, equal amounts of peptides
731  were labelled with TMT 6plex reagent (Thermo), quenched with 5% hydroxylamine, combined,
732  dried in a SpeedVac, desalted using an Oasis HLB microelution plate (Waters), and dried again
733  in a SpeedVac. Finally, samples were dissolved in 50 pyL of 2% acetonitrile and 0.1% TFA and
734 then injected onto an Orbitrap Eclipse mass spectrometer coupled to an Ultimate 3000 RSLC-

735  Nano liquid chromatography system. Samples were developed through a 75 ym i.d., 75-cm long
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736  EasySpray column (Thermo) and eluted with a gradient from 1-28% buffer B over 180 min,
737  followed by 28-45% buffer B over 25 minutes. Buffer A contained 2% (v/v) ACN and 0.1% formic
738  acid in water, and buffer B contained 80% (v/v) ACN, 10% (v/v) trifluoroethanol, and 0.1% formic
739  acid in water. The mass spectrometer operated in positive ion mode with a source voltage of 2.0
740  kV and an ion transfer tube temperature of 300 °C. MS scans were acquired at 120,000 resolution
741  in the Orbitrap over a mass range of m/z = 400-1600, and top speed mode was used for SPS-
742  MS3 analysis with a cycle time of 2.5 s. MS2 was performed using collisionally-induced
743  dissociation (CID) with a collision energy of 35% for ions with charges 2-6. Dynamic exclusion
744  was set for 25 s after an ion was selected for fragmentation. Real-time search was performed
745  using the reviewed human protein database from UniProt. We set cysteine carbamidomethylation
746  and TMT 6plex modification of lysine and peptide N-termini as fixed modifications, and methionine
747  oxidation as a variable modification. We allowed two missed cleavages and up to 3 modifications
748  per peptide. The top 10 fragments for MS/MS spectra corresponding to peptides identified by real-
749 time search were selected for MS3 fragmentation using high-energy collisional dissociation
750 (HCD), with a collision energy of 65%. Raw MS data files were analyzed using both the Sequest
751  HT and Comet nodes within Proteome Discoverer v3.0 (Thermo), searching against the reviewed
752  human protein database from UniProt. Fragment and precursor tolerances of 10 ppm and 0.6 Da
753  were specified, and two missed cleavages were allowed. The same modifications were used in
754  the search as for the real-time search. The false-discovery rate (FDR) cutoff was 1% for all
755  peptides.

756

757 Recombinant protein purification: The Retriever complex or the VPS35L-VPS29 subcomplex
758  was expressed from Sf9 cells using the Bac-to-Bac system and purified through Ni-NTA affinity,
759 cation exchange, and anion exchange, and size exclusion chromatography essentially as
760  previously described®. To improve expression, VPS35L ORF was changed to a codon-optimized

761  sequence from Thermo Fisher. Typical yield was ~1 mg of purified Retriever from 3 liters of Sf9
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762  culture. SNX17, isolated VPS26C, and SNX17-homologous CT tails were expressed and purified
763  following procedures essentially as previously described®. Briefly, proteins were expressed in
764  BL21 (DE3)"'R cells (Sigma) at 18 °C overnight after induction with 1 mM IPTG. GST-tagged
765  SNX17 proteins were purified using Glutathione Sepharose beads (Cytiva) and eluted using 100
766  mM Tris pH 8.5, 50 mM NaCl, and 30 mM reduced glutathione. The resulting GST-SNX17 proteins
767  were further purified by anion exchange chromatography using a 2-mL Source 15Q column (10
768 mM Tris pH 8.0 and 5 mM BME in a gradient of 0 - 400 mM NaCl developed over 40 mL) and size
769  exclusion chromatography using a 24-mL Superdex Increase 200 column [10 mM HEPES pH 7.0,
770 100 mM NaCl, 5% (w/v) glycerol, and 1 mM DTT]. SNX17 point mutants were purified using
771  Glutathione Sepharose beads as described above and then dialyzed into 10 mM HEPES pH 7.0,
772 100 mM NaCl, 5% (w/v) glycerol, and 1 mM DTT for pull-down assays. SNX17-homologous C-
773  terminal tails were purified using Glutathione Sepharose beads as described above, further
774  purified by a 2-mL Source 15Q column (10 mM Tris pH 8.0 and 5 mM BME in a gradient of O -
775 400 mM NaCl developed over 40 mL), and finally dialyzed into 10 mM HEPES pH 7.0, 50 mM
776  NaCl, 5% (w/v) glycerol, and 1 mM DTT for pull-down assays. Isolated MBP-tagged VPS26C was
777  purified using Amylose beads (New England Biolabs) and eluted using 20 mM Tris pH 8.0, 200
778 mM NaCl, 2% (w/v) maltose, and 5 mM BME. The protein was further purified by anion exchange
779  chromatography using a 2-mL Source 15S column (10 mM HEPES pH 7.0 and 5 mM BME in a
780  gradient of 0 - 400 mM NaCl developed over 40 mL) and cleaved using TEV protease to remove
781 the MBP tag. Cleaved VPS26C was polished by size exclusion chromatography using a 24-mL
782  Superdex Increase 75 column [10 mM HEPES pH 7.0, 100 mM NaCl, 5% (w/v) glycerol, and 1
783 mM DTT]. MBP-CCDC22 VBD and MBP-CCDC93 VBD were purified as described®. All
784  chromatography steps were performed using Cytiva columns on an AKTA™ Pure protein
785  purification system. SNX17 C-terminal peptide, corresponding to amino acid sequence 451-470,

786  ASASDVHGNFAFEGIGDEDL, was synthesized from GenScript at =98% purity. The lyophilized
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787  peptide was dissolved in 100 mM HEPES pH 7.0 buffer at a stock concentration of 40 mg/mL
788  (19.5 mM), aliquoted in small volumes, and stored at -80 °C.

789

790 In vitro pull-down assays: GST pull-down experiments followed previous procedures*?. Briefly,
791  bait (100-200 pmol of GST-tagged proteins) and prey (50-200 pmol for Retriever) were mixed with
792 20 pL of Glutathione Sepharose beads (Cytiva) in 1 mL of binding buffer [10 mM HEPES pH 7,
793 50 mM NaCl, 5% (w/v) glycerol, 0.05% (w/v) Triton-X100, and 5 mM BME] at 4 °C for 30 min.
794  After three 1-mL washes with the binding buffer, bound proteins were eluted with 100 mM Tris pH
795 8.5, 50 mM NaCl, and 30 mM reduced glutathione and examined by SDS-PAGE. Where it is
796 indicated, 200 pmol of MBP-CCDC22-CCDC93 VBD dimer or various amounts of SNX17 CT
797  peptide were added in pull-down assays.

798

799  Invitro equilibrium pull-down (EPD) assays: Equilibrium pull-down assays were performed as
800 previously described*?. Briefly, 60 pL of Glutathione Sepharose beads (50% slurry equilibrated in
801 a pull-down buffer [10 mM HEPES pH 7, 50 mM NaCl, 5% (w/v) glycerol, 0.05% (w/v) Triton-
802 X100, and 5 mM BME] were mixed with 0.1 uM Retriever and various amounts of GST-tagged
803  protein (up to 45 uM, stored in the same pull-down buffer) and brought to 100 uL final reaction
804  volume using the pull-down buffer. The reactions were allowed to mix for 30 min at 4 °C, and four
805 reactions at a time were spun at 15 krpm for 15 seconds. The supernatant was immediately
806 removed and examined by SDS-PAGE and Coomassie blue staining. The VPS35L intensity was
807 quantified using Imaged v2.3.0/1.53q to calculate the fractional occupancy. The data from all
808 repeats were pooled and globally fitted in DynaFit v4.08.187 using a single binding site model***.
809

810 Sample preparation for electron microscopy: Purified Retriever and synthesized SNX17 CT
811 peptide were mixed freshly at a final concentration of 1.4 uM Retriever and 6.5 mM peptide in a

812 final buffer containing 10 mM HEPES pH 7.0, 150 mM NacCl, 5% (w/v) glycerol, and 1 mM DTT.
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813 The mixture was centrifuged for at least 10 min at 4 °C before 3 uL was applied to a glow-
814  discharged Quantifoil 300-mesh R1.2/1.3 Copper grid (Micro Tools GmbH). After a 10-second
815  preincubation under 100% humidity at 4°C, the grid was blotted for 3.5 sec and plunge-frozen in
816 liquid ethane using Vitrobot Mark IV (Thermo Fisher).

817

818 Electron microscopy data acquisition: Sample grids were screened on a 200 kV Talos Artica
819 or Glacios microscope (Thermo Fisher) at the Cryo Electron Microscopy Facility by Structural
820 Biology Laboratory at University of Texas Southwestern Medical Center (UTSW) or at the cryo-
821 EM Facility at lowa State University. The final cryo-EM data were acquired on a Titan Krios
822  microscope (Thermo Fisher) at PNCC operated at 300 kV, with a post-column energy filter
823 (Gatan) and a K3 direct detection camera (Gatan) in non-CDS mode. Movies were acquired using
824  SerialEM v4.0° at a pixel size of 0.4133 A in super-resolution counting mode, with an
825 accumulated total dose of 60 e/A? over 60 frames. The defocus range of the images was set
826  between -0.9 to -2.5 um. In total, 10,009 movies were collected for data processing.

827

828 Electron Microscopy data processing: Cryo-EM data were processed using cryoSPARC*
829 v4.4.1. Pre-processing was performed in cryoSPARC Live, including motion correction with a
830  binning factor of 2, resulting in a pixel size of 0.8266 A/pixel and Contrast Transfer Function (CTF)
831 estimation. Blob picking was used in cryoSPARC Live and 1,009,886 particles were selected after
832 initial 2D classification. After extensive 2D classification, 559,719 particles were selected for ab
833  initio 3D reconstruction and heterogeneous refinement (Extended Data Fig. 2). The best resolved
834 3D class, containing 227,973 particles, underwent global and local CTF-refinement and a final
835  non-uniform refinement, producing a full map with an overall resolution of 3.4 A with a binned
836 pixel size of 1.03 A/pixel (deposited in EMD-43873 with its associated half maps). To improve the
837  map quality on both ends of the map, two masks were generated—one for VPS29-bound half of

838 VPS35L, and another for VPS26C-bound half. Signals outside the masks were subtracted and
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839 local refinement of the two regions were performed independently. The resulted maps were

840  deposited with their half maps at EMD-43871 and EMD-43870, respectively (Extended Data Fig.

841  2d-f). DeepEMhancer v20220530 cu114’ was then used with the unfiltered half maps to generate

842  sharpened maps of the two locally refined maps, respectively, and a composite of the two was

843 generated in UCSF ChimeraX v1.6.1 by the vop maximum command®*®. This composite map

844  (EMD-43872/PDB-9AU7) was used for modeling and shown in Fig. 2 and Extended Data Fig 3c,
845  d. All reported resolutions followed the gold-standard Fourier shell correlation (FSC) using the
846  0.143 criterion®.

847

848 Atomic model building: A model of the Retreiver-SNX17 complex predicted by AlphaFold
849  Multimer v2.3.1 was used as the initial model®® for model building. Model was first docked and
850 fitted into the sharpened composite map using ISOLDE®! in ChimeraX, followed by iterations of
851 real-space refinement in Phenix v1.21°% with reference model and secondary structure restraints
852  and manual building in COOT v0.9.8.8°**. Model geometries were assessed by MolProbity in

853  Phenix®  (http://molprobity.biochem.duke.edu/), and the PDB Validation server®

854  (www.wwpdb.org). Figures were generated using PyMOL v2.5.4 or ChimeraX v1.7.1%.
855
856 AlphaFold prediction and analysis: AlphaFold version 2.3.1

857  (https://github.com/deepmind/alphafold) was installed on local NVidia A100 80GB GPU
858 computers at lowa State University ResearchlT or High-Performance Computing for AlphaFold

%053 3s previously described®*.

859  Multimer prediction using standard AlphaFold procedures
860
861 Reproducibility and statistical analysis: To assess statistical significance, one-way ANOVA with

862  Dunnett’s post-hoc test was applied to compare multiple groups with one control group, using Prism

863  v9.5.1 (GraphPad). An error probability below 5% (p < 0.05; * in Figure panels) was considered to
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864  imply statistical significance. All imaging and co-precipitation experiments were performed in two to
865  four independent iterations. All in vitro pull-down assays were performed at least twice, unless
866  otherwise indicated. Large scale proteomics were performed once, with key results confirmed using
867  other methods.

868
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869 Data availability

870  Cryo-EM maps and models have been deposited in the EMDB (accession number EMD-43870,
871 EMD-43871, EMD-43872, and EMD-43873) and PDB (accession number 9AU7). AlphaFold
872  Multimer-derived models are available in ModelArchive (modelarchive.org) with the accession
873 code ma-swt4h. Mass spectrometry data have been deposited at the MassIVE repository
874  (accession numbers MSV000094100 and MSV000094101). Source data are available for all
875  uncropped western blots, Coomassie-blue gels, and all quantitative datasets presented here. To
876  our knowledge, all information required to reanalyze the data reported here is publicly available.
877  Any additional data we inadvertently missed will be shared upon reasonable request. This paper

878  does not report original code.
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Supplementary Table 1: DNA constructs used in this study.

Name | Description | Sourcelreference | Identifier

Recombinant Protein preparation

pAV5a empty vector pAV5a empty vector for insect cell Published’ pAV5a
expression

pMalC2Tev empty vector pMalC2Tev empty vector for Published’ pMalTev
bacterial expression of MBP-Tev-
tagged proteins

pGexTev empty vector pGexTev empty vector for bacterial Published’ pGexTev
expression of GST-Tev-tagged
proteins

VPS35L VPS35L (1-963, full-length, codon This study pDB122
optimized for E. coli expression) in
pAV5a vector

VPS35L point mutants V205D This study pDB155
R248M This study pDB156
T276W This study pDB139
N279L This study pDB157
N279W This study pDB138
W280Y This study pDB158
W280D This study pDB137
K283D This study pDB159
V205D/R248M This study pDB136

VPS26C VPS26C (1-297, full-length) in Published?® pDB438
pAV5a vector

VPS26C point mutant K14E This study pDB160

MBP-VPS26C VPS26C (1-297, full-length, codon- | This study pDB72
optimized for E. coli expression) in
pMalC2Tev vector

VPS29-Hisg VPS29-Tev-(GGS),-Hisg in pAV5a Published?® pDB47
vector

MBP-CCDC22 NN-CH-VBD MBP-Tev-CCDC22 (1-118)- Published?® pDB79
(GGSK)e-CCDC22 (436-727) in
pMalC2Tev vector

MBP-CCDC93 VBD MBP-Tev-hCCDC93 (442-631) in Published?® pDB80
pMalC2Tev vector

GST-SNX17 GST-Tev-hSNX17 (1-470, full- Published* pDB77
length) in modified pET vector

GST-SNX17 truncations A470 This study pDB176
A467-470 This study pDB177

GST-SNX17 CT GST-SNX17 (451-470) in modified This study pDB169
pET vector

GST-SNX17 CT point mutants 1465L This study pDB179
1465V This study pDB180
G466A This study pDB181
G466R This study pDB182
G466L This study pDB183
G466E This study pDB184
E468A This study pDB185
E468R This study pDB186
E468L This study pDB187
E468G This study pDB188
L470V This study pDB189
L470I This study pDB190
L470G This study pDB191

GST-SNX31 CT GST-SNX31 (421-440) in pGexTev | This study pDB170
vector

GST-LRMDA CT GST-LRMDA (179-198) in pGexTev | This study pDB171
vector

GST-TIMM23 CT GST-TIMM23 (190-209) in pGexTev | This study pDB172
vector

GST-PATE1 CT GST-PATE1 (107-126) in pGexTev | This study pDB173
vector

GST-ARHGEF25 CT GST-ARHGEF25 (561-580) in This study pDB174
pGexTev vector
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GST-HYOU1 CT GST-HYOU1 (980-999) in pGexTev | This study pDB175
vector
Mammalian expression vectors
pEBB Empty vector Published? EB006
pEBB-VPS35L-2xHA Full length, also referred to as wild- Published?® EB1758
type (WT)
pEBB-VPS35L-2xHA point N279W This study EB1919,
mutations W280D EB1918,
V205D/R248M EB1917
pEBB-HA-VPS26C Wild-type (WT) This study EB1354
pLVX Empty vector Takara EB1611
pLVX-VPS35L-2xHA point Wild-type (WT) Published? EB1778,
mutations N279W This study EB1925,
W280D EB1924,
V205D/R248M EB1923
pCl2-GFP-FLAG-SNX17 Wild-type (WT) This study EB1915
pcDNA 3.1-FLAG-SNX31 Wild-type (WT) This study EB1931
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Supplementary Table 2: Sequences of recombinant proteins used in this study.

Only sequences in the final product (i.e., after protease cleavage to remove the affinity tag) are shown and are
annotated by corresponding colors.

>VPS35L
MAVFPWHSRNRNYKAEFASCRLEAVPLEFGDYHPLKPITVTESKTKKVNRKGSTSSTSSSSSSSVVDPLSSVLDGTDPLSMFAATADPAALAAAMDS SRRKRDRDDNSVV
GSDFEPWTNKRGEILARYTTTEKLSINLEFMGSEKGKAGTATLAMSEKVRTRLEELDDFEEGSQKELLNLTQQODYVNRIEELNQSLKDAWASDQKVKALKIVIQCSKLLSD
TSVIQFYPSKEFVLITDILDTFGKLVYERIFSMCVDSRSVLPDHFSPENANDTAKETCLNWEFKIASIRELIPRFYVEASILKCNKFLSKTGISECLPRLTCMIRGIGDPL
VSVYARAYLCRVGMEVAPHLKETLNKNFFDFLLTFKQIHGDTVONQLVVQGVELPSYLPLYPPAMDWIFQCISYHAPEALLTEMMERCKKLGNNALLLNSVMSAFRAEF T
ATRSMDFIGMIKECDESGFPKHLLFRSLGLNLALADPPESDRLOQILNEAWKVITKLKNPQDYINCAEVWVEYTCKHEFTKREVNTVLADVIKHMTPDRAFEDSYPQLQLIT
KKVIAHFHDFSVLFSVEKFLPFLDMFQKESVRVEVCKCIMDAFIKHQQEPTKDPVILNALLHVCKTMHDSVNALTLEDEKRMLSYLINGFIKMVSEFGRDFEQQLSFYVES
RSMEFCNLEPVLVQLIHSVNRLAMETRKVMKGNHSRKTAAFVRACVAYCFITIPSLAGIFTRLNLYLHSGQVALANQCLSQADAFFKAAISLVPEVPKMINIDGKMRPSES
FLLEFLCNFFSTLLIVPDHPEHGVLFLVRELLNVIQDYTWEDNSDEKIRIYTCVLHLLSAMSQETYLYHIDKVDSNDSLYGGDSKFLAENNKLCETVMAQILEHLKTLAK
DEALKRQSSLGLSFEFNSILAHGDLRNNKLNQLSVNLWHLAQRHGCADTRTMVKTLEYIKKQSKQPDMTHLTELALRLPLQTRT

>VPS35LY2050
MAVEFPWHSRNRNYKAEFASCRLEAVPLEFGDYHPLKPITVTESKTKKVNRKGSTSSTSSSSSSSVVDPLSSVLDGTDPLSMFAATADPAALAAAMDS SRRKRDRDDNSVV
GSDFEPWTNKRGEILARYTTTEKLSINLEFMGSEKGKAGTATLAMSEKVRTRLEELDDFEEGSQKELLNLTQQODYVNRIEELNQSLKDAWASDQKDKALKIVIQCSKLLSD
TSVIQFYPSKEFVLITDILDTFGKLVYERIFSMCVDSRSVLPDHFSPENANDTAKETCLNWEFKIASIRELIPRFYVEASILKCNKFLSKTGISECLPRLTCMIRGIGDPL
VSVYARAYLCRVGMEVAPHLKETLNKNFFDFLLTFKQIHGDTVONQLVVQGVELPSYLPLYPPAMDWIFQCISYHAPEALLTEMMERCKKLGNNALLLNSVMSAFRAEFT
ATRSMDFIGMIKECDESGFPKHLLFRSLGLNLALADPPESDRLOQILNEAWKVITKLKNPQDYINCAEVWVEYTCKHEFTKREVNTVLADVIKHMTPDRAFEDSYPQLQLIT
KKVIAHFHDFSVLFSVEKFLPFLDMFQKESVRVEVCKCIMDAFIKHQQEPTKDPVILNALLHVCKTMHDSVNALTLEDEKRMLSYLINGFIKMVSEFGRDFEQQLSFYVES
RSMFCNLEPVLVQLIHSVNRLAMETRKVMKGNHSRKTAAFVRACVAYCFITIPSLAGIFTRLNLYLHSGQVALANQCLSQADAFFKAAISLVPEVPKMINIDGKMRPSES
FLLEFLCNFFSTLLIVPDHPEHGVLFLVRELLNVIQDYTWEDNSDEKIRIYTCVLHLLSAMSQETYLYHIDKVDSNDSLYGGDSKFLAENNKLCETVMAQILEHLKTLAK
DEALKRQSSLGLSFEFNSILAHGDLRNNKLNQLSVNLWHLAQRHGCADTRTMVKTLEYIKKQSKQPDMTHLTELALRLPLQTRT

>VPS35LR248M
MAVEFPWHSRNRNYKAEFASCRLEAVPLEFGDYHPLKPITVTESKTKKVNRKGSTSSTSSSSSSSVVDPLSSVLDGTDPLSMFAATADPAALAAAMDS SRRKRDRDDNSVV
GSDFEPWTNKRGEILARYTTTEKLSINLEFMGSEKGKAGTATLAMSEKVRTRLEELDDFEEGSQKELLNLTQQODYVNRIEELNQSLKDAWASDQKVKALKIVIQCSKLLSD
TSVIQFYPSKEFVLITDILDTFGKLVYEMIFSMCVDSRSVLPDHFSPENANDTAKETCLNWEFKIASIRELIPRFYVEASILKCNKFLSKTGISECLPRLTCMIRGIGDPL
VSVYARAYLCRVGMEVAPHLKETLNKNFFDFLLTFKQIHGDTVONQLVVQGVELPSYLPLYPPAMDWIFQCISYHAPEALLTEMMERCKKLGNNALLLNSVMSAFRAEFT
ATRSMDFIGMIKECDESGFPKHLLFRSLGLNLALADPPESDRLOQILNEAWKVITKLKNPQDYINCAEVWVEYTCKHEFTKREVNTVLADVIKHMTPDRAFEDSYPQLQLIT
KKVIAHFHDFSVLFSVEKFLPFLDMFQKESVRVEVCKCIMDAFIKHQQEPTKDPVILNALLHVCKTMHDSVNALTLEDEKRMLSYLINGFIKMVSEFGRDFEQQLSFYVES
RSMFCNLEPVLVQLIHSVNRLAMETRKVMKGNHSRKTAAFVRACVAYCFITIPSLAGIFTRLNLYLHSGQVALANQCLSQADAFFKAAISLVPEVPKMINIDGKMRPSES
FLLEFLCNFFSTLLIVPDHPEHGVLFLVRELLNVIQDYTWEDNSDEKIRIYTCVLHLLSAMSQETYLYHIDKVDSNDSLYGGDSKFLAENNKLCETVMAQILEHLKTLAK
DEALKRQSSLGLSFEFNSILAHGDLRNNKLNQLSVNLWHLAQRHGCADTRTMVKTLEYIKKQSKQPDMTHLTELALRLPLQTRT

>VPS35LT276W
MAVEFPWHSRNRNYKAEFASCRLEAVPLEFGDYHPLKPITVTESKTKKVNRKGSTSSTSSSSSSSVVDPLSSVLDGTDPLSMFAATADPAALAAAMDS SRRKRDRDDNSVV
GSDFEPWTNKRGEILARYTTTEKLSINLEFMGSEKGKAGTATLAMSEKVRTRLEELDDFEEGSQKELLNLTQQODYVNRIEELNQSLKDAWASDQKVKALKIVIQCSKLLSD
TSVIQFYPSKEFVLITDILDTFGKLVYERIFSMCVDSRSVLPDHFSPENANDTAKEWCLNWEFKIASIRELIPREFYVEASILKCNKFLSKTGISECLPRLTCMIRGIGDPL
VSVYARAYLCRVGMEVAPHLKETLNKNFFDFLLTFKQIHGDTVONQLVVQGVELPSYLPLYPPAMDWIFQCISYHAPEALLTEMMERCKKLGNNALLLNSVMSAFRAEFT
ATRSMDFIGMIKECDESGFPKHLLFRSLGLNLALADPPESDRLOQILNEAWKVITKLKNPQDYINCAEVWVEYTCKHEFTKREVNTVLADVIKHMTPDRAFEDSYPQLQLIT
KKVIAHFHDFSVLFSVEKFLPFLDMFQKESVRVEVCKCIMDAFIKHQQEPTKDPVILNALLHVCKTMHDSVNALTLEDEKRMLSYLINGFIKMVSEFGRDFEQQLSFYVES
RSMFCNLEPVLVQLIHSVNRLAMETRKVMKGNHSRKTAAFVRACVAYCFITIPSLAGIFTRLNLYLHSGQVALANQCLSQADAFFKAAISLVPEVPKMINIDGKMRPSES
FLLEFLCNFFSTLLIVPDHPEHGVLFLVRELLNVIQDYTWEDNSDEKIRIYTCVLHLLSAMSQETYLYHIDKVDSNDSLYGGDSKFLAENNKLCETVMAQILEHLKTLAK
DEALKRQSSLGLSFEFNSILAHGDLRNNKLNQLSVNLWHLAQRHGCADTRTMVKTLEYIKKQSKQPDMTHLTELALRLPLQTRT

>VPS35LN279L
MAVEFPWHSRNRNYKAEFASCRLEAVPLEFGDYHPLKPITVTESKTKKVNRKGSTSSTSSSSSSSVVDPLSSVLDGTDPLSMFAATADPAALAAAMDS SRRKRDRDDNSVV
GSDFEPWTNKRGEILARYTTTEKLSINLEFMGSEKGKAGTATLAMSEKVRTRLEELDDFEEGSQKELLNLTQQODYVNRIEELNQSLKDAWASDQKVKALKIVIQCSKLLSD
TSVIQFYPSKEFVLITDILDTFGKLVYERIFSMCVDSRSVLPDHFSPENANDTAKETCLLWEFFKIASIRELIPRFYVEASILKCNKFLSKTGISECLPRLTCMIRGIGDPL
VSVYARAYLCRVGMEVAPHLKETLNKNFFDFLLTFKQIHGDTVONQLVVQGVELPSYLPLYPPAMDWIFQCISYHAPEALLTEMMERCKKLGNNALLLNSVMSAFRAEF T
ATRSMDFIGMIKECDESGFPKHLLFRSLGLNLALADPPESDRLOQILNEAWKVITKLKNPQDYINCAEVWVEYTCKHEFTKREVNTVLADVIKHMTPDRAFEDSYPQLQLIT
KKVIAHFHDFSVLFSVEKFLPFLDMFQKESVRVEVCKCIMDAFIKHQQEPTKDPVILNALLHVCKTMHDSVNALTLEDEKRMLSYLINGFIKMVSEFGRDFEQQLSFYVES
RSMEFCNLEPVLVQLIHSVNRLAMETRKVMKGNHSRKTAAFVRACVAYCFITIPSLAGIFTRLNLYLHSGQVALANQCLSQADAFFKAAISLVPEVPKMINIDGKMRPSES
FLLEFLCNFFSTLLIVPDHPEHGVLFLVRELLNVIQDYTWEDNSDEKIRIYTCVLHLLSAMSQETYLYHIDKVDSNDSLYGGDSKFLAENNKLCETVMAQILEHLKTLAK
DEALKRQSSLGLSFEFNSILAHGDLRNNKLNQLSVNLWHLAQRHGCADTRTMVKTLEYIKKQSKQPDMTHLTELALRLPLQTRT

>VPS35LN279W
MAVEFPWHSRNRNYKAEFASCRLEAVPLEFGDYHPLKPITVTESKTKKVNRKGSTSSTSSSSSSSVVDPLSSVLDGTDPLSMFAATADPAALAAAMDS SRRKRDRDDNSVV
GSDFEPWTNKRGEILARYTTTEKLSINLEFMGSEKGKAGTATLAMSEKVRTRLEELDDFEEGSQKELLNLTQQODYVNRIEELNQSLKDAWASDQKVKALKIVIQCSKLLSD
TSVIQFYPSKEFVLITDILDTFGKLVYERIFSMCVDSRSVLPDHFSPENANDTAKETCLWWEFFKIASIRELIPREFYVEASILKCNKFLSKTGISECLPRLTCMIRGIGDPL
VSVYARAYLCRVGMEVAPHLKETLNKNFFDFLLTFKQIHGDTVONQLVVQGVELPSYLPLYPPAMDWIFQCISYHAPEALLTEMMERCKKLGNNALLLNSVMSAFRAEFT
ATRSMDFIGMIKECDESGFPKHLLFRSLGLNLALADPPESDRLOQILNEAWKVITKLKNPQDYINCAEVWVEYTCKHEFTKREVNTVLADVIKHMTPDRAFEDSYPQLQLIT
KKVIAHFHDFSVLFSVEKFLPFLDMFQKESVRVEVCKCIMDAFIKHQQEPTKDPVILNALLHVCKTMHDSVNALTLEDEKRMLSYLINGFIKMVSEFGRDFEQQLSFYVES
RSMEFCNLEPVLVQLIHSVNRLAMETRKVMKGNHSRKTAAFVRACVAYCFITIPSLAGIFTRLNLYLHSGQVALANQCLSQADAFFKAAISLVPEVPKMINIDGKMRPSES
FLLEFLCNFFSTLLIVPDHPEHGVLFLVRELLNVIQDYTWEDNSDEKIRIYTCVLHLLSAMSQETYLYHIDKVDSNDSLYGGDSKFLAENNKLCETVMAQILEHLKTLAK
DEALKRQSSLGLSFEFNSILAHGDLRNNKLNQLSVNLWHLAQRHGCADTRTMVKTLEYIKKQSKQPDMTHLTELALRLPLQTRT

>VPS35LA280Y
MAVFPWHSRNRNYKAEFASCRLEAVPLEFGDYHPLKPITVTESKTKKVNRKGSTSSTSSSSSSSVVDPLSSVLDGTDPLSMFAATADPAALAAAMDS SRRKRDRDDNSVV
GSDFEPWTNKRGEILARYTTTEKLSINLEFMGSEKGKAGTATLAMSEKVRTRLEELDDFEEGSQKELLNLTQQODYVNRIEELNQSLKDAWASDQKVKALKIVIQCSKLLSD
TSVIQFYPSKEFVLITDILDTFGKLVYERIFSMCVDSRSVLPDHFSPENANDTAKETCLNYFFKIASIRELIPREFYVEASILKCNKFLSKTGISECLPRLTCMIRGIGDPL
VSVYARAYLCRVGMEVAPHLKETLNKNFFDFLLTFKQIHGDTVONQLVVQGVELPSYLPLYPPAMDWIFQCISYHAPEALLTEMMERCKKLGNNALLLNSVMSAFRAEFT
ATRSMDFIGMIKECDESGFPKHLLFRSLGLNLALADPPESDRLOQILNEAWKVITKLKNPQDYINCAEVWVEYTCKHEFTKREVNTVLADVIKHMTPDRAFEDSYPQLQLIT
KKVIAHFHDFSVLFSVEKFLPFLDMFQKESVRVEVCKCIMDAFIKHQQEPTKDPVILNALLHVCKTMHDSVNALTLEDEKRMLSYLINGFIKMVSEFGRDFEQQLSFYVES
RSMFCNLEPVLVQLIHSVNRLAMETRKVMKGNHSRKTAAFVRACVAYCFITIPSLAGIFTRLNLYLHSGQVALANQCLSQADAFFKAAISLVPEVPKMINIDGKMRPSES
FLLEFLCNFFSTLLIVPDHPEHGVLFLVRELLNVIQDYTWEDNSDEKIRIYTCVLHLLSAMSQETYLYHIDKVDSNDSLYGGDSKFLAENNKLCETVMAQILEHLKTLAK
DEALKRQSSLGLSFEFNSILAHGDLRNNKLNQLSVNLWHLAQRHGCADTRTMVKTLEYIKKQSKQPDMTHLTELALRLPLQTRT

>VPS 35142800
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MAVEFPWHSRNRNYKAEFASCRLEAVPLEFGDYHPLKPITVTESKTKKVNRKGSTSSTSSSSSSSVVDPLSSVLDGTDPLSMFAATADPAALAAAMDS SRRKRDRDDNSVV
GSDFEPWTNKRGEILARYTTTEKLSINLEFMGSEKGKAGTATLAMSEKVRTRLEELDDFEEGSQKELLNLTQQODYVNRIEELNQSLKDAWASDQKVKALKIVIQCSKLLSD
TSVIQFYPSKFVLITDILDTFGKLVYERIFSMCVDSRSVLPDHFSPENANDTAKETCLNDFFKIASIRELIPRFYVEASILKCNKFLSKTGISECLPRLTCMIRGIGDPL
VSVYARAYLCRVGMEVAPHLKETLNKNFFDFLLTFKQIHGDTVONQLVVQGVELPSYLPLYPPAMDWIFQCISYHAPEALLTEMMERCKKLGNNALLLNSVMSAFRAEF T
ATRSMDFIGMIKECDESGFPKHLLFRSLGLNLALADPPESDRLQILNEAWKVITKLKNPQDYINCAEVWVEYTCKHFTKREVNTVLADVIKHMTPDRAFEDSYPQLQLIT
KKVIAHFHDFSVLEFSVEKFLPFLDMFQKESVRVEVCKCIMDAFIKHQQEPTKDPVILNALLHVCKTMHDSVNALTLEDEKRMLSYLINGFIKMVSFGRDFEQQLSEFYVES
RSMFCNLEPVLVQLIHSVNRLAMETRKVMKGNHSRKTAAFVRACVAYCFITIPSLAGIFTRLNLYLHSGQVALANQCLSQADAFFKAAISLVPEVPKMINIDGKMRPSES
FLLEFLCNFFSTLLIVPDHPEHGVLFLVRELLNVIQDYTWEDNSDEKIRIYTCVLHLLSAMSQETYLYHIDKVDSNDSLYGGDSKFLAENNKLCETVMAQILEHLKTLAK
DEALKRQSSLGLSFEFNSILAHGDLRNNKLNQLSVNLWHLAQRHGCADTRTMVKTLEY IKKQSKQPDMTHLTELALRLPLOTRT

>VPS35LK283D
MAVEFPWHSRNRNYKAEFASCRLEAVPLEFGDYHPLKPITVTESKTKKVNRKGSTSSTSSSSSSSVVDPLSSVLDGTDPLSMFAATADPAALAAAMDS SRRKRDRDDNSVV
GSDFEPWTNKRGEILARYTTTEKLSINLFMGSEKGKAGTATLAMSEKVRTRLEELDDFEEGSQKELLNLTQQODYVNRIEELNQSLKDAWASDQKVKALKIVIQCSKLLSD
TSVIQFYPSKFVLITDILDTFGKLVYERIFSMCVDSRSVLPDHFSPENANDTAKETCLNWFFDIASIRELIPRFYVEASILKCNKFLSKTGISECLPRLTCMIRGIGDPL
VSVYARAYLCRVGMEVAPHLKETLNKNFFDFLLTFKQIHGDTVONQLVVQGVELPSYLPLYPPAMDWIFQCISYHAPEALLTEMMERCKKLGNNALLLNSVMSAFRAEFT
ATRSMDFIGMIKECDESGFPKHLLFRSLGLNLALADPPESDRLOQILNEAWKVITKLKNPQDYINCAEVWVEYTCKHFTKREVNTVLADVIKHMTPDRAFEDSYPQLQLIT
KKVIAHFHDFSVLEFSVEKFLPFLDMFQKESVRVEVCKCIMDAFIKHQQEPTKDPVILNALLHVCKTMHDSVNALTLEDEKRMLSYLINGFIKMVSFGRDFEQQLSEFYVES
RSMFCNLEPVLVQLIHSVNRLAMETRKVMKGNHSRKTAAFVRACVAYCFITIPSLAGIFTRLNLYLHSGQVALANQCLSQADAFFKAAISLVPEVPKMINIDGKMRPSES
FLLEFLCNFFSTLLIVPDHPEHGVLFLVRELLNVIQDYTWEDNSDEKIRIYTCVLHLLSAMSQETYLYHIDKVDSNDSLYGGDSKFLAENNKLCETVMAQILEHLKTLAK
DEALKRQSSLGLSFEFNSILAHGDLRNNKLNQLSVNLWHLAQRHGCADTRTMVKTLEY IKKQSKQPDMTHLTELALRLPLOTRT

>SVPS351,V205D/R248M
MAVFPWHSRNRNYKAEFASCRLEAVPLEFGDYHPLKPITVTESKTKKVNRKGSTSSTSSSSSSSVVDPLSSVLDGTDPLSMFAATADPAALAAAMDS SRRKRDRDDNSVV
GSDFEPWTNKRGEILARYTTTEKLSINLFMGSEKGKAGTATLAMSEKVRTRLEELDDFEEGSQKELLNLTQQODYVNRIEELNQSLKDAWASDQKDKALKIVIQCSKLLSD
TSVIQFYPSKEFVLITDILDTFGKLVYEMIFSMCVDSRSVLPDHFSPENANDTAKETCLNWFFKIASIRELIPRFYVEASILKCNKFLSKTGISECLPRLTCMIRGIGDPL
VSVYARAYLCRVGMEVAPHLKETLNKNFFDFLLTFKQIHGDTVONQLVVQGVELPSYLPLYPPAMDWIFQCISYHAPEALLTEMMERCKKLGNNALLLNSVMSAFRAEFT
ATRSMDFIGMIKECDESGFPKHLLFRSLGLNLALADPPESDRLOQILNEAWKVITKLKNPODYINCAEVWVEYTCKHFTKREVNTVLADVIKHMTPDRAFEDSYPQLQLIT
KKVIAHFHDFSVLEFSVEKFLPFLDMFQKESVRVEVCKCIMDAFIKHQQEPTKDPVILNALLHVCKTMHDSVNALTLEDEKRMLSYLINGFIKMVSFGRDFEQQLSFYVES
RSMFCNLEPVLVQLIHSVNRLAMETRKVMKGNHSRKTAAFVRACVAYCFITIPSLAGIFTRLNLYLHSGQVALANQCLSQADAFFKAAISLVPEVPKMINIDGKMRPSES
FLLEFLCNFFSTLLIVPDHPEHGVLFLVRELLNVIQDYTWEDNSDEKIRIYTCVLHLLSAMSQETYLYHIDKVDSNDSLYGGDSKFLAENNKLCETVMAQILEHLKTLAK
DEALKRQSSLGLSFENSILAHGDLRNNKLNQLSVNLWHLAQRHGCADTRTMVKTLEYIKKQSKQPDMTHLTELALRLPLQTRT

>VPS26C
MGTALDIKIKRANKVYHAGEVLSGVVVISSKDSVQHQOGVSLTMEGTVNLQLSAKSVGVFEAFYNSVKPIQIINSTIEMVKPGKFPSGKTEIPFEFPLHLKGNKVLYETYH
GVFVNIQYTLRCDMKRSLLAKDLTKTCEFIVHSAPQKGKFTPSPVDFTITPETLONVKERALLPKFLLRGHLNSTNCVITQPLTGELVVESSEAATRSVELQLVRVETCG
CAEGYARDATEIQNIQIADGDVCRGLSVPIYMVFPRLFTCPTLETTNFKVEFEVNIVVLLHPDHLITENFPLKLCRI

>VPS26CKH4E
MGTALDIKIKRANEVYHAGEVLSGVVVISSKDSVQHQGVSLTMEGTVNLQLSAKSVGVFEAFYNSVKPIQI INSTIEMVKPGKFPSGKTEI PFEFPLHLKGNKVLYETYH
GVFVNIQYTLRCDMKRSLLAKDLTKTCEFIVHSAPQKGKFTPSPVDFTITPETLONVKERALLPKFLLRGHLNSTNCVITQPLTGELVVESSEAATRSVELQLVRVETCG
CAEGYARDATEIQNIQIADGDVCRGLSVPIYMVFPRLFTCPTLETTNFKVEFEVNIVVLLHPDHLITENFPLKLCRI

>MBP-Tev-VPS26C
MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIA
VEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMENLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNK
GETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPEFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGET
MPNIPOMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISEFENLYFQGHMGTALDIKIKRANKVYHAGEVLSGVVVISSKDSVOHOGVSL
TMEGTVNLQLSAKSVGVFEAFYNSVKPIQIINSTIEMVKPGKFPSGKTEIPFEFPLHLKGNKVLYETYHGVFVNIQYTLRCDMKRSLLAKDLTKTCEFIVHSAPQKGKET
PSPVDFTITPETLONVKERALLPKFLLRGHLNSTNCVITQPLTGELVVESSEAAIRSVELQLVRVETCGCAEGYARDATEIQNIQIADGDVCRGLSVPIYMVEFPRLFTCP
TLETTNFKVEFEVNIVVLLHPDHLITENFPLKLCRI

>VPS29-Tev- (GGS),-Hisg (corresponding to Q9UBQO-2, isoform 2 in Uniprot)
MAGHRLVLVLGDLHIPHRCNSLPAKFKKLLVPGKIQHILCTGNLCTKESYDYLKTLAGDVHIVRGDFDENLNYPEQKVVTVGQFKIGLIHGHQVIPWGDMASLALLQRQF
DVDILISGHTHKFEAFEHENKEFYINPGSATGAYNALETNIIPSEVLMDIQASTVVTYVYQLIGDDVKVERIEYKKPENLYFQGGGSGGSHHHHHH

>MBP-Tev-CCDC22 NN-CH (1—118)-(GGSK)6—CCDC22 VBD (436-727)

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIA
VEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMENLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNK
GETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPEFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGET
MPNIPOMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISEFENLYFQGHMEEADRILIHSLROAGTAVPPDVOTLRAFTTELVVEAVVRC
LRVINPAVGSGLSPLLPLAMSARFRLAMSLAQACMDLGYPLELGYONFLYPSEPDLRDLLLFLAERLPTDASEDADQGGSKGGSKGGSKGGSKGGSKGGSKRKLODCREL
ESSRRLAEIQELHQSVRAAAEEARRKEEVYKQLMSELETLPRDVSRLAYTQRILEIVGNIRKQKEEITKILSDTKELQKEINSLSGKLDRTFAVTDELVFKDAKKDDAVR
KAYKYLAALHENCSQLIQTIEDTGTIMREVRDLEEQIETELGKKTLSNLEKIREDYRALRQENAGLLGRVREA

>SMBP-Tev-CCDCO3 VBD (442-631)

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTIVEHPDKLEEKFPQVAATGDGPDI IFWAHDRFGGYAQSGLLAEITPDKAFQDKLY PETWDAVRYNGKLIAYPIA
VEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYS IAEAAFNK
GETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGE I
MPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSS SNNNNNNNNNNLGIEGRISEFENLYFQGHMTLTSAMTHEDEDLDRRYNMEKEKLYKTRLLOARRNREIATL
HRKIDEVPSRAELIQYQKRFIELYRQISAVHKETKQFFTLYNTLDDKKVYLEKEISLLNSIHENFSQAMASPAARDQFLROMEQIVEGIKQSRMKMEKKKQENKMRRDQL
NDQYLELLEKQRLYFKTVKEFKEEGRKNEMLLSKVKAKAS

>GST-Tev-SNX17
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMHFSIPETESRSGDSGGSAYVAYNIHVNGVLHCRVRYSQLLGLHEQLRKEYGANVLPAFPPKKLEFSLTPAEVEQRREQLEKYMOAVRQDPLLGSSET
FNSFLRRAQQETQQVPTEEVSLEVLLSNGQKVLVNVLTSDQTEDVLEAVAAKLDLPDDLIGYFSLFLVREKEDGAFSFVRKLOEFELPYVSVTSLRSQEYKIVLRKSYWD
SAYDDDVMENRVGLNLLYAQTVSDIERGWILVTKEQHRQLKSLOEKVSKKEFLRLAQTLRHYGYLRFDACVADFPEKDCPVVVSAGNSELSLOQLRLPGQQLREGSFRVTR
MRCWRVTSSVPLPSGSTSSPGRGRGEVRLELAFEYLMSKDRLOWVTITSPQAIMMSICLQOSMVDELMVKKSGGSIRKMLRRRVGGTLRRSDSQQAVKSPPLLESPDATRE
SMVKLSSKLSAVSLRGIGSPSTDASASDVHGNFAFEGIGDEDL

>GST-Tev-SNX17 A470 (1-469)

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMHFSIPETESRSGDSGGSAYVAYNIHVNGVLHCRVRYSQLLGLHEQLRKEYGANVLPAFPPKKLEFSLTPAEVEQRREQLEKYMOAVRQDPLLGSSET
FNSFLRRAQQETQQVPTEEVSLEVLLSNGQKVLVNVLTSDQTEDVLEAVAAKLDLPDDLIGYFSLFLVREKEDGAFSFVRKLOEFELPYVSVTSLRSQEYKIVLRKSYWD
SAYDDDVMENRVGLNLLYAQTVSDIERGWILVTKEQHRQLKSLOQEKVSKKEFLRLAQTLRHYGYLRFDACVADFPEKDCPVVVSAGNSELSLOQLRLPGQQLREGSFRVTR
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MRCWRVTSSVPLPSGSTSSPGRGRGEVRLELAFEYLMSKDRLOWVTITSPQAIMMSICLQOSMVDELMVKKSGGSIRKMLRRRVGGTLRRSDSQQAVKSPPLLESPDATRE
SMVKLSSKLSAVSLRGIGSPSTDASASDVHGNFAFEGIGDED

>GST-Tev-SNX17 A467-470 (1-466
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMHFSIPETESRSGDSGGSAYVAYNIHVNGVLHCRVRYSQLLGLHEQLRKEYGANVLPAFPPKKLEFSLTPAEVEQRREQLEKYMOAVRQDPLLGSSET
FNSFLRRAQQETQQVPTEEVSLEVLLSNGQKVLVNVLTSDQTEDVLEAVAAKLDLPDDLIGYFSLFLVREKEDGAFSFVRKLOEFELPYVSVTSLRSQEYKIVLRKSYWD
SAYDDDVMENRVGLNLLYAQTVSDIERGWILVTKEQHRQLKSLOQEKVSKKEFLRLAQTLRHYGYLRFDACVADFPEKDCPVVVSAGNSELSLOQLRLPGQQLREGSFRVTR
MRCWRVTSSVPLPSGSTSSPGRGRGEVRLELAFEYLMSKDRLOWVTITSPQAIMMSICLQOSMVDELMVKKSGGSIRKMLRRRVGGTLRRSDSQQAVKSPPLLESPDATRE
SMVKLSSKLSAVSLRGIGSPSTDASASDVHGNFAFEGIG

>GST-Tev-SNX17 CT (451-470)
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGIGDEDL

>GST-Tev-SNX17 CT (451-470)465L
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGLGDEDL

>GST-Tev-SNX17 CT (451-470) 465V
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGVGDEDL

>GST-Tev-SNX17 CT (451-470)c466a
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGIADEDL

>GST-Tev-SNX17 CT (451-470)C466R
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGIRDEDL

>GST-Tev-SNX17 CT (451-470)c466t
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGILDEDL

>GST-Tev-SNX17 CT (451-470)C466E
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGIEDEDL

>GST-Tev-SNX17 CT (451-470)FB468A
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGIGDADL

>GST-Tev-SNX17 CT (451-470)FB468R
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGIGDRDL

>GST-Tev-SNX17 CT (451-470)FB468L
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGIGDLDL

>GST-Tev-SNX17 CT (451-470)FB468¢
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGIGDGDL

>GST-Tev-SNX17 CT (451-470)470V
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGIGDEDV

>GST-Tev-SNX17 CT (451-470)%470%
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGIGDEDI

>GST-Tev-SNX17 CT (451-470)%470¢
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKAS
LVPRSENLYFQGSMASASDVHGNFAFEGIGDEDG

>GST-Tev-SNX31 CT (421-440)
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSD
LVPRGSENLYFQGHMSKIKIAKDDCVEGNIKEEDL

>GST-Tev-LRMDA CT (179-198)
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSD
LVPRGSENLYFQGHMRYVYYGKNSEGNREFTIRDDOL

>GST-Tev-TIMM23 CT (190-209)
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATEFGGGDHPPKSD
LVPRGSENLYFQGHMLYALYNNWEHMKGSLLOQSL
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>GST-Tev-PATEL CT (107-126)
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSD
LVPRGSENLYFQGHMSVYLVNFRCCRSHDLCNEDL

>GST-Tev-ARHGEF25 CT (561-580)
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSD
LVPRGSENLYFQGHMPTPKTPPCOARLAKLDEDEL

>GST-Tev-HYOULl CT (980-999
MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIA
YSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSD
LVPRGSENLYFQGHMEPEQKEQSTGOKRPLKNDEL
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Supplementary Table 3: DNA oligos used in this study.

Purpose Identifier and sequence, all 5’ to 3’

VPS35L GAACTCCTAAAAAACCGCCACC

oDB220120-14, GGTGGCGGTTTTTTAGGAGTTC, reverse primer to open pAVba
oDB220120-15, TAATCTAGAGCCTGCAGTCTCGAG, forward primer to open pAVba
cbyo-230217-3, CTCGGTCCGAACTCCTAAAAAACCGCCACCATGGCAGTTTTTCCGTGGCATAG, SLIC
VPS35Lopti into untagged pAVba fw
CGCTGCAGACCCGTACCTAATCTAGAGCCTGCAGTCTCGAGGCATGC

cbyo-230217-4, GCATGCCTCGAGACTGCAGGCTCTAGATTAGGTACGGGTCTGCAGCG, SLIC
VPS35Lopti into untagged pAVba bw

VPS35] V2050 djb0230823-1, ATAAAGCACTGAAAATTGTGATCCAGTG , Aliblunt for VPS35L V205D FW
CATGGGCAAGCGATCAGAAAG

djb0230823-2, CTTTCTGATCGCTTGCCCATG , Aliblunt for VPS35L V205D BW

VPS35[ R248M djb0230823-3, ATGATTTTTAGCATGTGTGTTGATAGCCGTAG , Aliblunt for VPS35L R248M
FW

GGATACCTTTGGTAAACTGGTGTATGAA

djbo230823-4, TTCATACACCAGTTTACCAAAGGTATCC, Aliblunt for VPS35L R248M BW
VPS35[ T276W Cbyo-230927-5, TGGTGTCTGAACTGGTTTTTCAAAATTGCCAG, Aliblunt for VPS35Lopti
T276W fw

GGAAAATGCAAATGATACCGCCAAAGAA

Cbyo-230927-6, TTCTTTGGCGGTATCATTTGCATTTTCC, Aliblunt for VPS35Lopti T276W
bw

VPS35N279L djbo230823-5, CTGTGGTTTTTCAAAATTGCCAGCATTC , Aliblunt for VPS35L N279L FW
GATACCGCCAAAGAAACCTGTCTG

djb0230823-6, CAGACAGGTTTCTTTGGCGGTATC , Aliblunt for VPS35L N279L BW
VPS35N279W Cbyo-230927-3, TGGTGGTTTTTCAAAATTGCCAGCATTCG, Aliblunt for VPS35Lopti N279W
fw

GATACCGCCAAAGAAACCTGTCTG

Cbyo-230927-4, CAGACAGGTTTCTTTGGCGGTATC, Aliblunt for VPS35Lopti N279W bw
VPS35[ W280Y djb0230823-7, ATTTTTTCAAAATTGCCAGCATTCGTG , Aliblunt for VPS35L W280Y FW
GATACCGCCAAAGAAACCTGTCTGAACT

djb0230823-8, AGTTCAGACAGGTTTCTTTGGCGGTATC, Aliblunt for VPS35L W280Y BW
\VPS35[ 280D Cbyo-230927-1, GATTTTTTCAAAATTGCCAGCATTCGTGAAC, Aliblunt for VPS35Lopti
W280D fw

GATACCGCCAAAGAAACCTGTCTGAAC

Cbyo-230927-2, GTTCAGACAGGTTTCTTTGGCGGTATC, Aliblunt for VPS35Lopti W280D
bw

VPS35] X280 djb0230823-9, GATATTGCCAGCATTCGTGAACTG , Aliblunt for VPS35L K283D FW
CAAAGAAACCTGTCTGAACTGGTTTTTC

djb0230823-10, GAAAAACCAGTTCAGACAGGTTTCTTTG, Aliblunt for VPS35L K283D BW
VPS26CK!4E djbo230824-1, GAAGTTTATCACGCCGGGGAAGTG, Aliblunt for VPS26C KI14E FW
CCTGGACATCAAGATTAAAAGAGCGAAT

djb0230824-2, ATTCGCTCTTTTAATCTTGATGTCCAGG, Aliblunt for VPS26C K14E BW
MBP-Tev-VPS26C oDB220725-3, ATATTACATATGGGCACCGCACTGGATATC, Forward primer to add Ndel to
VPS26Copti geneblock

GCTGAAACTGTGCCGCATTTAAGGATCCTAATAA

oDB220725-4, TTATTAGGATCCTTAAATGCGGCACAGTTTCAGC, Reverse primer to add
BamHI to VPS26Copti geneblock

GST-Tev-SNX17 A470 >djbo230715-1, taaCTCGAGCACCACCACCAC, forward primer to truncate SNX17 L470

(1-469) cgagggcattggagatgaggat
>djbo230715-2, atcctcatctccaatgccctcg, reverse primer to truncate SNX17
L470
GST-Tev-SNX17 A467- >djbo230715-1, taaCTCGAGCACCACCACCAC, forward primer to truncate SNX17 467-
470 (1-466) 470

caatttcgccttcgagggcattgga
>djbo230715-3, tccaatgccctcgaaggcgaaattyg, backward primer to truncate SNX17

467-470
GST-Tev-SNX17 CT >djbo230715-4, gccagtgccagtgatgtccac, forward primer to truncate 1-450
(451-470) GATCTGAAAACCTGTATTTTCAGGGATCCatg

>djbo230715-5, catGGATCCCTGAAAATACAGGTTTTCAGATC, reverse primer to truncate

1-450
GST-Tev-SNX17 CT >djbo-240209-1, CTGGGAGATGAGGATCTGTAACTCGAGC, FW primer to make I465L
(451-470)"6% CAATTTCGCCTTCGAGGGC

>djbo240209-2, GCCCTCGAAGGCGAAATTG, RV primer to make I465L
GST-Tev-SNX17 CT >djbo-240209-3, GTGGGAGATGAGGATCTGTAACTCGAGC, FW primer to make I465V
(451-470)"65V >use djbo240209-2 as RV primer
GST-Tev-SNX17 CT >djbo-240209-4, GCCGATGAGGATCTGTAACTCGAGCACC, FW primer to make G466A
(451-470)C466A CAATTTCGCCTTCGAGGGCATT

>djbo240209-5, AATGCCCTCGAAGGCGAAATTG, RV primer to make G466A
GST-Tev-SNX17 CT >djbo240209-6, CGTGATGAGGATCTGTAACTCGAGCACC, FW primer to make G466R
(451-470) G466R >use djbo240209-5 as RV primer
GST-Tev-SNX17 CT >djbo240209-7, CTGGATGAGGATCTGTAACTCGAGCACC, FW primer to make G466L
(451-470)%468- >use djbo240209-5 as RV primer
GST-Tev-SNX17 CT >djbo240209-8, GAGGATGAGGATCTGTAACTCGAGCACC, FW primer to make G466E

(451-470)%465E >use djbo240209-5 as RV primer
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GST-Tev-SNX17 CT
(451-470)F46%4

>djbo240209-9, GCCGATCTGTAACTCGAGCACCACC, FW primer to make E468A
CCTTCGAGGGCATTGGAGAT
>djbo240209-10, ATCTCCAATGCCCTCGAAGG, RV primer to make E468A

GST-Tev-SNX17 CT
(451-470)546%R

>djbo240209-11, CGTGATCTGTAACTCGAGCACCACC, FW primer to make E468R
>use djbo240209-10 as RV primer

GST-Tev-SNX17 CT
(451-470)5¢

>djbo240209-12, CTGGATCTGTAACTCGAGCACCACC, FW primer to make E468L
>use djbo240209-10 as RV primer

GST-Tev-SNX17 CT
(451-470)546%C

>djbo240209-13, GGCGATCTGTAACTCGAGCACCACC, FW primer to make E468G
>use djbo240209-10 as RV primer

GST-Tev-SNX17 CT
(451-470)-470V

>djbo240209-14, GTGTAACTCGAGCACCACCAC, FW primer to make L4470V
GAGGGCATTGGAGATGAGGAT
>djbo240209-15, ATCCTCATCTCCAATGCCCTC, RV primer to make L4470V

GST-Tev-SNX17 CT
(451-470)-470

>djbo240209-16, ATTTAACTCGAGCACCACCACC, FW primer to make L470I
>use djbo240209-15 as RV primer

GST-Tev-SNX17 CT
(451-470)-470¢

>djbo230715-1, GGCtaaCTCGAGCACCACCACCAC, forward primer to mutate SNX17
L470G

cttcgagggcattggagatgaggat

>djbo230715-2, atcctcatctccaatgccctcgaag, reverse primer to mutate SNX17
L470G

GST-Tev-SNX31 CT
(421-440)

>djbo240131-1, GTTTTCGGTAACATCAAAGAGGAGGACCTTTAAATCGTGACTGACTGACGATCTGC, FW
primer to aliblunt SNX31 tail into pGex
CtgaaaacctgtattttcagggccatatgAGCAAGATTAAAATTGCAAAGGATGACTGT

>djbo240131-2, ACAGTCATCCTTTGCAATTTTAATCTTGCTcatatggccctgaaaatacaggttttcagG,
RV primer to aliblunt SNX31 tail into pGex

GST-Tev-LRMDA CT
(179-198)

>djbo240131-3, GGTAATCGTTTTATCCGTGACGATCAATTATAAATCGTGACTGACTGACGATCTGC, FW
primer to aliblunt LRMDA tail into pGex
CtgaaaacctgtattttcagggccatatgCGCTACGTGTACTACGGCAAAAATAGTGAA

>djbo240131-4, TTCACTATTTTTGCCGTAGTACACGTAGCGcatatggccctgaaaatacaggttttcag,
RV primer to aliblunt LRMDA tail into pGex

GST-Tev-TIMM23 CT
(190-209)

>djbo240131-5, ATGAAAGGGTCTCTGTTACAACAGAGTCTGTAAATCGTGACTGACTGACGATCTGC, FW
primer to aliblunt TIMM23 tail into pGex
CtgaaaacctgtattttcagggccatatgTTGTACGCGCTGTACAATAATTGGGAGCAT

>djbo240131-6, ATGCTCCCAATTATTGTACAGCGCGTACAAcatatggccctgaaaatacaggttttcagG,
RV primer to aliblunt TIMM23 tail into pGex

GST-Tev-PATE1 CT
(107-126)

>djbo240131-7, CGTTCGCACGATCTTTGCAACGAGGACCTTTAAATCGTGACTGACTGACGATCTGC, FW
primer to aliblunt PATEl tail into pGex
CtgaaaacctgtattttcagggccatatgTCGGTATATTTAGTGAATTTTCGTTGCTGT

>djbo240131-8, ACAGCAACGAAAATTCACTAAATATACCGAcatatggccctgaaaatacaggttttcagG,
RV primer to aliblunt PATEl tail into pGex

GST-Tev-ARHGEF25
CT (561-580)

>djbo240131-9, CGCTTGGCGAAACTTGATGAAGATGAGCTGTAAATCGTGACTGACTGACGATCTGC, FW
primer to aliblunt ARHGEF25 tail into pGex
CtgaaaacctgtattttcagggccatatgCCGACCCCCAAAACTCCGCCATGCCAGGCC

>djbo240131-10,
GGCCTGGCATGGCGGAGTTTTGGGGGTCGGecatatggcecctgaaaatacaggttttcaG, RV primer to
aliblunt ARHGEF25 tail into pGex

GST-Tev-HYOUT CT
(980-999)

>djbo240131-11, CAGAAGCGCCCCCTGAAAAATGATGAGTTATAAATCGTGACTGACTGACGATCTGC,
FW primer to aliblunt HYOUl tail into pGex
CtgaaaacctgtattttcagggccatatgGAGCCCGAGCAAAAGGAGCAATCCACGGGC
>djbo240131-12,
GCCCGTGGATTGCTCCTTTTGCTCGGGCTCcatatggccctgaaaatacaggttttcaG, RV primer to
aliblunt HYOUl tail into pGex
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Supplementary Table 4: Antibodies used in this study.

inhibited. Nat Struct Mol Biol 16, 561-3 (2009).

SH2/SH3 adapter proteins. Mol Cell Biol 15, 6829-37 (1995).

Primary antibodies
WB, western blot; IF, immunofluorescence staining; FC, Flow Cytometry.
Target Source (host species)| Catalog, Clone | Application Validation information
(References) (dilution)
CCDC22 ProteinTech Group 16636-1-AP WB (1:1000) Phillips-Krawczak et al.,
(rabbit) 20154
CCDC93 ProteinTech Group 20861-1-AP WB (1:1000) Phillips-Krawczak et al.,
(rabbit) 20154
COMMD1 ProteinTech Group 11938-1-AP WB (1:1000) Manufacturer validation
(rabbit) using various tissues and IF
DENND10 Custom made, 95-110 (Singla et| WB (1:500) Singla et al., 2019°
Cocalico Biologicals al., 20195)
(rabbit)
FAM21 Custom made, MC2188 (Gomez| IF (1:1000) Gomez and Billadeau,
Cocalico Biologicals and Billadeau, 2009’
(rabbit) 20097)
FLAG Sigma (mouse) F1804, M2 WB (1:500) |Manufacturer validation with
overexpressed proteins
HA Biolegend (mouse) 901502, 16B12 | WB (1:500), IF |Manufacturer validation with
(1:100) overexpressed proteins
HA Cell Signaling (mouse)| 29995, 6E2 WB (1:1000) [Manufacturer validation with
overexpressed proteins
Integrin-a5 BD Biosceinces 555615, 11A1 IF (1:100) Manufacturer validation in
(mouse) FACS using isotype control
Integrin-B1 Santa Cruz (mouse) sc-53711, IF (1:100) Manufacturer validation in
TS2/16 FACS using isotype control
LRMDA Abcam (rabbit) 150986 WB (1:500) |Manufacturer validation with
overexpressed proteins
TIMM23 Proteintech Group 11123-1-AP WB (1:500) |Manufacturer validation with
(rabbit) immunoprecipitation
VPS26C Millipore (rabbit) ABN87 WB (1:5000) Singla et al., 2019°
VPS29 GeneTex (rabbit) GTX104768 WB (1:500) Singla et al., 2019°
Secondary antibodies used for immunofluorescence
Fluorophore Source (target Catalog number (dilution) Validation
species)
Alexa 488 Invitrogen (mouse) A11029 (1:500) Manufacturer validation in IF
Alexa 555 Invitrogen (rabbit) A21428 (1:500) using no primary antibody
controls
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Struct Mol Biol (2023).
Phillips-Krawczak, C.A. et al. COMMD1 is linked to the WASH complex and regulates endosomal
trafficking of the copper transporter ATP7A. Mol Biol Cell 26, 91-103 (2015).
Burstein, E. et al. COMMD proteins: A novel family of structural and functional homologs of MURR1. J
Biol Chem 280, 22222-22232 (2005).
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